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ABSTRACT

ELECTROCHEMICAL AND SPECTROSCOPIC STUDIES OF PYRIDINE

SURFACTANTS AT THE GOLD-ELECTROLYTE INTERFACE

Vlad Zamlynny Advisor:
University of Guelph, 2002 Professor Jacek Lipkowski

Two in situ infrared spectroscopic methods have been developed with the purpose of
their application for quantitative studies of the potential-induced changes in the orientation
and conformation of molecules of ultrathin organic films adsorbed at Au surfaces. Then, (i)
subtractively normalized interfacial Fourier transform infrared spectroscopy (SNIFTIRS) was
applied to study the dipole-field interactions of pyridine with an electrified Au(110) electrode
surface while (ii) polarization modulation Fourier transform reflection absorption
spectroscopy (PM FTIR RAS) was utilized to study the monolayers and bilayers of 4-
pentadecylpyridine (C15-4Py) obtained at different stages of the transfer of this insoluble
surfactant from the surface of the electrochemical cell to the electrode surface (i.e., from the
gas-solution (GS) interface to the metal-solution (MS) interface). Neutron reflectometry was
utilized to determine the thickness and the structure of C15-4Py monolayers and bilayers
while electrochemical methods (alternating current voltammetry and chronocoulometry) were
applied to study kinetics of the C15-4Py transfer as well as the mechanism of the potential-

induced phase transitions in the films adsorbed at the metal electrode.



SNIFTIRS studies of pyridine at Au(110) demonstrated that the electric field tends
to orient pyridine molecules perpendicular to the metal surface while thermal motion prevents
ordering. Electrochemical experiments demonstrated that the molecules of C15-4Py canmove
from the GS interface to the MS interface and spontaneously form a bilayer at the Au
electrode surface. The transfer takes place regardless of whether the electrode is initially film-
free or covered with a C15-4Py film deposited using the single horizontal touching
(Langmuir-Schaefer) method. A nearly identical bilayer can also be deposited onto the
electrode surface using the double horizontal touching technique. Studies of the transfer
kinetics indicated that the crossing of the triple-phase line (the boundary of the GS, MS and
gas-metal interfaces) by C15-4Py molecules is the rate-limiting step. Neutron reflectometry
confirmed the monolayer state of the film, deposited using the single touching and the bilayer
state of the film, produced by the double touching technique. Structural integrity of the C15-
4Py bilayer was also indicated by this technique. PM FTIR RAS studies demonstrated that
the bilayer remained in a fluid, liquid crystalline state in the whole range of applied potentials
while the monolayer became condensed in a gel state at positive electrode polarizations. The
outer leaflet of the bilayer was oriented with its pyridine moieties towards the solution and
the inner leaflet was attached to gold via a nitrogen heteroatom. Both the monolayer and the
bilayer displayed significant changes in orientation when the C15-4Py film was undergoing
potential-induced adsorption and desorption. The concerted use ofthe complementary in situ
surface analytical techniques demonstrated that C15-4Py is an excellent adhesive material for
the fabrication of biomimetic membranes. In addition, this project demonstrated the feasibility
of quantitative determination of the orientation of organic molecules in ultrathin films at metal

electrodes inside an electrochemical cell.
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CHAPTER 1

1. Introduction

Ultrathin films of surfactants are of practical and scientific interest [ 1]. They are used
in industry as lubricants, corrosion inhibitors, levelling agents, etc. Films of insoluble
surfactants also have applications in electrocatalysis, active optics, information storage and
molecular electronics devices [2], as well as in chemical, biochemical, and physical sensors
[3][4]. One of the scientific interests in these films stems from their close resemblance to
biological cell membranes. Natural membranes contain many components that accomplish
different functions, making these systems difficult to study [5]. Therefore, simplified models
of these membranes are used in research. These models mimic the natural environment of
biological membranes allowing incorporation of a particular type of a membrane polypeptide
in order to study its many functions in an environment similar to a natural cell membrane.
Many processes that take place in cell membranes involve separation of charge and require
precise control of the trans-membrane potential. They include photosynthesis, respiration,

propagation of nerve impulses and many other biological mechanisms.

1.1. Motivation

It is beneficial to deposit biomimetic membranes on the surface of a solid metal
electrode for several reasons. First of all, such a configuration allows for precise control or
measurement of the potential across model films. The second reason is that a plethora of
atomic resolution in situ surface analytical techniques can be applied to study biomimetic films

with molecular resolution. Finally, the knowledge, gained during such research, can be



directly applied for the design of novel biosensors and other molecular devices.

The most suitable metal for biomimetic research is gold because it is
thermodynamically stable in a broad range of applied potentials. The best material for the
biomimetic matrix is a lipid or a lipid-cholesterol mixture because such a matrix is both simple
and relevant to a natural polypeptide environment. There is a difficulty, however, in the use
of this matrix on gold, because lipids tend to form poor quality, patchy films when deposited
directly on the metal surface. This is the consequence of a weak interaction of lipid molecules
with the metal substrate. To overcome this obstacle, self assembling monolayers of thiols
(SAMs) have been deposited on the surface of gold first, and then lipids have been deposited
as a second layer [5]. Bilayers formed in this way are still far from providing an adequate
environment for polypeptides because SAMs are quite rigid and often have permanent defects
in the form of pinholes, due to strong binding to gold of thiol molecules.

In the present thesis it will be demonstrated that pyridine-based surfactants are
superior candidates for application as adhesive layers to attach lipids to the gold substrate.
In contrast to SAMs, these surfactants form mobile fluid films that not only can better
accommodate polypeptides but also spontaneously self-heal small defects in the supported
membrane model.

The structure of ultrathin films of insoluble surfactants has already been studied
quantitatively using Fourier transform infrared reflection absorption spectroscopy (FTIR
RAS). These studies, however, were performed either at the gas-solid or gas-liquid interfaces.
This thesis describes novel methodology that was developed in order to perform in situ

quantitative FTIR RAS studies of ultrathin films at the metal-liquid interface under potential



control. The information gained during studies of such systems is directly relevant to the
fabrication of biosensors. In future, the developed techniques may be applied to study
biomimetic films containing membrane polypeptides and allow one to determine molecular
level information concerning the influence of the trans-membrane potential on the processes

that take place in living cell membranes.

1.2. Research Objectives

The current project pursued two major research objectives. Our first intention was to
develop the Fourier transform infrared reflection absorption spectroscopy (FTIR RAS) to the
level that would allow quantitative studies of ultrathin organic films at the metal-solution
interface. The second goal was to apply the FTIR RAS to study the potential-induced phase

transitions of the surfactant films at the metal electrode surface.

1.3. Scope of the Thesis

This thesis consists of eight chapters. An introduction to the project is given in this
chapter. Chapter 2 is a literature review on the major achievements in the development of
biomimetic films at metal electrodes and interfacial infrared spectroscopy of relevant systems.
Chapter 3 presents a brief review of the theory related to insoluble surfactants,
electrochemistry and FTIR RAS. The emphasis is on the description of polarization
modulation FTIR RAS. Chapter 4 contains technical information concerning the
electrochemical and spectroscopic experiments that were performed, while Chapter 5

describes several spectroscopic procedures that were developed during the realization of this



project. The influence of the electric field on the orientation of pyridine molecules at the
metal-solution interface is described in Chapter 6. The spontaneous formation of a bilayer of
4-pentadecylpyridine at the gold electrode is discussed in Chapter 7. The kinetics of the film
formation, the structure, the orientation and the conformation of the surfactant molecules in
the ultrathin films at the gold electrode are presented in separate sections of this chapter.

Finally, the most important achievements of this project are summarized in Chapter 8.
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CHAPTER 2

2. Literature Review

This review provides a brief description of the most significant achievements and
challenges in studies of metal-supported biomimetic films. In addition, it contains an
introduction to modern infrared techniques that are employed to characterize the orientation
of ultrathin organic films at electrified interfaces. Finally, selected applications of the
polarization modulation Fourier transform infrared spectroscopy (PM FTIR RAS), the
technique that was advanced in this project, for biomimetic research at the air-water interface

will be reviewed.

2.1. Achievements and Challenges of Biomimetic Research

Membranes of living cells have complex structure and comprise many components
that fulfil their multiple functions [1]. Various simplified models are used to mimic biological
membranes in order to study specific functions of the membrane constituents [2] and the
knowledge gained during this biomimetic research can be very useful for fabrication of
biosensors [3][4]. The first successful biomimetic model was a bilayer lipid membrane BLM
[5]. It was prepared by spreading a lipid solution across a small aperture in a hydrophobic
septum and a number of biochemical and physiological studies have been performed on
polypeptides incorporated in these membrane models [6]. The major problem of BLMs
stems from their long term instability which makes these films unsuitable for development of
biosensors [7]. Consequently, supported biomimetic films have gained more attention in

recent years [8].



Miller et al. [9][10] initiated research of metal-supported biomimetic films. They
monitored the formation of lipid films at the Hg surface by observation of a characteristic
decrease in the differential capacity [11][12] of the dropping Hg electrode. The group also
studied the interactions of polypeptides with the phospholipid molecules in the biomimetic
matrix [13][14].

Further advances in this field were made by Nelson et al. [15] who studied
phospholipid monolayers deposited on a hanging mercury drop electrode. Figure 2.1 shows
a typical dependence of the differential capacity on the potential when the electrode is coated
with a lipid film. Theoretical modelling, using a self-consistent field approach [16][17]
revealed that the pseudo-capacitance peaks 1 and 2 can be attributed to the displacement of
the hydrocarbon tails of lipid molecules by their polar heads (flip-flop of the molecules),
followed by the formation of a lipid bilayer at the interface. This behaviour was explained as
resulting from the potential-induced change of the electrode surface affinity for water. The
peak at -1.25 V was attributed to the desorption of the bilayer from the electrode surface.
Nelson and coworkers utilized this model membrane to carry out research that involved
studies of the influence of electrolyte composition [18] and the presence of chelating agents
[19] as well as the effect of micropollutants [20] and toxins [21] on the permeability of the
film to ions. In addition, Nelson et al. studied the effect of incorporation of cholesterol [22],
retinal (a photon-activated proton pump) [23] and gramicidin A (a channel-forming membrane
polypeptide) [24][25][26][27] on the electrochemical properties of the lipid film. Recently,
Nelson and Bizzotto performed quantitative studies of these biomimetic membranes using

chronocoulometry [28] and chronoamperometry [29].
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Figure 2.1. Dependence of the capacity of the hanging mercury drop electrode
covered with a monolayer of dioleoylphosphatidylcholine on the applied
potential.

Electrolyte solution: 0.55 M KCIL

Taken from [22].



Similar studies have been performed by a group led by Guidelli and Moncelli who
made further advances in electrochemical studies of biomimetic materials. They used a lipid-
covered mercury-electrolyte interface to test the Gouy-Chapman theory[30] and to determine
the values of pK, for several lipids [31] and phosphatidic acid [32]. In addition, the group
employed a lipid-covered mercury electrode to study the presence of amphiphilic species in
electrolyte [33], the transport of lipophilic ions [34][35][36] and chelating agents [37] across
the membrane as well as the mechanism of the electro-reduction of ubiquinone-10 (the
primary transporter of protons across the mitochondrial membrane) [38][39] and the influence
of anti-cancer drugs on the surface potential of the model membrane [40].

The above-mentioned studies demonstrate the diversity of tasks that have been
addressed using model films deposited on a mercury electrode. Most of these studies were
performed using electrochemical techniques only and mercury is an ideal material for such
studies. There are, however, several limitations of the mercury electrode for biomimetic
research. First, the liquid state and spherical shape of this electrode do not allow for
application of spectroscopic and surface microscopic techniques to investigate molecular
properties and structure of membrane models. In addition, it is difficult to form bilayers of
lipids on a mercury electrode and to fabricate biosensors using this electrode material. For
these reasons, biomimetic films formed on solid electrodes have become more attractive in
recent years. Solid electrodes offer the possibility to employ an array of modern in situ
spectroscopic and surface imaging techniques to study the properties of biomimetic
membranes at the molecular level. Gold is perhaps the most suitable metal for such studies

because of its high stability to oxidation in a broad potential range. Unfortunately,



phospholipid films transferred directly onto the surface of this metal tend to form defect-filled,
patchy films that make poor matrices to study the permeation of the membrane to ions [41].
To overcome this problem, the surface of gold has been modified with hydrophobic films of
self assembled monolayers of thiols (SAMs) and then the lipid has been deposited onto the
monolayer of the thiol. Such bilayers were produced by fusion of phospholipid vesicles
[42][43], by Langmuir-Blodgett [44][45] deposition and by painting and paint freezing
methods [46]. Their properties have already been studied using electrochemistry [47][48],
Raman spectroscopy [49], surface plasmon resonance [50][51] and scanning tunnelling
microscopy [52].

SAMs on gold were first prepared by Nuzzo et al. [53][54]. Porter et al. [55]
characterized these monolayers using ellipsometry, infrared spectroscopy and
electrochemistry. It was found that long-chain thiol molecules form densely-packed,
crystalline-like assemblies with fully extended alkyl chains tilted from the surface normal by
20-30°. Krysinski et al. [56] demonstrated that adsorption of thiols on Au results in a partial
electron transfer and the mechanism of their chemisorption was explained as the reduction-
oxidation reaction that may involve the release of hydrogen gas [57]
=R-S-Au’

R-S-H + Au’ +%H,

surf surf

and the formation of the covalent S-Au bond, the strength of which was estimated to be ~ 180
kJ mol” [58]. Such a high affinity of thiols for gold results in rigid, condensed films with
restricted lateral mobility that often exhibit defects in the form of pinholes [59][60][61][62].
These properties severely affect the usefulness of these matrices to build a model of a

biological membrane that must be fluid to accommodate membrane polypeptides and provide



an adequate environment for their function [63].

2.2. The Search for New Biomimetic Materials
One of the objectives of the current project was to find an adhesive material that
would be better than SAMs of thiols for preparation of the biomimetic films supported on a
gold electrode. Since the main problem associated with SAMs arises from their strong
chemisorption to gold, our efforts were to find materials that would have lower affinity for
this metal. It was learned from previous research performed in our laboratory that pyridine
is weakly chemisorbed on gold single crystals [64][65][66][67][68], having a free energy of
adsorption of approximately 40 kJ mol'. This number is 4.5 times lower than the
corresponding value for thiols and yet about 4 times higher than the values characteristic for
aliphatic molecules, physisorbed at a gold electrode [69]. It is most important that this value
exceeds the free energy of adsorption of water since experimental evidence demonstrates that
close packed films of pyridine are formed at all the faces of gold single crystals studied.
Taking the above information into consideration, a pyridine-based surfactant, 4-
pentadecylpyridine (C15-4Py), was synthesised and studied [70]. Results of preliminary
experiments, performed in our laboratory by Bizzotto et al., demonstrated that a C15-4Py
film, transferred onto a Au(111) electrode using the double horizontal touching (Langmuir
Schaefer [71]) technique, has excellent barrier properties at potentials close to the potential
of zero charge (pzc), where the surfactant forms a compact film. Addition of 25 mol% of 10-
decyl-9-[2-(4-pyridyl)ethyl]anthracene, a surfactant dye, to the C15-Py film only slightly

modified its properties but allowed the use of fluorescence and elastic light scattering
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spectroscopies to study the mechanism of adsorption of C15-4Py on a gold electrode [72].
The results of these studies are summarized in Figure 2.2. At potentials near the pzc (250
mV), the surfactant is strongly adsorbed at the electrode surface as a compact film. When a
progressively more negative potential is applied to the electrode, electroporation is observed
at moderately negative potentials followed by full desorption of the film at the most negative
potentials. At potentials of desorption, the surfactant remains in the vicinity of the electrode
in the form of micelle-like aggregates. Bizzotto et al. [73][74] have previously observed
similar aggregates formed by stearic acid tagged with anthracene (12-(9-anthroloxy)stearic
acid) at negative electrode polarizations with the aid of fluorescence spectroscopy.
Interestingly, these aggregates do not diffuse away from the interface and are readily re-
adsorbed when the potential attains less negative values. The re-spreading of the micellar
aggregates probably occurs in a fashion similar to the spreading of organic droplets on a
mercury pool electrode observed by dutif et al.[75][76][77]. Initially, the micelles adhere to
the metal surface and form hemimicelles. The shape of the hemimicelles is controlled by the
magnitude of the contact angle. The contact angle changes from 90° to 0° as the electrode
potential becomes more positive and the film pressure at the metal increases. At potentials
where the surface pressure at the metal-solution interface is higher than the interfacial tension
of the liquid-water interface, hemimicelles spread onto the metal surface to form initially a
loose, and eventually a more compact film. The formation of hemimicelles as the first step in
a surfactant adsorption onto a solid-liquid interface has been recently observed by neutron
scattering [78] and atomic force microscopy [79].

The mechanism of the potential-induced spreading of C15-4Py on a metal electrode
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Figure 2.2. Schematic description of the adsorption and desorption of C15-4Py
film deposited onto a Au(111) electrode using the double horizontal touching
procedure.

Electrolyte: 0.05 M KCIO,.

Taken from [72].
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is typical for the whole family of insoluble surfactants that includes SAMs of thiols and lipids.
Indeed, Bizzotto and Lipkowski [80] have reported similar electrochemical behaviour for
octadecanol and octadecanoic acid while Yang et al. [81][82] showed that the reductive
desorption of SAMs of thiols at very negative electrode polarizations and high pH also
involves a similar mechanisn. Recently, Horswell ef al. [83] described similar potential-driven
desorption and readsorption of phospholipid films on gold. In all the above experiments the
insoluble films are detached from the electrode at sufficiently high negative electrode
polarization and quantitatively re-spread at the metal when the potential is set to values close
to the potential of zero charge, and exhibit a similar pattern in the dependence of the
interfacial capacity on the electrode potential. Thus, studies of C15-4Py generate knowledge
that is useful for understanding of the influence of the electrode potential on the behaviour
ofultrathin films formed at the electrode by the whole class of insoluble surfactants, including
phospholipids.

Early studies of equilibrium of an insoluble surfactant between the gas-solution (GS)
and the metal-solution (MS) interfaces were performed in our laboratory using differential
capacity and charge density measurements [84][85][86]. These experiments were completed
in a time scale on the order of minutes and no evidence of surfactant molecules moving from
the GS interface to the MS interface was observed within this short experiment time. It has
been concluded that once deposited on the metal electrode surface, the film at the MS
interface is not affected by a change in the physical state of the film spread at the GS interface.
Recently, Steel et al. [87] reported that Langmuir monolayers can flow across the triple-phase

line from the GS interface to the MS interface of an organothiol-modified gold electrode.
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Independently, we have presented preliminary results [88] to show that C15-4Py can also
move from the GS interface to the MS interface of a Au(111) electrode to spontaneously
form a bilayer.

This section has demonstrated that the mechanism of potential-induced spreading of
C15-4Py at gold electrodes was characterized quite comprehensively using electrochemical
and ultraviolet-visible spectroscopic techniques. The current project is thus aimed at
extracting molecular level information about the orientation of C15-4Py films at the gold
electrode using infrared spectroscopy that would complement the information gained in the
preceding studies. The focus is on a spontaneous transfer of the surfactant from the GS
interface to the MS interface, particularly on the structure, fluidity and orientation of the
obtained films. In addition, the influence of the electric field on the orientation of pyridine,
which is the head group of the C15-4Py molecule, was investigated using infrared
spectroscopy and the thickness and quality of the C15-4Py films was determined using
neutron reflectometry.

Infrared spectroscopy has already been successfully applied to obtain the molecular
orientation of metal-supported organic films [89]. Quantitative interpretation of the infrared
spectra of these films is usually facile due to the anisotropy of the electric field of infrared
radiation at the metal surface [90]. So far, most of these studies were performed ex situ at the
gas-metal interface [91][92][93][94][95] and the studies involving in situ measurements at
the MS interface inside a spectroelectrochemical cell [96][97] were limited to qualitative
interpretation of the infrared spectra. In order to apply in situ FTIR RAS for the quantitative

analysis of surfactant films at the metal electrode surface, it was necessary to develop a new
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methodology. With the purpose to contrast the methodological advances made in this project
to what has already been known in the literature, a brief review of developments in the field

of electrochemical infrared spectroscopy will be presented below.

2.3. Introduction to Infrared Spectroscopy at the Metal-Electrolyte Interface

The history of infrared reflection absorption spectroscopy (IR RAS) begins from the
work of Greenler [98][99][100] at the end of the 1960s. Greenler gave a theoretical
background of the technique and studied infrared spectra of organic films adsorbed at metal
mirrors. During the last three decades this technique was significantly expanded and presently
it is used to study gas-solid, gas-liquid and solid-liquid interfaces. Ultrathin organic films
adsorbed at electrified MS interfaces have been studied in this project, hence below the
emphasis will be given on the development of IR RAS as a tool to study this particular
interface.

The main challenge associated with IR RAS studies of organic film at the MS interface
stems from the strong absorbance ofinfrared radiation by aqueous electrolyte. Presently, there
are two experimental configurations that allow the overcoming of this difficulty. The first
approach is to perform attenuated total reflection (ATR) spectroscopy using the Kretschmann
cell [101]. This cell is equipped with an optical window (usually a Si or Ge hemisphere) that
works in the regime of total reflection. A several nanometre-thin metal film, deposited directly
onto the optical window, serves as an electrode in ATR spectroscopy. The most significant
advantage of this method is a considerable enhancement of the electric field of the infrared

beam at the window-electrolyte interface; i.e., at the location of the adsorbate molecules. In
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addition, this technique is very surface-selective because the electric field of the totally
reflected infrared radiation rapidly decays inside the Kretschmann cell. However, the thin film
electrode is not a single crystal, hence ATR cannot be used to study adsorption of organic
molecules at single crystal surfaces.

The second approach is to apply IR RAS using a thin layer cell in which the electrode
is pressed against the optical window until it is separated by a several micrometre-thick layer
of electrolyte. This configuration allows for the use of metal single crystals. However,
because the infrared beam penetrates the thin layer of electrolyte solution, the spectrum of'an
organic film is superimposed on a spectrum of the aqueous electrolyte. It is difficult (if
possible) to acquire the background spectrum (the spectrum without an organic film) at
exactly the same cavity thickness as that of the thin layer cell during the acquisition of the
sample spectrum. Therefore, the background correction is made by either (i) potential
modulation or (ii) polarization modulation. The first technique is presently called subtractively
normalized Fourier transform interfacial infrared spectroscopy (SNIFTIRS) and the second
technique is called polarization modulation Fourier transform infrared reflection absorption
spectroscopy (PM FTIR RAS).

During SNIFTIRS, the electrode potential is modulated between the base (E£,) and the
sample (£,) values and the spectra of the reflected infrared radiation are measured. The

reflection absorption spectrum (AR/R) is obtained in the following way:

AR _ R(Ez) B R(El)
R R(E)

(2.3.1),
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where R(E,) and R(E,) are the thin layer cell reflectivities at the base and the sample
potentials, respectively. Due to subtraction, SNIFTIRS spectra are devoid of the common
background signal due to the aqueous electrolyte. However, they represent the difference
between the absorbances of organic molecules at potentials £, and E, rather than just
absorbance at the sample potential £, . Such spectra are difficult to use for quantitative
interpretation and thus, SNIFTIRS has been primarily used as a qualitative tool. In this thesis
it will be demonstrated how SNIFTIRS spectra can be converted to a form that can be
employed for quantitative analysis.

During PM FTIR RAS the incident beam polarization is modulated between two
orthogonal directions: (i) perpendicular (s-polarization) and (ii) parallel (p-polarization) to
the plane of incidence of the infrared beam. Figure 2.3 shows the orientation of the electric
field vectors of's- and p-polarized beams with respect to the metal surface. Due to destructive
interference of the incident and reflected radiation in the vicinity of the metal surface, the
electric field of the s-polarised infrared beam almost vanishes at the metal surface, while the
electric field of the p-polarized beam is enhanced at the metal surface as the result of the
constructive interference (see Figure 2.3). Thus, the first component of the modulated signal
is insensitive to the surface species and can be used to obtain the background spectrum while
the other component is attenuated due to absorption of the infrared beam by the surface
species and thus can be utilized to obtain the sample spectrum. Modulation between s- and

p-polarizations is made at a high frequency (100 kHz) and the reflection absorption spectrum

AR |R - R,
AR/<R> is obtained as VAU —— (2.3.2),
(R) ™ (R +R,)/2
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p - polarized radiation:

electric field oscillates in the plane of incidence
phase shift after reflection = 90°

constructive interference

enhancement of electric field at the metal surface
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s - polarized radiation:

electric field oscillates perpendicular to the plane of incidence
phase shift after reflection = 180°

destructive interference

vanishing of electric field at the metal surface
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Figure 2.3. Diagrams of reflection of linearly polarized electromagnetic radiation
by a metal mirror, showing the interaction of s- and p-polarized beams with the
metal surface.

Dashed arrows show the direction of the incident and reflected beams and solid
arrows indicate the directions of electric fields.
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where R, and R, represent the reflectivities of the s- and p-components of the modulated
infrared beam from the thin layer cell. It is evident from equation (2.3.2) that any common
mode noise such as that due to atmospheric CO, and H,O should be absent from the
polarization modulation spectrum. Because there is no need to modulate the electrode
potential, this method is particularly useful to study biological systems that are often
destroyed by excessive perturbations due to potential modulation. It is important to note that
PM FTIR RAS is sensitive not only to the surface species but also to the molecules that are
in the vicinity of the metal surface at a distance which is less than 1 pm. Hence, the
background due to the aqueous electrolyte cannot be completely removed from the AR/<R>

spectrum.

2.4. Developments of SNIFTIRS and PM FTIR RAS

The first successful application of IR RAS for studies of the metal-solution interface
were carried out in 1980 by Bewick, Kunimatsu and Pons [102][103]. The group used a thin
layer cell and applied the potential modulation technique. These pioneering experiments were
made using dispersive instruments and one year later the technique was advanced, employing
Fourier transform infrared (FTIR) spectrometers [104][105]. Because of their superior
performance, FTIR instruments completely replaced dispersive systems. Recently, Faguy et
al. [106][107][108] demonstrated that an improvement in the signal-to-noise ratio (S/N) is
achieved during SNIFTIRS experiments when a ZnSe hemisphere is used as an optical
window. These researchers also described a design of a simple setup with two folding mirrors

that has a superior optical throughput compared to systems that employ CaF, windows due
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to the reduction in the number of reflecting metal surfaces.

The first polarization modulation IR RAS experiments on a metal mirror were done
in 1981 by Golden et al. [109]. The authors acquired spectra of the sample that was housed
in an ultrahigh vacuum chamber using a dispersive instrument and gave a theoretical
background of this method, equivalent to the theoretical description of transmittance
polarization modulation infrared spectroscopy given previously by Hipps and Crosby [110].
The first experiments that employed polarization modulation IR RAS for an electrochemical
environment were carried out in 1982 by Russell ef al. [111]. Two years later, Golden,
Kunimatsu and Seki [112][113] used a Fourier transform spectrometer to perform the first
PM FTIR RAS experiments. The last group also described the layout of their experimental
setup and calculated the mean squared electric field strength (MSEFS) within the thin layer
cell [114].The performance of dispersive and FTIR instruments was compared by Golden et
al. [115] using an ultrahigh vacuum PM IR RAS setup. The group concluded that the use of
FTIR instruments allows one to achieve a better resolution and S/N. The advantages of PM
FTIR RAS over SNIFTIRS were demonstrated by Faguy et al. [116][117]. These researchers
demonstrated experimentally that besides a superior S/N, the PM technique is almost
insensitive to atmospheric H,O and CO,. An important advance in PM FTIR RAS was made
in 1991 by Corn and coworkers [118][119], who introduced a novel method of the
experimental signal demodulation. Their device, a synchronous sampling demodulator (SSD)
allowed one to enhance the signal up to two times compared to the conventional lock-in
technique.

The main difficulty of the PM FTIR RAS technique for quantitative analysis of
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ultrathin films at metal electrodes stems from the broad-band background that is introduced
to the spectra by the PEM as well as absorption and interference due to the thin layer of
electrolyte sliced between the optical window and the electrode. Recently, Buffeteau et al.
described methods to remove the artefacts introduced by the PEM via normalization by the
spectrum of the film-free substrate [120] or by utilization of calibration spectra, acquired in
an independent experiment [121]. This thesis will describe how to remove not only the
spectral signature of the PEM but also the other artifacts, specific for the thin layer

configuration of a spectroelectrochemical cell.

2.5. Optimization of Experimental Conditions

Since the birth of IR RAS, many efforts have been made to optimize the performance
of the experimental setup. The first calculations aimed at the improvement of the S/N of IR
RAS were carried out by Greenler [98][99][100]. He determined the optimal angles of
incidence for IR RAS experiments at different metals. In addition, he demonstrated how the
optical constants of the organic film affect the resulting spectra. Later Dluhy expanded IR
RAS to study thin films adsorbed at the air-water interface [122]. He calculated the
reflectivity and the MSEFS of infrared radiation at the air-water interface and compared these
values with the corresponding data for the air-metal interface.(Calculation of the MSEFS
allows one to estimate the absorbance of infrared radiation by an organic film, since
absorbance is proportional to the MSEFS [123].) Seki et al. [114] have calculated the
MSEFS distribution within a thin layer electrochemical cell. They demonstrated that

absorption of radiation by an aqueous electrolyte has a profound effect on the MSEFS, and
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consequently on the S/N. Roe et al. [124][125] have given detailed analysis of the influence
of both the angle of incidence and the thin cavity thickness on the reflectivity of the
spectroelectrochemical cell. These researchers demonstrated that the precise control of the
thin cavity thickness is necessary for full optimization of the experimental setup. They also
concluded that the best experimental conditions to perform IR RAS using p-polarized light
are achieved when the reflectivity of the interface reaches a minimum. This last conclusion
was recently challenged by Blaudez et al. [126] who showed that significant reduction in S/N
is observed at these conditions.

The influence of the electrolyte solvent (water or deuterium oxide) on the spectra of
organic films in the C-H stretch region has been described by Popenoe et al. [127]. The
variation of the MSEFS with the angle of incidence and the thin cavity thickness for
monochromatic infrared radiation has been shown by these authors. The data for CaF, and
Si as the optical window materials have been presented. The influence of these and several
other window materials such as ZnSe and Ge on the MSEFS were studied by Faguy et
al.[106][107][108] who calculated the best angle at which to perform IR RAS using these
materials. These researchers used very small values of thin cavity thickness 0f0.25, 0.5, 1 and
5 um [108] in their calculations of the angles corresponding to the maximum MSEFS. By
averaging these angles they arrived on an optimum angle of incidence which was just above
the critical angle. This conclusion, however, is inconsistent with the works of Roe et al. and
Popenoe et al. Segmentation and partial discrepancy of the information presented above
encouraged us to perform optimization of the experimental setup ourselves. The results of

optimization are presented in Chapter 5 of this thesis.
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2.6. Applications of PM FTIR RAS for Biomimetic Research

The exceptionally low sensitivity of PM FTIR RAS to atmospheric CO, and H,O
vapour prompted interest in the application of this technique to study insoluble surfactant
monolayers at the air-water interface in a Langmuir trough. These films mimic the natural
environment of the cell boundaries (single leaflets of lipid bilayers) and are the most relevant
systems, studied by PM FTIR RAS, to the project described in this thesis. The first studies
of such systems were reported in 1993 by Blaudez et al. [128]. The researchers recorded
spectra of perdeuterated arachidic acid and arachidate monolayers spread at the air-water
interface. These spectra were essentially free from absorption bands due to water vapour.
Beginning with this pioneering work there was a lot of interest in studies of biomimetic films
using PM FTIR RAS at the air-water interface. Blaudez et al. [ 129] applied this technique to
study the orientation of dimyristoyl phosphatidylcholine monolayers and melittin (a cytotoxic
polypeptide). A group led by Pézolet studied conformational changes of dipalmitoyl
phosphatidylglycerol monolayers [130], formation of helices by a poly (L-lactide)/poly(D-
lactide) stereocomplex [131] and the aggregate state of monolayers of behenic acid [132] in
the Langmuir trough. PM FTIR RAS was also applied to study more sophisticated systems
such as lipid/gramicidin [133] and photosystem II core complex (a pigment protein complex
involved in electron transport during the photosynthetic process) [134].

In the present project, the successful application of PM FTIR RAS for studies of
organic molecules at the air-water interface is extended to in sifu studies of the influence of
the electric potential on the orientation and conformation of insoluble surfactants deposited

at the metal electrode surface.
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CHAPTER 3

3. Review of Theory

This work describes properties of insoluble surfactants adsorbed at an electrified
interface. The purpose of this chapter is to provide the reader with an introduction to the
theoretical topics related to this project. Spreading of insoluble surfactants at the gas-solution
(GS) interface and their transfer onto solid substrates are discussed in the beginning of this
chapter. The thermodynamics of the metal-solution (MS) interface and its application for
studies of adsorption of neutral organic molecules at metal electrodes is presented next. A
theoretical introduction to Fourier transform infrared (FTIR) spectroscopy is given at the end
of'this chapter. Such topics as principles of operation of the Michelson interferometer and the
photoelastic modulator as well as the theory of reflection of electromagnetic radiation from
a stratified medium are described in several sections dedicated to FTIR spectroscopy.

Since the emphasis of this work is on the infrared techniques, only essential material
concerning the electrochemical techniques is given below. For the same reason, a theory of
neutron reflectometry is not included in this chapter. However, a detailed description of

neutron reflectometry can be found in a recent thesis [ 1], books [2][3] or journal publications

[4][5].

3.1. Surfactants
Surfactant molecules are composed of two parts of dissimilar properties. The polar
groups tend to confer water solubility, while the hydrophobic part prevents it [6]. The balance

between these tendencies determines whether the molecule forms a lens or an insoluble
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monolayer on the surface of water, or whether it is completely miscible with water. Solubility
in water of surfactant molecules with the same head group decreases when the length of the
hydrocarbon chain increases. Therefore, if the hydrophilicity of the head group is not very
high (e.g. -Cl, -Br, -1, -NO,), the molecules tend to float at the GS interface in the form of a
lens or a crystal. In contrast, if the hydrophilicity of the head group is very high (e.g. -SO;’,
-0S0;’, -NR;") and the length of the hydrocarbon chain is relatively short (14-carbon atoms
or less), the surfactants are completely water-soluble. However, if the length of the
hydrocarbon tails is intermediate (14-20 carbon atoms) and the hydrophilicity of the polar
head is also intermediate (e.g., -CH,OH, -COOH, -CN, -CONH,), the molecules spread at

the GS interface to form an insoluble monolayer.

3.1.1. The Gibbs Adsorption Isotherm.

The thermodynamics of surfactants at an interface is described by the Gibbs
adsorption isotherm which is presented in this section. At an interface the molecules of a
phase a are neighbours of molecules of a different phase S. As a result, the balance of
attractive and repulsive forces which is characteristic for the molecules in the bulk phase is
altered. The lack of'balance of intermolecular interactions is the property ofa surface that can

be expressed in the form of free energy G required to form a unit area of surface 4

v NGMA) (3.1.1).

Gibbs approximated a thin interfacial layer S between the two neighbouring phases a

and f with a dividing plane x, as shown in Figure 3.1.1 and derived the equation which bears
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Figure 3.1.1 Gibbs model of an interface.

The change of the number of moles N, of a species i across the interface S
that separates two neighboring phases a and .

The Gibbs excess is shown in grey.
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his name

dy™&3T dy, (3.1.2)

where dy is the change of the surface energy, dy, is the change of the chemical potential of

the species i, and I'; is the surface (Gibbs) excess of the species i defined as

=N’/4 (3.1.3).

Here A is the surface area and N;° is the number of moles of a species i in the interfacial

region S. Figure 3.1.1 demonstrates that

NP = ‘[N,. (x)dx - (N + NP) (3.1.4)

The species i can be either in excess or in deficit at the interface, resulting inI",> 0 or
I'; < 0, respectively. The substances which are attracted to the interfaces are called
surfactants. Consistently with the Gibbs adsorption isotherm, they decrease the surface energy

vy because their Gibbs excess is positive.

3.1.2. Insoluble Surfactants

Insoluble surfactants have negligible bulk concentration, hence they cannot be
described by the Gibbs equation. When spread at the interface, however, they lower the
surface energy similarly to soluble surfactants. The change of the surface energy upon

adsorption of insoluble surfactants is called the surface pressure

T =Yw-Ys (3.L.5),
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where y,,and y, are the surface energies at the GS interface in the absence (pure water) and
in the presence of surfactant molecules, respectively. Insoluble surfactants can be deposited
on the GS interface in a form of a small crystal or a droplet of a pure substance. However,
some materials spread very slowly from condensed phases. Therefore, another deposition
method is preferred in which a surfactant is first dissolved in a volatile water-immiscible
solvent. When deposited, this surfactant solution stays at the interface in the form of a lens
releasing the molecules quickly until the whole surface is covered with a monolayer. After
evaporation of the solvent, the excess of the material remains in the form of a crystal or a lens
of liquid in equilibrium with the monolayer. The driving force of spreading (spreading
coefficient) is given by the following equation:
SC=dG/dA =vss- Yo~ Y (3.1.6),
where . 75, and y,, are the interfacial tensions for the gas-solution, the gas-organic liquid
lens and the solution-organic liquid lens interfaces, respectively. At equilibrium SC = 0, and
substitution of equation (3.1.5) into equation (3.1.6) yields the expression for the equilibrium
spreading pressure (ESP):
T =YwYo- Vo (3.1.7)
Because the ESP is related to the surface energy, it remains constant at a constant

temperature.

3.1.3. Transfer of Insoluble Surfactants
Transfer of insoluble surfactants takes place when a solid substrate is brought into

contact with the film spread at the GS interface. The driving force for the transfer is the
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difference between 7 at the GS interface and 7 at the substrate surface. Hence, to reach the
highest coverage, 7 at the GS interface must be kept as high as possible, which is achieved
at the ESP. Two methods of transfer of insoluble surfactant films are presently used: the
Langmuir-Schaefer (horizontal touching) method [7], described in detail in Chapter 4 and the
Langmuir-Blodgett method [8][9]. The principle of the Langmuir- Blodgett technique is that
a (solid) substrate is moved through the surfactant-covered GS interface at an angle which
is 90° with respect to the solution surface. It was found that efficient transfer of the surfactant
film takes place when the contact angle between the advancing side of the substrate and the
film-covered liquid surface is acute. The first layer of the film is transferred when a

hydrophobic substrate is moved downwards and a hydrophilic substrate is moved upwards.

3.2. Electrified Interfaces

It is practically impossible to have two materials in contact without a separation of
charge between the neighbouring phases, and consequently without a potential difference
across the interface that is formed. Thus, most interfaces are electrified and their electrical

properties have a pronounced influence on the interfacial processes.

3.2.1. Thermodynamics at an Electrified Interface

The electrical double layer theory [10] requires that the interface is in electrostatic
equilibrium. This condition is applicable only to the ideally polarizable electrode (IPE), the
electrode characterized by a lack of charge transfer across the interface. Mercury is an

electrode material that not only displays the IPE behaviour in a wide region of applied
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potentials but also allows for a direct measurement of the surface energy (surface tension).
For these reasons, the mercury electrode has been widely used in electrochemical research.
In the middle of the nineteenth century, Lippman constructed a simple apparatus that
measured the surface tension at the Hg capillary electrode as a function of potential and
derived the famous equation which bears his name:
(My/ ME);,, = -0y  (3.2.1)
where y is the interfacial tension at the mercury electrode, E is the potential and o, is the

charge density at the electrode.

3.2.2. The Electrocapillary Equation

The electrocapillary equation [10][11] was derived for the mercury-electrolyte
interface using the Gibbs model of an interface shown in Figure 3.1.1 and is essentially the
extension of the Gibbs adsorption isotherm (equation (3.1.2)) for an electrified interface:

-dy =sdT-Vdp + 6,,dE + £, T',dy, (3.2.2)

where s, T, V and p are the entropy, temperature, volume and pressure in the electrochemical
cell, respectively, while I'; and p, are the Gibbs excess and the chemical potential of the
interfacial species i, respectively. If all the variables except y and E are kept constant, the
Lippman equation is obtained from equation (3.2.2). Equation (3.2.2) is an exact differential
and thus, by cross-differentiation one can derive important expressions known as the Esin-
Markov coefficient and the electrosorption valency. The Esin-Markov coefficient

(/W /M’L_})T,p,cM, =- (MF ﬂlk;M)T,p,H (323)

is used to test the presence of specific adsorption at the interface and the electrosorption
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valency

Mo, /M, )7y, = = (Mo /ME) 7, (3.2.4)
indicates the amount of charge transferred to the interface when a neutral or ionic species is
adsorbed at a constant electrode potential. It is useful to note, however, that in the Gibbs
model of an interface (see Figure 3.1.1), the dividing plane x, can be placed at any location
within the interfacial region S, hence the exact location of the charge flowing to the interface
per one adsorbed ion or molecule remains indeterminate.

The surface energy of a solid electrode is not a unique function of the surface area but
depends on the path in which it was created. Specifically, the energies corresponding to the
work of formation of a unit area by cleavage, called the superficial work y, and by elastic
stretching of'the crystal, called the surface stress m, are different. The Shuttleworth equation
describes the relation between these two quantities

m=vy+M/Me, (3.2.5)
where ¢, is the elastic surface strain. Thus, the electrocapillary equation for a solid electrode
should be presented as
-dy = sdT -Vdp +o,,dE + X, T, du, + (y-m)de,  (3.2.6).
It was recently demonstrated [ 12] that the additional term in equation (3.2.6) has a very small
value and can be neglected, allowing direct application of equation (3.2.2) as well as other

relations derived from it for electrochemical studies carried out using solid electrodes.

3.2.3. Adsorption of Neutral Organic Molecules onto an Electrified Interface.

The electrocapillary equation has been widely used to study molecular adsorption at
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a mercury electrode. The liquid state of the electrode allows for direct determination of the

surface energy, and the Gibbs excess I'; can be calculated using equation (3.2.2)

T M), (3.2.7).

The measurement of the surface tension is tedious and is frequently abandoned in favour of
techniques which rely on measurements of charge density and differential capacity (C) of the
interface. Because at constant temperature and pressure

oy =-M/ME and C = Mo,/ME (3.2.8)
the surface energy can be calculated by integration of the charge density and the differential

capacity according to

E E
v " & lo,dE Wy(EC) " & 11 CdE* % y(E©) (3.2.9)
(

EC E

where E” is the potential at which the surface tension y(E") is known. Using equations (3.2.7)
and (3.2.9) the Gibbs excess of the species i can be found.
The differential capacity of the interface can be represented as follows [13]

_ EdUMQ _ @@@ @daﬂﬁ g@@ i
C_ dE Uy ) dE @+ 0@ EX dE - qrue-l- Cpseudo (3210)

Hp

where O is the degree of coverage of the electrode surface with an adsorbate and p, is the
chemical potential of the neutral organic species L in the electrolyte bulk. The first term in

equation (3.2.10) is called the true capacity and the second term is called the pseudo-capacity.
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The differential capacity is usually determined from the measurement of the electrode
impedance when a small amplitude alternating voltage is applied to the electrode (details of

this technique are given in Chapter 4). It has been shown that C,,,,, has an equilibrium value

seudo
at zero frequency and drops to zero at infinite frequency. Measurements at sub-Hertz
frequencies are difficult because of increased levels of electromagnetic noise in this frequency
range. To overcome this problem the differential capacity is measured at several frequencies
and then extrapolated to zero frequency to give the equilibrium values. Another option is to

measure the charge density at the electrode using chronocoulometry [14] and then to

calculate y using the back integration technique described below.

3.2.4. The Back Integration Technique

One advantage of the mercury electrode is that the value of the interfacial tension at
the electrode potential E* (the integration constant in equation (3.2.9)) can be easily
determined. Measurements of the surface energies for solid electrodes are much more difficult
and as a rule the integration constant in equation (3.2.9) is not known. However, if the value
of E” is chosen such that the neutral or ionic species are desorbed from the electrode surface
at this potential, the surface energy of the electrode in the pure electrolyte solution is equal
to the surface energy ofthe electrode in the electrolyte that contains the adsorbate molecules.

Hence, the surface pressure at the metal/solution interface x,,; can be calculated according to

[15]:
E E
s (B) " 1(E)yeg & (E), " 10,(0) dE &10,(070) dE (3.2.11),
E E
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where 0 is the coverage. The potential £ is chosen so that O(E*) = 0 and, therefore, the
integration constants y(E") in equation (3.2.9) are the same and thus, disappear from equation
(3.2.11).

The surface excess can be calculated using

(T (3.2.12).

At low coverages of the electrode surface, the adsorption of neutral organic molecules can
be described by the Henry isotherm
n=RTT, . By Xy (3.2.13)

where I, is the limiting surface excess, B is the adsorption coefficient and X, is the mole

max

fraction of adsorbate in the electrolyte solution. The free energy of adsorption AG®,,, can be

ads
calculated from B,; using the following relation
AG’ . =-RTInB,; (3.2.14)

The standard state is unit mole fraction of adsorbate and unit coverage of the surface by ideal

mert adsorbate molecules.

3.3. Fourier Transform Infrared Spectrometer

Infrared spectroscopy is nowadays one of the most popular tools to study organic
compounds [16]. The first infrared instruments utilized prisms and diffraction gratings as
monochromators. Beginning in the 1970s, dispersive spectrometers have been almost
completely replaced by Fourier transform infrared (FTIR) instruments. The reason for such

popularity stems from the following three advantages of FTIR spectrometers over the

42



dispersive instruments: (i) Fellgett’s advantage,- reduction of measurement time due to
simultaneous acquisition of the whole spectrum; (ii) Jacquinot’s advantage,- increase in the
optical throughput of the spectrometer due to absence of the slits; (iii) Conne’s advantage,-
superior accuracy of the acquired spectra due to the use of a subsidiary laser.

To fully benefit from these advantages of FTIR, full optimization of the optical bench
is necessary, which requires a thorough understanding of the basic principles of its work. A
description of the Michelson interferometer, which is the principal part of the FTIR
spectrometer, is given below followed by a review of the most important concepts of FTIR

spectroscopy.

3.3.1 Michelson Interferometer

The relationship between the frequency of electromagnetic radiation v (Hz), its

velocity (in vacuum) ¢ (m s™') and wavenumber V (cm’) is given by equation
vV =100cv (3.3.1).

In the mid infrared, the frequency of radiation that has V" = 2000 cm' is equal to 6x10" Hz.

Such a high frequency is far beyond the detection capability of infrared detectors. To convert
the high frequency electromagnetic radiation to a lower frequency signal that can be detected,
the infrared beam is modulated using a Michelson interferometer. Figure 3.3.1 shows the
diagram of the device. It consists of two mirrors and a beamsplitter. One of the mirrors has
a fixed position and the other is moved between two extremes with a constant velocity. The
collimated radiation that arrives from the broad band infrared source (7)) is incident on the

beamsplitter that divides it into two beams (/,; and /,)) of equal intensity. These two beams
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Figure 3.3.1. Schematic diagram of a Michelson interferometer.
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are reflected from the fixed and the moving mirror yielding, respectively, /., and 7,; which
recombine at the beamsplitter yielding the beam 7, that is directed to the sample and the
detector. The intensity of the beam that reaches the detector is measured simultaneously with
the measurement of the position of the movable mirror.

The modulation of the incident beam imposed by the Michelson interferometer

significantly reduces the frequency of the detected signal f- while preserving its

proportionality to the wavenumber V  of the incident beam:

f, =2V, v (3.3.2),

where V,, denotes the velocity of the moving mirror (cm s™). Indeed, if the velocity of the
moving mirror is 0.5 cm s and the wavenumber of the incident beam is 2000 cm™ , the
frequency of the corresponding signal at the detector is only 2 kHz. Such signals are easy to
monitor by conventional detectors. To understand how the signal at the detector, called an
interferogram, is transformed to the corresponding spectrum, one needs to define a quantity
called retardation and denoted as J,. Retardation attains the value that is equal to twice the
difference between the two distances: (i) the distance from the beamsplitter to the stationary
mirror and (ii) the distance from the beamsplitter to the moving mirror. When J, = 0, the
interferogram displays a maximum in intensity, due to constructive interference of all the
frequency components of a broad band incident beam. When the retardation deviates from
zero, only part of the incident beam interferes constructively and the interferogram intensity

decreases. In general, the intensity of an interferogram /(9,) is a function of the moving mirror

retardation J, and the wavenumber V of the incident radiation. It is given by equation [16]
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+o0

1(0,) = J’B(V) cos(2nmvd)d v (3.3.3),
0

where B(V) is the intensity of the source (as a function of its wavenumber V ), corrected for

the distortions imposed by the beamsplitter and the detector. Fourier transformation of
equation (3.3.3) yields the spectrum:

+00

B(V)=2 J’ 1(0,)cos(2mvd)dd (3.3.4).

Since the path of the movable mirror from the point where J, = 0 to the point where 9, is at
the maximum is finite, the experimental interferogram deviates from the dependence defined
by equation (3.3.3). This deviation is diminished by combining the experimental interferogram
with a mathematical function that reduces the effect of truncation of an interferogram at its
extremes. Such a procedure is called apodization. The other problem that arises from
truncation of an interferogram is that its symmetry around the point where J, = 0 becomes
distorted. This problem is especially acute when several interferograms are to be averaged.
Fortunately, this complication can also be removed mathematically when a procedure called

phase correction is executed.

The resolution AV ofthe FTIR instrument is limited by the maximum retardation &

max

according to equation
_ -1
Av = (25max) (3.3.5)
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In addition, the resolution depends on the degree of the incident beam collimation, hence
often smaller apertures, that assist in better beam collimation, are used for high resolution
applications (2 cm™ and higher).

The signal-to-noise ratio (S/N) of an FTIR spectrum is given by equation (3.3.6)

(adapted from [16])

SINONO AUV (33.6),

where 7 is the overall efficiency of the optical bench, ® is the optical throughput of the setup

for the infrared beam, AV is the resolution and 7 is the total time needed to complete the

measurement. Relationships between the entities of equation (3.3.6) are also known as
“trading rules” of FTIR spectroscopy [16]. The most important two rules are given below:

1. An increase of the total interval of experiment time by a factor of two results in an
improvement of the S/N by a factor of \/5 . The experiment time can be increased twice

either by averaging of two spectra (interferograms) or by acquiring a spectrum at a reduced
(by a factor of two) mirror velocity.

2. Twofold enhancement of spectral resolution (eg. from 8 cm™ to 4 cm™) at a
constant mirror velocity and measurement time, degrades the S/N by a factor of two. Thus,
to compensate for the degradation in S/N, the measurement time must be increased fourfold.

It is obvious that a better resolution is achieved at a very high cost due to reduction
of'the S/N. This is why optimal performance is achieved when the resolution is set to be equal
or slightly smaller than the width of the most narrow feature on the collected spectrum.

To avoid a loss of the spectral information and a reduction of the S/N due to the
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folding of high frequency noise onto the low frequency signal, the interferograms must be
sampled such that the resulting spectra have at least two data points per resolution element.
More narrow data spacing results in better quality spectra, however, a larger size of memory
is required to store the spectra and longer computation times to process the interferograms.
Interpolation is often used to fill-in the missing data points when more smooth spectra are
desired. Usually it is done during Fourier transformation in a procedure called “zero-filling”.

Fourier transformation is a procedure performed by a computer. This is why the
analog signal from the detector must be digitized. To avoid the instrumental (digitization)
noise the signal from the detector is amplified until it fills the dynamic range of the analog-to-
digital converter such that the random noise at the detector is at least two times as large as
the resolution of the converter.

The basic principles ofthe FTIR spectrometer outlined in this section were used in this
project for acquisition of spectra. Specific settings that were used will be described in

Chapter 4.

3.4. Physical Optics of a Stratified Medium

Quantitative analysis of experimental information determined using reflection
absorption spectroscopy requires complete understanding of the physics of reflection and
refraction of electromagnetic radiation. Reflection oflight ina thin layer cell can be described
theoretically using Fresnel equations in their analytical form. This approach provides a certain
degree of insight into the physics of light reflection. However, the complexity of the equations

increases significantly when stratified media consist of more then 3 layers [17]. The other
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approach, first derived by Abelés [18][19], utilizes matrix algebra. It can be used to
characterize reflection and refraction of light at unlimited number of phases that comprise a
stratified medium using an elegant set of equations. Both methods are described in detail in
an excellent paper by Hansen [20]. This paper is extensively cited by those who apply
reflection absorption spectroscopy and the relationships presented below were adapted with
minor changes from this source. (It should be noted, however, that there are two typing errors
in the paper. Equations (90) and (100) on page 388 of reference [24] should have a positive
sign in front of p, and ¢, , respectively.)

The next section is a brief introduction to the reflection, refraction and absorption of
electromagnetic radiation at a simple two-phase boundary. This introduction is written using
material from an excellent book by Hecht and Zajac [21] as well as a paper by Hansen [20].
The section that follows will present Fresnel equations in the matrix form that describe the

reflection and refraction of electromagnetic radiation at multilayer stratified media [20].

3.4.1. Reflection, Refraction and Absorption of Electromagnetic Radiation at a
Simple Two-Phase Boundary

Infrared radiation is a transverse, electromagnetic wave that is characterized by the
orthogonal electric and magnetic fields oscillating in the directions perpendicular to the
direction of the wave propagation. Figure 3.4.1 shows a graphical depiction of an
electromagnetic wave with the electric field oriented along the y axis. Such a wave with a well
defined orientation of the electric and magnetic fields describes linearly polarized radiation

and it is obvious from Figure 3.4.1 that non-polarized radiation can be regarded as composed
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Figure 3.4.1. Direction of electric and magnetic fields with respect to the
propagation direction of an electromagnetic wave.
Taken from [21].
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Figure 3.4.2. Spatial dependence of the electric field strength for
an electromagnetic wave propagating along the x axis.
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of two orthogonal linearly polarized components. The energy of the magnetic field is exactly
equal to the energy of the electric field of an electromagnetic wave, hence it is convenient to
consider only one (usually electric) field.

A planar electromagnetic wave (i.e., the wave with a flat wavefront) that propagates
along the x axis in vacuum can be described by a wave equation that relates the electric field

strength E at an arbitrary moment of time ¢ and a distance x from the origin:

21 [ O mm
E = EO COS(TX'I'é —(d‘) = ReEEO CXpH‘l@TX +0 _MQ (3.4.1),

where E,, denotes the amplitude of the electric field strength and 4, @ and ¢ are, respectively,
the wavelength, the angular frequency and the phase shift. The last two quantities are,
respectively, related to the frequency (number of waves per unit time) v and the displacement
of the electric field strength amplitude with respect to the coordinate origin Ax in the
following fashion:

w=21v and O0=Ax2m/ A (3.4.2)

Figure 3.4.2 shows the spatial dependence of the electric field strength for the wave described
by equation (3.4.1) and indicates its major parameters described in equation (3.4.2).

In a medium the wave equation (3.4.1) becomes

E = RefE D'Q@ +5 ax@m %2717( @E (3.43)
= (] X l X - X - X 4.
7 PHE A HP0 2
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or

E = Re[E D'Qzﬂ 5 ax@m (3.4.4)
= (] X l X - 4.49),
g0 PHE A %

where n and k denote the refractive index and attenuation coefficient of a medium which are

components of the complex refractive index 7 of a material:
n=n+ik (3.4.5).
It is important to note that there are two conventions about the sign of the imaginary part of

7, and the convention that regards k as a positive number is used throughout this thesis.

When infrared radiation is absorbed, the signal at a detector terminal is proportional
to the energy dissipated per unit volume per unit time at the detector element. The time
averaged value of this energy is called the intensity /. For nonmagnetic materials it is related

to the amplitude of the electric field of the incident radiation in the following way:

I=nkvE})  (346),

where v and <E02 > = EO2 / 2 are the frequency and the mean squared electric field strength

(MSEFS) of the radiation incident on the detector, respectively.

When the electromagnetic radiation is incident at a boundary between two phases, part
ofthe beam is reflected and part of'it is refracted into the second medium. Figure 3.4.3 shows
the plane of incidence profile of a boundary formed by a transparent and an absorbing phase.

The coordinate system has the x and z axes in the plane of incidence and the y axis normal to
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Figure 3.4.3. Reflection and refraction of electromagnetic radiation at the
boundary between a transparent and an absorbing medium.

Dashed lines denote the direction of propagation of radiation.

Arrows indicate the electric field vector of p-polarized light which lies in the
plane of incidence.

Symbols @ and@ indicate the advancing and retreating electric field vectors
of s-polarized radiation (which is perpendicular to the plane of incidence).

In addition, symbol (@) shows the (advancing) direction of the y coordinate
axis.
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the plane of incidence, as shown in the figure. The propagation directions of the
electromagnetic radiation are indicated by dashed lines. In accordance with the law of

reflection

@T = @i (3.4.7)

and following Snell’s law of refraction

n, sin®) = n, sin @ (3.4.8),

where n; denotes the refractive index of a phase j. Equations (3.4.7) and (3.4.8) were
discovered empirically, however they can be derived starting from Maxwell’s equations for
a linear isotropic substance and using the conditions of continuity of the electric and magnetic
field components tangential to the phase boundary.

Fresnel equations (which relate the electric and magnetic field strength amplitudes of
the incident, reflected and refracted waves) can also be derived from Maxwell’s equations by
applying the mentioned boundary conditions. Figure 3.4.3 shows that the incident beam can
be envisaged as composed of two linearly polarized orthogonal components. These
components, called p- and s-polarized components, are characterized by the directions of the
electric field vectors in the plane of incidence and perpendicular to it, respectively. (The plane
of incidence is the plane that contains the incident and reflected beams. Directions of p- and
s-polarized beams with respect to the reflecting surface are shown in Figure 2.3.) It can be
shown that for a plane boundary between two non-magnetic isotropic phases of infinite
thickness, schematically depicted in Figure 3.4.3, the Fresnel amplitude reflection () and

transmission () coefficients for s- and p-polarized light are given by the following equations:
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r t
_ Eyl _ 51 _Ez _ Eyz _ 251
ro=—2= (349) , t=—2= (3.4.10),
E, ¢, E, §t+¢,
r A A t A
_ Hyl _ nzzfl - 1,4, _ Hy2 _ 2”2251
P2 =T 340y and 1, = 2= o (34.1),
Hyl ny6 + 1, Hyl ny§ +njé,
where § =i, cos@! = [i2 —nlsin’ @ =Ref, +ilm§, (3.4.13).

and the symbols £, and H, denote the amplitudes of the electric and magnetic fields, oriented

along the y axis, for s- and p-polarized radiation, respectively. Note that & - can be calculated
from experimentally available optical constants of the corresponding phase ﬁj and the angle

of incidence@i. Due to the choice of the sign convention for k, both Re(¢;) and

Im(¢ ) must always be taken as positive numbers when calculating the square root of the

complex expression in equation (3.4.13).

The reflectance (or reflectivity) (R) and transmittance (7)) are, respectively, given by
the intensities of the reflected and transmitted radiation normalized by the intensity of the
incident radiation. They are related to the Fresnel amplitude reflection and transmission

coefficients in the following way:
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2

_ Re(g, /72)

= t
p El/nl2

(3.4.16).

P

Finally, the phase shift & can also be determined from the amplitude coefficients using the

following relationships:

d,, = Arg(r, ) and O, = Arg(t, ) (34.17).

(Recall that argument ofa complex number is given by Arg(X) = tan™'[Im(x) / Re(x)]).

The above expressions denote the Fresnel equations in analytical form for a simple
two-phase boundary. Below, the matrix algebra approach is presented that is used to
determine the Fresnel coefficients of a stratified medium composed of a large number of

phases.

3.4.2. Fresnel Equations in the Matrix Form

When electrochemical in-situ RAS experiments are performed, the analyte film is
deposited on the metal surface which is then immersed in the electrolyte solution and pressed
against the cell window, made of a material that is transparent for the infrared light. Such a
system consists of four layers. The first medium is an infrared transparent window (&, =0) and
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the other three phases that represent electrolyte, an organic film and a metal electrode,

respectively, may absorb light. The optical properties of a phase j are defined by its complex

refractive index ﬁj . The coordinate system shown in Figure 3.4.3, which has its origin at the

interface formed by the first two phases (window and electrolyte), is also used in the matrix
approach. The Fresnel equations presented below were derived assuming that the phases are
nonmagnetic, isotropic, homogeneous and infinitely parallel with perfectly sharp boundaries.
The first and the last phases are considered to be infinitely thick and all the intermediate

phases j are characterized by the thicknesses /. The incident beam was regarded to be a

planar wave of wavelength A directed at an angle@i with respect to the z axis which

coincides with the normal to the planes of the phase boundaries.

For N phases with N-1 boundaries, one can define N -1 matrices M that fully

characterize the electromagnetic radiation at each phase boundary k. These matrices are called
characteristic matrices and are given by equations (3.4.18) and (3.4.19) for s- and for p-

polarized electromagnetic radiation, respectively:

0 -i . O
o =0 o8B, g_smﬁjm
i = j 0 (3.4.18),

%”fj sin 3, cos B B
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[Ti—; sinf, cosf; [
g ", g

where ¢ is defined in equation (3.4.13) and

2méh,
ﬂj = T (3.4.20),
where 4 is the wavelength of the incident radiation and /4, is the thickness of a layer j. The

characteristic matrix ofthe whole stratified medium is obtained by multiplication of individual
characteristic matrices of all its constituents that are sandwiched between the first and the last

phase

M= |_|Mj (3.4.21).

It relates the tangential (with respect to the propagation direction) fields U, and ¥, at the first

interface where z = z, = 0 to those at the last interface Uy _, and V), wherez = z,,_,
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(3.4.22).

[

—

N-1

Fors-polarized radiation U, = E, and ¥, = H, while for p-polarized radiation U, = H, and

V, = E_ ,where E and H symbolize the amplitudes ofelectric and magnetic fields, respectively.

Analogous relationships hold not only for the first but also for the other phase boundaries.
The amplitude reflection and transmission coefficients for the whole stack can be

extracted from the characteristic matrix of the whole stratified medium using the following

relationships:
;o= Eyl - (my, + m,6, )8 = (my +myé,) (3.423)
= E)t;l (my, + leEN )51 +(my, + mzsz)
E' o)
t, = —= d (3.4.24),

’ E)t;l B (my, + m,¢ ), + (my +myéy)

A2 ~2 A2
.= Hyrl _(my, +my, EN/”N)fl/nl = (m,, +m2251v/”1v)
= - - ~2 ~2 A
Hp H;1 (my, +my, EN/”N)fl/nl +(my, +m2251v/”1v)

(3.4.25),

I”Ep
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— Hyrl _ 2"51/’?’12

Ly = = ~2 ~2 ~2
! H;1 (mu"'mlz‘fzv/”zv)fl/m+(m21+m22£1v/”1v)

(3.4.26),

E:? ol
Ep = E—; = gtl_]p (3427),

where m;, are the elements of the 2x2 characteristic matrix M of the whole stack.

Reflectance of the whole assembly for s- and p-polarized light can be calculated from
the corresponding amplitude reflection coefficients using equation (3.4.14) while
transmittance of the whole stack for s- and p-polarized light can determined from the
corresponding amplitude transmission coefficients using equations (3.4.15) and (3.4.16),
respectively.

The matrix approach can be employed to model the reflectance of an experimental
infrared cell during reflection absorption spectroscopy. Indeed, the equations that describe
the three-phase system can be used to simulate the thin layer cell that contains the organic film

in the desorbed state and the relationship governing the four-phase system can be utilized to
model the cell when the film is adsorbed at the metal electrode. AR / R spectrum can be

calculated using the reflectances of a thin layer cell composed of three and four layers in the

following way [22]:
R R123
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A similar approach can be used to simulate SNIFTIRS and PM FTIR RAS spectra that are
needed for quantitative determination of the orientation of molecules in ultrathin films of

organic molecules at the metal electrode.

3.4.3. Mean Squared Electric Field Strength

Quantitative analysis of the orientation of organic molecules at the metal electrode
requires precise knowledge of the mean squared electric field strength (MSEFS) at the metal
surface as well as in the electrolyte bulk. The matrix approach allows one to calculate the field
strength at an arbitrary location z within the stratified medium. Before presenting the
expressions that are used for calculation of the MSEFS, the concept of the reciprocal matrix
should be recalled. A matrix N is reciprocal to M if NM = I, I being the unit matrix. If both

sides of equation (3.4.22) are multiplied by N, one can obtain

%/ = D (3.4.29).
N-1 D 1 [

This equation relates the field amplitudes at the N-12 phase boundary to the field amplitudes
at the first phase boundary, given by the amplitude reflection and transmission coefficients
(equations (3.4.23)-(3.4.27)). A similar approach can be utilized to find the amplitude of

electric field at any point within the stratified medium.

U, (2)0

VoF @11

(]
H
H G430,
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where U,(z) and V,(z) denote the tangential fields at an arbitrary point within the stratified
medium. Individual N, for s- and p-polarized radiation can be determined using equations
(3.4.18) and (3.4.19), respectively, if the negative sign of the elements m,, and m,, of the
corresponding matrices is changed to positive. To use equation (3.4.30) one needs to define
the explicit expressions of the other terms of this equation that are presented below.

For s-polarized light:

mEylm 0E), + £,0_0 147, 0

0
E xlm_ ! HlD %(1 r)EEyl (3.431),

xl

D COS

gfk Sll’l@zné(a Zk_l)@ COS@ZHé(z L2 I)Q E

0 @271@(2 z, 1)@ s . @Mfk(z Zj- I)Q

and N°(z) = (3 4.32).

For p-polarized light:

62



D I+r, D Dn1(1+r)D

0 0
= :ij1 ’ '51 =
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. COS@27T§((Z Z,_ 1)@ mk @27@((2 Z,_ 1)@
* 06 . Eznfk(j Zk—1)§ oS @27-[6((2 Zg- 1)@ E

@43@

In equations (3.4.31-3.4.34), all the entities have already been defined, except z -the
position within the thin cavity in which the electric field is calculated. The amplitude reflection
coefficients can be calculated using equations from the preceding section. Using the values of
the electric field strength determined from equation (3.4.30) and assuming that the amplitude
of the electric field strength of the incident beam is equal to unity one can finally write

expressions for the MSEFS:
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For s-polarized radiation:

<E;k2> - %|Uk (@) (3.4.35).

For p-polarized radiation there are two relationships - for each component of the electric field

vector oriented along the x and z coordinate axes:

<E§c2> = %|Uk @) (3.4.36),
o 2
<EZ’22> = % %}161% (2) (3.4.37).

Combined, they yield the total MSEFS for p-polarized light:

<E;fz> = <E’22> + <E’ZZ> (3.4.38).

The above relationships allow one to calculate the MSEFS using measurable quantities
such as thicknesses and optical constants of the materials that constitute strata in a multilayer
system as well as the wavelength and the angle of incidence of incoming radiation. These
equations offer a tremendous help when the optimization of experimental conditions is

undertaken. The specific applications of these relationships will be shown in Chapter 5.

64



3.5. Polarization Modulation FTIR Reflection Absorption Spectroscopy

Polarization Modulation FTIR spectroscopy was applied in this project to obtain
quantitative information concerning the orientation of organic molecules at the metal electrode.
Understanding of the quantitative relationships that govern the operation of a photoelastic
modulator (PEM) is needed for optimization of the data acquisition procedure and for
processing of the obtained spectra. This paragraph provides the reader with a brief
introduction to propagation of light in matter. The focus is given on retardation of
electromagnetic radiation, the phenomenon that is utilized in the PEM. The introduction is
followed by the description of the work of the device and demodulation techniques. The
methods of processing of experimental spectra that were described in literature are given in

the end of this section.

3.5.1. Principles of Operation of a Photoelastic Modulator.

The element ofthe optical head changes its refractive index when the PEM is operated.
A change of the phase of the incident beam is observed as the result. To understand the
principle of operation of the PEM, one needs to understand the relationship of the refractive
index of an optical element with the phase shift observed when the beam of electromagnetic
radiation traverses this element. The refractive index of a material » is defined as the ratio of

the speed of light in vacuum c to the speed of light in a material v :

_¢
n=- (3.5.1)

It follows from equation (3.5.1) that the velocity of a photon in an isotropic material,
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characterized by a refractive index of 2, is two times slower than in vacuum. Apparently, the
beam of light is retarded by the material. Figure 3.5.1 illustrates the retardation of
electromagnetic radiation. If in vacuum (n = 1) the photon travels a distance dx in a time
interval d¢ (it is convenient to choose dx equal to the wavelength of the radiation), in the
material with refractive index of 2 it takes a two times longer period of time (2df¢) to traverse
the same distance. Since the frequency of the radiation is invariant with the refractive index,
the wavelength of the radiation decreases by a factor of two. This is why the phase angle of
the electromagnetic wave undergoes a two fold increase as shown in Figure 3.5.1. Thus, the
phase of electromagnetic radiation in a condensed medium leads its phase in vacuum as the
result of the retardation.

Certain materials, such as calcite for example, are anisotropic and the degree of
retardation of electromagnetic radiation displayed by these materials strongly depends on the
crystallographic orientation. This effect is called birefringence. If the linearly polarized light
is incident on a birefringent material at an oblique angle with respect to its main optical axis,
circularly polarized light is generated due to the different retardation imposed by the material
on the two orthogonal components of the incident beam, oriented along two nonequivalent
directions in an anisotropic crystal. Isotropic materials may also display birefringence if their
symmetry is distorted due to mechanical stress [23]. This induced birefringence is called
photoelastic effect and is utilized in the photoelastic modulator (PEM) to impose a periodic
retardation on a beam of linearly polarized light.

A schematic diagram of the device is shown in Figure 3.5.2. It is made of two materials

that are glued together [24]. One is a piezoelectric transducer that converts a periodic voltage
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Figure 3.5.1. Retardation of an electromagnetic wave by materials.

Optical Element

Piezoelectric transducer

Figure 3.5.2. Diagram of a photoelastic modulator (PEM).
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to a periodic mechanical (acoustic) wave. The other is an optical element that imposes a
periodic retardation (or acceleration) on a component of the incident linearly polarized beam
that is oriented along the main axis of the device, shown on the diagram by arrows. The other
component of the incident beam, oriented perpendicular to the main axis of the PEM, remains
unchanged. The PEM is operated at its resonant frequency that depends on the size of the
device. The linearly polarized light is usually incident at an angle of 45° with respect to the
main axis of the PEM in order to have two orthogonal components of the incident beam of
equal intensity. Figure 3.5.3a demonstrates the direction of the electric fields of these two
components, one being parallel to the main axis of the PEM. If the optical element is at rest,
no change in the relative positions of the maxima of the electric fields is observed and,
consequently, the polarization of the radiation remains unchanged. If the optical element
undergoes compression or extension, retardation or acceleration occurs. Retardation results
in a positive phase shift while acceleration yields a negative phase shift, relative to the
component of the incident beam oriented perpendicular to the main axis of the PEM. The
phase shifts are illustrated in parts b and ¢ of Figure 3.5.3, respectively.

When the amplitude of the applied voltage is set such that the PEM imposes the
maximum relative phase shift of 90° (half-wave retardation), the incident beam changes its
polarization by 90as illustrated in Figure 3.5.4 a. During one cycle of applied voltage the half-
wave retardation occurs twice: once when the optical element becomes compressed and once
when it becomes stretched. Both times the same net effect is observed since the polarization
is changed by 90° regardless of whether retardation or acceleration takes place. When the

optical element is at rest (between the compression and extension) no retardation occurs. Thus,
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b) c)

Figure 3.5.3. Retardation effect of compression and extension.
Photoelastic modulator: a) at rest, b) compressed, ¢) extended.
Figure was taken from [24].

b)

N
N N

/S CNC/DND/

+45 -45 +45 .45 +45
RIGHT RIGHT LEFT LEFT
CIRCULAR CIRCULAR CIRCULAR CIRCULAR

o

Figure 3.5.4. Half-wave retardation.
a) Relative orientation of the electric field components at half-wave retardation

b) Effect of retardation on the polarization of the beam that exits the PEM
Figure was taken from [24].
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the PEM can be used to alter the polarization of the incident linearly polarized beam from 0°
to 90° at a frequency that is twice the frequency of the voltage applied to the piezoelement.
This property is used in reflection absorption spectroscopy and the quantitative relationships

that describe the operation of the PEM applied in this spectroscopy are presented below.

3.5.2. Quantitative Relationships Describing Operation of the PEM

Figure 3.5.5 shows a diagram of a simplified experimental setup used in polarization
modulation spectroscopy. This diagram is used to demonstrate the relationships that govern
the operation of the PEM, hence some components that are not essential for this purpose are
omitted. The setup consists of a static polarizer P and a photoelastic modulator PEM. The
incoming radiation can be represented by two orthogonal components /,, and /,,, that denote,
respectively, the intensities of the vertical and the horizontal components of the incident beam
with respect to the optical bench plane. When the beam crosses the static polarizer P, the
vertical component is rejected and the radiation becomes linearly polarized in the direction
parallel to the optical bench, indicated in Figure 3.5.5. as /,. The modulator is mounted at an
angle of45° with respect to the optical bench plane. Hence, the beam of linearly polarized light
I, can be regarded as composed of two orthogonal components /,, and 7, oriented along the
main axis of the PEM and perpendicular to it, respectively (see Figure 3.5.5). The PEM
imposes a phase shift /7on the /,, component and the /, component remains unchanged. Hipps

and Crosby [25] derived an analytical expression that describes the signal at the detector

' I+1, I -1
measured using such a setup 1,(9)= ‘2 + ‘2

L cosg (3.5.2).
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Figure 3.5.5. Simplified diagram of the experimental setup and orientations
of the electric field vectors of the electromagnetic radiation.
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Here 7, denotes the intensity of the radiation at the detector placed in the location shown in
Figure 3.5.5. I, and I, represent the components of the beam in front of the detector that are
oriented parallel and perpendicular to the optical bench, respectively. The notations were
chosen to be consistent with the orientations of the s- and p-polarized beam at the metal

electrode, which is not shown. The authors also demonstrated that the phase shift depends on

the frequency of the PEM @, and time ¢ in the following way:

¢ =¢,cos(w, 1) (3.53).
Here ¢0 is the maximum phase shift introduced by the PEM, which depends on the magnitude

of the voltage (V) that is applied to the PEM and the wavelength of the polarized radiation

A. This phase shift is given by

(€14
0, = Am (3.5.4),

where G is the proportionality factor. The amplitude of the voltage V,, is usually optimized for

a certain wavelength A_ so that the maximum phase shift imposed by the PEM is equal to 7.

Substitution of A for A_and @, for 7 in equation (3.5.4) yields

GV, =T1A (3.5.5).

Using equations (3.5.3-3.5.5), one can express the phase shift 77 introduced by the PEM to

A
a beam of monochromatic light of wavelength 1 as ¢ = 70 1T cos( a)mt) (3.5.6).
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Combining equations (3.5.2) and (3.5.6) one can finally write

IL+1, I.-1, A,
I,(t)= ‘2 + ‘2 cos@xncos(wmt)g (3.5.7).

Equation (3.5.7) demonstrates that:

1. Lw=1, (3.5.8)
when w,t=53+NmN=0,12.... (3.5.9),

_ I,-1,0 A, [
2. I,(t)=1;+ 2 EIHCOSQ}TT[@E (3.5.10)
when w,t=0xNmN=0,12.... (3.5.11).

It is worth noting that when the condition (3.5.11) is fulfilled and when the wavelength of the

incident beam A = A, , the second term of equation (3.5.10) disappears resulting in
1,(t)= 1, (3.5.12).

Thus, when the condition (3.5.9) is fulfilled, the polarization of the incident beam
remains unchanged (/) regardless of its wavelength. When the condition (3.5.11) is fulfilled,

the polarization of the incident beam undergoes a change. If the wavelength of the radiation

is equal to A (for which the PEM was optimized), the polarization of the incident beam is

changed by 90° and linearly polarized () light is obtained at the exit of the PEM. If the

wavelength of the incident beam departs from A , the change in polarization of the incident
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beam deviates from 90° and circularly polarized light (i.e., light that has both s- and p-
components) is received by the detector. The degree of contamination of s-polarized light with
p-polarized light depends on the term in curly brackets in equation (3.5.10). Because broad
band infrared radiation is used in FTIR spectroscopy one can fully optimize experiments for

a single wavelength only.

3.5.3. Polarization Modulation Spectra
Theoretical spectra obtained using polarization modulation FTIR spectroscopy can be

presented as

I -1

OAIQ _ L4 (3.5.13)
<I> ETheor. ) (IS‘ + Ip)/z o

where Al = I, = I, isthe intensity difference signaland /) = (/, + ) / 2 isthe intensity

average signal. In order to avoid confusion it is important to note that equation (3.5.13) can
be derived from equation (2.3.2) if both numerator and denominator of equation (2.3.2) are
multiplied by the intensity of the incident beam /,. The experimental signal received by the
detector alternates between s- and p-polarizations according to equation (3.5.7). To obtain
the spectrum given by equation (3.5.13) the signal from the detector should be decoded. There
are two demodulation techniques: the first uses a lock-in amplifier and a low-pass filter while
the second relies on the real-time sampling electronics to obtain the intensity difference and
average signals. The theoretical background relevant to both these techniques is described

below.
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The first technique was used since the 1970s [25][26] and is still quite popular. It

utilizes a lock-in amplifier to extract the detector signal 7, (2w, ) at a frequency equal to the

second harmonic of the voltage frequency applied to the PEM. Hipps and Crosby

demonstrated [25] that this signal is related to the difference signal A/ inthe following fashion

1,Qw,)=AIU,(9,) (3.5.14),
where J, (@,) is the second order Bessel function of the maximum phase shift ¢0 introduced

by the PEM. They also derived the relationship between the signal at the terminal of a low pass

filter / ,(0) and the average signal (I):

1,(0)=(I) +% ,(9,) (3.5.15).

Here J,(¢,)1s the zero order Bessel function of ¢0 .

3.5.4. Application of a Lock-In Amplifier
If the output from the lock-in amplifier is used instead of a difference signal and the
output from the low-pass filter as a substitute for the average signal, equation (3.5.13)

becomes:

OAT0  1,Qw,) _ AITTTL(4,)
(DB, 1,00 (D+3AI0,(,)

(3.5.16).
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Ifa highly reflective metal is used in reflection absorption spectroscopy, the second term in the

denominator of equation (3.5.16) could be ignored because in this case A << (/) and

Jy(9,) < 1. The equation for the polarization modulation spectrum then becomes

A
@é@ W, (9,) (3.5.17).

Exp.

It is evident from equation (3.5.17) that instead ofthe desired spectrum of < > ,experimentally

Al
one obtains a product of m and a function J, (¢,) given by:

A
J,(9,) = Jz@f"@ (3.5.18).

Because J,(¢,)is a function of wavelength, a systematic error is introduced to

experimentalm spectra if the change ofJ,(¢,)with wavelength is ignored.

Fortunately, J, (@,) varies slowly with 4 in the region of the spectrum where the wavelength

is close to A, and this error can be neglected, especially if qualitative information is extracted
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from the experimental spectra. It is important to note that the second order Bessel function has

a maximum J,(7T) = 0.5when A = A, and hence the maximum signal obtained using the

lock-in technique is approximately two times smaller than the maximum theoretical signal

given by equation (3.5.13).

3.5.5. Utilization of a Synchronous Sampling Demodulator
Recently Corn et al.[27][28] developed a new technique that utilizes the sampling

electronics to detect not only the second but also higher harmonics of the modulator

frequency. Consequently the signal measured at A = A becomes considerably higher,

approaching a theoretical maximum given by equation (3.5.13). Their device, the synchronous
sampling demodulator (SSD), uses the reference signal from the PEM controller to sample the
detector signal when conditions (3.5.9) and (3.5.11) are fulfilled and yields the following two
signals at its terminals [28]:

1. the intensity average signal:

Al (Jl + cos@, [
I)Qu)={D+—0—— = 3.5.19).
) Qw) =N+ 00 (519
2. the intensity difference signal
Diff Ol -cos¢, [
1, (2wm):AIEiTE (3.5.20).
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Both equations (3.5.19) and (3.5.20) can be derived from equations (3.5.8) and (3.5.10) after
rearrangements. The polarization modulation reflection absorption spectrum acquired using

the SSD can be written as:

Oarg AI{(I—cosdJO)/Q}

05, T (e sarf(i+cosp,) 13 (3.5.21).

The similarity between equations (3.5.16) and (3.5.21) is obvious. Similarly to those obtained
using the lock-in technique, the SSD spectra are superimposed on the periodic background

caused by the terms in curly brackets. It should be noted, however, that when 4 approaches

A, , equation (3.5.21) approaches equation (3.5.13). Thus, a superior signal-to-noise ratio

could be achieved using the novel technique [28].

3.5.6. Processing of PM FTIR RAS Spectra for Quantitative Analysis

Regardless of the choice of the demodulation technique, polarization modulation
spectra must be further processed before they can be used to extract quantitative information.
The aim of the data processing is to remove the artifacts introduced by the PEM. There are

three methods to remove the contribution of the wavelength-dependent coefficients beside
AT (Bessel functions or cosine terms depending on the demodulation technique) [29]:

1. The first approach is to calculate and remove these functions. It is not practical
though, because there could be significant discrepancies between the theoretically calculated

and experimental values of these coefficients, due to many factors that are hard to control or
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reproduce (such as residual birefringence of the optical element of the PEM for example).
2. The second approach is to normalize the spectrum of the analyte to the background
spectrum recorded at the same conditions. This approach has two weaknesses. One is that it
is often very difficult to reproduce exactly the experimental conditions to collect the two
spectra (the sample and the background). The other problem arises because another constant
is introduced to the spectra as a consequence of such a treatment. Buffeteau et al. [29] have
demonstrated that the normalized experimental signal obtained in reflection absorption

experiments can be expressed as

AS _ S(d)-S(0) _ 2yR,(0)R(0)
S S0) R (0)-yR:(0)

(3.5.22),

where S denotes the PM FTIR spectrum which is given by the ratio of the intensity difference
signal to the intensity average signal that are obtained at the terminals of demodulation devices.
Symbols (d) and (0) denote the spectra of the analyte and the background, respectively. Rgand
R, represent the reflectance of the metal substrate for s-and p-polarized light, respectively. y
is the optical setup efficiency for p-polarized light, normalized by the efficiency for the s-
polarized light. Finally, 4 is the absorbance of the analyte. In principle, the constant in front
of 4 can be calculated using the Fresnel equations. However, precise knowledge of the
experimental conditions (such as the angle of incidence for example) is required for the
calculation of this coefficient.

3. The third approach is to determine the coefficients beside A/ in an independent

experiment using a second static polarizer (analyzer) placed on the opposite (with respect to

79



the first polarizer) side of the PEM. This method requires additional equipment and time but

is the best of the three methods. Following Buffeteau et al. [30] it could be demonstrated that

0
Cprp Cps — S(d)H

R R

A=1 = =
R, (0) Ry(d)

(3.5.23).
Chs

0.5 |0 Tog.

Crp + S(d)

Here C,, and Cy, are the calibration spectra obtained in a similar way as S(0)except that the
analyzer was placed after the PEM and set to admit p- or s-polarized radiation, respectively.
g and g’ denote the gain of the electronics during collection of experimental and calibration
spectra, respectively. The other notations are the same as in the second method. The authors
used a lock-in amplifier to obtain the intensity difference spectrum and demonstrated that the

calibration spectra are related to the Bessel functions in the following way:

g'|J2(¢0)|
= 2122770 5.24
= 14 Jy(9,) (329
"J
and C,p = CCAUN (3.5.25).

REFACS!

The method similar to the third approach was developed and utilized in this project.

Details concerning specific aspects of the experimental spectra conditioning are given in
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Chapter 5, which describes the novel developments of FTIR RAS made as a part of this

project.
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CHAPTER 4

4. Materials and Experimental Methods

The purpose of this chapter is to describe the materials and equipment that were used
during this research. In addition, the technical details of the applied experimental procedures
will be presented. Electrochemical measurements of differential capacity and charge density
as well as technical details of in situ techniques such as SNIFTIRS, PM FTIR RAS and
neutron reflectometry are described in this chapter. The recent developments of the
electrochemical FTIR spectroscopic methods, made during this project, will be given in

Chapter 5.

4.1. Materials

Pyridine (>99.9%, HPLC grade, Aldrich) was added to an electrolyte of 0.1 M
solution of KCIO, (calcinated at 300 °C and twice re-crystallized, ACS certified AESAR) in
D,0 (99.9 %D, Cambridge Isotope Laboratories) to obtain a 0.001 M solution of pyridine,
used in SNIFTIRS experiments. In electrochemical measurements, a 0.05 M solution of
KCIO, in Milli-Q water was used and 0.1 mL of 0.4 M solution of KHCO, (BDH AnalaR,
England) was added to this electrolyte to maintain a constant pH of ~ 9. Similar values of pH
were achieved when a 0.1 M solution of NaF (Suprapur, EM Industries) in D,O was used
directly as electrolyte for PM FTIR RAS experiments. 4-pentadecylpyridine (C15-4Py) was
synthesized and purified by McAlees and McCrindle as described in [1]. Figure 4.1 shows the
model of this surfactant. The molecule of C15-4Py consists of a pyridine head group attached

to the 15-atom hydrocarbon chain. 8 mg of C15-4Py was dissolved in 5 mL of chloroform
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Figure 4.1 Model of 4-pentadecylpyridine (C15-4Py).
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Figure 4.2 Schematic of the horizontal touching (Langmuir-Schaefer)
deposition technique and the hanging meniscus configuration.

a) single horizontal touching,

b) double horizontal touching,

c¢) hanging meniscus configuration.
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(ACS certified, spectroscopy grade, Fisher) resulting in a 0.0055 M stock solution of the
surfactant. Gold single crystals in the shape of an inverted mushroom were prepared as
described in [2]. All potentials reported in this project were measured with respect to the
saturated calomel electrode (SCE) or converted to the SCE scale, unless specifically stated
otherwise. All the glassware and Teflon parts used in the experiments were washed in a 1:3
mixture of nitric and sulfuric acids and rinsed in copious amounts of Milli-Q water. All

experiments were performed at 22 + 2 °C.

4.2. Deposition of Surfactant Films on the Working Electrode

Two variations ofthe Langmuir-Schaefer technique [ 3] were used to transfer C15-4Py
from the GS interface to the metal surface. Single horizontal touching, shown schematically
in Figure 4.2 a, was performed in the following way. Solution of C15-4Py in chloroform was
delivered in small droplets onto the surface of the electrolyte using a 10 pL syringe
(Hamilton) until the last droplet formed a lens that remained floating on the surface for at
least a minute. The surfactant film thus formed maintained a constant equilibrium spreading
pressure of 33 mNm™ under these conditions. The film pressure was determined using a
Wilhelmy plate [4]. To transfer the surfactant from the GS interface to the MS interface, the
dry working electrode was adjusted to be parallel to the electrolyte surface and then slowly
approached and brought in contact with the surfactant film. To perform the double horizontal
touching, the electrode was withdrawn and a small spherical droplet of the electrolyte that
usually adhered to the (hydrophobic) electrode surface was gently removed with a corner of

a soft tissue. The electrode with a film obtained using the previous procedure was then
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brought in contact with the surfactant film for the second time as shown in Figure 4.2 b. After
deposition, the films of insoluble surfactants were analysed. To perform electrochemical
measurements the electrode was positioned in hanging meniscus configuration schematically

shown in Figure 4.2.c.

4.3 Electrochemical Measurements and Instrumentation

A Au(111) electrode of 3.5 mm diameter and a coil of gold wire were used as working
electrode and a counter electrode, respectively, in electrochemical experiments. After
assembling and filling with the electrolyte, the cell was deaerated with argon (BOC gases).
The flame-annealed working electrode was introduced under the protection of a water drop
and positioned in a hanging meniscus [5] configuration to check the cleanliness of the
electrolyte using electrochemistry. If the interface was clean, the working electrode was
withdrawn, re-annealed and re-introduced (dry) into the cell to cool down in an argon
atmosphere. After cooling, the film of C15-4Py was deposited and the working electrode was
elevated (ca. 2 mm) to assume a hanging meniscus configuration necessary for the
electrochemical characterization of the surfactant-covered Au(111) surface.

A Heka potentiostat and a PAR model 129A lock-in amplifier were used to carry out
electrochemical measurements. Data were digitized via an RC Electronics acquisition board
and processed by a computer. The differential capacity of the interface was measured by
superimposing a small sinusoidal perturbation of 5 mV r.m.s. and 25 Hz ona 0.005 V s’
voltage ramp. The in-phase and out-of-phase components ofthe alternating current were then

measured using a lock-in amplifier. Differential capacity was calculated assuming a simple
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series RC equivalent circuit as the model of the electrode-solution interface, according to the

equation

where C denotes the differential capacity, i, and i, are real and quadrature (imaginary)
components of the measured current, respectively. £, is the root-mean-square voltage and
o is the angular frequency of the applied alternating current perturbation.
Chronocoulometry [6] was used to measure the charge density at the MS interface.
The experimental procedure of chronocoulometry is schematically outlined in Figure 4.3. A
sequence of potential steps was applied to the electrode as shown in panel a. The potential
was initially held at the base value E, for a period of time #,. Then the electrode potential was
instantly elevated to the value of the variable potential £,. This value increased from step to
step with a constant increment 4E,, reaching the maximum £, when the last potential step
was carried out. After equilibration at a variable potential £, for a period of time ¢, , the
electrode potential was instantly returned to the base value E,. The current transient was
recorded during this last step. Panel b shows a diagram of a typical current transient.
Integration of a current transient yielded a charge transient. Panel ¢ presents a typical charge
transient and demonstrates how one can obtain the charge density at the metal electrode at
zero time (equilibrium charge density at the variable potential) by extrapolation of the linear

part of the charge transient. The charge densities obtained by extrapolation were plotted
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Figure 4.3 Schematic diagram of the chronocoulometric experiment.

a) anodic sequence of potential steps (current transients are measured at the time
indicated by arrows);

b) typical measured current transients

¢) typical calculated charge transients

d) relative and e) absolute charge densities plotted against the electrode potential.
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against the corresponding values of the variable potential as shown in panel d. These data
correspond to the relative charge densities (equal to zero at £, = E, ) and they had to be
converted to the absolute charge densities using the value ofthe potential of zero charge (pzc)
that was determined in an independent experiment.

In this project the following settings were used to carry out chronocoulometry (for
the anodic sequence of steps): the base potential £, was -0.825 V and the equilibration time
at the base potential 7, was 20 s, the first variable potential £, was equal to the base potential
and the increment of the variable potential AE, was 0.025 V, the equilibration time at the
variable potential z, was 90 s and the maximum variable potential £ ,, was 0.3 V. The current

transients were sampled during 0.1 s with 20 pus sampling interval.

4.4 Equipment and Procedures used in SNIFTIRS Experiments

The SNIFTIRS spectra were measured using a NICOLET 20SX/C FTIR apparatus
equipped with a MCT-B detector cooled with liquid nitrogen. The sample compartment was
purged using air from a Puregas Heatless Dryer which was free of CO, and H,O. The
electrode potential was controlled by a PAR 173 potentiostat. A syringe-type infrared cell
with a hemispherical ZnSe window was employed in these studies. The optical setup used for
the in situ infrared spectroscopy was built using the design described by Faguy et al. [7]. The
8 mm diameter Au(110) working electrode was flame annealed before the experiments and
pushed against the ZnSe window to form a thin layer configuration. A Pt foil cylinder was
used as a counter electrode.

The angle of incidence of the infrared radiation was adjusted to be just below the
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critical angle, so that the maximum surface enhancement of p-polarized photons at the
electrode surface was achieved. The exact values of the angle of incidence of 28.5° and the
thin layer thickness of 7.2 pm. were determined from measurements of the reflectivity of the
ZnSe/D,0O/Au interface following the procedures developed in this project and described in
Chapter 5.

A multiple potential step routine was used to acquire the SNIFTIR spectra. The
electrode potential was stepped m times between the base potential £,= -0.75 V(SCE) and
a variable sample potential £, respectively. At each potential, n interferograms were
collected. Data acquisition was delayed for 10 s after each potential change to allow the
interface to reach thermodynamic equilibrium at the imposed polarization. A total number of
N = n x m (which is 20 x 100 in our studies) interferograms were co-added, Fourier

transformed and used to obtain the SNIFTIRS spectra , defined by equation (2.3.1):

AR _ R(Ez) B R(El)
R R(E)

where R(E,) and R(E,) are the electrode reflectivities at the base potential £, and sample
potentials E£,. The SNIFTIRS spectra were acquired using p-polarized radiation with a

resolution of 4 cm.

4.5 Technical Information on the PM FTIR RAS Setup
PM FTIR RAS is a new method in our laboratory. Many components of the

experimental setup were designed and made as a part of the project. Therefore, it will be
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described in greater detail.

4.5.1 Description of the Experimental Setup

An experimental setup similar to that described by Corn et al.[8][9] has been
assembled and used. Figure 4.5.1 shows the top view of our setup. The layout of the optical
bench and the diagram of the spectroelectrochemical cell are presented in this figure. The
mechanical components of the setup are better visualized in Figure 4.5.2, which presents the
side view. The collimated infrared radiation from the spectrometer (Nicolet Nexus 870)
entered a port of the external tabletop optical mount (TOM) where it was redirected with a
flat mirror (Nicolet) and focused onto the working electrode with a parabolic mirror ( f=6",
Nicolet). Before entering the cell, the beam passed through a static polarizer (1" dia., Specac)
and the photoelastic modulator (PEM) (Hinds Instruments PM-90 with 1I/ZS50 (ZnSe
50kHz) optical head). The beam, exiting the cell, was refocused by a ZnSe lens (f=1", 1.5"
dia. with an anti-reflective coating, Janos Technology) onto a MCT-A detector (TRS 50 MHz
bandwidth, Nicolet). A bandpass optical filter (3 - 4 um pass, Specac) was placed at the
entrance window of the detector when the spectra of the hydrocarbon stretching modes were
acquired.

The spectroelectrochemical cell (see Figure 4.5.1), was custom-made of glass and
connected to the optical window (BaF, 1" equilateral prism, Janos Technology) via a Teflon
flange (see also Figure 4.5.2). Roe et al. [10] and Seki et al. [11] have described cells of
similar design. The working electrode was a 15 mm disk-shaped Au(111) single crystal

inserted into a glass tube, which was used to push the electrode against the optical window,
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Figure 4.5.1. Illustration of the experimental PM FTIR RAS setup (top view).

FM - flat mirror

PM - parabolic mirror

SP - static polarizer

PEM - photoelastic modulator
OW - optical window

L - lens

F - optical filter

D - detector
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WE - working electrode
TF - Teflon flange
C-cell

RE - reference electrode
TH - Teflon holder

GT - glass tube

PH - piston handle

W - gold wire

CE - counter electrode
TP - Teflon piston
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through a threaded Teflon holder as indicated in Figure 4.5.1. A piece of gold wire (Alpha
Aesar) was used as a conductor between the potentiostat clip and the gold single crystal. It
was inserted into a small orifice in a Teflon piston and placed inside the glass tube as shown
in the figure. To ensure tight sealing of the cell around the gold wire the Teflon piston was
pushed against the conical end of the glass tube by a hollow brass handle, attached to the
piston. A Pt foil cylinder was used as a counter electrode and a glass capillary was used to
connect a saturated Ag/AgCl reference electrode as shown in Figure 4.5.1.

The components of the setup were assembled on 4 mounts. Figure 4.5.2. shows the
positions of these components. The detector was placed on mount 1. The lens was inserted
in a lens holder (Newport) that was affixed to mount 2. Both mounts could be translated
along rail 1, attached to a rotation stage (Newport). The rotation stage was affixed to the
optical table such that its pivoting axis coincided with the focal point of the parabolic mirror.
(When finding the location of the focal point, one should take into account the shift in its
position due to the placement of the static polarizer, the PEM and the optical window into
the incident beam.) The rotation stage was used to independently set both the angle of
incidence and the angle of reflection. The angle of reflection was adjusted by rotation of rail
1 and the angle of incidence was changed by rotation of mount 3, which served as the base
for the cell holder. The cell holder was assembled on mount 4, which could be translated with
respect to mount 3 along rail 2 using the translation screw. The cell holder consisted of clamp
1 and clamp 2 that were used to attach the cell to the holder and clamp 3, used to secure the
glass tube of the working electrode assembly. Clamp 3 could be translated with respect to

mount 4 along rail 3 using the differential micrometer (Newport). This translation allowed one
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to set the thickness of the thin layer between the electrode and the optical window.

The cell parts were assembled and the cell was placed in the cell holder as shown in
Figure 4.5.2. It was then filled with electrolyte through the reference electrode capillary and
purged with Ar (BOC Gases) through the inlets that are not shown on the diagrams. The
Heka PG490 was connected and used to control the potential of the working electrode. The
synchronous sampling demodulator (SSD) (GWC Instruments) was employed to demodulate
the detector signal. It was phased with the PEM using an oscilloscope (Tektronix 2225). A
Whatman FTIR pure gas generator was used to purge the spectrometer and TOM with dry

and CO,-free air.

4.5.2. List of Experimental Parameters Used in PM FTIR RAS Experiments
Optical bench: angle of incidence of 60° and thin cavity thickness of 3 pm (for pyridine
moiety) or angle of incidence of 50° and thin cavity thickness of 2.5 um (for hydrocarbon
chain). These best parameters were calculated using the in-house software developed in this
project and described in Chapter 5. Since the angle of incidence is distorted by the prism (if
it is different from 60°, the normal incidence with respect to front edge of the prism), the
following equation was used to calculate the external angle of incidence (with respect to the

metal surface normal)

a, = 60° - sin_l[sin(600 —al)nw] (4.5.1).

Here, n, is the refractive index of the optical window, a, and a, are the angles of incidence

inside and outside of the optical window, respectively. It is useful to note that a, is calculated
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by an optimization procedure, whereas a, is set experimentally.

Spectrometer controller (OMNIC): mirror velocity = 1.2659 c¢cm s (This value of mirror

velocity prevents cross-talk between the Fourier frequencies of the interferogram and the
PEM modulation frequency. Indeed, using equation (3.3.2), a Fourier frequency of 8.86 kHz
is calculated for the wavenumber 0f3500 cm™, which is about an order of magnitude less than
the polarization modulation frequency, equal to100 kHz.), aperture = 86 %, sample gain =
1, high pass filter = 200 Hz, low pass filter = 11 kHz, number of scans = 400, resolution = 2
cm’', levels of zero filling = 0, sample spacing = 1, apodization = Happ-Genzel, phase
correction = Mertz.

PEM controller: retardation = 0.5 A, wavenumber of maximum efficiency = 1600 cm™ (for

pyridine moiety) or 2900 cm™ (for hydrocarbon chain).

SSD gain: 10 (for pyridine moiety) or 5 (for hydrocarbon chain).

Potentiostat: E(initial) =-0.89 V, E(final) = 0.26V, E(step) =0.05 V (from -0.89 to -0.34 V)
and 0.2 V (from -0.34 to 0.26 V), number of loops = 20, delay between setting and

measurement = 10 s.

4.5.3. Experimental Procedures

The initial preparations were made as follows. The cell parts were washed in a hot 1:3

mixture of nitric and sulphuric acids, rinsed in Milli Q water and dried overnight at 110 °C.
The optical window was rinsed with Milli Q water and ethanol (96 %) followed by cleaning
in an ozone chamber (UVO-cleaner, Jelight). The working electrode was inserted in the

holder, flame-annealed, cooled in air and employed for horizontal touching deposition of a
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C15-4Py film as described in Section 4.2 After transfer of the film, the electrode was placed
in the cell, the optical window was attached, the cell was placed in the cell holder (see figure
4.5.2) and connected to the potentiostat and argon purge tubing. The angle of incidence and
the thin cavity thickness were calculated and the angle was set to the required value. The
initial thin cavity thickness was set by pushing the electrode against the window until the
characteristic fringes (Newton rings) became visible through the optical window. A certain
degree of skill is needed to notice a weak interference pattern. Therefore, the appreciable
increase in the interferogram peak-to-peak signal can be used instead (or in addition) as a
criterion of a good initial position of the electrode in the cell. After these initial cell
adjustments, the thin cavity thickness was determined as described in Chapter 5 and the cell
was re-aligned (sometimes several times) until the proper settings were achieved. The
empirical first and second order calibration spectra were also obtained at this stage as
described in Chapter 5. Ifthe hydrocarbon region was to be investigated, the optical filter was
inserted at the entrance of the detector as shown in Figure 4.5.1.

The measurements were performed in the following way. The electrode potentials and

other experimental parameters were specified in the parameter file. An example of the
parameter file is described in Appendix A. The Omnic macro employs this file to control the
work of the spectrometer and the PEM. In addition, it uses this file to set the electrode
potential via a digital-to-analog converter (DAQ-802, Omega) and the potentiostat. After
being initiated, the program prompts for the name base of the output files, displays the used
parameters from the parameter file and requests to adjust the potentiostat for the required

initial electrode potential. The experiment runs automaticly for days and the operator needs
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only to refill the detector with liquid nitrogen every 12 hours and to check the reference
electrode for air bubbles and the cell for leaks. The electrode potential is monitored by an
electronic window relay, which switches the potentiostat offifthe electrode potential exceeds
the manually dialed limits (as a result of a fault of the power supply, for example). If the
macro stops with the message “Too many bad scans...”(which occasionally happens for an
unknown reason), the operator has to press the “OK” button to proceed, record the names
of files that were corrupt and acquire the missing spectra manually at the end of the
experiment.

After the macro finished all the tasks, the cell thickness and the calibration spectra

were measured for the second time to check whether the experimental conditions had been
changed during several days of experimentation. If another part of the spectrum needed to be
measured, the whole procedure was repeated with the new settings. The obtained array of
experimental spectra was later processed to remove systematic errors and correct for the

baseline, according to the procedures outlined in Chapter 5.

4.6 Neutron Reflectometry

Single crystal quartz substrates used for neutron reflectometry were purchased from
CrysTec GmbH ( Berlin, Germany ) and were polished to root mean square roughness of
approximately 5 A, as verified by X-ray reflectometry. A thin layer of about 30 or 60 A of
chromium and a layer of about 74 or 103 A of gold were sputtered on the quartz substrates
in vacuum. D,0O was used as a solvent in reflectivity studies. The electrode was cleaned in

warm concentrated sulfuric acid and rinsed with Milli-Q water. A film of C15-4Py was
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Inset: profile of the working electrode surface when a C15-4Py film
is deposited using the horizontal touching technique.

99



transferred from the air-solution interface to a dry gold-coated surface ofthe quartz substrates
as described in Section 4.2. The electrode was then mounted on a special cell made of Teflon,
schematically shown in Figure 4.6. The cell had ports for the counter (gold foil) and reference
(Ag/AgCl) electrodes. The contact between the gold-coated surface of the quartz substrate
(working electrode) and a lead to the potentiostat was achieved using a spring-loaded steel
bar. The resistance of the thin film of gold was of the order of a few ohms.

The neutron reflectivity measurements were made on the NG-7 reflectometer at the
National Institute of Standards and Technology (NIST) [12].The neutron reflectometry
measures the normalized (by the incident flux) intensity of specularly reflected neutrons, R,
as a function of the momentum transfer vector O, ( Q,= 4nsin@ /A, where 6 is the angle of
incidence and A is the wavelength of the neutrons ) [13]. A fixed neutron wavelength of 4.75
A was used and Q. was varied from ~0.0 to approximately 0.2 A by changing the angle of
incidence. Reflectivities R with reasonable statistics were measured down to values R . 10~.
The reflected neutrons were counted using a *He proportional counter as the detector and
typical counting times were 3 hours. The data were reduced, taking into account the neutron
beam transmission through the quartz substrate, and corrected for the background. The error
bars on the experimental results (presented in Chapter 7) represent the statistical errors in the
measurements (standard deviation, ;). A constant instrumental resolution of AQ_/Q. =0.043

(full width at half maximum) was used throughout the scan.
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CHAPTER 5

5. Development of PM FTIR RAS and SNIFTIRS

Inthis project, infrared spectroscopy was applied for quantitative determination ofthe
orientation of organic monolayers at the metal-electrolyte interface. Quantitative analysis
requires high quality spectra and thus, full optimization of the experimental setup was
necessary. This chapter will describe how the best performance ofthe experimental setup used
for in-situ IR RAS at the metal surface can be achieved. At the beginning of this chapter, the
optimization of the signal-to-noise ratio (S/N) is described, followed by an explanation of the
basic principles of the procedures that were used to process the raw experimental spectra in
order to remove systematic instrumental errors. The methods of determination of the
molecular orientation in thin organic films at the metal electrode are presented at the end.
Most of the procedures that are given below are new to this field and were developed in this
project. A software package was written to automate calculations that were done on an

everyday basis following these procedures.

5.1.0ptimization of the Experimental Setup

A number of scientists have contributed to the development of reflection absorption
spectroscopy and electrochemical in situ FTIR RAS in particular. However, fragmentation
and partial inconsistency of the published information (presented in Chapter 2) prompted us
to carry out our own calculations. The novelty of our approach was that software was written
that could be used to initially simulate the reflection absorption experiment and to find the

optimum conditions that could be later used in real experiments.
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5.1.1. Optimization of the Angle of Incidence and the Thin Cavity Thickness

The absorbance by an organic molecule in front of a metal mirror is proportional to
the mean squared electric field strength (MSEFS) of the p-polarized radiation [1]. Thus,
optimization of experimental conditions is equivalent to finding a global maximum of the
MSEFS of p-polarized light at the electrode surface. Figure 5.1.1 shows an illustration of the
model of the spectroelectrochemical cell that was used for calculations of the MSEFS. For
a given wavelength, the MSEFS is a function of the angle of incidence, the angle of the
incident beam convergence, the thin cavity thickness and the optical constants of all the
constituents of the interface. This section will focus on optimization of the angle of incidence
and the thin cavity thickness while the influence of the choice of the optical window and the
incident beam collimation will be presented in the sections that follow.

CaF, , D,O and Au will be used as the optical window, electrolyte solvent and
working electrode, respectively, to demonstrate how the calculations for the stratified medium
composed of any window, electrolyte and electrode materials can be done. The optical
constants of these materials can be taken from the literature [2][3][4][5]. It is useful to
present the optimization of experimental conditions for the incident beam 0f2850 cm™, which
corresponds to the spectral region where C-H stretching vibrations of hydrocarbon moieties
are observed in the spectrum and for the incident beam of 1600 cm™ which corresponds to
the spectral region where the skeletal vibrations of the pyridine moiety, H-C-H bending and
C = O stretching vibrations are observed.

The calculations were performed for two variables: the angle of incidence and the thin

cavity thickness. Therefore, the calculated MSEFS is plotted in a three-dimensional graph as
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Figure 5.1.1 Stratified medium that models the experimental thin layer cell.
V , +a and O are the wavenumber, convergence and the angle of incidence

of the infrared beam, respectively.
n,k and /4 are the refractive index, attenuation coefficient and thickness of

the three phases that comprise the stratified medium, respectively.
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Figure 5.1.2 Mean squared electric field strength at the metal surface for a p-polarized
beam as a function of the angle of incidence and the thin cavity (gap) thickness.
Calculated for the convergent (£6°) radiation of 1600 cm™!.

For stratified medium: CaF,/ D,0 / Au.
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a function of these two variables. Figure 5.1.2 shows the MSEFS at the metal surface for the
convergent (+6°) radiation of 1600 cm™, incident on the interface comprising CaF, , D,O and
Au. (To simulate the incident beam convergence, the calculations were done for several
angles within the £6° of convergence and then the results were averaged. Such an approach
models the convergent incident beam with equal angular distribution of intensity.) The
MSEFS reveals non-linear dependence on the angle of incidence and the thin cavity thickness,
that displays a global maximum at the angle of 66° and the thin cavity thickness of 3.4 pm.
Hence, these values were used during acquisition of experimental spectra in the frequency
region of 1600 cm’. Figure 5.1.3 shows the angular and spatial profiles of the MSEFS
surface at the global maximum. The value of the MSEFS at the maximum, equal to 2.2,
indicates that the enhancement of the electric field strength is observed as the result of the
constructive interference of the p-polarized light at the metal surface. This value is slightly
higher than 1.84, the maximum value of the MSEFS calculated for the air-gold interface and
convergent (+6°) radiation of 1600 cm™. The angular dependence of the MSEFS, shown in
Figure 5.1.3 a, demonstrates that the electric field is reduced by about 20 % if the angle of
incidence is set to 60°, the value commonly used when the equilateral prism is employed. The
spatial dependence of the MSEFS, presented in Figure 5.1.3 b, indicates that not only the
angle of incidence but also the thin cavity thickness should be optimized to achieve the
maximum MSEFS at the electrode.

It should be stressed that the above values of the optimum angle of incidence and thin
cavity thickness are valid only for a specific frequency of the incident beam and cell

configuration (window / electrolyte / metal). For example, when the electrolyte solvent is
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Figure 5.1.3 The mean squared electric field strength at the metal surface for
a p-polarized beam as a function of:

a) the angle of incidence at the thin cavity thickness of 3.4 pm,

b) the thin cavity thickness at the angle of incidence of 66°.

Calculated for convergent (+6°) radiation of 1600 cm™'.

For stratified medium: CaF,/ D,0 / Au.
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changed to H,O the calculations must be repeated and the cell realigned to attain new
optimum experimental conditions. Below, the influence of the wavelength of the incident
radiation will be demonstrated. Figure 5.1.4 presents the angular and spatial profiles of the
MSEFS surface at the global maximum calculated for the incident radiation of 2850 cm.
Both profiles reveal profound differences from those calculated for the frequency of 1600
cm' and presented in Figure 5.1.3. The MSEFS maximum is located at the angle of 55° and
the thin cavity thickness of 2.3 pm and attains the highest value of the MSEFS equal to 4.12.
Comparison of this number with the value calculated for the air-metal interface under identical
experimental conditions, equal to 1.79, clearly demonstrates the benefit of the use of the
optical window. To fully utilize this advantage, however, both the angle of incidence and the
thin cavity thickness should be set to the values where the maximum in the MSEFS is
achieved.

Figure 5.1.4a demonstrates a very sharp decrease in the MSEFS when the angle of
incidence is larger than 55°. This behavior is typical in the proximity of the critical angle and
the maximum in the MSEFS is observed “just below” the critical angle. This observation is
in conflict with the conclusion given by Faguy et al. [6] that the maximum MSEFS is
observed “just above” the critical angle. Note also that setting the angle of incidence to 60°
would result in the loss of the MSEFS by approximately 20 %, similar value to the previous
case when the incident radiation was 1600 cm™. In addition, Figure 5.1.4 b indicates that the
decrease in the thin cavity thickness beyond the optimum value of 2.3 um results in a
significant reduction of the MSEFS at the electrode surface, approaching an almost twofold

loss when the thin layer thickness reaches zero. Comparison of the results shown for the
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Figure 5.1.4 Mean squared electric field strength at the metal surface for
a p-polarized beam as a function of:

a) the angle of incidence at the thin cavity thickness of 2.3 pm,

b) the thin cavity thickness at the angle of incidence of 55°.

Calculated for convergent (+6°) radiation of 2850 ¢cm™!.

For stratified medium: CaF,/ D,0 / Au.
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frequency of the incident radiation of 1600 cm™ in Figure 5.1.3 and 2850 cm in Figure 5.1.4
clearly indicates that the experimental setup must be realigned for the data acquisition in each

spectral region of interest.

5.1.2. The Choice of the Optical Window Geometry

Four types of optical windows are presently applied for electrochemical in situ IR
RAS: flat disks, (usually equilateral) prisms, hemispheres and hemicylinders. Flat disks are
disadvantegous because of significant losses in throughput (20-40 %) due to reflection from
the front, air-window interface at high values of the angle of incidence. Hemispheres and
hemicylinders act as lenses and can be utilized to collimate or refocus the incident beam. The
difference between these two window types is that hemispheres focus the beam onto a spot
while hemicylinders focus it onto a line. These focusing windows are usually made of high
refractive index materials such as ZnSe, Ge or Si to achieve relatively short focal distances.
(The focal distance of a hemisphere is equal to 7/ (n-1), where r and n denote its radius and
refractive index, respectively.) Even though the radiation is incident on the hemispheres and
hemicylinders at the angles that approach normal incidence, the losses in throughput are still
significant due to the high refractive index of the materials that are used in fabrication of these
windows, reaching 30-80 % (for normal incidence). The exact values of the reflectivity at the
air-window interface at normal incidence for several infrared window materials are shown in
Table 5.1.1. The total losses of throughput due to reflection from the front, air-window
interface are approximately twice as high as the corresponding reflectivities because the beam

crosses the air-window interface twice. These losses can be significantly reduced with the help
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Table 5.1.1 The refractive index, reflectance of the air-window interface
(at normal incidence), the maximum MSEFS at the metal surface,
the coordinates of the maximum (thin cavity thickness and the angle

of incidence) and the full width at half maximum (FWHM) of the MSEFS
for different optical window materials.

Material | n R/ % [MSEFS|Gap/ pm|Angle/°[FWHM /°
CaF, | 1.38 2.5 2.6 4.4 69 19
BaF, | 1.44 3.2 3.6 4.3 63 10
ZnSe | 2.42 17 0.8 4.1 31.8 4

Si 3.42 30 12.3 4 21.8 4.5
Ge 4.01 36 13.5 4.9 18.2 3.8

FWHM is shown for the dependence of the MSEFS on the angle of incidence.

Data in the table were calculated for a collimated (convergence =+1°)
p-polarized radiation of 1600 cm™! and stratified medium: Window / D,0O / Au.
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of anti-reflective coatings. Unfortunately, anti-reflective coatings are fragile and diminish the
frequency range in which the window is transparent for the incident radiation.

Prisms are made of low refractive index materials, such as CaF, and BaF, and cut to
admit radiation at normal incidence. They have very small losses at the front, air-window
interface (under 10 %). Although prisms do not alter the incident beam collimation, the
collimated beam can be used with this type of optical window if additional lenses are utilized.
Thus, in principle, the experimental setup can be assembled to use any infrared window
material with either collimated or convergent incident beam, therefore the influence of the
incident beam collimation on the MSEFS at the electrode surface will be considered below

without reference to the particular optical window geometry.

5.1.3. The Effect of the Incident Beam Collimation

The calculation of the MSEFS was performed for incident radiation of 2850 cm™ and
the same stratified medium as in Section 5.1.1(CaF, / D,O / Au), with the exception that the
convergence of the incident beam was equal to £1° instead of +6°. (A convergence of one
degree was assumed in order to mimic the real collimated radiation rather than an ideally
parallel beam.) Figure 5.1.5 shows the results of calculations in the form of the MSEFS
surface profiles at the global maximum. The maximum of the MSEFS, equal to 9.0, is
observed at the angle of 58° and the thin cavity thickness of 3.3 um. This value is about twice
as high as the value calculated for the convergent radiation (see Figure 5.1.4), indicating a
significant advantage of the collimation of the incident beam. Such a gain in the MSEFS is

typically observed in the proximity of the critical angle, achieved when the refractive index
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Figure 5.1.5 Mean squared electric field strength at the metal surface for
a p-polarized beam as a function of:

a) the angle of incidence at the thin cavity thickness of 3.3 pm,

b) the thin cavity thickness at the angle of incidence of 58°.

Calculated for collimated (convergence =+1°) radiation of 2850 cm’!.
For stratified medium: CaF,/ D,0 / Au.
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of the optical window and that of the supporting electrolyte display a sharp contrast.
Comparison of the MSEFS calculated for collimated and convergent radiation presented,
respectively, in Figures 5.1.5 and 5.1.4 demonstrates that, in the case of the collimated
radiation, the MSEFS plots display a sharper maximum, especially the dependence of the
MSEFS on the angle of incidence. Since the maximum of the MSEFS is very sharp, it is more
difficult to align the optical setup in order to fully utilize the benefits offered by the incident

beam collimation.

5.1.4. Choice of the Optical Window Materials

Optical windows used in spectroelectrochemical cells have not only to be transparent
for the infrared radiation but also to be insoluble in the supporting electrolyte. Such materials
as Ge, Si, ZnSe and CaF, satisfy both these conditions. Application of CaF, has a limitation,
however, because this material becomes opaque for infrared radiation in the frequency region
below 1100 cm™. This drawback is removed if BaF,, which has the absorbance cut-off at 800
cm’', is used instead. Unfortunately, it has about two orders of magnitude higher solubility
in aqueous media. If, however, a moderately concentrated solution of NaF (0.1 M) is used
as the electrolyte, deterioration of the window can be suppressed to such an extent that it
does not exceed the dissolution rate of CaF, in dilute KCIO, solution.

To compare the performance of different optical windows, the global maxima of the
MSEFS at the metal surface were calculated for different materials and a collimated
(convergence of +1°) radiation of 1600 cm™. The results are summarized in Table 5.1.1 (page

110). It is apparent that the larger the difference between the refractive index of D,O (equal
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to 1.32 at 1600 cm™) and the refractive indices of the window materials, the higher the values
of the MSEFS at the metal surface. However, Si and Ge windows achieve the maximum of
the MSEFS at very low values of the angle of incidence, rendering these materials impractical
for reflection absorption spectroscopy because it is difficult to set such low angles without
additional mirrors. In addition, the use of these materials may result in significant loses of total
throughput due to reflection of the incident beam from the air-window interface, which
exceeds 30 % from each air-window interface. Thus, it may be concluded that the best
window material for reflection absorption spectroscopy is ZnSe. It allows one to achieve high
values of the MSEFS, due to its high refractive index. In addition, the incident beam may be
conveniently collimated if the hemisphere is used as a window in a setup described by Faguy
et al. [6]. The reflection losses at the air-window interface for ZnSe are moderate and can be
significantly reduced if an anti-reflective coating is used. The last column of Table 5.1.1
shows the values of the full width at half maximum of the MSEFS, which characterizes the
sharpness of the MSEFS peak as a function of the angle of incidence. The data demonstrate
that it is much more difficult to align the setup equipped with a ZnSe window, due to the very
sharp maximum in the MSEFS.

While allowing the achievement of high values of the MSEFS, ZnSe has one
disadvantage when employed for polarization modulation spectroscopy. The difficulty arises
because of a significant difference in the reflectivities of the s- and p- polarized light at the
window-electrolyte interface, which stems from the significant contrast in the refractive index
of ZnSe and the aqueous electrolyte solution. Thus, only the first two materials (fluorides)

are suitable for polarization modulation reflection absorption spectroscopy and BaF, is the

114



better of the two for the following reasons. Firstly, higher values of the MSEFS are attained
for this material and secondly, the maximum of the MSEFS is observed at lower values of the
angle of incidence. It is important to have moderate values of this angle because of a
significant elongation of the footprint of the infrared beam at the electrode that occurs if the
angles of incidence exceed 60°.

The experimental evidence that demonstrates the advantages of using a ZnSe
hemisphere instead of a CaF, prism as the optical window in SNIFTIRS studies is presented
in Figure 5.1.6. The SNIFTIR spectrum of pyridine at the Au (110) electrode, acquired using
a cell equipped with the ZnSe hemispherical window, is presented at the bottom of the graph
and the SNIFTIR spectrum of pyridine at the Au (111) electrode, measured with the use of
the CaF, equilateral prism. is shown at the top. The base potential £,=-0.75 V (SCE) is the
potential of the total desorption of pyridine molecules from both electrode surfaces and the
potential £,= 0.4 V (SCE) corresponds to the limiting surface concentration of pyridine,
I..- 6.2H10"" mol cm?, at both gold surfaces. Figure 5.1.6 shows that the use of a ZnSe
window allows one to record the SNIFTIR spectra in a much broader frequency range so that
many more bands can be seen in the spectrum recorded with this window. In addition,
consistent with the above discussion, the band at 1600 cm™ is significantly stronger when the
CaF, prism is replaced by the ZnSe hemisphere.

To verify this conclusion, the MSEFS ofthe p-polarized photons at the gold electrode
surface were calculated for the incident radiation frequency of 1600 cm™'. The calculations
were performed for multilayer systems consisting of CaF, /D,0/ Au and ZnSe/D,0/Au at the

angles of'incidence of 60° for the CaF, and 28.5° for ZnSe and the thickness of the electrolyte
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Figure 5.1.6 Comparison of the SNIFTIR spectra acquired using a cell
equipped with the CaF, equilateral prism and the ZnSe hemisphere.
Experimental cell configuration:

a) Au(111)/0.003 M pyridine solution in D,0O / CaF, equilateral prism.
b) Au(110)/0.001 M pyridine solution in D,0O / ZnSe hemisphere

For both spectra the sample potential £,=0.4 V and the reference
potential £,=-0.75 V (SCE).
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layer of 7.2 um. These values represent the conditions at which the experimental spectra were
recorded. The calculated values of the MSEFS were equal to 3.6 for the ZnSe and 1.4 for
CaF,. These results suggest that a 2.6-fold enhancement of the infrared bands of the adsorbed
species is expected when the CaF, prism is replaced by the ZnSe hemisphere. This result is
consistent with approximately 2.9 times increased intensity of the a, mode in panel b

compared to the a, mode intensity in panel a of Figure 5.1.6.

5.1.5. Determination of the Angle of Incidence and the Thin Cavity Thickness

In previous sections of this chapter it was demonstrated that it is important to control
both the angle of incidence of the infrared beam and the thin cavity thickness of the
spectroelectrochemical cell. Control of the angle of incidence is usually not associated with
much difficulty, while measurement of the thin cavity thickness with a precision of fractions
of a micrometer is not a trivial task. A new method of determination of these important
parameters using the experimentally measured reflectivity of the thin layer cell is presented
below.

The exact values of the angle of incidence and the thin layer thickness can be
determined by measuring the reflectivity ofthe spectroelectrochemical cell and comparing this
experimental reflectivity to the theoretical values simulated using Fresnel equations for the
interface consisting of three parallel homogeneous phases. Figure 5.1.7 explains the principle
of this method. The solid line denotes the reflectivity of the cell, equal to the ratio of the
intensity of the beam reflected from the BaF, / D,0O / Au interface (/) and the intensity

measured shortly before the electrolyte and the electrode were inserted into the cell (7)). In
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Figure 5.1.7 Reflectance spectra of the thin layer spectroelectrochemical cell

composed of BaF,/ D,0 / Au.
Solid line: experimental curve,
Dashed line: calculated curve, for the thin cavity thickness of 2.4 pm

and the angle of incidence of 60°
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the absence of the electrolyte, the beam is totally reflected from the surface of the BaF, prism
of the empty cell because the angle of incidence is above the critical angle for the BaF,/ air
interface. Hence, 7, is a good measure of the intensity of the incident beam. The dashed line
in Figure 5.1.7 shows the simulated curve, calculated using the Fresnel equations in the matrix
form (see Chapter 3) and the optical constants of the three parallel phases taken from the
literature [2][3][4][5]. The software developed in this project altered the thickness ofthe thin
layer ofthe electrolyte and the angle of incidence until the best fit of the simulated reflectivity
to the experimental curve was achieved. The dashed line in Figure 5.1.7 is the best fit
simulated curve obtained when the angle of'incidence and the thin cavity thickness were equal
to 60° and 2.4 um, respectively. The reasonably good match of the two curves indicates that
the angle of incidence and the thin layer thickness used during simulation are close to the
values that were set during the measurement of the experimental reflectivity of the thin layer

spectroelectrochemical cell.

5.2. Experimental Data Processing

Raw infrared spectra collected during reflection absorption experiments are usually
not suitable for direct quantitative analysis. This is because the spectra recorded using PM
FTIR RAS contain artifacts imposed by the photoelastic modulator and spectra acquired
using SNIFTIRS contain the optical signature of the molecules desorbed into the electrolyte
bulk in addition to the response of the molecules adsorbed at the metal surface. The methods
to remove these artifacts in order to obtain spectra which can be used for quantitative

determination of the molecular orientation at the metal electrode are presented below.
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5.2.1. PM FTIR RAS Correction

5.2.1.1.Removal of the Artifacts Introduced by the Photoelastic Modulator

Artifacts are introduced to PM FTIR spectra due to the variation of the retardation
that is imposed by the PEM with the wavelength of the incident beam (see Chapter 3). As a
result, the obtained PM FTIR RAS spectra have a slowly varying background that must be
removed before their quantitative analysis. Buffeteau et al. [7] described three methods to
remove this background: (i) subtraction of the mathematically modeled background, (ii)
normalization of the spectrum of the interface that contains the organic film by the spectrum
of a film-free interface and (iii) transformation of the PM FTIR RAS spectrum using
independently obtained calibration spectra [8]. A method that is similar to the third approach
was developed and used in this project. The distinctive feature of our method is that the two
calibration spectra were determined experimentally and used to remove the PEM background.

These spectra replace coefficients beside A/ in either equation 3.5.16 or equation 3.5.21.

(The coefficients are either Bessel functions or cosine terms, depending on the particular
demodulation technique).

The correction of PM FTIR RAS spectra for the artifacts introduced by the PEM was
executed in the following way. The spectroelectrochemical cell was replaced by the dielectric
total external reflection mirror (a CaF, equilateral prism was used for this purpose). The
second polarizer was inserted just after the photoelastic modulator (PEM) (see Figure 4.5.1)
and set to admit p-polarized light (identical setting as that of the first polarizer). The PEM

was turned off and the reference spectrum was acquired. This spectrum represents the

intensity of the p-polarized light ( / ,) that passes through the whole optical bench. Next, the
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PEM was turned on and polarization modulation spectra were acquired. (The gain of the
difference channel had to be set to unity during the acquisition of these calibration spectra.)
Two spectra are obtained when the polarization modulation experiment is performed: one
related to the average intensity of s- and p-polarized light (Z,+1/,)/2 and the other related to
the difference between the intensity of the two polarizations (/-/,). The first contains the zero
order calibration spectrum CJ, while the second includes the second order calibration
spectrum CJ,. Note that theoretically zero and second order calibration spectra should be
identical to zero and second order Bessel functions. The relationship between these calibration
spectra and the measured intensity difference and intensity average spectra can be extracted
from either equation (3.5.16) or equation (3.5.21), if the Bessel functions in equation (3.5.16)
or the cosine terms in equation (3.5.21) are replaced by the corresponding calibration spectra

1,w,) _ Al
1,00 (), +30I,[TJ,

(5.2.1).

Here /,, (2w, ) and I, (0) denote the experimental intensity difference and intensity average
signals after demodulation, respectively. CJ, and CJ, are, respectively, the second order and

zero order calibration spectra while Al v and <I >y represent the intensity difference and the

intensity average signals. The subscript y indicates that these quantities may be different from
the theoretical terms given in (3.5.16) or (3.5.21), due to the difference in the throughput of

the optical bench for s- and p-polarized radiation. Since a second polarizer that admitted only
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p-polarized light was used,

AL =1 and (1), =31, (522).

Combining equations (5.2.1) and (5.2.2), it can be demonstrated that the second order

calibration spectrum can be determined via normalization of the experimental intensity

difference signal by a reference spectrum ( / o)

1,Qw ) Al
s = —CJ, = CJ, (5.2.3).
I I

P P

Another calibration spectrum can be determined from the intensity average signal using a
similar approach:

1,(0) _

P

CJ, =2 1 (5.2.4).

Figure 5.2.1 shows the obtained calibration spectra plotted along with the theoretical Bessel
functions (dotted lines), expected to be observed when the lock-in technique is used, and the
cosine terms (dashed lines), that should be observed in our case because a synchronous
sampling demodulator was used. Both calibration spectra show reasonable similarity in shape
to the theoretically predicted dependences, yet they deviate significantly from both the Bessel
functions and the cosine terms. Thus, experimental evidence demonstrates that it is better to
determine the empirical calibration spectra than to rely on the theoretical functions.

Once the calibration spectra are determined, they can be employed to remove the
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Figure 5.2.1 The theoretical response functions of the PEM and empirical
calibration spectra.

a) second order and b) zero order.

Dotted line: theoretical Bessel functions,

Solid line: empirical calibration spectra,

Dashed line: theoretical cosine terms.

The PEM was optimized for 1600 cm™'.
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artifacts caused by the PEM from the experimental spectra. Rearrangement of equation

(5.2.1) yields:

Al, CJ,
<]>y = , (O)_lID(zwm) o (5.2.5),
oy, 0

Al
(D),

where is the PM FTIR RAS spectrum that was corrected to remove the artifacts

introduced by the PEM, using empirical calibration spectra.

5.2.1.2 Correction for the Difference in the Optical Throughput for s- and p-
polarized Radiation.

Another correction that is necessary for quantitative analysis was first pointed out by
Buffeteau et al. [7]. It is aimed at the removal of the systematic error due to the difference
in throughput of the optical setup for s- and p-polarized light. The derivation of a new
procedure that was utilized in this project to perform correction for the difference in the
throughput for s- and p-polarized radiation is described below.

After removal of the artifacts caused by the PEM using the technique described in the

previous section, the difference Al ,and the average <I >y signals become related to the
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intensities of s- and p-polarized light in the following fashion:

I +yl,

and <]>y = T

Al = (5.2.6),

I,-yl,

where y = C,/C; is the ratio of the optical throughput of the experimental setup for p- and s-

polarized radiation, respectively. After rearrangements of equations (5.2.6), one can obtain

Al 1 OAI H
_ Y _ y
IS-—2 +(I), and I, = —; 5 —<1>VH (5.2.7),

thus the final corrected polarization modulation spectrum can be presented as

M L=1, __(y+DAL+2(y =1)D),

)~ (U, +1)2" 2(y N YRETEI (5.2.8).

The throughput ratio y = C,/C; can be determined experimentally by taking the ratio
of'the two spectra acquired when the PEM is turned off and the static polarizer is set to admit
p- and s-polarized radiation, respectively. (A separate experiment demonstrated that the MCT
detector has a negligible difference in sensitivity to the s- and p-polarized light, hence the
above procedure allows one to determine the throughput ratio due to the optical bench
alone.) The measured values of the coefficient y were close to unity. Nevertheless, they could
have a significant influence on the final results because ofthe very low absorbance by ultrathin
films of organic molecules. Thus, equation (5.2.8) was used to remove the bias imposed on

the experimental data due to the anisotropy of the optical setup for the s- and p-polarized
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radiation.

5.2.1.3. Background Subtraction

The last step in processing the experimental PM FTIR RAS spectra involves the
subtraction of the background. When in sifu experiments are performed, a slowly varying
background is present in the PM FTIR RAS spectra because of the broad band absorbance
of infrared radiation by the aqueous electrolyte. In addition, wavy patterns are sometimes
visible in the experimental spectra, caused by the interference of the beam, reflected from the
window-electrolyte interface, with the beam, reflected from the electrolyte-electrode
interface. In contrast with ex sifu experiments, it is very difficult (if possible) to measure the
spectrum of the background alone for the spectroelectrochemical thin layer cell. This is why
the procedure similar to that published by Barner et al. [9] was utilized to remove the
baseline, created from the experimental data points using the spline interpolation. Successful
interpolation requires knowledge of the exact positions of vibrations caused by the analyte
and a little experience. The coordinates of the experimental data points that are to be used for
building the spline are specified in a template file which is used to process the whole series
of spectra, recorded at various electrode potentials. The use of the template minimizes the
effect of inconsistency of the choice of the spline coordinates. Usually, several templates are
tried to achieve the best results.

Figure 5.2.2 illustrates the procedure that was used to remove the baseline from the
PM FTIR RAS spectrum of 4-pentadecylpyridine (C15-4Py) in the C-H stretching region.

This procedure was used to process all the PM spectra that are presented in this thesis. Solid
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Figure 5.2.2 Baseline correction of an experimental PM FTIR RAS
spectrum.
a) building the baseline from the original spectrum

Solid squares: experimental data points,

Open circles: data points used to build the spline,

Solid line: resulting background spectrum (spline).
b) the spectrum obtained after subtraction of the background
System: 4-pentadecylpyridine at the Au(111) electrode,
Electrode potential is equal to 0.1 V
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squares denote the positions of the experimental points in the spectrum, open circles indicate
the template data points that were used to build the spline, shown in the graph as a solid line.
Subtraction ofthe background yields the baseline-corrected polarization modulation spectra,
presented in panel b. Final spectra are proportional to absorbance, hence they display close
similarity to the absorbance spectra of C15-4Py. After the above described corrections, they
can be integrated and utilized to elucidate the orientation of organic molecules at the metal

electrode, using the procedures described further in this chapter.

5.2.2. SNIFTIRS Decoupling

Subtractively normalized interfacial Fourier transform infrared spectroscopy
(SNIFTIRS) is a technique that relies on the modulation of the electrode potential while the
polarization of the incident beam is kept constant. Using this technique, the background
reflectivity spectrumis recorded at very negative electrode polarizations when the analyte film
is fully desorbed from the metal surface. The electrode potential is then stepped to the
variable sample potential and another reflectivity spectrum is acquired. Subtraction of this
background spectrum from the spectrum acquired at a variable potential followed by
normalization by the background spectrum yields the SNIFTIR spectrum that contains the
information about the surface concentration and orientation of the analyte at the metal
surface. While SNIFTIR spectra are very important for qualitative characterization of the
interfacial processes, they do not allow direct quantitative interpretation because they can be
envisaged as the superposition of the spectral features of the adsorbed species acquired at

variable sample potentials and the spectral signature of the molecules in the bulk recorded
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when the background spectrum is acquired. In this section, a novel method is described that
is used to decouple these two components of the SNIFTIR spectrum. Decoupling involves
the theoretical simulation of the background spectrum (described in Section 5.3.4 of this
chapter) followed by removal of the spectral signature of the background from the
experimental SNIFTIR spectra. In order to calculate the background spectrum, one has to
determine the angle of incidence, thin cavity thickness and the optical constants of the
electrode, electrolyte and the optical window. The optical constants of the analyte were
determined in an independent experiment that will be described in Section 5.3.2 of this
chapter and the amount of the analyte at the metal surface is determined electrochemically
[10].

As an example, Figure 5.2.3.A presents the simulated spectrum of 6.2x10™"° mol cm™
of pyridine molecules in a 7.2 um thick layer of D,O between the gold electrode and the
hemispherical ZnSe window. Spectrum B in this figure is the experimental SNIFTIRS
spectrum. In order to compare the magnitude of the infrared bands in the SNIFTIRS
spectrum and in the spectrum corresponding to the pyridine molecules inside the thin layer
cavity, spectrum A and inverted spectrum B are overlaid in Figure 5.2.3 (A and -B). Finally,
the bottom plot in the figure shows the spectrum of a monolayer of pyridine molecules
adsorbed at the electrode as the result of SNIFTIRS decoupling. Note that one band in that
spectrum, observed at ~1600 cm™, is stronger than the corresponding band in the SNIFTIRS
spectrum, while the other band, located at ~1450 cm™, almost vanishes. This effect is
observed because the first band arises mostly due to a preferentially aligned film of molecules

adsorbed at the metal surface, while the other represents mainly the contribution of the
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Figure 5.2.3 An illustration of the SNIFTIRS decoupling procedure.
A. Spectrum calculated for the slab of 6.2x10-1° mol cm™ of pyridine
molecules evenly distributed within the thin cavity between the optical
window and the electrode.
B. SNIFTIR spectrum of 6.2%1071° mol cm™ of pyridine molecules.
A ('solid ) and —B ( dashed ) are, respectively, spectrum A and
inverted spectrum B, overlapped.

The resulting spectrum at the bottom corresponds to the film of adsorbed
pyridine molecules.
Cell configuration: ZnSe / 7.2 pm thick layer of 0.001 M solution of pyridine in
D,0 /Au(110). SNIFTIR spectrum was obtained using the sample potential
E, =0V and the background potential £, =-0.75 V (SCE).
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randomly oriented desorbed species in the bulk. The bipolar features visible at the position
of'the second band indicate that the bands in the calculated and the SNIFTIRS spectra do not
cancel each other exactly. This may be an artifact due to different values of resolution used
to record the transmission spectrum, from which the optical constants for pyridine were
calculated, and the SNIFTIRS spectrum, equal to 2 cm™ and 4 cm™, respectively. Due to the
lower resolution, the bands in the SNIFTIRS spectra are somewhat broader than the bands
in the transmission spectrum. Indeed, when the band at ~1450 cm™ in spectrum A-B is
integrated, the integrated intensity of that band becomes close to zero.

The spectra, decoupled using the above procedure, are proportional to absorbance
of a monolayer of pyridine molecules. Similarly to the processed PM FTIR RAS spectra,
decoupled SNIFTIRS spectra can be integrated and used to determine the orientation of the

surface species using the approach described below.

5.3. Determination of the Orientation of Organic Molecules at the Electrode
Surface

After processing, the experimental spectra can be used for quantitative analysis. There
are many papers that describe methods of determination of the molecular orientation from
infrared spectra. A brief review of this field is given in this section first and is followed by a
description of novel techniques that were used to determine the isotropic optical constants
of analytes as well as to simulate PM FTIR RAS and SNIFTIRS spectra.

The most popular approach employed to determine the orientation of molecules at

interfaces involves the comparison of the experimental spectra to those, simulated using the
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optical constants of the analyte, determined in an independent experiment. The most widely
used approach requires the determination of the anisotropic optical constants of the analyte.
These constants can be calculated either from the data provided by experimental
measurements [11][12][13][14] or from the isotropic optical constants [15]. Direct
experiments involve measurements of a transmission spectrum of an analyte film deposited
on the transparent optical window and the reflectance spectrum of the same molecules
transferred to the surface of a metal mirror. The thickness of the deposits is typically
measured using ellipsometry. Extreme care must be taken to preserve the orientation of films
deposited on both substrates, which is sometimes difficult to achieve experimentally.
Because the electric field in the vicinity of the metal surface becomes anisotropic, the
molecular orientation at the metal can be extracted using the isotropic optical constants of the
analyte [15]. The approach that utilizes the isotropic constants was developed by Allara and

co-workers [15][16][17][18]. The integrated absorbance of the analyte film at the metal

surface (4) is proportional to the square of the dot product of the transition dipole i and the
electric field of the photon E [1]:

A0r|p E[= rluf(E*)coss®  (53.1),

where " is the surface concentration of the analyte, | )7 | is the absolute value of the transition
dipole moment, <E>> is the mean squared electric field strength (MSEFS) of the photon and
O is the angle between the directions of the electric field of the photon and the transition

dipole of a vibration in the molecule. Since, in the vicinity of a metal mirror, the electric field
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is always normal to the metal surface [1], ® always coincides with the angle between the
transition dipole and the metal surface normal. Thus, equation (5.3.1) can be used to
determine the orientation of molecules at the metal surface if the direction of the transition

dipole can be related to the molecular geometry.

5.3.1. Two Methods Used to Determine Molecular Orientation

There are two techniques to determine the molecular orientation from equation
(5.3.1). They were recently summarized by Arnold et al. [19]. The first approach, called the
relative method, relies on availability of at least two intense absorption bands that correspond
to differently oriented transition dipoles. To demonstrate how this method works, the C-H
stretching region of a hydrocarbon chain is used as an example. Following equation (5.3.1),
the ratio of the integrated absorbances of the CH, stretching bands to the integrated
absorbances of the CHj, stretching bands can be written as

2
2
cos” O ¢,

ACH2 _ ‘ I'l CH,
P =
CH, I'lCH3

: (5.3.2).

2
cos” Oy,

Equation (5.3.2) demonstrates that the value of the surface concentration and the MSEFS is
irrelevant if this method is exercised, because both bands of the spectrum are acquired
simultaneously. For an isotropic sample, cos’1 = 1/3, regardless of the vibrational mode,
hence the ratio of the cosine terms in equation (5.3.2) becomes equal to unity. Thus, the ratio
of the corresponding squares of the absolute transition dipole moments can be determined
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from the absorbance spectra of an isotropic analyte sample. The methyl group of the
hydrocarbon chain is quite mobile, hence the transition dipoles associated with this group

often have no preferential orientation. In this case, one can assume that

cos’ © cm, = 1/ 3 and equation (5.3.2) then becomes transformed to

ARCHZ : ATCH2 COSZ@CHZ
A" cn, B A cn, 1/3

(5.3.3).

Here A" and A7, respectively, denote the integrated absorbances of a preferentially

oriented analyte film at the metal mirror (obtained using the reflection absorption technique)
and the absorbance of an isotropic sample of analyte (measured using transmittance
spectroscopy). The relative method is very useful when either the surface concentration is not
available or the MSEFS is difficult to calculate. However, this method yields the orientation
of one transition dipole relative to the other, hence the absolute values of'the tilt angle could
be obtained only when the orientation of the transition dipole corresponding to one of the
observed bands is known.

The second technique, developed by Allara et al. relies on calculation of the
theoretical reflection absorption spectrum for the same angle of incidence and the thin cavity
thickness as the values used during the collection of the experimental data. The optical
constants of the window, electrolyte and metal can be taken from the literature [2][3][4][5]

while the isotropic optical constants of the analyte sample are to be determined using an
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independent measurement. Using equation (5.3.1) one can derive

A*pp  cos’ O
ARTheor B 1/3

(5.3.4),

where A® Exp denote the experimental integrated absorbance of the analyte film at the metal,

recorded using reflectance absorbance spectroscopy, and AR Theor 18 the simulated integrated
absorbance, calculated using the isotropic optical constants of the analyte film. Other terms

2
of equation (5.3.4) (', <E 2>and | ,Ll| ) disappear from the ratio because the simulation is

done for the same [, the angle of incidence, the thin cavity thickness and assuming that

2
| is the same during measurements of the optical constants and RAS experiments. The

u

main advantage of this method is that the absolute value of ® can be determined directly.
However, supplementary information about the surface concentration, the angle of incidence,
the thin cavity thickness and the optical constants of the analyte is necessary for relevant

modeling.

5.3.2. Determination of the Isotropic Optical Constants in Aqueous Solutions
The isotropic optical constants of the analyte are usually determined from the
transmittance spectra. A pressed pellet, prepared by grinding the dispersion of the analyte

with KBr or KCl powder is typically used as a sample. It has recently been demonstrated by

135



Arnold et al.[19] that this method may yield irreproducible results due to different histories
of the sample preparation. In addition, the optical constants determined using the powder
method may be quite different from the optical constants of the analyte film at the metal-
electrolyte interface due to the difference in an environment. A novel technique was
developed in this project that allows one to determine the optical constant of an analyte in an
aqueous environment using a solution of analyte in a liquid, water-containing solvent as the
sample. Such an approach should, in our opinion, yield the optical constants that would be
better suited for modeling the spectra of molecules adsorbed at the metal-electrolyte interface.

The technique described by Allara et al. [16] was adapted to determine the optical
constants of an analyte in aqueous (or binary methanol-aqueous) solution. A thin layer
transmission optical cell, shown in Figure 5.3.1, was employed to obtain the experimental
data. Two ZnSe or BaF, discs were used as windows and a 10 or 25 pm thick Teflon gasket
was used as a spacer. The cell was placed in a Teflon housing, clamped between two
aluminum plates and mounted inside the main compartment of an FTIR spectrometer. Teflon
tubing was used to fill the cell with fluid samples. Two samples were necessary to acquire a
set of experimental spectra needed for calculations: the pure solvent was used as a
background sample and the dilute solution of an analyte (fractions of a percent) was used as
the analyte sample. The concentration of the solution was determined using an analytical
balance during their preparation. The precise value of the separation between the optical
windows was determined experimentally from the number of interference fringes in the
spectrum recorded when the thin layer cell was empty [20]. An interference pattern (see

Figure 5.3.2. panel a) arises due to the multiple reflections from the internal walls of the cell.
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Figure 5.3.1 Schematic diagram of a thin layer flow cell used to determine
the optical constants of an analyte in aqueous solution.
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It can be shown [21] that the number of the interference fringes AN in a the frequency range

V, — V, is related to the cell thickness d in the following fashion

AN

d=—" 5.3.5),
R

where 7, is the average refractive index of the medium within the cell.

Figure 5.3.2 illustrates the principle of the method that was used to determine the thin

layer cell thickness and the refractive index of liquid samples using equation (5.3.5). Panel a

shows the transmittance of an empty cell (77, = 1) equipped with ZnSe windows and a ~10

um thick Teflon spacer. The arrows point to an interval (from 4575 cm™ to 3557 cm™) that
includes 2 full interference fringes. Using equation (5.3.5) one can calculate the exact
thickness of the cell (9.82 um). If the cell is filled with a neat analyte sample (liquid pyridine
or C15-4Py for example), equation (5.3.5) can be utilized to determine the average refractive
index of the analyte in the mid infrared. Panel b shows the transmittance of neat pyridine as
an example. The arrows point to an interval between 4776 cm™ and 3415 cm' that includes

4 fringes. Using the previously calculated value of d, the average refractive index of the

analyte in the mid infrared can be determined (7, = 1.49 for pyridine). This value is needed

for calculation of the refractive index spectrum from the spectrum of the attenuation
coefficient, with the help of Kramers-Kronig transformation.
The isotropic optical constants of the analyte can be calculated using the transmittance

spectra of the analyte solution and pure solvent as well as the concentration and the average
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refractive index of the analyte, plus the thickness of the cell and the optical constants of the
optical windows and the solvent. The calculation procedure consisted of the following steps:

Step 1. The approximate values of the attenuation coefficient of the analyte & were
determined from the two transmittance spectra using the Lambert law [22] modified to take

into account dilution of the analyte (the Beer-Lambert law):

T @7—4@1@4{@ 5.3.6
I, = exp ) (5.3.6),

where / and /, are the intensities of radiation transmitted through the thin layer cell filled with
the analyte solution and the pure solvent, respectively, d is the thickness of the thin layer cell,
A is the wavelength of the incident infrared radiation in vacuum and f; is the volume fraction

of the analyte in the sample. It can be calculated using the following equation:

f—C% (5.3.7)
i ipi )

where C; is the molar concentration, M, is the molar mass and p, is the density of the analyte
in the solution. (It is important to note that such an approach allows one to determine the
attenuation coefficients of the pure analyte that preserves solvent-analyte interactions taking
place in aqueous environment. The obtained values of &; for pure analyte are hypothetical
quantities that are used to calculate k& for analyte solutions of different concentrations.)

Step 2. Using these values of £, as an initial estimate, the approximate values of the

refractive indices of pure analyte n, were determined using the Kramers-Kronig transformation
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[23]:

_ 2 " Uk (V)
() =n,+—P[————
nt(VO) noo T .‘[(V—Z _ V_O)

dv (5.3.8)

where 7 is the average refractive index in the mid infrared that represents the contribution

to the refractive index of regions removed from any absorption band. P indicates that the

Cauchy principal value of the integral must be taken because of the singularity at V = V,and

V,and V, are the lower and the upper limit of the spectrum of &, respectively.

Step 3. The refractive indices and attenuation coefficients of the solution were

calculated using the following equations [24]:

x;, M, nz-l_ %nzi-l 539
o w2 2% 42 O
x. M. M.
k=Y x "k (5.3.10),
p p,

where p and p, denote the densities of the solution and the pure component i of the solution,
n, k and n, k; are the corresponding refractive indices and attenuation coefficients, x; is the
mole fraction and M, is the molar mass of the component i.

Step 4. The approximate values of 7 and k of the solution were used as starting values
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in the exact Fresnel equations (see Chapter 3) to calculate the theoretical transmittance
spectrum. This spectrum was computed as the ratio of the simulated spectrum, corresponding
to the analyte solution, and the simulated background spectrum of the pure solvent. Both
spectra used a thin layer, sliced between the two optical windows, as the model of the
transmission cell. In one case, the layer was represented by the optical constants of the pure
solvent and in the other case, it had the optical constants of the solution, calculated using
equations (5.3.9) and (5.3.10).

Step 5. The attenuation coefficients of the analyte k; were perturbed at each
wavelength and used to calculate the refractive indices 7, using equation (5.3.8). Both optical
constants were then used to calculate the optical constants of the solution using equations
(5.3.9) and (5.3.10). The attenuation coefficients of the solution were later used to calculate
another theoretical transmittance spectrum using the approach, described in Step 4.

Step 6. Both theoretical transmittance spectra (obtained in Step 4 and Step 5) were
compared with the experimental transmittance and a refined spectrum of attenuation
coefficients k,, was obtained. (Steps 5 and 6 implement the Newton-Raphson iterative method
of numerical solutions of non-linear and transcendental equations [25].)

Step 7. Refined attenuation coefficients k; were used to calculate the improved
refractive indices », using equation (5.3.8) and Steps 4-7 were repeated, using the refined
values of k; and #, as an initial estimate in Step 4, until the theoretical spectra deviated from
the experimental transmittance by no more than a specified value of precision.

The procedure was highly convergent and usually two itterations were enough to

achieve the final set of optical constants that yielded the theoretical spectrum within 1 %
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deviation from the measured transmittance.

5.3.3. Simulation of PM FTIR RAS Spectra

Once the optical constants of the analyte are determined from the transmittance
measurements, they can be used to simulate the reflectance spectra using Fresnel equations,
given in Chapter 3. The angle of incidence and the thin cavity thickness were determined
during the acquisition of the experimental spectra and the optical constants of the windows,
metals and electrolytes were taken from the literature [2][3][4][5]. Since the optical constants
of the analyte were determined using an isotropic sample, a film of randomly oriented
molecules of analyte deposited on the metal surface could be modeled using these optical
constants. The thickness and the surface concentration of the model film was determined
experimentally using neutron reflectometry and chronocoulometry. Non-homogeneous or
patchy films were modeled theoretically as homogeneous mixtures of the analyte and the
solvent using equations (5.3.7.) and (5.3.9). (It was assumed that this approach is valid if the
size of the defects is smaller than the wavelength of infrared radiation).

The spectra simulated using the isotropic optical constants are very convenient to use
because all the transition dipoles of the analyte molecules in such films assume no preferential
orientation in space. In such a case cos’l = 1/3 in equation (5.3.1) for all the vibrational
modes and equation (5.3.4) can be applied to find the molecular orientation using any infrared
band of interest. The simulated polarization modulation spectra are obtained from the
calculated reflectivities of the model cell for the s- and p-polarized light ( R, and R,) using

equation (2.3.2) given in Chapter 2:
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AR _ ‘Rs - R,
(R) (R, + R)/2

This equation was used for simulation of theoretical spectra that were later utilized for

integration and determination of the orientation of organic molecules from equation (5.3.4).

5.3.4 Simulation of SNIFTIR Spectra

Quantitative analysis of SNIFTIRS requires two theoretical spectra to be simulated: (i)
the SNIFTIR spectrum of the analyte desorbed into the electrolyte solution and (ii) the
SNIFTIRS spectrum of the analyte adsorbed at the metal electrode. The first spectrum is
required for SNIFTIRS decoupling and the second is needed for quantitative determination
of the molecular orientation at the metal-solution interface. These two spectra can be
envisaged as two components of the SNIFTIR spectrum of the I' molecules of the analyte
obtained at the base and variable potentials, respectively, where I' denotes the surface
concentration. Subtraction of the first spectrum from the second yields a full SNIFTIR
spectrum. Simulation of both theoretical spectra requires knowledge of the surface
concentration, angle of incidence, thin cavity thickness and the isotropic optical constants of
the analyte, window material and the electrode. All these quantities can be determined
experimentally.

The simulation of the first spectrum was performed using the following equation:

AR[]  R(I's)- R(0)
QYQ - (5.3.11),

N
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where R(I'g) denotes the reflectivity of the stratified medium (window / electrolyte / metal)
that contains a homogeneous solution of I' molecules of the analyte in the electrolyte, and
R(0) is the reflectivity of the same stratified medium in the absence of the analyte. The
corresponding reflectivities were calculated using the Fresnel equations in the matrix form
described in Chapter 3.

The simulation of the second spectrum was performed using a similar approach:

AR[]  R(T',,)- R(0)
@?@M — (5.3.12),

where R(I',,) denotes the reflectivity of the stratified medium (window / electrolyte / metal)
that contains a film of I' molecules of the analyte at the metal electrode. To verify that
subtraction of equation (5.3.11) from equation (5.3.12) yields the SNIFTIR spectrum, one

can perform the following derivations:

R(T"y,) -~ R(0) _ R(I'5) - R(0) - R(I )~ R([ )
R(0) R(0) R(0)

(5.3.13),

since R([,,)— R("g) << R(0)and R(0)= R(I ), one can write

R(,)-R(Ty) _R(T,)-RT,) _[AR
R(0) - RTy)  OR

(5.3.14).
SNIFTIRS

These simulated spectra of desorbed and adsorbed analyte were used for SNIFTIRS

decoupling and determination of the molecular orientation as described in Sections 5.2.2 and
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5.3.1, respectively.

5.4. Summary

This chapter has demonstrated the influence of such parameters of the experimental
setup as the angle of incidence, the collimation of the incident beam, the thin cavity thickness
and the choice of the optical window on the mean squared electric field strength (MSEFS)
of p-polarized radiation at the metal surface. It was shown that ZnSe and BaF, are the best
materials for SNIFTIRS and PM FTIR RAS, respectively. In addition, it was demonstrated
that collimation of the incident beam is very beneficial, especially if the critical angle can be
achieved for the window-electrolyte interface. It is suggested that the best angle of incidence
and thin cavity thickness should be calculated for every region of interest in the infrared
spectrum. In addition, a new method was described to measure the thin cavity thickness of
the spectroelectrochemical cell, which provided the key parameter of the thin layer cell
needed in the quantitative analysis of the experimental spectra.

The second part of this chapter has demonstrated how to convert the experimental
spectra acquired using PM FTIR RAS and SNIFTIRS into the data that can be used for
quantitative analysis. Three corrections were necessary for processing the in situ PM FTIR
RAS spectra. The first was aimed at the removal of the non-linear response of the optical
bench caused by the photoelastic modulator. Measurement of two additional calibration
spectra was required to achieve this goal. The second correction was designed to remove the
difference in the response of the optical bench to the p- and s-polarized radiation. Finally, the

third adjustment was needed to remove the broad band absorption and the interference due
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to the thin layer of aqueous electrolyte.

A novel method to decouple the SNIFTIR spectra from the optical response of the
analyte desorbed into the electrolyte bulk was also described. The decoupling was done by
the removal of the spectrum simulated using the experimental data such as the angle of
incidence, thin cavity thickness, surface concentration of the analyte and the optical constants
of the metal, electrolyte and the optical window.

Two methods to determine the orientation of the analyte molecules at the metal
surface were reviewed in the third part of this chapter and a novel simple technique to obtain
the isotropic optical constants of the analyte from its aqueous solutions was described. In our
opinion, this simple approach yields the optical constants that should aid in more relevant
modeling of thin organic films at the metal-aqueous electrolyte interfaces than the optical
constants determined using KCI pellets containing dispersions of the analyte. Finally, the
procedures used to model the PM FTIR RAS and SNIFTIRS spectra were given at the end.

The methods described in this chapter were applied for the design of the experimental
setup and for the quantitative analysis of the obtained infrared spectra that will be presented

further in this thesis.
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CHAPTER 6

6. Interaction of the Electric Field with Small Organic Molecules

6.1. Introduction

Pyridine adsorption at gold single crystal surfaces has long been used as a model
system to study co-ordination of organic molecules to metal electrode surfaces. The
thermodynamics of pyridine adsorption has been thoroughly investigated with the help of the
chronocoulometric technique[ 1][2][3][4][5][6][7][8]. The availability ofthe thermodynamic
data has stimulated a general interest in pyridine adsorption at gold surfaces. Techniques such
as ultraviolet electroreflectance spectroscopy UV-ER [9], second harmonic generation (SHG)
[10], in situ difference frequency generation [11][12], scanning tunneling microscopy (STM)
[13][14] and IR spectroscopy [14][15][16][17][ 18] have been employed to study the behavior
ofpyridine molecules at various gold surfaces. These studies demonstrated that the interaction
between the pyridine molecule and the metal can involve either the delocalized m-orbitals or
the lone pair localized on the nitrogen atom. As a result, the pyridine molecule can assume
both n— (flat) and N-bonded (vertical, tilted and/or rotated) orientations at gold low index
surfaces. The character of the surface co-ordination of pyridine also depends strongly on the
surface crystallography and the charge on the metal (static electric field at the interface).

The effect of the static electric field at the electrode surface on the orientation of
pyridine molecules coordinated to the metal surface will be described in this chapter. Figure
6.1.1 explains why the Au (110) surface was selected for these investigations. Pyridine
adsorption starts at £ =~ -0.6 V (SCE), and at £ =~ -0.35 V attains a limiting surface

concentration of 6.2x10™'° mol cm™ which corresponds to the packing density of a closely
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Figure 6.1.1 Charge density at the Au(110) surface plotted against the electrode
potential for 0.1 M KCIO, solution.

solid line: bare electrode

dashed line: with addition of 0.001 mM pyridine.

Inset: (solid line) Gibbs excess of pyridine versus electrode potential plot.
Electrochemical data were taken from reference [4].
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packed monolayer of vertically oriented molecules. The limiting surface concentration
maintains a constant value in a very broad range of electrode potentials, from £ = -0.35 V to
E =~ 0.55 V(SCE). The charge density at the electrode changes in this region from a value of
Gy ~ 8 uC cm™ to a value of 6y, ¥ 35 uC cm™. This corresponds to a change of the electric
field strength at the interface from 4.5x10° V m™ to 2x10' V m’', estimated using the
Gauss’s theorem (F = (d¢ / dx ),_, = 6,/ €) and assuming that & = n’¢, where n = 1.5 is the
refractive index of pyridine and ¢, = 8.85x10™"2 C V"' m™' (the permittivity of vacuum).

In the plateau region, the coverage of the electrode surface by adsorbed molecules is
constant, however, the static electric field at the interface changes significantly. The pyridine
molecule has a rigid ring-like structure and a large dipole moment (~ 2 D) parallel to its C,
axis. Therefore, the energy of the dipole — field interaction varies from 0.17 eV to 0.8 eV.
This very significant change is shown below to have a pronounced effect on the orientation
of molecules coordinated to the electrode surface.

The objectives of the research, described in this chapter, were twofold: (i) to provide
direct spectroscopic information concerning the coordination of pyridine molecules adsorbed
at the Au (110) electrode surface; (ii) to study the potential induced changes of the tilt angle
of'adsorbed pyridine molecules at potentials corresponding to the plateau on the adsorption
isotherm. In addition, it will be demonstrated how the theoretical simulations of infrared

spectra described in Chapter 5 can be applied for quantitative analysis of SNIFTIRS spectra.

6.2. The Shape of the SNIFTIR Spectra

To facilitate band assignment, the SNIFTIR spectrum recorded using the ZnSe
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window is compared to the transmission spectrum of neat pyridine in Figure 6.2.1. In the
spectral range used in our experiments, the infrared spectrum of pyridine displays several
bands. The two broad bands in the SNIFTIR spectrum at ~1230 and ~1100 cm™ correspond
to D,0O and perchlorate, respectively. The remaining narrow bands are due to pyridine. An
isolated pyridine molecule has C,, symmetry. Four bands at 1581,1483, 1031 and 991 cm
have a, symmetry, the bands at 1438 and 1146 cm™ have b, symmetry and the two bands at
748 and 704 cm™ have b, symmetry [19][20]. The a, and b, bands correspond to in-plane ring
deformations and b, bands to out-of-plane vibrations. The inset to Figure 6.2.1 shows that the
a, bands correspond to changes of the dipole moment along the C, axis of the molecule and
the b, band is due to the change of the dipole moment in the direction perpendicular to the
C, axis. The direction of the transition dipole of the b, band is normal to the plane of the
molecule. Therefore, using the ZnSe window one can record SNIFTIRS spectra in a
sufficiently broad range of frequencies such that the spectrum encompasses bands whose
transition dipole moments are directed along all three co-ordinates.

Since pyridine molecules are totally desorbed from the electrode surface at the
negative extreme potential £, the measured change of the reflectivity (AR/R) represents the
difference between the absorption spectrum of I' pyridine molecules desorbed from the
surface into the solution, inside the thin layer cavity, at potential £, and the spectrum of I
molecules adsorbed at the electrode surface at a sample potential £,. The change of the
electrode reflectivity is described by the following equation [17]:

(AR/R)=23T [AE) - AE,)] (6.2.1)

where ¢ is the decimal molar absorption coefficient and I is the surface concentration of the
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Figure 6.2.1 Comparison of the IR spectrum of neat pyridine recorded in the
transmission mode with the SNIFTIR spectrum for the configuration Au(110)
electrode/ 0.001 M pyridine solution in D,O/ ZnSe hemispherical window,
recorded using the sample potential £,= 0.4 V and the reference potential
E,=-0.75 V (SCE). Inset shows directions of transition dipole moments of

a, and b, bands in the IR spectrum of pyridine.
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adsorbed species. Consequently, in the SNIFTIR spectrum, negative bands are observed when
adsorbed molecules attenuate infrared radiation more strongly than the molecules in solution:
AE,)>g(E,) and positive bands are present when the absorption by molecules in the solution
dominates: (E,) <g(E,). In the spectrum shown in Figure 6.2.1, the negative bands have a,
symmetry and the positive bands have either b, or b, symmetry.

For linearly polarized light and a single molecule adsorbed at or in front ofa reflecting

metal surface, equation (5.3.1) may be written as

J’sW\TDW E|2= U< E> cos’® (6.2.2),

where I £dV is the integrated molar absorption coefficient, {I is the transition dipole, Eis

the electric field of the photon, 1 is the angle between the directions of the electric field of

the photon and the transition dipole in the molecule, | u | is the absolute value of the transition
dipole moment and <E>> is the mean squared electric field strength (MSEFS) of the photon.
The molecules desorbed into the solution at £, are randomly oriented with respect to the
incident photon; hence, <cos’1> = 1/3. In contrast, the molecules that are adsorbed at the

surface assume a well-defined orientation. From equation (6.2.1) and the derivative of

equation (6.2.2) with respect to V , (AR/R) may be expressed as:

o HE)

2
AR O\u(E
— b23r &% E; (zp - cos Fral E; (z= 0)> (6.2.3)

moOo.
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ov

where the term determines the band shape, < Eél (z) > is the MSEFS of the

photon averaged over the whole thickness of the electrolyte layer and < Ef;z (z =0) > is the

olu(e)|’

ov

MSEFS of the photon at the electrode surface. When the terms for the adsorbed

and solution species are frequency-shifted, the band in the SNIFTIR spectrum is bipolar. In
the case of pyridine adsorption at gold, the frequency shift is small. For example, the tallest
a, band in the SNIFTIR spectrum has a maximum at 1599 cm™, compared with the frequency
1594 cm! in the transmission spectrum of the pyridine solution in D,0O. This small shift in the
band position indicates that the pyridine molecule is N-bonded to the Au (110) surface. It was
previously shown that the frequency of this band depends somewhat on the surface
crystallography of the Au electrode [17]. The frequency at the Au (110) surface is slightly
lower than the 1601 cm™ observed for the Au (210) electrode and slightly higher than the
1594 cm™ obtained at the (111) terraces.

However, the shift in the band position is sufficiently small that the SNIFTIR spectra

show unipolar rather than bipolar bands. For the purpose of further discussion, it is reasonable

Slucepf | o))
ov ov

to assume that have a comparable magnitude. Hence, the positive
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. | <Ep(2)> ,
bands in the SNIFTIR spectrum are observed when ¢os? @ < ——————. Itis useful
3<FE E (z=0)>

to note that for p-polarized radiation < E,zs2 (z = 0) > is significantly larger than < Eél (z)>.

The positive bands are therefore observed when cos* ©@ <<% and the angle between the

direction of the transition dipole and the surface normal is large. Likewise, negative bands in

the SNIFTIR spectrum are observed when cos’ © > ! % and the angle between
3<E;(z=0)>
the transition dipole and the surface normal is small.

Consequently, the negative sign of a, bands and the positive sign of' b, and b, bands
in the SNIFTIR spectrum of pyridine at the Au (110) surface indicate that the C, axis of the
adsorbed molecule forms a small angle with the surface normal and the in-plane and out-of-
plane directions normal to the C, axis are parallel or nearly parallel to the surface. This
behavior is consistent with a vertical or tilted surface coordination of the molecule. The
infrared data are, therefore, consistent with the results of earlier chronocoulometric studies

[4], which demonstrated that pyridine is N-bonded to the Au (110) surface. The present IR

result provides direct, molecular level evidence of that surface coordination.
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6.3. Potential-Controlled Change of the Tilt Angle

Figure 6.3.1 shows a series of SNIFTIR spectra acquired for a variable sample
potential and the same reference potential equalto —0.75 V (SCE). The a, bands are negative,
while the b, and b, bands are positive for all investigated potentials. Consistent with the
previous electrochemical studies [4], this behavior indicates that, at the Au (110) surface,
pyridine molecules are N-bonded in the whole range of electrode potentials.

Although all spectra in Figure 6.3.1 appear similar, the band intensities change with
potential. These changes can be seen in Figure 6.3.2, where the integrated intensities of
selected a, and b, bands are plotted against £,. To facilitate discussion, the dashed line in
Figure 6.3.2 shows how the Gibbs excess of pyridine changes with the electrode potential.
The integrated intensities of the IR bands were multiplied by constant factors so that they
could be plotted on a common scale. The results show significant differences between the
potential dependence of the b, and a, bands. Apparently, the intensity of the b, band is
independent of potential, within the region of the plateau on the Gibbs excess plot. In
contrast, the intensities of the a, bands display a 30 % increase with potential within the

plateau region. Equation (6.2.2) shows that the integrated intensity of an absorption band is

proportional to cos?1, | 1| and <E>>. The transition dipole moment and the MSEFS of the
photon do not depend on the electrode potential. Therefore, the trends observed in Figure
6.3.2 display chiefly the variation of cos*1. Clearly, for the b, band, cos*1 does not change
with potential. In contrast, the variation of the integrated intensities of the a, bands indicates

that the angle between the C, axis of the molecule and the surface normal changes with

potential. The intensities of b, bands displayed a significant spread. The MCT detector is
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Figure 6.3.1 A series of SNIFTIR spectra recorded for pyridine adsorption
at the Au(110) surface using p-polarized light.

The base potential £, was set to -0.75 V (SCE) and the sample potential
E, varied. Its values are indicated at the corresponding spectrum.

The solution was 0.1 M KClO, and 0.001 M pyridine in D,0.
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Figure 6.3.2. For the SNIFTIR spectra in Figure 6.3.1, plot of the integrated
intensities of the b, band at 1445 cm™ and a, bands at ~1599 and 1483 cm’!

versus the electrode potential.

Dashed line shows the changes of the Gibbs excess (data taken from reference [4]).
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significantly less sensitive at frequencies below 800 cm™ compared to frequencies within the
1600-1400 cm’ region. For this reason, quantitative analysis of the b, bands was not
performed.

In the plateau region, SNIFTIRS plots the difference between the absorbance of
6.2x10"° mol cm™ molecules desorbed into the thin layer cavity at potential £, and adsorbed
at the electrode surface at potential £,. To discuss the potential dependence of the a, bands
quantitatively, it is convenient to compute the absorbance corresponding to the monolayer
ofadsorbed pyridine from the SNIFTIR spectrum, using the procedures described in Chapter
5. First, the optical constants of pyridine in D,0O, shown in Figure 6.3.3, were obtained as
explained in Section 5.3.2. These optical constants were then used to remove the spectral
signature of the desorbed species from AR/R. The spectrum of desorbed pyridine was
calculated following the procedure described in Section 5.3.4 for 6.2x10"°mol cm? of
pyridine molecules evenly distributed within a 7.2 um thick layer of D,O between the gold
electrode and the ZnSe window. The SNIFTIRS decoupling procedure, explained in detail
in Section 5.2.2, was employed to calculate the spectra ofa monolayer of adsorbed molecules
at each potential within the plateau on the adsorption isotherm. The results, plotted in Figure
6.3.4, show that the magnitude of the a, band at 1599 cm™ progressively increases with
potential, while the magnitude of the b, band is at the level of the subtraction error. These
spectra were used to calculate the angle between the C, axis of the molecule and the metal
surface plane (tilt angle), using the approach given in Section 5.3.1. (It is important to note
that the tilt angle is reported with respect to the metal surface plane while the angle ® used

in equations denotes the angle with respect to the surface normal.) For that purpose, the
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Figure 6.3.3. Optical constants of pyridine, calculated from the transmittance
spectrum of a 0.1 M solution in D,0.
n is the refractive index, £ is the attenuation coefficient.
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Figure 6.3.4. Infrared spectra for pyridine adsorbed at the Au(110) surface
calculated from the SNIFTIR spectra after correction for the absorption

of infrared radiation by molecules desorbed into the solution at the reference
potential £,.

The potentials indicated at each spectrum correspond to the sample
potentials E,.
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theoretical absorption spectrum for a monolayer of 6.2x10'° mol cm™ molecules adsorbed
at the electrode surface and separated from the hemispherical ZnSe window by a 7.2 um layer
of D,0 was computed as explained in Section 5.3.4. The tilt angles were then calculated from
the integrated intensities of the a, bands in the spectra, presented in Figure 6.3.4, and the
integrated intensity of the a, band in the simulated spectrum using equation (5.3.4). The
results are plotted against potential in Figure 6.3.5. Their values are consistent with N-

bonded coordination of pyridine to a Au (110) electrode surface.

6.4. Interpretation of the Dependence of the Tilt Angle on the Electrode
Potential

To explain the observed variation of the tilt angle with potential, it is useful to recall
that the energy of'the dipole-field interaction for a pyridine molecule adsorbed at the Au (110)
surface changes from 0.17 to 0.8 eV in this range of potentials. The strong forces of the static
electric field orient the pyridine molecule such that its permanent dipole has a large
component in the direction of the electric field. The dipole field interaction is opposed by the
thermal movement of molecules, which disorients the film. One can envisage that the
monolayer of adsorbed molecules behaves as a field of grass set into a waving motion by the
wind. The energy ofthe dipole-field interaction restricts this movement and when the electric
field increases, the amplitude of the waving motion decreases. At very large values of the
static electric field, the monolayer becomes effectively frozen.

The absorption of electromagnetic radiation by molecules oriented by a static electric

field was described by Kuhn ef al. [21]. In the present case, the static electric field and the
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Figure 6.3.5. For pyridine adsorbed at the Au(110) surface,
plot of the tilt angle (the angle between the C, axis and the surface plane)
as a function of the electrode potential.
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electric field of the photon at the metal surface are parallel to each other and normal to the
electrode surface. When the transition and permanent dipole moments of a photon-absorbing
molecule have the same direction, the dependence of cos*1 on the static electric field is given

by the Langevin function [21]:
2
cos’ @ :Ell——L(a)E (6.4.1)
U a U

where L(a) is the Langevin function defined as:

a -a

e te 1
La)=—F———— (6.4.2)
e-e’ a

and ¢ = i , where p is the permanent dipole moment of the molecule, F is the strength of

the static electric field at the electrode surface and &7 is the thermal energy. Using the Gauss

. . o)
theorem, F' = ;,/¢, a can be expressed in terms of the charge density at the metal g = pk—;f .
)

When the dipole-field interaction energy ranges from 0.15 to 0.8 eV, the parameter

a varies between 7 and 32. For such high values of the parameter a, the Langevin function
may be approximated by L(a)=1- 1 and the term in the curly brackets in equation (6.4.1)
a

may be approximated by:
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Consequently, cos”1 should increase linearly with L . Figure 6.4.1 shows a plot of cos*1
M

against L . Consistent with the predictions of equation (6.4.3), the relationship is linear. In
M

addition, according to equation (6.4.3) the change of cos*1 caused by a change in the field

is equal to:

1
Acos’© =2A @;@ (6.4.4)

Using the values quoted above for the lower and upper limits of @ one can calculate
that the expected value of A cos® © should be equal to 0.22. The overall change of cos*1

observed in Figure 6.4.1 amounts to 0.24, in good agreement with this estimate. Therefore,
a simple electrostatic model that assumes interplay between an orienting force of the dipole-
field interaction and a disorienting force due to the thermal energy provides a very good

description of the observed potential-dependent change in the tilt angle.

6.5. Conclusions

In situ SNIFTIRS has been employed to investigate the adsorption of pyridine on the
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Figure 6.4.1. Plot of cos’0 =A ey Aca versus inverse of the charge
density at the electrode surface, where 4., corresponds to the integrated
intensity of the 1599 cm™! band for adsorbed pyridine (Figure 6.3.4)

and A, is the integrated intensity of this band calculated for the four
parallel phases (ZnSe/D,0O/monolayer of pyridine/ZnSe) from the
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Au (110) surface. The infrared spectra provided direct evidence that pyridine molecules
assume a vertical N-bonded state at this surface of gold in the whole range of electrode
potentials investigated. The spectra also demonstrate that the tilt angle of adsorbed pyridine
molecules changes with the electrode potential. These changes are described by a simple
electrostatic model that assumes interplay between an orienting force from the dipole-field
interaction and a disorienting force associated with the thermal energy. The spectroscopic
data indicate that, driven by the thermal energy, the adsorbed molecules may display a
significant waving motion when the field at the interface is small. The energy of the dipole-
field interaction restricts this movement and when the field increases, the amplitude of the
waving motion decreases. At very large values of the static electric field, the monolayer
becomes effectively frozen. It was also demonstrated that it is feasible to remove the spectral
signature of the desorbed species from SNIFTIR spectra converting them to the form that is

convenient for quantitative analysis.
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CHAPTER 7

7. Studies of Potential-Induced Transformations in Ultrathin Films of 4-
Pentadecylpyridine at the Gold-Solution Interface

7.1. Introduction

In this chapter it will be demonstrated that the concerted use of several surface
analytical techniques allows one to obtain a comprehensive picture of the behaviour of
insoluble surfactants at the electrified solid-liquid interface. In addition, it will be shown how
the methodology described in Chapter 5 can be applied to extract a wealth of quantitative
information about the mechanism underlying the potential-induced changes in a monolayer
and a bilayer of 4-pentadecylpyridine, an insoluble surfactant molecule.

Electrochemical and spectroscopic methods were applied to study the spontaneous
transfer of 4-pentadecylpyridine (C15-4Py) from the gas-solution (GS) interface of the
electrochemical cell to the metal-solution (MS) interface of the gold electrode. Measurements
of'the differential capacity of the MS interface and the charge density at the metal were used
to study the spontaneous formation of a bilayer of the surfactant as the result of exchange of
material between the GS and the MS interfaces. Neutron reflectometry was utilized to
determine the thickness and the surface concentrations of C15-4Py in the monolayer and the
bilayer of the surfactant, at the Au(111) electrode surface. Polarization modulation Fourier
transform infrared reflection absorption spectroscopy (PM FTIR RAS) was applied to
determine quantitative information concerning the orientation of C15-4Py molecules in the
films of surfactant at various potentials. These spectroscopic experiments were performed in

situ under potential control and allowed us to better understand the mechanism of the
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potential induced adsorption and desorption of the ultrathin films of insoluble surfactants at

the MS interface.

7.2. Electrochemical Studies of Spontaneous Transfer of 4-pentadecylpyridine
from the Gas-Solution Interface to the Metal-Solution Interface

The objective of this part of the project was to investigate the spontaneous transfer
of surfactants from the GS interface to the MS interface. The solid electrode was brought in
contact with the GS interface using the horizontal touching (Langmuir-Schaefer) technique
and positioned in a hanging meniscus configuration (see Figure 4.2 c). In this geometry, the
edge of'the electrode surface forms a triple phase boundary between solid, liquid and gaseous
phases and surfactant molecules must cross this triple phase line to move from the GS
interface to the MS interface. The spontaneous transport of C15-4Py molecules across the
triple phase line has been studied using the measurements of the differential capacity and
charge density at the MS interface. It will also be shown that the slow rate of molecular
migration requires over 8 h before the interface becomes covered by a bilayer of surfactant
molecules. This slow rate explains why the transfer of insoluble surfactants from the GS
interface to the MS interface was not detected in previous, short duration experiments
[1][2][3]1[4][5]. An interesting case of an exchange of material between these two interfaces
will be described and significant new information concerning the mechanism of spontaneous

self-assembly of insoluble surfactants at the solid-liquid interface will be provided.
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7.2.1. Spreading of C15-4Py onto a Monolayer-Coated Electrode Surface

The metal-electrolyte interface has the properties of a capacitor. It is well known that
the capacitance of the interface decreases when organic molecules are adsorbed at the metal
surface [6]. Therefore, measurement of the differential capacity provides a convenient means
to study the transfer of surfactants to the surface of a metal electrode. Initially, the transfer
of C15-4Py molecules from the gas-solution interface, across the triple phase line, to the
metal surface coated with a monolayer ofthe pyridine surfactant was investigated. Effectively,
a spontaneous transformation of a monolayer to a bilayer, due to the transfer of C15-4Py
molecules from the GS interface to the MS interface, has been studied. This case resembled
the flow of Langmuir monolayers onto the organothiol-modified gold surface described by
Steel et al. [7].

At the beginning of the experiment, the metal electrode was coated with a monolayer
of C15-4Py using the single horizontal touching procedure. Immediately after the deposition
of the surfactant film, the differential capacity of the interface was measured at 0 V (SCE).
The obtained values of the capacity were significantly lower (between 8 and 5 pF cm™) than
the capacity of the film-free gold-solution interface (ca. 34 uF cm™ at 0 V and pH = 9). This
behavior indicates that the film of C15-4Py is transferred to the electrode surface during the
horizontal touching procedure.

A slow voltage ramp was then applied to the electrode and the capacity curve, shown
as a solid line in Figure 7.2.1, was recorded. The shape of this curve is consistent with the
results described earlier [8]. When the potential moves in a negative direction a maximum at

E .-0.2 V can be seen. The presence of this feature indicates a phase transition in the organic

173



E/Vvs SCE

Figure 7.2.1. Differential capacity of the Au(111) electrode.

Dotted line: film-free interface,

Solid line: interface covered with a film of C15-4Py molecules deposited

at E = 0 V using the single horizontal touching technique.

The curve was recorded immediately after contact between the electrode and the
film-covered GS interface was established.

Dashed line: interface covered with a film produced by spontaneous transfer

of C15-4Py molecules from the GS to the MS interface after 18 h of equilibration.
The electrolyte solution was 0.05 M KCIO, and 0.001 M KHCO,.
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film. Moving the potential further in the negative direction results in additional increase in the
capacity until at £ < - 0.8 V it becomes equal to the capacity of the film-free electrode. This
behavior indicates that the film is desorbed from the electrode surface at negative potentials.
When the direction of the voltage sweep is reversed, the capacity decreases and at £ . 0 V
it attains the initial value of approximately 8 uF cm™. Apparently, the film re-forms on the
gold surface at this potential. At potentials higher than 0.3 V the capacity rises again. This
increase indicates the onset of film desorption, most likely promoted by a competitive
adsorption of hydroxide and/or bicarbonate ions (NaHCO; was added to the electrolyte to
adjust the pH). Gold oxide formation prevents further extension of electrode potentials in the
positive direction.

Elastic light scattering and fluorescence quenching experiments described in reference
[8] demonstrated that C15-4Py, desorbed from the electrode surface at £ <- 0.8 V, is trapped
in the vicinity of the electrode surface in the form of micellar-type aggregates which fuse back
onto the metal surface when the electrode potential becomes less negative. The hysteresis of
the differential capacity curve indicates that desorption and film re-formation processes are
slow on the time scale of the voltage ramp ( 0.005 V s ). It may also indicate that desorption
of the film from the electrode surface and fusion of aggregates at the surface may involve
different mechanisms. However, independent potential step experiments indicate that the film
can be re-formed completely within a time frame of 90 s [8]. For the purpose of the
subsequent discussion, it is important to stress that the film, initially deposited at the gold
electrode surface at £ = 0 V, may be desorbed at negative potentials and then completely

recovered by changing the potential back to zero volts. The film desorption and recovery
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processes require time on the order of minutes. The properties of the film are not perceptibly
changed by the desorption and reformation cycle.

After the initial measurement of capacity, the film-covered electrode (positioned in the
hanging meniscus configuration) was allowed to equilibrate for 18 h with a monolayer of
C15-4Py spread at the electrolyte surface. The differential capacity of the electrode was
periodically measured at 0 V. Figure 7.2.2 shows the differential capacity curves measured
at different stages of equilibration. Apparently, the capacity decreases with the equilibration
time until it approaches a steady state value after 8 h. The full differential capacity curve
recorded after 18 h of the experiment is plotted as a dashed line in Figure 7.2.1. The
differential capacity curves determined after 8 and 18 h of equilibration are very close. The
progressive decrease of the differential capacity with the equilibration time indicates that the
amount of C15-4Py molecules at the metal-solution interface increases with time. This
behavior strongly suggests that surfactant molecules are transferred across the triple phase
line from the GS interface to the MS interface.

In fact, the differential capacity curves recorded after 8 or 18 hours of equilibration
(dashed curve in Figure 7.2.1) resemble the curve recorded for the electrode, covered with
a film produced by the double horizontal touching method [8][9]. This evidence suggests that
a bilayer of C15-4Py is formed after a sufficiently long equilibration time. Indeed, for
potentials higher than—0.1 V, the capacity of the interface recorded after 18 h of equilibration
is equal to the capacity of the interface after the double horizontal touching deposition and
attains a very small value of approximately 0.8 uF cm™, which is characteristic of a bilayer

coverage. The pyridine moiety of the surfactant molecule has a relatively high affinity for gold
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Figure 7.2.2. Evolution of the differential capacity of the Au(111) electrode
covered with a film of C15-4Py.

The number associated with the curve corresponds to the following

period of equilibration time:

1: 0 h, curve recorded just after the contact between the electrode surface
and the monolayer-covered gas-solution interface was established,
2:1h;3:4h;4:6h;5:8h.

For clarity, only the portions of the differential capacity curves recorded
during the positive voltage sweep are shown.

The supporting electrolyte solution was 0.05 M KCIO, and 0.001 M KHCO;.
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[10][11]. Consequently, in the first monolayer, C15-4Py molecules are probably oriented with
the pyridine ring toward the surface and the hydrocarbon tail toward the solution, thus making
the MS interface hydrophobic. The second layer of molecules diffuses or flows onto this
hydrophobic substrate.

For a quantitative comparison between the film produced by the prolonged
equilibration of the electrode with the surfactant spread at the GS interface and the film
produced by the double horizontal touching, it is convenient to analyze the charge density
data. The charge density plots determined for the Au(111) electrode covered by these two
films are compared in Figure 7.2.3. The charge density curves were acquired by stepping the
potential from more positive potentials, where the molecules of surfactant are spread at the
metal, to a value of —0.825 V, where the desorbed surfactant molecules form micelle-like
aggregates in the vicinity of the electrode surface. In the presence ofthe surfactant, the charge
density plots display two steps. The nature of these steps has been discussed previously [8].
The first step at £ =—0.6 V corresponds to the adsorption of micellar aggregates onto the
electrode surface. The second step at £=—0.2 V corresponds to a phase transition in the film,
which is probably due to the spreading of surface hemimicellar aggregates to form a
condensed film. For the purpose of the present discussion it is important to note the
remarkable similarity of the charge density curves determined for films obtained using the
double horizontal touching and the prolonged equilibration procedures. The charge density
measured for the film produced using the double touching method is slightly higher at
potentials around —0.4 V and somewhat lower at £ > 0 V. These small differences may

suggest that the film formed by the spontaneous transfer of C15-4Py molecules is slightly less
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Figure 7.2.3. Charge density at the Au(111) electrode.

Dashed line: film-free interface,

Open triangles: in the presence of a film obtained using the single touching
method followed by equilibration for 18 h,

Solid circles: in the presence of a film obtained using the double touching
technique.

The supporting electrolyte solution was 0.05 M KCIO, and 0.001 M KHCO;.
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compact than the film obtained using the double touching method. Apart from these minor
differences, the similarity of the two charge density curves corresponding to the two films
strongly suggests that the C15-4Py molecules cross the triple phase line to form a bilayer at

the gold-solution interface.

7.2.2. Spreading of C15-4Py onto the Film-Free Electrode Surface

The preceding section described the transformation of a monolayer of chemisorbed
surfactant to a bilayer due to the spontaneous transfer of the surfactant molecules from the
GS interface to the monolayer-covered metal. The following experiment has been performed
to test whether C15-4Py molecules will also move from the GS interface to an initially
surfactant-free MS interface. The Au(111) electrode was flame annealed and then quenched
with water. The drop of water adhered to the clean electrode surface. This electrode was
brought into contact with the film of surfactant molecules spread on the electrolyte surface.
The initial presence of the water droplet prevented transfer of the surfactant film to the
electrode surface. However, as soon as the contact between the MS and GS interfaces was
established, the differential capacity revealed the onset of spreading of the surfactant onto the
metal surface. The electrode was then allowed to equilibrate with the film at the GS interface
for a period of 18 hours. The differential capacity of the gold-solution interface was recorded
every few hours to monitor the transfer of C15-4Py molecules from the GS to the MS
interface.

The results of these measurements are shown in Figure 7.2.4. The differential capacity

ofthe interface recorded immediately after touching the electrolyte surface was characteristic
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Figure 7.2.4. Differential capacity of the Au(111) electrode in contact with the
surface of electrolyte, covered with a C15-4Py film at the equilibrium
spreading pressure.

1: curve recorded after contact between the electrode and the GS interface was
established,

2: curve recorded after 3.5 h of equilibration,

3: curve recorded after 18 h of equilibration.

The supporting electrolyte solution was 0.05 M KCIO, and 0.001 M KHCO;.
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of a film-free Au(111) surface. However, the differential capacity curve recorded after 3.5 h
of equilibration was already reminiscent of the curve recorded for the monolayer-covered
surface, indicating that surfactant molecules moved from the GS interface to the MS interface
across the triple phase line. After a prolonged waiting time of 18 h, the differential capacity
of the MS interface decreased further until the curve became quite similar to that,
characteristic of the surfactant bilayer produced by the double touching procedure. This
experiment indicates that C15-4Py molecules can move from the GS interface not only to the
hydrophobic MS interface but also to the film-free gold-solution interface and assemble

spontaneously into a bilayer.

7.2.3. Mechanisms of Transfer of C15-4Py from the GS Interface to the MS
Interface

Three mechanisms can be employed to describe the spontaneous spreading of C15-
4Py molecules from the GS interface to the MS interface. The first, proposed recently by
Steel et al. [7], assumes that spreading is caused by a viscous flow of the Langmuir
monolayer across the triple-phase boundary, driven by the film-pressure of the surfactant at
the GS interface. The second is the Cohen and Turnbull [12][13] free volume model of
diffusion in fluids. It describes diffusion in lipid bilayers [14][15] and was recently applied by
Majda and coworkers [16][17] to study lateral diffusion at the air-water interface. The two
models are depicted schematically in Figure 7.2.5.A and B, respectively. We have loosely
applied the phrases “collective flow” and “random walk” to differentiate between the viscous

flow and diffusion models. To test these models quantitatively, one has to analyse the
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Figure 7.2.5. Schematic models of different mechanisms describing mass transfer
from the GS interface to the MS interface.

A): Film-pressure-driven viscous flow of a Langmuir monolayer

(“collective flow”) to a hydrophobic surface.

B): Free volume model of lateral diffusion (“random walk™) to a hydrophobic
surface.

C): Generalized model for mass transport to a film-free surface involving
re-orientation of the surfactant at the triple phase boundary.

D): Schematic description of free energy profile of a transfer of insoluble
surfactant molecule from the GS to the MS interface.
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dependence of the differential capacity on the equilibration time. The differential capacity
curves in Figure 7.2.2 display quite a flat minimum at £ = 0 V. At this potential, the fraction

O of the metal-solution interface covered by the bilayer can be defined in terms of:

GG T
c-c, T

[ee]

© (7.2.1)

where C,, C,and C, are the differential capacities at zero equilibration time, equilibration time
t and infinitely long (18 h) equilibration time, respectively. In the case of spreading on a
monolayer-covered metal surface, ® measures the extent of transformation of the monolayer
to the bilayer and in the case of spreading to a bare electrode surface, ® measures the extent
of film formation. In the viscous flow model the parameter ® is related to time ¢ by the

equation given in reference [7]:
O = 2kt (7.2.2)

where £ is a proportionality constant and 1, is the surface pressure of the film at the GS
interface.

The parameter ® may also be used as a measure of I'/T",, the fraction of molecules
transferred to the MS interface across the triple-phase line by diffusion, where I' is the surface
concentration of molecules transferred to the MS interface at a given equilibration time ¢ and
I', is the surface concentration after an infinitely long period of equilibration time [6]. The
metal electrode is disc-shaped and characterized by a radius r,. Initially, the surface

concentration of C15-4Py, either in the second layer or at the bare gold electrode, is equal to
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zero, ['(t = 0) = 0. The diffusion from the GS interface to the MS interface is driven by the
gradient of the chemical potential. The film pressure at the GS interface is equal to the
equilibrium spreading pressure during the whole duration of the experiment. Consequently,
the surface concentration of C15-4Py outside the disk is uniform and equal to the surface
concentration at the triple-phase line I'(» =r,). The formation of the bilayer is complete when
the surface concentration in the second layer ofthe MS interface becomes equal to the surface
concentration at the GS interface I’y = I'(» = r,). The number of molecules crossing a unit
length of the triple-phase line during time # is given by [18]:

N = J; D@%@ dt (7.2.3),

r=r,

where D is the diffusion coefficient. To calculate the surface concentration of molecules
diffusing to the electrode, one has to multiply NV by the length of the disc perimeter (length
of the triple phase line) 277, and to divide the product by the electrode area zr,”. The result
is:

20 0ar(r)
M= Z{DQ@T@ dt (7.2.4)

r=r,

It is difficult to find an analytical solution of this equation. For lateral diffusion of a surfactant
molecule, the diffusion coefficient depends on the surface concentration I'. That dependence

was described by Majda and coworkers [16]. In addition, the diffusion to the disc surface is
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a diffusion into a limited space and solutions for diffusion under limited space conditions are
complex [19]. However, one can provide an estimate of the initial rate of diffusion. At the
initial stage of diffusion the disc can be treated as a semi-infinite space. In addition, at the
initial stage the diffusion coefficient can be considered as coverage-independent. The flux of
molecules across the disc perimeter may then be described by the Cottrell equation:

or (r) B rrzro
DQ&TQ =D \/ﬁ (7.2.5)

r=r

and the initial change of the fraction ® with time may be described by:

r 4 |Dt
O=——=—,/— (7.2.6).
M., rn\m

According to the free volume model of diffusion [13][16], the diffusion coefficient is
proportional to the free volume if the free volume is much larger than the minimum void
volume necessary for diffusion. In our experiments, the free volume is proportional to (1-®).

Therefore, the equation (7.2.6) may be used to calculate the diffusion coefficient from the

initial slope of the ® versus w/; plot, when ® 6 0. Thus, the expressions for viscous flow and

lateral diffusion can be used to analyze the variation of ® with time during the spreading of
C15-4Py onto both the monolayer-coated and film-free electrode surfaces. It should be noted
however, that both models predict that the fraction ® should initially vary linearly with the

square root of time.

186



O — T T T T T T T T T
0 5 10 15 20 25 30 35 |
112

./.
0.2 ./o' . o ool
./
./

. 1/2
/ min

/ Time
O 5 10 15 20 25 30 35
1/2

2

. .1/
Time “/ min

Figure 7.2.6. Extent of transformation of the monolayer into a bilayer, plotted
against the square root of the equilibration time between the films spread at
the MS and the GS interfaces.

Inset: dependence of the differential capacity on the equilibration time.

The supporting electrolyte solution was 0.05 M KCIO, and 0.001 M KHCO;.
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For spreading of C15-4Py molecules onto the monolayer-covered MS interface at £
=0V, the fraction © is plotted versus the square root of the equilibration time in the main
section of Figure 7.2.6. The initial portion (® < 0.4) of this plot is linear. At higher fractions
of ® a deviation from a linear dependence is observed. The inset in Figure 7.2.6 shows how
the capacity of the MS interface at £ =0 V changes with the equilibration time. The capacity
decreases with time from a value of approximately 8 uF cm™ ( characteristic of a monolayer-
coated gold surface ) to a value of 0.08 uF cm™, representative of a metal, covered with a
bilayer. It should be emphasized that in this experiment C15-4Py molecules of the monolayer
that was pre-coated on the gold surface were oriented with the pyridine moiety toward the
metal and the hydrocarbon tail toward the solution. Therefore, the transfer of pyridine
molecules from the GS interface to the MS interface could be seen as the sliding of a slab
(second monolayer) of C15-4Py molecules from the GS interface onto a slab of C15-4Py (first
monolayer) attached to the gold surface. The sliding of the two slabs is opposed by frictional
tail to tail interactions between the surfactant molecules in the two layers.

The kinetics of the spontaneous formation of the bilayer at the bare gold surface is
described in Figure 7.2.7. Equation (7.2.1) was employed to calculate the fraction of the
bilayer formation from the capacity data using C, to represent the capacity of the film-free MS
interface. The fraction @ is plotted versus the square root of the equilibration time in the main
section of Figure 7.2.7. The inset in Figure 7.2.7 shows how the electrode capacity changes
as a function of time. In a period of 18 h, the capacity drops from a value of approximately
34 uF cm™, characteristic of a film-free interface, to a value of 0.08 uF cm™, characteristic
of'a bilayer. In contrast to the previous case, it is difficult to envisage that the transfer of C15-
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Figure 7.2.7. Extent of the bilayer formation at the initially film-free Au(111)
electrode surface, plotted against the square root of the equilibration time
between the films spread at the MS and the GS interfaces.

Inset: dependence of the differential capacity on the equilibration time.

The supporting electrolyte solution was 0.05 M KCIO, and 0.001 M KHCOs;.
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4Py onto the bare electrode surface involves sliding of a monolayer slab of the surfactant from
the GS interface to the MS interface. The C15-4Py molecules are oriented with the pyridine
moiety toward the solution at the GS interface, while in the first layer of the bilayer the
pyridine moiety is turned toward the gold surface. When the first layer is formed at the MS
interface, the surfactant molecules have to invert upon crossing the triple phase line, as
schematically depicted in Figure 7.2.5 C. Therefore, it is quite surprising to observe that the
rates of a spontaneous formation of a bilayer on the film-free electrode surface and the flow
of C15-4Py onto the monolayer pre-coated electrode are nearly identical.

In the viscous flow model, the kinetics of the film transfer is described in terms of the

flow parameter FP [7], which in the present case is given by the expression:

dO
FP:Z%;?Q% (7.2.7)

The flow parameter may be employed to calculate the rate of flow v in cm s using the

following equation [7]

v=(FP) /r, (7.2.8).

The initial slopes of ® versus t"? plots in Figures 7.2.6 and 7.2.7 are identical within
experimental error. They give the flow parameter FP = 1.3 x10~* cm s and the rate of flow
v =1.0 x10" cm ™. These numbers are lower by a factor of two relative to the values of FP
and v reported for the flow of oleic acid on a gold surface coated by a monolayer of n-

alkanethiols [7].
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Alternatively, when the transfer of C15-4Py molecules from the GS interface to the
MS interface is interpreted in terms of lateral diffusion, equation (7.2.6) may be used to
calculate the diffusion coefficient from the initial slope of the ® versus t'? plot. The diffusion
coefficient, calculated from the data presented in Figures 7.2.6 and 7.2.7, is equal to 3.4 x1077
cm’ s, This is quite a reasonable value. It represents the diffusion of C15-4Py molecules in
a slab of water next to the electrode surface. It is somewhat lower than the diffusion
coefficient of pyridine molecules in the bulk of an aqueous solution (5 x10° cm® s™) and is
comparable to some ofthe diffusion coefficients observed for surfactants in lipid bilayers [ 14]
and for the octadecylferrocene amphiphile in Langmuir monolayers [16]. Hence, the analysis
of our data gives reasonable results when both the viscous flow and the lateral diffusion
models are employed.

The viscous flow and the surface diffusion models implicitly assume that the activation
energy of crossing the triple phase line is negligibly small. Alternatively, one may envisage that
the spreading of C15-4Py molecules is controlled by the energy barrier at the triple phase line,
as shown schematically in Figure 7.2.5 D, and is essentially a first order surface reaction. In
order to derive the kinetic expression for this case, it is useful to determine whether the
reaction is reversible or not. To test the reversibility of the spreading of the surfactant
molecules, the electrode, covered by the bilayer, was transferred to a separate cell with a
surfactant-free GS interface. The film-free GS and the bilayer-covered MS interfaces were
then allowed to equilibrate for about 18 h. It was expected that C15-4Py molecules would
move back to the film-free GS interface, driven by the gradient of the chemical potential

and/or the gradient of the film pressure. The electrode capacity was measured periodically
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Figure 7.2.8. Dependence of the differential capacity of the electrode surface on
the equilibration time.

Curve 1: MS interface covered with a bilayer of C15-4Py in equilibrium with
the film-free GS interface.

Curve 2: MS interface covered with a monolayer of C15-4Py in equilibrium
with the GS interface also covered with a monolayer of C15-4Py at the
equilibrium spreading pressure (33 mN m!).

Curve 3: MS interface covered with a monolayer of C15-4Py in equilibrium with
the film-free GS interface.

The supporting electrolyte solution was 0.05 M KCIO, and 0.001 M KHCO;,.
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during this extended equilibration time. Curve 1 in Figure 7.2.8 shows the observed changes
of'the electrode capacity. The changes are negligible. During the period of 18 h the electrode
capacity increased only slightly. Apparently, the surfactant molecules did not move back from
the MS interface to the GS interface. This behavior is in contrast to the fast transfer of C15-
4Py molecules from monolayer-covered GS interface to the monolayer-covered MS interface
shown by curve 2 as a rapid decay in the capacity of the MS interface. Curve 3 in Figure 7.2.8
shows the change of the electrode capacity when the monolayer-covered MS interface is
allowed to equilibrate with the film-free GS interface. In contrast to our initial expectations,
the capacity did not increase with time. As in the case with a bilayer, C15-4Py molecules did
not move back to the film-free GS interface. (The small decrease of the capacity with time
observed in curve 3 is probably the consequence of the migration of C15-4Py molecules from
the gas-metal interface to the metal-solution interface.) The above experiments indicate that
thermodynamically both the monolayer and the bilayer of C15-4Py molecules are more
favored than the monolayer spread at the GS interface. Thus, the formation of the monolayer
and the bilayer at the Au(111) surface is irreversible at £ =0 V.

If the transfer of surfactant from the GS interface to the MS interface is controlled by
the free energy barrier at the triple phase line, the change of the coverage with time for this

first order and irreversible surface reaction should be given by

do
—=k(1- 7.2.9
5 - k(1-0) (7.2.9)
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where £, is the rate constant, the magnitude of which depends on the activation energy barrier.
Integration of this equation yields a linear relationship between the logarithm of the free area
(1-®) and time:

In(1-©) = -k ¢ (7.2.10).

The experimental data corresponding to the transfer of C15-4Py molecules to the surfactant-
free and the monolayer pre-coated MS interface are plotted as In(1-®) versus ¢ in Figure
7.2.9. The relationships are nearly linear in a broad range of coverages from ® =0.3 to © =
0.9. This behavior indicates that the third mechanism of spreading of the surfactant molecules
is also plausible, although it does not describe the experimental results in the whole range of
coverages. The rate constants calculated from the slopes of the plots in Figure 7.2.9 are
6.1x107 s™ for the transfer of C15-4Py onto a pre-coated electrode and 4.5x107 s™ onto the

surfactant-free electrode.

7.2.4. Conclusions

In this section, it has been demonstrated that C15-4Py molecules may flow from the
GS interface to the MS interface across the triple phase line formed where the solid, liquid
and gas phases are in contact. The transfer of the surfactant molecules from the GS interface
to the MS interface results in the spontaneous formation of a bilayer at the MS interface. The
formation of the bilayer is an irreversible process. Once transferred to the MS interface, the
surfactant molecules do not move back to the film-free GS interface. The formation of the

bilayer due to the transfer of C15-4Py molecules to the gold surface that was (i) surfactant-
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Figure 7.2.9. Dependence of the fraction of the film-free electrode area on
experiment time.
Squares: transfer to the surfactant-free electrode,

Circles: transfer onto an electrode pre-coated with a monolayer of
C15-4Py.

195



free and (ii) pre-coated by the monolayer of the surfactant molecules has been investigated.
Despite significant differences in the properties of the surfactant-free and the monolayer pre-
coated gold surfaces, similar flow rates were observed in the two cases. Two transfer
mechanisms involving either viscous flow of a monolayer-thick slab of surfactant or lateral
diffusion were used to analyze the kinetic data. The two mechanisms predict similar time
dependence for the extent of the bilayer formation. The analysis of the kinetic data yields
reasonable values of both the flow rates and diffusion coefficients. However, these two
mechanisms do not explain the irreversibility of the transfer of the surfactant nor do they
account for the similar spreading rates at the surfactant-free and pre-coated MS interfaces.
Therefore, the spreading has also been considered as a first order surface reaction, controlled
by the activation energy barrier of the triple phase line crossing. This third model not only
gives a satisfactory description of the experimental results but also offers a better explanation
of the similar rates of formation of a the surfactant bilayer at the surfactant-free and pre-

coated MS interfaces.
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7.3 Characterization of the Structure of 4-pentadecylpyridine Films at the
Metal-Solution Interface Using Neutron Reflectometry

Neutron reflectometry has been performed in order to characterize the structure of
the bilayer and the monolayer of C15-4Py at the metal-solution interface. It is difficult to
apply this technique for investigation of the surfactant film that was assembled at the gold
electrode via a spontaneous transfer from the GS interface to the MS interface. Therefore,
the experiments were carried out on the monolayer and the bilayer of C15-4Py deposited onto
the gold electrode surface using the single and the double horizontal touching procedures,
respectively. The gold-coated quartz single crystal substrates were used as working electrodes
and the measurements were carried out at a potential which was approximately equal to 0 V
(SCE). Details about the experimental setup are presented in Chapter 4.

Neutron reflectometry [20] relies on measurement of the reflectivity of neutrons from
an interface as a function of the momentum transfer vector Q.. The measured reflectivity from
a metal-solution interface allows one to determine the scattering length density (SLD) profile
perpendicular to the metal surface. (Scattering length density is the property that characterizes
the ability of materials to scatter neutrons. It is related to the refractive index of a material for
neutrons.) The surface coverage and thickness as well as the relative positions of individual
layers of'the film can then be determined from the scattering length density profile. Unlike X-
rays, which interact with the core and valence electrons, neutrons are scattered by atomic
nuclei, hence the application of neutron reflectometry is not limited to atoms that have high
electronic density. This advantage makes this technique particularly suitable for determination

of structural information on ultrathin organic films at interfaces [21][22][23].
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7.3.1. Approach and Experimental Results

The experimental cell that was used had an “inverted” geometry (shown in the inset
to Figure 4.6 in Chapter 4) in which the gold-coated quartz electrode was above the D,0
phase. In this configuration, the lower medium (D,0) has a higher SLD than the upper. Under
such conditions, the reflectivity R, is approximately equal to unity for O, below a critical value
0.=4(nAB )", where AB is the SLD difference between the lower and the upper media.
Above Q., R decays as a function of Q. and the character of this decay depends on the area-
averaged SLD profile normal to the interface.

The experimental neutron reflectivity data for the films of C15-4Py obtained on the
gold electrode using the double and the single touching techniques are shown as solid squares
in panel a and panel b of Figure 7.3.1, respectively. For technical reasons, the reflectivity
studies of the bilayer and the monolayer films were performed during different neutron
measurement sessions using electrodes of different thickness of gold, hence the neutron
reflectivity for the two films cannot be directly compared. Consequently, the data are
presented in separate panels. In order to extract structural information from these data, the
reflectivities were analyzed using the iterative, dynamic method. The scattering length
densities of chromium, gold and the organic layers were modeled as boxes of a specified
thickness and one overall root mean square roughness factor o was used to smear out all the
interfaces. Based on known parameters of the interface (thickness of the gold and chromium
layers and possible structure of the organic layer at the interface), a model scattering length
density profile was generated. The dependence of the neutron reflectivity on O, for this model

interface was then simulated using Fresnel equations and compared to the experimental
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Figure 7.3.1. Neutron reflectivity of the MS interface covered with

a C15-4Py film.

a): bilayer obtained using the double horizontal touching technique,

b): monolayer obtained using the single horizontal touching technique.
Solid squares: experimental data points

Solid lines: the best fit simulated neutron reflectivity curves

The numerical values of the fitting parameters are given in Table 7.3.1.
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neutron reflectivity data. The model was minimized with the Marquardt-Levenburg non-linear
least squares fitting routine in order to obtain the best least squares fit to the experimental
data using the most physically reasonable parameters. The guideline was to use the simplest
and yet most physically reasonable model to fit the experimental neutron reflectivity.
Modeling began with simple one or two box models to account for the Cr and Au layers. If
the simple model gave poor fit (a large x* value), its complexity was increased by adding
boxes to account for various layers of the interfacial film. Large variations in the parameters
of the fit were allowed but the models were restricted to those that generated reasonable
results based on the known thickness and SLDs of the gold and chromium layers that
comprised the interface. This approach allowed the fitting of the data with a high level of self-
consistency.

The best fit curves simulated using the above approach are presented as solid lines in
Figure 7.3.1. They were obtained using simple, insightful models of SLD profiles of the MS
interface, containing a bilayer and a monolayer of C15-4Py, presented in panel a and panel
b of Figure 7.3.2, respectively. Good agreement between the experimental and simulated
neutron reflectivities in Figure 7.3.1 can be taken as an argument that the models of the
scattering length density profiles presented in Figure 7.3.2 correspond to the profiles of the
interface of the experimental cell that contained the corresponding C15-4Py films. The
parameters of the best fit for both films of C15-4Py are summarized in Table 7.3.1. In order
to achieve a good fit at the higher values of the momentum transfer vector it was necessary
to divide the SLD box of chromium into two parts. Table 7.3.1 shows that the values of the

SLD of the chromium layers used in the fit (from 3.2 x 10 A?to 3.82 x 10 A?) are higher
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Figure 7.3.2. Scattering length density profile (smeared and unsmeared)
of the MS interface covered with a C15-4Py film.

a): bilayer obtained using the double horizontal touching technique,

b): monolayer obtained using the single horizontal touching technique.
The numerical values of the fitting parameters are given in Table 7.3.1.
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Table 7.3.1. Scattering length densities and thicknesses of the three layers at the
interface between the quartz crystal and the electrolyte solution that were used
for the simulation of the experimental neutron reflectivity curves.

C15-4Py Gold Layer Chromium Layers
Scattering | Thickness | Scattering | Thickness | Scattering | Thickness | Scattering | Thickness F P2
Length Lengh Lengh Lengh
Dﬁgiltgz] [A] l[)1e (r)l'gl,t&y o [A] []1)0??2%] [A] ][)16 (I)l'glg'z] [A] [A]
Film obtained using the DOUBLE horizontal touchning deposition.
-0.5 31 4.50 103 3.2 24 3.7 36 521|149

Film obtained using the SINGLE horizontal touching technique.

1.53 20 4.67 74.4 3.82 8.9 3.27 20.7 | 58] 9.6

Scattering length densities of the constituents of the interface.

Quartz single crystal: 42 - 10°A2
Bulk chromium: 3.02-10° A2
Bulk gold: 4.67 10° A2
Deuterium oxide: 6.33-10° A2
Scattering length density for densely packed

(CH,), hydrocarbons chains is approximately -0.4-10° A2

This value was obtained assuming that the chain area per molecule is equal
to 18 A2,

The calculations of scattering length density of materials can be performed using

the software located at http://rrdjazz.nist.gov/resources/sldcalc.html,
the site maintained by the NIST Center for Neutron Research.
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than the SLD of bulk chromium (3.02 x 10 A ). This discrepancy can be the result of a
slight mixing of gold with chromium during the gold pre-sputtering process. The gold layer
is well described by a single box. A slightly lower value of the SLD of gold ( 4.50 x 10 A
') compared to the SLD of the bulk gold ( 4.67 x 10° A% ) was used to model the interface
that contained the bilayer of C15-4Py. This deviation could be due to presence of pores or

voids that are sometimes found in metal films produced using the sputtering technique.

7.3.2. The Thickness, the Volume Fraction and the Surface Concentration of
the C15-4Py Bilayer and Monolayer at the Metal-Solution Interface

The main objective of the neutron reflectometry was to determine thicknesses of the
C15-4Py films at the MS interface. Figure 7.3.2 shows the best fit models of the SLD profiles
of the MS interface containing the bilayer and the monolayer of C15-4Py. The thickness of
the Au and Cr layers and their SLDs are in good agreement with the X-ray and neutron
reflectivity measurements on the film-free substrates in air (for the X-ray case) and D,O (for
the neutron case). These measurements were performed as preliminary experiments before
neutron reflectometry of the surfactant films. The values of the thickness of the surfactant
films may be taken from either Figure 7.3.2 or Table 7.3.1. The thickness of the film
deposited on the electrode by the single touching technique is equal to 20 A. This value is
consistent with the calculated length of a fully extended all-trans C15-4Py molecule that is
equal to 20.6 A, supporting a conclusion that the film of C15-4Py deposited on the electrode
using the single horizontal touching technique is a monolayer. The thickness of the film that

is transferred to the MS interface using the double touching method is equal to 31 A. This
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thickness is significantly larger than the length of fully extended C15-4Py molecule in the all-
trans conformation, corroborating the conclusion that a film of C15-4Py produced using the
double horizontal touching is a bilayer. The lower thickness of this bilayer than the total
length of two all-trans C15-4Py molecules can be explained as the result of tilting of the
molecules of the bilayer by approximately 61° (on average) with respect to the electrode
surface plane. It may also be due to disordering of the alkyl chains of C15-4Py in the bilayer,
which is expected if the adsorbed surfactant is in a liquid crystalline state.

The volume fraction of C15-4Py films at the MS interface may be determined from
the SLDs of the surfactant films. Assuming that the C15-4Py layer contains only the
surfactant and the electrolyte (D,0O) molecules, one can determine the volume fraction of

C15-4Py in the film (f') using the following equation [21]:

:Bﬁlm = fBC15—4Py +(1 _f)BDZO (7.3.1),

where 3 m 18 the SLD of the surfactant film obtained from neutron reflectometry,

while B.5_, , and B, , are the SLDs of the bulk C15-4Py and D,0, respectively. Using the

SLDs of densely packed (CH,), hydrocarbon chains (as a value that mimics the SLD of C15-
4Py) and D,O that are presented below Table 7.3.1, one can obtain the volume fractions of
C15-4Py in the bilayer and the monolayer of the surfactant at the MS interface equal to ~1

and 0.72, respectively. These numbers indicate that a high quality film of C15-4Py is obtained

using the double horizontal touching technique while the film produced using the single
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touching is quite permeable for the electrolyte solution, a conclusion that is consistent with
the results of electrochemical measurements presented in Section 7.2.

The surface concentration of C15-4Py in both the bilayer and the monolayer can be
evaluated using the volume fractions of the surfactant in these films and their thicknesses.
Both these parameters are available from neutron reflectivity experiments. Indeed, the surface

concentration (I') can be calculated using the equation:

r=fm,. (732),

max

where fis the volume fraction of C15-4Py in the surfactant film at the MS interface and I',
is the maximum surface concentration of a densely packed film, which depends on the
dimensions of the surfactant molecules and the volume that is occupied by the film spread at
a 1 cm’ area of the electrode. I', . can be estimated from the experimental value of the

thickness of the surfactant film (/), the molar mass (M) and the bulk (mass) density (p) of the

surfactant using the following equation:

Mo =it
M

(7.3.3).

For C15-4Py, the molar mass is equal to 289.5 g mol" and the (mass) density is equal to 0.85
g cm” (determined experimentally). Using the values of the film thicknesses of the bilayer and
the monolayer of C15-4Py as equal to 31 x 10® and 20 x 10® cm, respectively, one can
calculate the values of ', and I for these films. The results of the calculations are shown in
Table 7.3.2. (The volume fractions of C15-4Py in the bilayer and monolayer of the surfactant

at the MS interface are shown in the first row of the table for convenience.) The surface
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Table 7.3.2. Estimated values of surface concentration and
surface pressure of C15-4Py films at the metal-solution interface.

Bilayer Monolayer Units
/ 1 0.72
[ max 9.1x 10" 59%x10™ mol cm™
r 9.1x10™" 42x10"° mol cm™
Thus 168 155 mN m™
Data used in calculations.
Calculated molar mass of C15-4Py : 289.5 g mol!
Experimental (mass) density of C15-4Py: 0.85 gcm?

Maximum surface concentration of pyridine on Au(111): 6.7 x 107! mol cm=
Free energy of adsorption of pyridine on Au(111): -37 kJ mol!

Note: data on pyridine were taken from [10].
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concentration of C15-4Py in a monolayer is approximately two times smaller than the
corresponding value for the bilayer, which is reasonable considering the number of layers of
C15-4Py in the two films. Comparing the surface concentration ofa C15-4Py monolayer (4.2
x 10" mol cm™) to a Gibbs excess for a monolayer of densely packed pyridine molecules
adsorbed on Au(111) (6.7 x 10" mol cm?) [10], it can be concluded that the C15-4Py
monolayer is approximately 1.6 times less densely packed than the film of pyridine molecules.
A slightly smaller number (1.5 times) is obtained for the bilayer of C15-4Py if the surface
concentration of C15-4Py in a single leaflet is taken into account (assuming equal distribution
of'the surfactant between the two leaflets of the bilayer, the surface concentration of C15-4Py
in a single leaflet is equal to 4.6 x 10™"° mol cm™).

The surface pressure of C15-4Py films may be estimated from their surface
concentrations and the free energy of adsorption of pyridine molecules on Au (111). The
surface pressure is equal to the difference between the surface energy in the absence and in
the presence of the surfactant film. Assuming that the free energies of adsorption of C15-4Py
and pyridine on gold are equal and neglecting the contribution to the surface energy due to
interaction of the C15-4Py molecules with electrolyte solution, one can calculate the surface

pressure as

m=-AG,, T (7.3.4),

where AG ,,, and I" denote the free energy of adsorption and the surface concentration of the
surfactant, respectively. (Equation (7.3.4) can be derived from equations (3.2.13) and (3.2.14)
after substitution of X, = 1).Using the published value of the free energy of adsorption of
pyridine on Au(111) [10], equal to -37 kJ mol" and remembering that 1 mN m” = 10" kJ
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cm™, it is possible to estimate the surface pressure of C15-4Py at the MS interface. The
results of this calculation are presented in Table 7.3.2. It is useful to note that the surface
pressure of the C15-4Py bilayer was determined from equation (7.3.4) using I that is equal
to one half of the surface concentration of the C15-4Py bilayer, because only one leaflet of
the bilayer interacts with gold. The values of the surface pressure estimated using these
reasonable, although rather crude, assumptions are quite close to the experimental value of
the surface pressure of the C15-4Py bilayer at the MS interface of 150 mN m™ (at the
potential of maximumadsorption) determined using chronocoulometry[8]. This indicates that
the data determined using neutron reflectometry are consistent with the results of the

electrochemical studies presented in Section 7.2.

7.3.3 Conclusions.

Neutron reflectometry has confirmed that the film of C15-4Py deposited onto the gold
electrode by the double horizontal touching technique is a bilayer while the film obtained
using the single touching method is a monolayer. The calculated volume fraction of C15-4Py
in the bilayer is close to unity, indicating a good quality of the film while the monolayer
contains approximately 28 vol. % of electrolyte. Comparison of the surface concentrations
of C15-4Py in the surfactant films at the MS interface with the surface concentration of
pyridine at the Au(111) electrode indicates that C15-4Py films are approximately 1.5 times
less densely packed than a monolayer of vertically oriented pyridine molecules at the
maximum surface concentration. The surface pressures of a monolayer and a bilayer of C15-

4Py were estimated from the surface concentrations of C15-4Py in these films. The obtained
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values were approximately 12 % higher than the experimentally determined surface pressure
of the C15-4Py bilayer at the MS interface. Good agreement between the quantitative data
obtained using neutron and electrochemical experiments validates the data determined using
neutron reflectometry. The thicknesses and the volume fractions of the C15-4Py bilayer and
monolayer at the MS interface determined using neutron reflectometry were used to perform

the simulations of infrared spectra of these films that are presented in the next section.
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7.4. Ordering and Orientation of 4-pentadecylpyridine at the Au(111) Electrode
Studied Using PM FTIR RAS

7.4.1.Introduction

Polarization modulation Fourier transform infrared reflection absorption spectroscopy
(PM FTIR RAS) was used to quantitatively characterize the molecular orientation of 4-
pentadecylpyridine (C15-4Py) films obtained using the single and the double touching
techniques. Neutron reflectometry experiments, presented above, demonstrated that these
films correspond to a monolayer and a bilayer of the surfactant at the metal electrode,
respectively. The thicknesses and the volume fractions of the C15-4Py films determined using
neutron reflectometry were used to simulate the infrared spectra of these films adsorbed at
the gold electrode. Comparison of the experimental and the simulated spectra allowed us to
derive conclusions about the influence of the electric potential on the orientation of C15-4Py
molecules in both these films spread at the Au(111) electrode. To achieve our goal, an
experimental setup capable of providing excellent quality infrared spectra of ultrathin films
has been developed and a software package able to model infrared spectra of these films
deposited onto the metal electrode has been written. Below it will be demonstrated how the
procedures described in Chapter 5 can be applied to obtain the information concerning the
orientation of C15-4Py molecules in a monolayer and a bilayer deposited at the Au(111)

electrode.
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7.4.2. Optical Constants of 4-pentadecylpyridine and Infrared Band
Assignment.

The orientation of C15-4Py molecules at the MS interface was determined using the
absolute method [24] (see Section 5.3.1).To apply this method, the isotropic optical constants
of C15-4Py were first determined using a homogeneous solution of this surfactant and
following the approach described in Section 5.3.2. Since this surfactant is insoluble in water,
the experiments were carried out using a binary solvent consisting of perdeuterated methanol
and deuterium oxide. Two BaF, disks were utilized as windows and thus, 0.1 M NaF was
added to the D,O in order to suppress the solubility of the window material. It was
experimentally found that an approximately10 wt. % solution of D,0 in CD,0OD was a good
solvent for C15-4Py. In addition, this binary solvent provided a sufficient amount of D,O
necessary for hydration of pyridine moieties of approximately 0.5 wt. % solution of this
surfactant. Hydration of C15-4Py was necessary to ensure the relevance of the simulated and
the experimental spectra. The exact composition of the solution is given in the legend to
Figure 7.4.1, which presents the spectra of isotropic optical constants. Panel a shows the
region of the spectra where stretching vibrations of hydrocarbon chains are observed while
panel b shows the region where deformation bands of a pyridine ring and bending vibrations
of aliphatic chains are observed. The spectrum of & in panel a reveals 4 peaks observed at
2853, 2871, 2925 and 2956 ¢cm™ that are assigned to symmetric CH,, symmetric CH,,
asymmetric CH, and asymmetric CH, stretching vibrations of alkyl chains, respectively
[25][26][27]. The spectrum of & in panel b displays 4 sharp peaks at wavenumbers of 1610

(a,), 1559 (a,), 1497 (b,) and 1414 ¢cm™ (b,), which are attributed to the deformational
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Figure 7.4.1. Optical constants of 4-pentadecylpyridine, calculated

from the transmittance spectrum of its 0.5485 wt.% solution in a mixture
of 12.98 wt.% of (0.1 M NaF / D,0) in CD;0D.

a): CH stretch region and b): HCH bending and pyridine ring vibrations
region of the spectrum.

n is the refractive index, & is the attenuation coefficient.
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vibrations of the pyridine ring of C15-4Py that have a, and b, symmetry. The orientations of
transition dipoles that are associated with the major bands mentioned above are presented in
Figure 7.4.2. The pyridine moiety of C15-4Py displays similar bands to those observed in
spectra of 4-methylpyridine [28]. In addition, the spectrum of C15-4Py in panel b of Figure
7.4.1 shows a composite band with the most prominent features at 1467 and 1458 cm™,
corresponding to the CH, bending and symmetric CH, bending vibrations, respectively [29].
(The orientation of the transition dipole of the CH, bending mode is parallel to the transition
dipole of the CH, stretching vibration.) To facilitate the analysis of experimental spectra, it
is important to note that transition dipoles of both symmetric and asymmetric CH, stretching
vibrations are perpendicular to the direction of the hydrocarbon backbone in all-trans

conformation.

7.4.3. Quantitative Analysis of the PM FTIR RAS Spectra

The films of C15-4Py were transferred to the Au (111) electrode using the horizontal
touching technique. The electrode was then placed inside the spectroelectrochemical cell and
PM FTIR RAS spectra were acquired as described in Chapter 4. The raw data were
processed following the procedures reported in Chapter 5. Briefly, the experimental spectra
were first corrected to remove the artifacts imposed by the PEM and to eliminate the
difference in throughput of the optical bench for s- and p-polarized radiation. Next, the
baseline obtained using spline interpolation was subtracted from the corrected spectra. The
processed spectra were employed for quantitative analysis using the absolute method

described in Section 5.3.1. This method allows one to calculate the orientation of the
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Figure 7.4.2. Orientation of major transition dipoles of 4-pentadecylpyridine.
a): stretching vibrations of the aliphatic chain

b): deformational vibrations of the pyridine moiety

Note: this is not the lowest energy conformation.
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transition dipoles with respect to the normal to the metal surface and involves the integration
ofintensities ofthe corresponding infrared absorption bands. In addition, this method requires
the simulation of the theoretical spectra ofthe surfactant with known orientations of transition
dipoles. The simulated PM FTIR RAS spectra were obtained using equation (2.3.2) and
procedures described in Section 5.3.3. The matrix method was utilized to obtain the
reflectivities of the stratified medium that mimicked the experimental cell (BaF, window, D,0O
solution of electrolyte, C15-4Py film, Au electrode), using the optical constants of C15-4Py
presented in Figure 7.4.1 and optical constants of BaF,, D,0 and Au published in the
literature [30][31][32][33]. The simulations were performed using isotropic optical constants
of C15-4Py, hence the obtained spectra denote absorbance by a disordered film. Such a film
is characterized by randomly distributed (along the three coordinate axis) transition dipoles
of all vibrations, hence equation (5.3.4) may be employed to determine the orientation of
transition dipoles. At this point it is important to understand that the same amount of linearly
polarized light is absorbed regardless of whether the light passes through totally disordered
film or a perfectly ordered film with transition dipoles oriented at an angle of 55° with respect
to the direction of the electric field of the polarized radiation. In both cases the absorption is
equal to one third of the maximum absorption that is observed when the transition dipoles are

aligned parallel with the direction of the field (® = 0) because

cos’ @ = cos’(55°)=1/3 (7.4.1).

(See also equation 5.3.1 for dependence of absorbance on cos’ O ). Thus, without

additional information, one cannot distinguish a totally disordered film from an ordered film
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with transition dipoles oriented at the angle of 55° with respect to the direction of
polarization.

The molecules of C15-4Py spread at the electrode as a film at positive and moderately
negative potentials and form aggregates in the vicinity of the electrode surface when the metal
electrode is polarized to negative extremes of applied potential. It is difficult to mimic the
experimental cell at desorption potentials without knowing the shape and size of these
aggregates. Therefore, the surfactant was modelled as a film on the metal surface and the
simulated spectra were used to determine the tilt angles of C15-4Py at all the applied
potentials. This model is highly relevant for the C15-4Py film in an adsorbed state only, hence

orientation of C15-4Py in a desorbed state should be regarded as an approximation.

7.4.4. Ordering and Orientation of a C15-4Py Bilayer

A bilayer of C15-4Py was transferred from the GS interface to the surface of the
Au(111) electrode using the double touching technique. The PM FTIR RAS was carried out
as outlined in Chapter 4 and the experimental spectra were processed as described in the
preceding section. The orientation of hydrocarbon and pyridine moieties as well as the
conformation and packing of the hydrocarbon chains of C15-4Py film were determined at
various potentials. The experimental results and discussion are presented below.

The spectra of C15-4Py bilayer at selected potentials are shown in Figure 7.4.3. The
top curve represents the simulated spectrum of a 31 A thick 100 % pure C15-4Py film
deposited on gold, analogous to the bilayer studied by neutron reflectometry. The band

assignment of these spectra is given in Figure 7.3.1. Comparison of the simulated and the
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Figure 7.4.3. Spectra of a 4-pentadecylpyridine film obtained using

the double touching technique.

The top spectrum (Rnd) represents a simulated spectrum of a C15-4Py
bilayer (characterized by the random orientation of the transition dipoles).
Cell: BaF,/0.1 M NaF in D,O / Au(111)
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experimental spectra presented in the left panel of Figure 7.4.3 demonstrates that at negative
electrode polarizations (when the film is desorbed from the electrode surface) the
experimental spectra display similar features to the absorbance of the simulated spectrum.
Since the simulated spectrum was obtained using isotropic optical constants, this behaviour
suggests that the alkyl chains of C15-4Py are disordered when the bilayer is desorbed. An
increase in the applied potential results in a decrease of the band intensities of both symmetric
and asymmetric CH, stretching vibrations. Because the transition dipoles associated with
these modes are perpendicular to the hydrocarbon chain backbone in all-trans conformation
(see Figure 7.4.2), it may be concluded that the average orientation of the hydrocarbon chains
of C15-4Py molecules becomes more vertical with respect to the electrode surface when the
film is adsorbed at the metal electrode at positive electrode polarizations.

Infrared spectra of hydrocarbon stretching vibrations can also be used to analyse the
conformation of the alkyl chains of the C15-4Py film. It is known [34] that if insoluble
surfactants are in an ordered gel state, the alkyl chains assume an all-trans conformation.
When the surfactants undergo a gel to liquid crystal phase transition however, several C-C
bonds change their conformation from trans to gauche. Casal et al. [25][26][27]
demonstrated that this phase transition is accompanied by broadening and blue-shifting of CH,
stretching vibrations. The spectra in Figure 7.4.3. indicate that the CH, sym. stretch is
observed at 2853 cm™ in the whole range of applied potentials. This value is characteristic for
lipids in a liquid crystalline state [26], hence it could be concluded that the C15-4Py bilayer

remains fluid at all the potentials studied.
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The information about packing of the alkyl chains of a surfactant in a gel state may
be derived from the shape and position of the CH, bending vibration shown in the right panel
of Figure 7.4.3. Mendelsohn et al. [35][36] reported that a doublet with wavenumbers of
1472 and 1462 cm™ is observed when the aliphatic chains are condensed in an orthorhombic
arrangement while a single peak at 1467cm is present if the hydrocarbon chains are arranged
in a hexagonal packing. The peak position was reported to remain unchanged across the gel
to liquid crystalline phase transition [36]. The experimental spectra in Figure 7.4.3 display a
band with a prominent CH, bending peak at 1467 cm™ at all the electrode polarizations,
consistent with the conclusion that the bilayer of C15-4Py remains in a fluid, liquid crystalline
state in the whole range of applied potentials.

Figure 7.4.2 shows that the orientation of the hydrocarbon chains can be estimated
from the orientation of the CH, transition dipoles assuming an all-trans conformation of the
alkyl chains in the surfactant film. It should be noted, however, that this assumption is
accurate for ordered films in a gel state only, and the calculations of molecular orientation for
films in a liquid crystalline state yield approximate results. The most convenient band to study
the orientation of the alkyl chains is the peak that corresponds to CH, sym. stretching because
it is less affected by the Fermi resonance than the CH, asym. peak. The Fermi resonance [37]
involves a coupling between the symmetric stretching and the second harmonic of CH,
bending vibrations, which have the same direction of their transition dipoles. As a result of
coupling, a broad band appears in the region where the CH, asym. stretching vibration is
observed. This broad band is seen in Figure 7.4.3 as a shoulder to the right of the CH, asym.

peak (and is obscured by the CH, asym. peak to the left). Since it is very difficult to separate
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the CH, asym. peak from the Fermi resonance band, the integration of the CH, sym. peak
should yield more accurate results.

The integrated intensity of the CH, sym. peak observed at 2853 ¢cm™ as a function of
the applied potential is shown in Figure 7.4.4 a. The magnitude of the integrated intensity
decreases when the film of C15-4Py spreads onto the metal surface at potentials above -0.64
V and increases at the negative extreme of the applied potential when the film is desorbed.
The hysteresis between the two curves corresponding to adsorption and desorption of the
surfactant is similar to the hysteresis between the differential capacity curves presented in
Section 7.1, indicating that infrared spectroscopy can be applied to study the mechanism of
potential induced changes in the metal-supported surfactant films. Figure 7.4.4 b shows the
average orientation of the transition dipoles corresponding to the symmetric CH, vibration
ofhydrocarbon chains with respect to the metal surface normal. (Same values of'the tilt angle
with respect to the metal surface plane could be estimated for orientation of hydrocarbon
moieties, assuming that the chins are in an all-trans conformation.) At desorption potentials,
the transition dipoles are oriented at an angle of approximately 54° with respect to the normal,
which is close to 55°, the value expected for totally disordered hydrocarbon chains.
Considering the liquid crystalline state of the hydrocarbon chains, it is difficult to envisage
that the alkyl chains of C15-4Py are ordered and tilted to yield an angle of 55° for transition
dipoles at desorption potentials, hence the ordered state should be ruled out. Thus, it could
be concluded that the hydrocarbon chains of C15-4Py molecules in a bilayer are disordered

at the desorption potentials.
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Figure 7.4.4. Variation with the electrode potential of:

a): the integrated intensity of the symmetric CH stretching vibration and

b): the average orientation with respect to the surface normal of the
transition dipoles corresponding to the CH, sym.vibration in a film of
4-pentadecylpyridine obtained using the double touching method.
Solid triangles: positive train and Open triangles: negative train of the
potential steps applied to the electrode.

The uncertainty of the tilt angle is approximately equal to +3°

(See Appendix B).
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The molecules assume preferentially a more vertical orientation with an average
orientation of transition dipoles with respect to the metal surface normal equal to 62° when
the molecules of C15-4Py adsorb at the electrode as a film at positive polarizations. This
value is consistent with the reported [38] orientation of the transition dipoles in condensed
long chain surfactants adsorbed at solid substrates that typically yield the angle of 60°. The
small changes in the orientation of transition dipoles of the symmetric CH, vibration that
occur at potentials close to -0.4V can be attributed to the transformation between the
hemimicellar surface aggregates and the compact film [39]. It is not surprising that the
observed changes are small since C15-4Py remains in the liquid crystalline state in the whole
range of applied potentials.

The vibrations of the pyridine moiety of C15-4Py are presented in the right panel of
Figure 7.4.3. In contrast to the vibrations of the hydrocarbon chain, the bands ofthe C15-4Py
head groups reveal considerably lower intensities of the most prominent peaks at 1603-1610
cm’ (a,) and 1414 cm™ (b, ), compared with the simulated spectrum shown at the top of the
panel. Taking into account the orientation of the transition dipoles of a, and b, modes with
respect to the direction of the C, axis of the molecule (presented in Figure 7.4.2), it could be
concluded that the planes of the pyridine moieties of C15-4Py molecules are oriented at a
relatively small angle with respect to the electrode surface in the whole range of electrode
potentials. The dependence of the spectral features on the applied potential reveals two
tendencies. Firstly, the b, peak almost vanishes from the spectra at the positive extreme of the
electrode potential, indicating that the transition dipole associated with this vibration becomes

oriented almost parallel to the metal surface. Secondly, the a, band, which includes two
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Figure 7.4.5. Change in the position of the a, peak of a 4-pentadecylpyridine
film, obtained using the double touching method, as a function of the electrode
potential.
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Open triangles: negative train of the potential steps applied to the electrode.
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components, displays a potential-dependent increase of its 1610 cm™ component at the
expense of the 1603 cm™ component. Apparently, the molecules that are chemisorbed at the
gold surface display a blue shift in vibrational frequency by approximately 7 cm™ with respect
to the frequency of the hydrated molecules in aqueous solution of electrolyte. Figure 7.4.5
demonstrates an abrupt change of the position of the maximum of'the a, band that takes place
as the result of adsorption and desorption of the surfactant film observed at approximately -
0.6 and -0.8 V, respectively. The behaviour presented in this figure is consistent with the
assignment of the band observed at1610 cm™ to the chemisorbed C15-4Py.

Because the chemisorbed C15-4Py molecules display an a, mode at a different
vibrational frequency from the hydrated molecules, the 1603-1610 cm’ band can be
deconvoluted to two peaks. For the positive sequence of potential steps, such deconvolution
is valid in the potential region from -0.54 V to 0.26 V, where the molecules of C15-4Py are
adsorbed at the gold surface. To a first approximation, the adsorbed film may be treated as
a bilayer in this potential region. (Figure 7.2.1 shows that the C15-4Py film forms a bilayer
in the region between -0.05 and 0.3 V, and in the region between -0.54 and -0.05 V the film
is likely to form an array of surface aggregates of hemimicellar or hemicylindrical type. Hence,
the bilayer state of the film in the potential region from -0.54 V to 0.26 V is an
approximation). The inner leaflet of such a bilayer is chemisorbed at the gold surface and the
outer leaflet is hydrated by the aqueous electrolyte solution. Figure 7.4.6 a demonstrates the
change in the shape of the 1603-1610 cm™ band with the electrode potential on an expanded
scale. It is evident from this graph that the shape of the band depends on the intensity of two

components with maxima at 1603 and 1610 cm™. These components were deconvoluted by
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Figure 7.4.6. Spectra and orientation of the head groups of a C15-4Py bilayer.

a): the shape of the a, band at selected potentials.

b): an example of deconvolution of an experimental spectrum (crosses) to two
components with maxima at 1610 cm™ (dashed line) and 1603 cm™! (dotted line).
(Solid line denotes the spectrum obtained by recombination of the two components)
¢) Orientation of the C, axis of the pyridine moieties

Solid squares: determined using the total integrated intensity of both

1610 cm™ and 1603 ¢cm™! components of the a, band.

Solid triangles: determined using the integrated intensity of the 1610 cm™' component
Open triangles: determined using the integrated intensity of the 1603 ¢cm™ component
The angles are reported with respect to the surface plane.

The data represent the positive sequence of potential steps.

The uncertainty of the tilt angle is approximately equal to +3°

(See Appendix B).
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fitting two Lorentzian peaks into the a, band. Figure 7.4.6 b shows an example of the
deconvolution procedure. The experimental spectrum (acquired at -0.34 V) was separated
into two peaks at 1610 cm™ (dashed line) and 1603 cm™ (dotted line), which represent the
spectral signatures of the inner and the outer leaflet of the bilayer, respectively. A good fit of
the spectrum obtained by the recombination of these two components (solid line) and the
experimental spectrum (crosses) indicates that the 1603-1610 cm™ band can indeed be derived
from two Lorentzian peaks.

The two bands, obtained by deconvolution, were integrated and the integrated
intensities were used in equation (5.3.4) to determine the orientations of the head groups of
C15-4Py in two separate leaflets of a C15-4Py bilayer. The theoretical integrated intensity
for a single leaflet of the bilayer was calculated assuming an even distribution of C15-4Py
molecules between the outer and the inner leaflets. The obtained value was equal to one half
of the theoretical integrated intensity of a bilayer determined by integration of the a, band in
a simulated spectrum shown at the top of Figure 7.4.3. The potential-dependent change in the
orientation ofthe head groups of C15-4Py determined using deconvolution is shown in Figure
7.4.6 c. The orientation of the pyridine groups in the outer and the inner leaflets is denoted
by solid and open triangles, respectively. Solid squares show the orientation of pyridine
moieties determined using the experimental (convoluted) spectrum and represent the average
orientation ofthe head groups of C15-4Py molecules in the whole range of applied potentials.
Since deconvolution is valid only in the region where the C15-4Py film is adsorbed at the
metal, the orientation of the pyridine moieties in the inner and the outer leaflets is shown only

for the electrode potentials above -0.64 V. Figure 7.4.6 ¢ demonstrates that the pyridine
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moieties are oriented at an average angle of 25° with respect to the electrode surface at the
negative extreme of the electrode polarizations and the average tilt angle (solid squares)
slowly increases with potential to attain 28° at the positive extreme. In an adsorbed state, the
pyridine groups of the inner leaflet assume higher values of the tilt angle (ca. 35°) than the
groups of the outer leaflet (ca. 20°). In addition, a progressive increase of the tilt angle from
31° to 35° with the applied potential is observed for the head groups of the inner leaflet while
the orientation of the pyridine moieties of the outer leaflet remains practically unchanged.

To explain the above observations it is useful to recall [10] that pyridine undergoes
a rapid change from horizontal to nearly vertical orientation (with respect to the electrode
surface), when the electrode potential becomes positive. The surface concentration increases
from 1.4 x10™"° to 6.7 x10™'° mol cm™ during this phase transition, which corresponds to the
change in the mean molecular area (MMA) from 119 to 25 A%, Experimental results indicate
that in contrast to the pyridine molecules, the pyridine surfactant displays only a small increase
in the tilt angle of the pyridine moiety in the proximity of 0 V, where the phase transition from
hemimicellar (or hemicylindrical) surface aggregates to the bilayer takes place. The results
also show that the tilt angle of C15-4Py molecules in the inner leaflet remains within the limits
of 25° to 35 in the whole range of electrode polarizations. Apparently the alkyl chains,
attached to the pyridine groups, hinder the reorientation of the head groups and preserve the
tilt angle within the above limits.

Studies of compression isotherms at the GS interface in the Langmuir trough [8]
demonstrate that the MMA of C15-4Py at equilibrium spreading pressure is equal to 30 A%

Using one half of the surface concentration of C15-4Py molecules in the bilayer at the MS
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interface determined using neutron reflectivity (from Table 7.3.2), it is possible to calculate
the MMA of C15-4Py at the MS interface. The obtained value is equal to 36 A% Hence, it
could be concluded that the closest packing of C15-4Py films is achieved when the MMA
attains values in the region from 30 to 36 A?. These values are larger than the MMA for a
densely packed film of pyridine (25 A?), suggesting that the closest packing of the pyridine
surfactant is determined by the area needed to accommodate its hydrocarbon tails. The
pyridine heads of the surfactant apparently cannot achieve separation distances of less than
5 A in order to form vertically oriented stacks, similar to those observed using STM for
pyridine on Au(111) by Cai et al. [40]. Experimental evidence demonstrates that the
molecules can however, come close enough to form tilted rather than horizontal arrangements
at the metal surface.

A more horizontal orientation of the pyridine head groups in the outer leaflet
compared to the orientation in the inner leaflet of the bilayer apparently assists in the
compensation of the dipole moments of individual C15-4Py molecules in order to decrease
the net dipole moment of the outer leaflet. Similar behaviour has been observed for bilayers
of lipids [41]. It was reported that the head group dipoles are oriented parallel to the plane
of a bilayer. The low values of the average tilt angle of the pyridine moiety at the negative
extreme of applied potentials suggests that C15-4Py may form flat aggregates (flakes or
bilayers) rather than spherical micelles when the film is desorbed. The decrease in the tilt angle
of the head groups of the outer leaflet that occurs when the film becomes adsorbed may be
due to a partial screening of the electrode by the chemisorbed inner leaflet. The rapid increase

in the tilt angle of the pyridine moieties of the inner layer that takes place during adsorption
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is apparently the result of chemisorption. It should be noted, however, that the angle
determined for a desorbed C15-4Py film denotes the average values for both leaflets, hence
it is difficult to derive accurate conclusions about the changes in molecular orientation in
separate leaflets that occur as a result of adsorption. The progressive increase of the tilt angle
of the pyridine moieties of the inner leaflet with the applied potential indicates that, due to
dipole- field interaction, the electric field tends to align the head groups of the adsorbed C15-
4Py molecules in a similar fashion as it orients pyridine molecules at the Au(110) electrode
(see Chapter 6).

Low values of the average tilt angle of pyridine moieties are consistent with the
estimated average orientation of hydrocarbon chains in the C15-4Py bilayer. It was shown at
the beginning of this section that the average tilt angle of the alkyl chains may be estimated
to attain values from 60 to 62° with respect to the metal surface when the bilayer is adsorbed
at the electrode. Figure 7.4.7 demonstrates that one could expect the tilt angles from 25 to
27° for the pyridine moiety in its adsorbed state, assuming the lowest energy conformation of
the C15-4Py molecule. Thus, the orientation of the head groups and the orientation of the
hydrocarbon tails are related.

The orientation of the transition dipole of C15-4Py head groups associated with the
b, mode (see Figure 7.4.2) can be determined using the integrated intensity of this mode.
Figure 7.4.8 shows the results of calculations. At the negative extreme of the electrode
potential, the b, transition dipole is tilted at an the angle of almost 35° with respect to the
metal surface which corresponds to an angle of 55° with respect to the surface normal, a value

characteristic of random orientation of transition dipoles. This observation implies that the
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Figure 7.4.7. Orientation of the pyridine moiety and the hydrocarbon chain in
a C15-4Py film adsorbed at a gold electrode. (Lowest energy conformation).
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Figure 7.4.8. Orientation of the b, transition dipoles of the pyridine moieties
(shown in the drawing) in a 4-pentadecylpyridine film obtained using

the double touching technique.

Determined from the integrated intensity of the peak observed at 1415 ¢cm™.
The angle is reported with respect to the surface plane.

The uncertainty of the tilt angle is approximately equal to £3°

(See Appendix B).
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pyridine moiety can rotate relatively freely with respect to the C, axis when the C15-4Py film
is desorbed. In an adsorbed state, however, the orientation becomes hindered at an angle of
approximately 10° with respect to the metal surface. A nearly parallel orientation of the b,
transition dipole of adsorbed C15-4Py molecules is consistent with infrared measurements of

pyridine adsorption on Au(111) performed earlier in our laboratory [42] and elsewhere [40].

7.4.5. Ordering and Orientation of a C15-4Py Monolayer

The monolayer of C15-4Py was transferred from the GS interface to the surface of
the Au(111) electrode using the single horizontal touching technique. The PM FTIR RAS
spectra were acquired using the setup and procedures described in Chapter 4 and processed
using the approach described in Section 7.4.3. The experimental results and discussion are
presented below.

The infrared spectra of C15-4Py monolayer at selected potentials are presented in
Figure 7.4.9. The stretching vibrations of the hydrocarbon tail and the pyridine moiety of the
molecule are shown in the left and the right panel of the figure, respectively. The left panel
also shows the bending vibrations of the hydrocarbon tail. The band assignments are
presented in Figure 7.4.1 which shows the isotropic optical constants that were used to obtain
the simulated spectrum of the C15-4Py monolayer, shown in Figure 7.4.9 at the top. The
monolayer was modelled as a 20 A thick film with the volume fraction of C15-4Py (in D,0)
equal to 0.72. The simulation was performed using the data obtained from neutron
reflectometry and presented in Section 7.3. Experimental spectra in Figure 7.4.9 reveal an

approximately twofold decrease in the intensity of most of the infrared bands compared with
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the spectra of the C15-4Py bilayer in Figure 7.4.3. This behaviour is consistent with a
monolayer coverage of the electrode. There are several distinct features characteristic of a
monolayer spectrum of this surfactant.

First, the average orientation of the hydrocarbon chains is much more vertical in the
monolayer, observed in Figure 7.4.9 as a significant reduction in the intensity of the CH,
stretching vibrations relative to the CH, stretching modes of the alkyl chains. Second, the
hydrocarbon moieties become so well aligned at positive electrode polarizations that a phase
transition from the liquid crystalline to gel state occurs. This phase change is indicated by a
shift of the maxima of the CH, sym. stretching vibrations from 2853c¢m™ to 2850cm™, the
value characteristic for all-trans conformation of the hydrocarbon chains observed for lipids
in a gel state [26]. It should be noted, however, that this phase transition is not accompanied
by the splitting of the CH, bending mode to a doublet with wavenumbers of 1472 and 1462
cm’', which is expected when the aliphatic chains become closely packed in an orthorhombic
arrangement. The maximum of'the band 1466 cm™ indicates that the alkyl chains are arranged
in a hexagonal packing arrangement. Another principal difference between the spectra of the
bilayer and the monolayer of C15-4Py is the significant decrease in the intensity of the b,
mode of the surfactant head group. This vibration almost entirely disappears from the
spectrum at all the electrode polarizations, indicating a parallel orientation of the transition
dipole associated with this mode with respect to the electrode surface.

To perform quantitative analysis of the orientation of C15-4Py molecules at Au(111),
the intensities of the peaks assigned to the CH, sym. stretching vibration and the a, mode of

pyridine ring deformation were integrated and used, together with the corresponding
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integrated intensities of the simulated spectrum, to calculate the orientation of the transition
dipoles hydrocarbon chain and pyridine heads in the monolayer, respectively. The absolute
method, described in Section 5.3.2, was used to calculate the angles. Figure 7.4.10. a shows
the average orientation with respect to the metal surface normal of the transition dipoles
corresponding to the symmetric CH, stretching vibration of the hydrocarbon chains in a
monolayer of C15-4Py as a function of applied potential. The average orientation of the
transition dipoles with respect to the metal surface normal is approximately equal to 68° at
the desorption potentials and approaches 76° when the film is adsorbed. (The estimated tilt
angles of the hydrocarbon chains with respect to the metal surface plane would assume the
same values if all-trans conformation of the hydrocarbon backbone is assumed.)

More horizontal orientation of the transition dipoles at the negative extreme of the
electrode polarizations compared with the orientation of the transition dipoles in the bilayer
(55° disordered film) suggests that the C15-4Py monolayer forms a different type of
aggregates in the desorbed state. It is quite possible that, due to a lack of material, the
monolayer forms incomplete aggregates with hydrocarbon chains exposed to the electrolyte
solution and the repulsion of the hydrophobic alkyl chains from the electrolyte causes them
to be more ordered and assume a relatively more vertical orientation. This explanation is
consistent with more horizontal orientation of the transition dipoles in C15-4Py monolayer
observed at adsorption potentials (from 0.54 to 0.26 V) compared with the corresponding
values for the surfactant molecules in the bilayer (62°) at these potentials. It is known from
the measurement of the differential capacity of the interface (see Section 7.2) that the C15-

4Py monolayer has poor barrier properties, due to presence of the pores in the film.
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Figure 7.4.10. Potential induced changes in the orientation and the
conformation of the hydrocarbon chains of a monolayer of C15-4Py.
a): the average orientation with respect to the surface normal of the
transition dipoles corresponding the CH, sym. vibration of the
hydrocarbon chains

Solid triangles: positive train and Open triangles: negative train of the
potential steps applied to the electrode.

b): the change in the position of a symmetric CH stretch peak as a function
of the electrode potential observed for

Solid triangles: monolayer , Open squares: bilayer of C15-4Py.

The uncertainty of the tilt angle is approximately equal to +6°

(See Appendix B).
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Apparently, penetration of the electrolyte into a C15-4Py monolayer also causes a more
vertical alignment of the hydrocarbon chains in the adsorbed monolayer due to repulsion
between the alkyl chains and an aqueous electrolyte. Finally, the potential-induced increase
of the angle of the transition dipoles with respect to the surface normal in a C15-4Py
monolayer, from 62° to approximately 74°, may be explained as the result ofa better ordering
of'the film that is adsorbed at the surface compared with the arrangement of molecules in the
aggregates that are separated from the electrode by a layer of electrolyte (at desorption
potentials).

The influence of'the electrode potential on the conformation of hydrocarbon moieties
in a C15-4Py monolayer can be elucidated from the position of a maximum of a peak
corresponding to the CH, sym. stretching vibration. Panel b of Figure 7.4.10 shows the
change in the position of this peak observed for the monolayer of C15-4Py (solid triangles)
compared with the bilayer of the surfactant (open squares) as a function of the applied
potential. Unlike the bilayer, the monolayer of the surfactant undergoes the liquid crystalline
to gel phase transition when the electrode potential becomes positive. A comparison of panel
a with panel b of Figure 7.4.10 demonstrates that this phase transition takes place when the
angle between the transition dipoles of the alkyl chains and the normal reaches values above
72°. Apparently, the observed phase transition is assisted by a more vertical orientation of the
hydrocarbon chains. The observed phase transition is very interesting because, in principle,
the electric potential should not have a direct influence on the conformation of the non-polar

hydrocarbon moieties.

236



In order to find the cause of the liquid crystal to gel phase transition that takes place
in a C15-4Py monolayer, the orientation of the pyridine moieties was analysed. The intensity
of the a, mode of the pyridine head groups was integrated and used to determine the
orientation of the C, axis of the pyridine moieties with respect to the electrode surface. Figure
7.4.11 shows the change of the tilt angle of the C, axis of the pyridine moiety with the
electrode potential. (The C, axis is oriented as schematically shown in Figure 7.4.11). The
graph demonstrates that the head groups are tilted by 24-25° when the surfactant is desorbed
at the negative extreme of the electrode polarizations and undergo a change in orientation to
reach tilt angles of approximately 29° when the electrode potential becomes more positive
than -0.14 V. This behaviour is similar to the trend displayed by the inner leaflet of the bilayer
(see Figure 7.4.6), except that the change in the orientation of the head groups in a monolayer
occurs at more positive values of the applied potential. Hence, a similar explanation may be
offered to interpret the experimental results. The head groups of the neighbouring molecules
apparently tend to assume the orientation that results in a minimum net dipole moment of an
array of C15-4Py molecules in an aggregate, causing the tilt angle to assume lower values at
negative potentials. The pyridine moieties assume a more vertical orientation at adsorption
potentials, due to chemisorption. The hydrocarbon chains prevent the head groups from
coming close enough together to form the stacks of vertically aligned molecules observed for
pyridine molecules, hence a tilt angle of ~29° is observed at positive potentials.

In contrast to the bilayer, the orientation of pyridine heads and the tilt angle of the
hydrocarbon tails in the monolayer of C15-4Py do not tend to assume lowest energy

configuration shown in Figure 7.4.7. This behaviour suggests that the orientation of the
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Figure 7.4.11. Potential induced changes in the orientation of the C, axis
of the pyridine moieties in a monolayer of C15-4Py.

Solid triangles: positive train and Open triangles: negative train of the
potential steps applied to the electrode.
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(See Appendix B).
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pyridine moieties of both films adsorbed at the electrode is determined by the electrode
potential. However, when the films are desorbed to form aggregates in the vicinity of the
electrode surface, the dipole-dipole interactions between the neighbouring pyridine moieties
prevail. The role of the hydrocarbon tail in the orientation of the pyridine moieties is
apparently limited to hindering of the tilt angle of pyridine moieties within the limits of 24°
and 35°. Comparison of the orientation of the pyridine heads shown in Figure 7.4.11 and the
position of the CH, sym. stretching vibration shown in Figure 7.4.10 b indicates that the liquid
crystal to gel phase transition takes place after the reorientation of the head groups. This
observation suggests that the potential-induced reorientation of the pyridine moieties may
serve as a trigger for the phase transition of the hydrocarbon chains. Hence, it can be
concluded that the orientation and conformation of the hydrocarbon tails is determined by two
factors: the orientation of the pyridine moieties and the repulsion of the alkyl tails from the
aqueous electrolyte, characteristic for the monolayer of C15-4Py.

Finally it is useful to note that the component of the a, band that is observed at 1610
cm' does not completely disappear from the spectra of both a monolayer and a bilayer of
C15-4Py at desorption potentials. Since this band is associated with the vibrations of C15-4Py
molecules chemisorbed on the electrode, it can be concluded that some material may remain
at the electrode surface when the electrode is polarized to -0.89V (SCE). It is possible that
some molecules remain attached to the electrode surface at the defect sites of the Au(111)
electrode since it is known that pyridine interacts more strongly with the high index planes

of Au [43].
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7.4.6. Summary and Conclusions

It has been demonstrated that, due to the improvements of the electrochemical in situ
PM FTIR RAS made as a part of this project, one can obtain excellent quality spectra of
ultrathin insoluble surfactant films at the MS interface that can be utilized for quantitative
analysis of the potential-induced changes in the orientation, conformation and packing of
surfactant molecules. The observed changes in the orientation of C15-4Py films are
summarized in Figure 7.4.12. As a result of the potential-induced adsorption of the bilayer,
C15-4Py molecules undergo a change from the disordered state, characterized by an angle
between the metal surface normal and the transition dipoles corresponding to the symmetric
CH, vibration of the alkyl chains equal to 55° to a state characterized by the angle of the
transition dipoles of approximately 62° with respect to the metal surface normal. The head
groups of the surfactant change the tilt angle from 25° to 36° in the inner leaflet and from 25°
to 20%in the outer leaflet of the bilayer. The film remains fluid in the whole range of electrode
polarizations.

In the monolayer, the average orientation of the hydrocarbon chains is more vertical
yielding larger values of the angle between the normal and the corresponding transition
dipoles, equal to 62° in desorbed state and 76° in adsorbed state, compared with the bilayer
of C15-4Py. In addition, the alkyl chains attain an all-trans conformation at positive values
of the electrode potential where the monolayer becomes condensed in a gel state. The
pyridine part of the molecule, however, behaves in the a similar fashion as the inner leaflet
of the C15-4Py bilayer showing a slight increase in the tilt angle from 25°to 30°when the film

becomes chemisorbed at the electrode.
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Figure 7.4.12. Orientation of films of C15-4Py at Au(111) at negative (desorption)
and positive (adsorption) potentials.
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The observed changes in orientation of C15-4Py molecules with the applied potential
were explained in the following way. In the desorbed state, the pyridine moieties of C15-4Py
tend to attain a parallel orientation with respect to the surface ofthe electrode. In an adsorbed
state the pyridine moieties that are chemisorbed onto the gold surface prefer a vertical
orientation at positive electrode polarizations while the head groups ofthe outer leaflet of the
bilayer prefer a parallel orientation. Due to limitations imposed by the closest packing of the
hydrocarbon tails, the alkyl chains restrict the above tendencies to occur within the limits of
the tilt angles from 20 to 35°. The orientation and conformation of the hydrocarbon chains
is determined by the orientation of the head groups and the repulsion of the alkyl tails from
the aqueous electrolyte. When desorbed, the bilayer of C15-4Py apparently forms flat
aggregates (flakes of bilayers) in the vicinity of the electrode surface. These aggregates are
characterized by disordered alkyl chains. In contrast, the monolayer of C15-4Py probably
forms incomplete aggregates with hydrocarbon chains exposed to the electrolyte solution.

The information about orientation conformation and packing of the monolayer and
bilayer of C15-4Py at the MS interface derived using the PM FTIR RAS is in good agreement
with the results of electrochemical and neutron experiments. Thus, quantitative analysis ofthe
data provided by electrochemical infrared spectroscopy allows one to obtain complementary

mformation about the behaviour of insoluble surfactants at an electrified MS interface.

7.5. Conclusions of the Chapter
In this Chapter it was demonstrated that a combination of classical electroanalytical

techniques with modern in sifu methods such as neutron reflectometry and polarization
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modulation infrared spectroscopy allowed one to present a complete picture of the processes
that take place at electrified interfaces. The transfer of C15-4Py, an insoluble surfactant, from
the GS interface to the MS interface was discovered and studied using electrochemical
techniques. Measurements of the differential capacity demonstrated that the surfactant
spontaneously crosses the triple phase line, formed at the junction of the gaseous liquid and
solid phases, to form a compact bilayer at the metal surface. Chronocoulometry showed that
this bilayer is analogous to the film produced using the double touching deposition procedure.
The studies of kinetics of the bilayer formation demonstrated that this process is controlled
by the rate of the triple phase line crossing by the molecules of the surfactant. Thus, its
kinetics is best described by the mechanism that regards the transfer of C15-4Py as a first
order surface reaction.

The bilayer state of the surfactant film obtained using the double touching method,
and consequently the final state of the film after transfer of C15-4Py from the GS interface
to the MS interface, was confirmed using neutron reflectometry. In addition, this technique
has demonstrated that the film obtained using the single touching method is a monolayer.

The orientation of C15-4Py molecules in the monolayer and the bilayer was
quantitatively determined using PM FTIR RAS. It was found that the bilayer is fluid in the
whole potential range studied, while a monolayer becomes condensed to a gel state at the
positive electrode polarizations. The results obtained using electrochemical PM FTIR RAS
are consistent with the conclusions derived from electrochemical and neutron reflectometry
techniques as well as derived from infrared studies of similar systems. Thus, it could be

concluded that the PM FTIR RAS technique and the methodology developed during this
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project have a tremendous potential in application for in sifu characterization of ultrathin

organic films at a molecular level.
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CHAPTER 8

8. Summary and Future Directions

The main achievement of this project is the development and successful application
of procedures that allow quantitative determination of the influence of electric potential on
orientation of organic molecules in ultrathin films deposited at metal electrodes. SNIFTIR has
been in use for about two decades and yet has been chiefly employed as a qualitative tool.
This thesis describes the first successful application of this technique for quantitative surface
analysis. PM FTIR RAS has already been successfully employed for quantitative studies of
the gas-liquid and gas-solid interface and this project expands the application of this technique
for quantitative analysis of electrified solid-liquid interfaces.

This thesis has described a novel approach in optimization of the modern
electrochemical in situ infrared spectroscopic techniques such as SNIFTIRS and PM FTIR
RAS, from the acquisition of raw spectra to the processing of experimental data in order to
obtain the spectra suitable for quantitative analysis. It has also been demonstrated that the
developed methods can be applied to determine the orientation of small organic molecules as
well as molecules of insoluble surfactants at the electrified metal-solution interface. The
information derived from infrared spectroscopy was combined with the results provided by
electrochemical and neutron experiments to unfold a comprehensive picture concerning the
potential-induced changes in a monolayer and a bilayer of 4-pentadecylpyridine at the
Au(111) electrode.

Quantitative analysis demands good quality high resolution spectra. It was

demonstrated that to achieve this requirement, such experimental conditions as the angle of
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incidence and the thin cavity thickness should be optimized before acquisition of raw spectra
in each frequency region of interest. The optimization is achieved taking into account the
collimation of the incident beam and the optical constants of materials that constitute the thin
cavity cell (the optical window, electrolyte and the electrode). It was suggested that the best
window materials for SNIFTIRS and PM FTIR RAS are ZnSe and BaF,, respectively. In
addition, an original method to determine the thin cavity thickness of the
spectroelectrochemical cell was developed in this project.

The raw spectra must be processed in order to be suitable for quantitative analysis.
This thesis described a novel method to convert bipolar SNIFTIRS spectra to unipolar data
as well as a new approach to remove the artifacts introduced to PM FTIR RAS spectra due
to: (1) the photoelastic modulator, (ii) the difference in throughput of the optical bench to s-
and p-polarized light, (iii) the interference of the infrared radiation within the thin cavity of
the spectroelectrochemical cell and (iv) the absorption ofradiation by the aqueous electrolyte.
In order to determine the orientation of molecules of adsorbate at the metal electrode it is
necessary to obtain a simulated spectrum ofthe adsorbed species using their optical constants
and the optical constants of other components of the interface. An original simple technique
to determine the isotropic optical constants of the adsorbate using its aqueous or binary
(aqueous-organic solvent) solutions has also been described in this thesis.

The developed methods were combined with established techniques to elucidate the
influence of the electric potential on the orientation of ultrathin organic films at the gold-
electrolyte interface. An advanced approach allowed us to apply SNIFTIRS for the

quantitative determination ofthe influence ofthe electrode potential on orientation of pyridine
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molecules at a Au(110) electrode. It has been demonstrated that the change in the tilt angle
of pyridine molecules occurs as a result of an interplay between the disorienting force
associated with the thermal energy and the orienting force that is caused by the dipole-field
interaction of pyridine molecules and the electric field at the metal-solution interface.

The orientation of C15-4Py molecules in the monolayer and the bilayer of the
surfactant at Au(111) was determined from the PM FTIR RAS data using the methods
developed in this project. Neutron reflectometry was employed to determine the thickness and
the surface concentration of C15-4Py films and electrochemical methods were utilized for
studies of the mechanism of the potential-induced transformations that occur in the adsorbed
film, In addition, electrochemical techniques were used for kinetic studies of the transfer of
a C15-4Py film from the gas-solution interface to the metal-solution interface. Combining the
data determined using the above three techniques the following conclusions were derived.

The monolayer of C15-4Py can be deposited at the metal electrode using the single
horizontal touching technique. However, the barrier properties of this monolayer are poor.
A good quality bilayer can be deposited at the metal, either using the double touching
technique or via transfer of C15-4Py molecules from the GS interface to the MS interface,
achieved by prolonged equilibration of the electrode in contact with the GS interface. It is
interesting that the bilayer is formed regardless whether the electrode is initially film-free or
pre-coated with a monolayer of the surfactant. The transfer of C15-4Py from the GS interface
to the MS interface is a spontaneous and irreversible process. Studies of the transfer kinetics
suggest that the crossing of the triple phase line by the surfactant molecules is the rate-limiting

step.
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Studies of the mechanism of the potential-induced transformations that take place in
the deposited film demonstrated that the surfactant film can be detached from the surface of
the electrode if the metal is polarized to sufficiently negative potentials. The film is converted
to micellar type aggregates, probably flakes, that remain in the proximity of the electrode
surface and can be readily re-spread onto the metal if the potential is made less negative.
Immediately after the re-spreading, the molecules apparently form hemimicellar or
hemicylindrical aggregates that can be transformed to the compact film at potentials close to
the potential of zero charge. The hysteresis between the potential-driven adsorption and
desorption of the surfactant film suggests that rather complex mechanisms are involved in
these processes.

A similar hysteresis was followed by the changes in the orientation of C15-4Py
molecules at (or in the vicinity of) the metal electrode. The changes in the orientation were
most pronounced in the potential region where the adsorption and desorption of both the
monolayer and the bilayer of C15-4Py takes place. It has been demonstrated that pyridine
moieties of the surfactant molecules tend to attain a more parallel orientation with respect to
the electrode surface when they are exposed to the electrolyte solution and the tilt angle of
the pyridine rings increases when C15-4Py is chemisorbed at the metal. The hydrocarbon tails
restrict the changes of the tilt angle within the limits from 20 to 35°. The orientation of the
hydrocarbon chains depends on two factors: (i) the orientation of the pyridine moieties and
(i1) the repulsive interactions with the aqueous solution of electrolyte. The bilayer of C15-4Py
contained no electrolyte, hence the first factor was dominant, whereas the orientation and the

conformation of the hydrocarbon tails of the C15-4Py monolayer was more strongly affected

250



by the second factor. The electrode potential was shown not only to cause adsorption of C15-
4Py molecules but also to orient the pyridine moieties chemisorbed at the electrode surface
in a similar fashion as it orients pyridine molecules adsorbed at Au(110). The potential-
induced phase transition from liquid crystal to gel state was observed for the monolayer of
C15-4Py while the bilayer remained fluid in the whole range of the electrode potentials
studied.

Based on the information presented above, it can be concluded that 4-
pentadecylpyridine is an excellent adhesive material for applications in biomimetic research
or fabrication of biosensors. Due to its high mobility at the metal electrode, it is able to
spontaneously repair defects that may be introduced during deposition of a film that mimics
a cell membrane. Due to the fluid state of the C15-4Py films, the obtained model membranes
should provide an adequate environment for polypeptides and other components of natural
cell membranes.

The methodology developed in this project to study the orientation of organic
molecules at the metal surfaces has the potential to be applied to study the influence of
electric field on complex molecules that are constituents of natural cell membranes such as
phospholipids, cholesterol and membrane polypeptides. It has already been applied recently
to study the potential-controlled transformations of phospholipid layers on a Au(111)
electrode [1] and information about the conformation, orientation and hydration of
phospholipid molecules was determined for these systems. In the near future this methodology
will be applied to study hybrid films composed of C15-4Py and phospholipids. Such

assemblies bear a close resemblance to natural biological cells and should be useful for
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biomimetic research. Hybrid films should adhere to the gold electrode well and be quite
robust if the provisions for self-healing are made. A preliminary electrochemical experiment
has already been carried out using the hybrid C15-4Py-lipid film. Figure 8.1. shows the
capacity of the MS interface containing the film deposited on the Au(111) electrode using the
single horizontal touching of C15-4Py followed by another touching to a monolayer of a
phospholipid at the GS interface. The formation of the hybrid film is evident from the
emerging pseudo-capacitance peak at approximately -0.7 V and lower values of the capacity
in the potential region between -0.2 and -0.4 V, compared with the capacity of the MS
interface in the presence of a C15-4Py monolayer (dashed line). Hybrid films obtained from
C15-4Py and lipid should exhibit a fascinating mechanism of the potential induced desorption
and readsorption because the C15-4Py molecules have an affinity for gold while phospholipid
molecules do not. The difference in the affinity should result in spontaneous separation of the
two leaflets of the bilayer at the electrode potentials close to the potential of zero charge,
while at the desorption potentials the film could form either common or separate aggregates.

The separation of aggregates and the orientation of the lipid and the surfactant in the
mixed films can be studied in the future using PM FTIR RAS combined with neutron
reflectometry and electrochemical techniques. Further advances in this field will involve
incorporation of trans-membrane polypeptides in the C15-4Py or hybrid films to study the
influence of electric field on functioning of these constituents of the natural membranes that
play a key role in many important life processes that are not yet well understood on a
molecular level. The information gained in this project and in its future developments could

be very useful for fabrication of novel molecular recognition devices.
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Figure 8.1. Differential capacity of the Au(111) electrode covered with a
hybrid C15-4Py-lipid film.

( dotted line ) film-free interface,

( dashed line ) interface covered with a monolayer of C15-4Py deposited
using the single horizontal touching technique,

('solid line ) interface covered with a hybrid film obtained using the single
horizontal touch of C15-4Py followed by another touch to the phospholipid
monolayer at the GS interface.

Only negative scans of the electrode potential are shown for clarity.

The electrolyte solution was 0.05 M KCIO, + 0.001 M KHCO;,.
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APPENDIX A

Example of the Parameter File that was Used by the Omnic Macro to Run the
PM FTIR RAS Experiment.

The parameter file was used by the Omnic macro to run the PM FTIR RAS
experiment automatically. Four potential ramps may be specified allowing for variation of the
potential increments if necessary. The macro changes the electrode potential in cycles such
that the potentials in the negative sequence of potential steps coincide with the potentials in
the positive sequence. The contents of the parameter file are presented below (explanations

are added in italics).

[Parameters]

Config= C:\Vlad\Param\VZ PMRAS BaF2.con - OMNIC configuration

Exp= C:\Vlad\Param\VZ PMRAS BaF2.exp - OMNIC experiment

PEM_Frequency= 1600 - PEM frequency (cm™)

Equilibration_Time= 0 - Equilibration time minus 10 s (s)

Number Of Potential Loops= 20 - Number of potential loops

Time To Collect Spectrum= 307 - Time necessary to collect a specified
number of interferograms (s)

Diff Gain= 10 -Total gain in the difference channel
of the SSD

Reserved= Reserved - Reserved space

[Potentials] - Electrode potentials

Eli= -850 - Initial value of the first potential ramp (mV)

E1f=-500 - Final value of the first potential ramp (mV)

Els=50 - Increment of the first potential ramp (mV)

E2f=-300 - Final value of the second potential ramp (mV)

E2s=200 - Increment of the second potential ramp (mV)

E3f=-100 - Final value of the third potential ramp (mV)

E3s=200 - Increment of the third potential ramp (mV)

E4f=300 - Final value of the forth potential ramp (mV)

E4s=200 - Increment of the forth potential ramp (mV)

255



APPENDIX B

Estimate of Uncertainities in the Tilt Angle.
Several factors contribute to the net error in determination of the tilt angle using the

approach described in Chapter 5. Equation (5.3.4):

A*pp  cos’ O

ARTheor 1/3

demonstrates that the net error in the tilt angle depends on the error in the absorbance

R . . . .
AExp measured in reflection absorption spectroscopy and the error in absorbance

A;?heor calculated using the experimentally determined optical constants. Since it is difficult

to estimate how well the theoretical model describes the conditions used during an
experiment, the error associated with the calculated absorbance is difficult to determine. The
transmittance spectra that were used to determine the optical constants were of much better
signal-to-noise ratio than experimental reflection absorption spectra and every effort was
made to approach highly relevant modeling of the experimental setup. Thus, it is reasonable
to assume that the error associated with calculation of the theoretical spectra does not exceed

the error of the absorbance determined from reflection absorption experiments. Hence, the

net precision of the tilt angle to a large extent depends on the precision of Agxp that was

obtained experimentally.
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Below, the estimate of the uncertainities in the tilt angle is given based on the
calculated random errors in absorbance determined from reflection absorption spectra. The
following procedure was utilized to determine these errors. For a chosen infrared band
(symmetric CH,) of the C15-4Py bilayer spectrum recorded at a chosen potential (0.06 V
versus SCE) in a positive train of potential steps the tilt angle was calculated for each of 20
potential loops. (Usually, 20 potential loops were performed during every experiment and the
acquired spectra were averaged before further processing.) Figure App.B shows the values
of the tilt angle of the hydrocarbon chain for the bilayer of C15-4Py determined using
equation (3.5.4). Application of statistical analysis of these data yields the mean value of the

tilt angle of 61° and the standard deviation of 2.8°. Because the angles presented in this thesis

were determined using the average value of Agxp for 20 potential loops, the confidence

interval (CI) can be calculated using the following equation [1]:
cf = Is
'N b

where ¢ is the Student’s coefficient, s is the standard deviation and N is the number of
averaged spectra. Using the tabulated value of Student’s coefficient [1] equal to 3.153 at
99.5% confidence level, one can find that the confidence interval for the determined tilt angle
is equal to +£3°. A similar approach was used to determine the confidence interval for the
orientation of the hydrocarbon chain of the monolayer of C15-4Py. The obtained value was
+6° which is a reasonable number since the absorbance of a monolayer is approximately equal
to one half of the absorbance of the bilayer of C15-4Py.
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Figure App.B. The tilt angle of the hydrocarbon chains of C15-4Py bilayer.

The dep

endence of the calculated value of the angle on the particular number

of 20 potential loops that were collected during a PM FTIR RAS experiment.
Electrode potential was 0.06 V versus SCE (positive train of potential steps),

infrared

band was symmetric CH, stretching.

258



Since it is probable that the error in absorbance A;?heor calculated using the

experimentally determined optical constants has a small contribution to the net error in the
tilt angle, the values of confidence levels determined above suggest that the error associated
with the tilt angles should not be significantly larger than +3° for the bilayer of C15-4Py and
to +6° for the monolayer of the surfactant. These numbers and the consistency of results
derived frominfrared spectroscopy with the observations made using other techniques present
evidence that polarization modulation infrared spectroscopy can be utilized for quantitative
characterization of ultrathin organic films such as munolayers and bilayers of surfactants as

well as biomimetic films of lipids.
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