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ABSTRACT 
 

ELECTROCHEMICAL STUDIES OF THIOLATE MONOLAYERS AT A Au(111) 

ELECTRODE SURFACE FOR APPLICATIONS IN THE DEVELOPMENT OF 

TETHERED PHOSPHOLIPID BILAYERS. 

 

Ryan Seenath       Advisor:  

University of Guelph      Professor J. Lipkowski 

 

 

A model of the electrochemical interface between an electrode and electrolyte 

was derived in order to fully understand and compare interfacial systems in which the 

electronic properties of the electrode have been modified with either self assembled or 

Langmuir-Blodgett deposited monolayers. This interfacial model was implemented in the 

calculation of the surface concentrations and electrosorption valencies of thioglycerol, 

2,3-di-O-phytanyl-sn-glycero-1-octaethyleneglycol-DL-α-lipoic acid ester (DPOL), 

octadecanethiol, thiomalic acid and thioglucose. The model appeared valid over the entire 

potential range and allowed for operational definitions of the potentials of zero total and 

free charge to be clarified. Furthermore, the dependence of the electrosorption valency on 

the actual valency of the adsorbate was explicit in the interfacial model. Based on the 

calculated surface concentrations, self assembled monolayers (SAMs) of thiomalic acid 

appeared to be highly dependent on the pH of the self assembly solution, and thioglucose 

demonstrated possible electro-oxidation at potentials greater than 0.2 VSCE. 

Mixed monolayers composed of thioglycerol and DPOL were investigated with 

regards to the proposed model. These mixed monolayers were then used to tether 

phospholipid bilayers composed of 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC) and 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC). The tethered 



bilayers were then electrochemically characterized. In furthering research in the 

development of biologically relevant phospholipid membrane models, a spectro-

electrochemical cell was designed to allow for simultaneous acquisition of 

electrochemical and spectroscopic data. Preliminary electrochemical results of a DPhPC 

bilayer supported on a porous substrate indicated that the spectro-electrochemical cell 

operated as desired.  
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and thioglycerol (●).         181 
 
Figure 6.11: The chemical structures of a) thiomalic acid and b) thioglucose.  183 
 
Figure 6.12:Athiomalic SAM at the Au(111) electrode. a) Charge densities measured in 
0.1 M NaOH(aq) electrolyte. b) The differences in the charge densities of the modified and 
unmodified systems. c) The charge densities over the constant capacitance potential 
interval demonstrating that the capacitance values of the modified and unmodified 
systems were comparable. d) The immersion method was employed to measure the pzfc 
for the thiomalic SAM.        184 
 
Figure 6.13: Calculated electrosorption valencies of the thiomalic SAM over the constant 
capacitance region. The average electrosorption valency over the constant capacitance 
range was -1.05 ± 0.01. The thiomalic SAM was prepared in an aqueous assembly 
solution (pH = 2.3).         187 
 
Figure 6.14:Thiomalic acid (pKa1 = 3.40, pKa2 = 5.11) SAMs prepared in assembly 
solutions of pH = 2.3 (●), 4.2 (●), 7.0 (●) and 12.2 (●). Measured charge densities over a) 
the entire potential range studied b) charge density differences between each SAM and 
the NaOH(aq) electrolyte and c) the constant capacitance region.   190 
 
Figure 6.15: Charge densities were measured with the immersion method in 0.1 M 
NaOH(aq) electrolyte in order to determine the pzfc of the thiomalic acid SAM prepared in 
an aqueous assembly solution of pH = 12.2. The pzfc of this thiomalic SAM was 
measured to be -0.201 VSCE.         191 
 
Figure 6.16: Calculated electrosorption valencies of the thiomalic SAM over the constant 
capacitance region prepared in an aqueous assembly solution of pH = 12.2 (●) compared 
with the SAM prepared in pH = 2.3 (●). The average electrosorption valency over the 
constant capacitance range of the pH = 12.2 SAM was -1.06 ± 0.02.  192 
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Figure 6.17: A thioglucose SAM at the Au(111) electrode. a) Charge densities measured 
in 0.1 M NaF(aq) electrolyte. b) The differences in the charge densities of the modified 
and unmodified systems. c) The charge densities over the constant capacitance potential 
interval demonstrating that the capacitance values of the modified and unmodified 
systems were similar.         193 
 
Figure 6.18: Thioglucose SAMs prepared in self assembly solutions composed of either 
water (●) or methanol (○) solvents. The surface concentration of both SAMs was within 
experimental error and considered approximately equal.    195 
 
Figure 6.19: Calculated electrosorption valencies of the thioglucose SAMs over the 
constant capacitance region prepared in aqueous (●)and methanol (○) assembly solutions. 
The average electrosorption valency over the constant capacitance range of the aqueous 
and methanol SAMs were -0.95 ± 0.01 and -0.92 ± 0.02, respectively.  196 
 
Figure 6.20: A thioglucose SAM at the Au(111) electrode. a) Charge densities measured 
in 0.1 M NaOH(aq) electrolyte. b) The differences in the charge densities of the modified 
and unmodified systems. c) The charge densities over the constant capacitance potential 
interval (-0.8 < V < -0.6) VSCE demonstrating that the capacitance values of the modified 
and unmodified systems were similar until possible electro-oxidation occurred. 198 
 
Figure 7.1: Differential capacitance measurements of a) Au(111) (black) and pure SAMs 
of thioglycerol (red), DPOL (green) and DPTL (dashed) and b) mixed layers of the tether 
(80: 20) mol% = thioglycerol: DPOL (brown), the tethered DMPC bilayer (purple) and 
DMPC (blue).           204 
 
Figure 7.2:Total charge density measurements of 1) the unmodified electrode (●), and 
electrodes modified with SAMs of 2) thioglycerol (●),3) DPOL (○) and 4) a mixed 
thioglycerol: DPOL monolayer prepared in a (80:20) mol% self assembly  
solution.          207 
 
Figure 7.3: Simulated total charge densities of mixed SAMs ranging in surface 
composition from 100% (top) thioglycerol to 100% DPOL (bottom) as a function of 
potential and surface composition. a) The linear fits to the experimental thioglycerol (●), 
DPOL (●) and mixed (○) SAMs are shown. The mixed SAM appeared to have a surface 
composition of thioglycerol: DPOL = 88:12 mol%. b) The simulated dependence of the 
total charge densities on the surface composition of the mixed SAM. The red line 
indicates the charge densities of the mixed SAM (○).     208 
 
Figure 7.4: a) Total charge densities of 1) the unmodified Au(111) electrode and DMPC 
bilayers prepared by 2) vesicle fusion and rupture on the bare Au(111) (●) and 3) 
Langmuir-Blodgett deposition on a mixed thioglycerol/DPOL SAM (●). b) The constant 
capacitance potential interval demonstrating the average capacitance values (slopes) of 
the measured charge densities of the 4) thioglycerol/DPOL SAM (16.6 µF cm-2, ○), 3) 
DMPC bilayer deposited on the mixed SAM (10.1 µF cm-2, ●) and 2) solid supported 
DMPC bilayer (9.3 µF cm-2, ●).            210 
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Figure 7.5: a) Total charge densities of tethered layers at the Au(111) electrode. The 
charge densities of the unmodified Au(111) (●), DPOL SAM (●) and DPhPC bilayer (○) 
were compared to the DPhPC: DPOL tethering layers of compositions 80:20 mol% (●) 
and 60:40 mol% (●). b) Charge density differences between the modified and unmodified 
electrodes.           212 
 
Figure 7.6: Langmuir compression isotherms of DPhPC (black) and DPOL (blue) 
monolayers at the air/water interface. The minimum mean molecular areas of DPhPC and 
DPOL were ~75 Å2 and ~89 Å2 and the mean molecular area at 35 mN m-1 (transfer 
pressure) was ~85 Å2 ~105 Å2, respectively. The mixed DPOL: DPhPC layers with 
compositions of 20: 80 mol% (dark yellow) and 40: 60 mol% (green) corresponded to the 
respective calculated compression isotherms where ideal mixing was assumed (dashed 
lines).            214 
 
Figure 7.7: Differential capacitance measurements of Au(111) in 0.1 M NaF(aq) (black), a 
DPOL SAM (blue), DPhPC bilayer (dashed) and LB deposited tethering monolayers of 
(80: 20) mol% = DPhPC: DPOL (dark yellow) and (60: 40) mol% = DPhPC: DPOL 
(green).           216 

 
Figure 7.8: The total charge densities of the unmodified Au(111) in 0.1 M NaF(aq) (●) and 
DPhPC bilayer (○) were compared to those of DPhPC bilayers tethered to the Au(111) 
electrode with the 80:20 mol% (●) and 60:40 mol% (●) tethering monolayers. 218 
 
Figure 8.1: Schematic of the spectro-electrochemical cell designed to probe a pore 
spanning phospholipid bilayer sample with a infrared evanescent field while an electric 
field is applied across the sample. The inset demonstrates the sample (blue) between the 
working electrode (gold) and the plateau of the SiO2 prism (black).   222 
 
Figure 8.2: a) The sample holder (c3), b) porous Al2O3 (c5) and c) washer (c4). d) A 
scanning electron microscopic image of the Al2O3 showing the porosity of the substrate. 
e) The pore sizes were approximately 245 nm in diameter which corresponded to a pore 
area of 4.71 x 104 nm2. f) The area of the sample available to interact with electrolyte is 
determined by the sample holder which has an inner area of 0.785 mm2. g) The Al2O3 
substrate is placed in the sample holder, h) followed by the washer.   223 
 
Figure 8.3: Assembly of the spectro-electrochemical cell base. a) – c) a stainless steel 
ring served as the base for the Teflon piece that supported the SiO2 prism. d) A thin 
circular sheet of Teflon was used as a cover to insulate the prism from the Au CE. e) An 
o-ring acted as a seal between the second first and second Teflon pieces. f) The second 
Teflon piece also housed the Au ring CE. g) A second o-ring was used to form a seal 
between the second Teflon piece and c1. h) The ring CE with the plateau of the SiO2 
prism in the centre.              224 
 
Figure 8.4: a) c1 is composed of two glass pieces that fit together in a similar fashion as 
the traditional electrochemical cell. b) and c) The bottom glass piece of c1 is clamped 
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onto the base assembly and fastened with stainless steel screws to ensure a seal between 
the body and base.         225 
 
Figure 8.5: Assembly of the spectro-electrochemical cell cover. a) – c) A Teflon ring was 
placed around the top glass body where an o-ring was placed in order to form a seal with 
d) the cover Teflon piece. e) Ao-ring was placed in the inner circular hole in the Teflon 
cover. f) The Teflon ring and cover piece were then fastened with stainless steel screws. 
g) The glass compartment (c2) with h) Teflon tape wrapped around the top and bottom to 
ensure a tight fit into the Teflon cover and sample holder (c3). i) c2 was then inserted into 
the Teflon cover.         226 
 
Figure 8.6: a) The top and bottom pieces that compose c1 are fastened to the Teflon cover 
and base assembly, respectively. b) The sample in the proximity of the prism and CE. c) 
c1 containing the planar Au WE with the sample assembly.     226 
 
Figure 8.7: The assembled spectro-electrochemical cell with Ar(g) tubes and electrode 
leads attached. The Ar(g) tubes allow for the deaeration of electrolyte in both c1 and c2. 
           228 
 
Figure 8.8: Simplified diagram of the WE and CE configuration. The porous Al2O3 
substrate will be placed in close proximity to the prism and CE. The radii of the WE (a), 
CE outer (r) and CE inner (R) are denoted. The minimum z distance (h) and the variable 
distance (b), dependent on the electric flux angle (θ) between the CE and WE are also 
shown. The blue arrows indicate the electric field vector and its z-component.  229 
 
Figure 8.9:a) Calculated electric field profiles in the x direction experienced by the 
sample with a radius of 0.5 cm supported at the Al2O3 porous substrate at the following 
heights from the CE: 3 cm (green), 4 cm (yellow), 5 cm (red), 7 cm (blue) and 10 cm 
(black).The electric field magnitudes were normalized with respect to the electric field 
experienced by the sample at h = 3 cm. b) The change of the electric field magnitudes 
over the surface of the sample. Electric fields were normalized with respect to the 
magnitudes at x = 0.0 cm for each height. The vertical dashed red lines indicate the width 
of the prism plateau.          232 
 
Figure 8.10: Angle (φ) between the electric field vector and the vector in the direction 
normal to the sample. The angle was calculated at the following sample heights (h) from 
the CE: 3 cm (green), 4 cm (yellow), 5 cm (red), 7 cm (blue) and 10 cm (black).The 
vertical dashed red lines indicate the width of the prism plateau.   233 
 
Figure 8.11: Distance dependence of the evanescent electric field in the rarer media 
(2H2O) calculated for some infrared frequencies commonly used in the investigation of 
phospholipid bilayers (2850 cm-1νs(CH2), 1730 cm-1 ν(C=O), 1180 cm-1νs(PO2), 975 cm-

1νas(CN(CH3)3).
8 The refractive indices of the SiO2 prism (n1) and aqueous electrolyte 

(n2) were 3.96 and 1.33, respectively.9 The critical angle for this system was calculated to 
be 19.6 o.          234 
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Figure 8.12: Schematic of the minimization of the distance between the sample (blue) and 
a traditional ATR prism (light grey) and the prism with the plateau geometry (black). The 
plateau of the prism is approximately 2 mm in diameter.      235 
 

Figure 8.13: a) Nyquist and b) Bode plots of a simple interfacial system with a resistor in 
series with a resistor and capacitor placed in a parallel configuration. The data was 
measured with the spectro-electrochemical cell containing the Al2O3 porous substrate. 
           236 

 
Figure 8.14: Bode plot of the phase angle demonstrating the frequency intervals in which 
the electrical properties of certain circuit elements are manifested. The phase angle Bode 
plot allows for the rational design of an equivalent circuit. The frequency dependent 
phase angles were calculated from the impedance data shown in Figure 8.13a. 237 
 
Figure 8.15: Performance of reference electrodes in the solution resistance frequency 
range: 103 Hz to 106 Hz. A phase angle of 0o and 90o implies ideal resistance and 
capacitance, respectively. a) Bode plot demonstrating the phase angle dependence on the 
applied frequency for REs with glass:ceramic frit compositions of: 1:2 (green), 2:1 (blue), 
commercially manufactured (black), Ag/AgCl wire (red). b) Differential capacitance of 
the clean Au(111) WE in solutions exposed to the 2:1 (blue) and commercially 
manufactured (black) REs. The clean capacitance curve (black dashed) was obtained with 
a saturated calomel RE and corrected to coincide with the potential range of Ag/AgCl. 
           239 
 
Figure 8.16: Measured solution resistance in the frequency range 103 Hz to 106 Hz for 
various NaF(aq) electrolyte concentrations. The solution resistance was potential 
independent as expected.           241 
 
Figure 8.17: a) The equivalent circuit model of the interface between Au(111) and 0.1 M 
NaF(aq). b) Impedance and c) phase angle measurements (●) and the fits (─) used to 
quantify the solution resistance (Rs = 217 Ω) and double layer capacitance (Cdl = 19.2 µF 
cm-2). The red dashed line represents the frequency (f = 25 Hz) in which differential 
capacitance is measured.        244 
 
Figure 8.18: a) The equivalent circuit model of the spectro-electrochemical cell with the 
Al2O3/Au porous substrate inserted in 0.1 M NaF(aq) electrolyte. b) Impedance and c) 
phase angle measurements (●) and the fits (─)used to quantify the impedance of the 
Al2O3/Au substrate (R1 = (60 ± 2) kΩ cm2, Z1 = (5.11 ± 0.02) µF cm-2).   245 
 
Figure 8.19: a) The equivalent circuit model of the spectro-electrochemical cell with the 
Al2O3/Au/DPOL porous substrate inserted in 0.1 M NaF(aq) electrolyte. b) Impedance and 
c) phase angle measurements (●) and the fits (─)used to quantify the impedance of the 
Al2O3/Au/DPOL substrate (R2 = (0.12 ± 0.2) MΩ cm2, Z2 = (4.56 ± 0.02) µF cm-2).  
           246 
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Figure 8.20: a) The equivalent circuit model of the spectro-electrochemical cell with the 
Al2O3/Au/DPOL porous substrate supporting a DPhPC bilayer in 0.1 M NaF(aq) 
electrolyte. b) Impedance and c) phase angle measurements (●) and the fits (─)used to 
quantify the impedance of the Al2O3/Au/DPOL substrate supporting a DPhPC bilayer (R3 
= (3.0 ± 0.6) MΩ cm2, Z3 = (3.32 ± 0.02) µF cm-2).     247 
 
Figure 8.21: Extended equivalent circuit model of the spectro-electrochemical cell and 
the deconvolution of the R3 and Z3 elements into RAl2O3/Au, RDPOL, RDPhPC, CAl2O3/Au, CDPOL 
and CDPhPC. The solution resistance may also be deconvoluted, where Rs = Rs’ + Rs”. In 
the current experimental arrangement, Rs’ = Rs” = ½ Rs.248 
 
Figure 8.22: Differential capacitance measurements of Au(111) in 0.1 M NaF(aq) (─) and 
a DPOL SAM (─) and DPhPC bilayer (….) supported at the Au(111) electrode. The 
capacitance values of Au(111) in 0.1 M NaF(aq) measured with EIS (●) resulted in similar 
values to those measured with differential capacitance. The vertical red dashed line 
represents the potential at which the previous EIS experiments involving the spectro-
electrochemical cell were performed.        249 
 
Figure 8.23: a) The equivalent circuit model of the DPOL SAM supported at the Au(111) 
electrode in 0.1 M NaF(aq) electrolyte. b) Impedance and c) phase angle measurements (●) 
and the fits (─)used to quantify the impedance of the DPOL SAM (Z3 = (11.3 ± 0.1) µF 
cm-2).           250 
 
Figure 8.24: Simulated Bode plots of the a) impedance (Z) and b) phase angle (φ) of the 
extended equivalent circuit for various parallel resistor values:  0.3 kΩ cm-2 (─), 3 kΩ 
cm-2 (─), 30 kΩ cm-2 (─), 0.3 MΩ cm-2 (─), 3 MΩ cm-2 (─) and 30 MΩ cm-2 (─). 251 
 
Figure 8.25: Simulated Nyquist plot of the extended circuit model for a sample with a 1 
GΩ cm-2 resistance. The minimum frequency in each decade: 10-1 Hz (─), 10-2 Hz (─), 
10-3 Hz (─), 10-4 Hz (─), and 10-5 Hz (─) are denoted over the entire range of (10-5 ≤ f ≤ 
105) Hz and the low frequency range (inset).      252 
 
Figure 8.26: Simulated Bode plots of the a) impedance (Z) and b) phase angle (φ) of the 
extended equivalent circuit for a sample with a 1 GΩ cm-2 resistance. In order to fully 
resolve the resistance f < 10-4 Hz must be experimentally accessible.  252 
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q   charge on the electrode surfaces 
k   Coulomb’s constant (k = 1/4πε0) 
ε0   permittivity of free space 
σ   charge density on the electrode surfaces 
dp   depth of penetration of the evanescent field into the rarer medium 
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λ
-1   wavenumber (cm-1) 

Z’   real impedance 
Z”   imaginary impedance 

 absolute value of the impedance   ׀Z׀
φ   phase angle between the voltage and current phasors  
f   frequency (Hz) 
R   resistance 
ρ   resistivity 
l approximate length of the ionic current path between the CE and 

WE 
A   approximate area of the ionic current path between the CE and WE 
Λm   molar conductivity 
c   ionic concentration 
Rs   electrolyte solution resistance 
Cdl   double layer capacitance 
R1   resistance of Al2O3/Au substrate (R1 = RAl2O3/Au) 
R2   resistance of Al2O3/Au/DPOL substrate 
R3 resistance of Al2O3/Au/DPOL substrate supporting a DPhPC 

bilayer 
C1   capacitance of Al2O3/Au substrate (C1 = CAl2O3/Au) 
C2   capacitance of Al2O3/Au/DPOL substrate 
C3 capacitance of Al2O3/Au/DPOL substrate supporting a DPhPC 

bilayer 
RDPOL resistance of porous DPOL modifying layer 
RDPhPC resistance of DPhPC bilayer 
CDPOL capacitance of porous DPOL modifying layer  
CDPhPC capacitance of DPhPC bilayer 
DC differential capacitance 
 

Chapter 9 
SAM    self assembled monolayer 
DPOL 2,3-di-O-phytanyl-sn-glycero-1-octaethyleneglycol-DL-α-lipoic 

acid ester 
DPhPC 1,2-diphytanoyl-sn-glycero-3-phosphocholine 
ATR-IRS attenuated total reflection infrared spectroscopy 
 
 
 



1 

 

Chapter 1 

Introduction 

 Modified electrodes have found extensive applicability as environmental and 

biological sensors and also in the development of biological membrane mimics to study 

the affect of the electric field on lipids and membrane associated proteins.1–3 Although 

the applications are diverse, fundamental research in modified electrodes has also 

attracted much interest.1, 4 The interface between the electrode and electrolyte represents 

an interesting system since the thermodynamic description of that interface is based on 

the Gibbs model in which the plane of the interface is located somewhere between the 

two neighboring surfaces. This model allows for the calculation of Gibbs excesses of 

adsorbed species, however their exact location is not specified. In the case of specifically 

adsorbing systems, it is known that chemisorbed molecules reside at the solid surface.5 

However, the interaction between the atoms at the electrode surface and the adsorbate are 

delocalized along the surface. This delocalized bonding affects the electronic structure of 

the entire surface and makes microscopic models of charge distribution at the interface 

difficult to construct. An in depth knowledge of the interfacial electrochemical system 

will be an important initial step in the rational design of artificially fabricated biological 

membrane mimics for applications in sensing and research pertaining to understanding 

the complexity of natural membranes.  

1.1 The Need for Artificially Fabricated Phospholipid Membranes: 

The complexity of biological membranes has prevented a precise and detailed 

understanding of its individual components. This has resulted in the emergence of 
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artificially assembled lipid membranes as models for understanding the properties and 

characteristics of individual components. Many approaches to the designing of 

phospholipid membranes have been realized.1 The models have novel qualities and are 

usually designed with the particular method of measurement in mind. Building these 

biologically relevant membrane mimics has been mostly the domain of membrane 

biophysicists. Moreover, the study of modified electrodes has been a popular research 

topic among electrochemists for many years.6–10 In the past, the two fields have remained 

relatively separate, dealing with seemingly unrelated concepts. Recently however, the 

two fields have been converging. Electrochemists have started modifying their electrodes 

with biological macromolecules such as phospholipids and proteins.6, 11 The deposition of 

phospholipid bilayers onto electrode surfaces has allowed for the study of membrane 

associated macromolecules to be investigated in environments that approach those of 

natural systems.10, 11  

In the past, membrane associated proteins have posed a challenge to researchers 

attempting to study them in their natural environments. Protein structure was mostly 

studied with x-ray crystallography and nuclear magnetic resonance.12–14 X-ray 

crystallography requires that the protein be crystallized, which implies that it must be 

isolated.15, 16 Since many membrane proteins have both hydrophobic and hydrophilic 

regions, the proper solvent for crystallization must have similar polarity. A selection of 

such a solvent constitutes a significant challenge. Muti-dimensional NMR has been also 

been implemented in the study of membrane proteins.13 However, spectral resolution of 

protein specific regions is difficult since phospholipids are the vast majority in most 

membranes and may dominate the signal. Considering these challenges, the 
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electrochemical system seems conducive to studying membrane associate proteins in 

their natural environments. Furthermore, combing electrode supported membranes with a 

spectroscopic analysis could greatly improve the current knowledge of biologically 

relevant membranes and membrane associated proteins. 

The ability to include membrane associated proteins and to maintain the fluidity 

of a phospholipid bilayer are vital in designing a model, biologically relevant system. 

Many past electrochemical studies have had a bilayer directly in contact with the 

electrode.10 Although this arrangement provides stability to the bilayer, a transmembrane 

protein cannot be included as it may denature upon contact with the metal electrode.8 

Current research is focused on attaching bilayers to the electrode surface by long 

tethering molecules in order to allow for the incorporation of transmembrane proteins.8 

Although these systems are structurally stable and able to accommodate transmembrane 

proteins, they lack fluidity. This lack of fluidity may be overcome by using a mixed 

molecular tether where the long tethering molecules occupy a relatively small fraction of 

electrode surface area.8 If the membrane is tethered only at a few points, it should still be 

able to accommodate transmembrane proteins while fluidity is maintained.  

Pore spanning phospholipid bilayers provide another biological membrane model 

that could be used to study membrane associated and transmembrane proteins. Past 

electrochemical investigations of porous substrates for supporting bilayers have been 

previously performed.17 It has been demonstrated that these types of model bilayers have 

viscoelastic properties similar to natural membranes and represent the forefront of model 

membrane research. In furthering such research it was deemed important to develop a 

novel method of studying pore spanning bilayers.   
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The preparation and electrochemical characterization of a tethered system that 

consists of a mixture of small hydrophilic molecules and thiolated lipids with a long 

hydrophilic tether was the focus of this thesis. This project involved a progression of 

research on the electrical properties of phospholipid membranes tethered to solid and 

supported of porous substrates and entails the development of a spectro-electrochemical 

cell for studying a fluid bilayer supported on a porous substrate. The long term objective 

of this project was to develop and characterize a biologically relevant phospholipid 

membrane model. 

1.2 Measurement of Surface Concentration and Electrosorption Valency for Self 

Assembled Thiols at a Au(111) Electrode: 

 A thermodynamic treatment of the interface has provided an accurate 

macroscopic description of the interface and allowed researchers to determine Gibbs 

excesses and directly relate them to experimentally obtained variables such as electric 

potential and charge. From the point of view of the experimentalist, a thermodynamic 

treatment may be considered as the satisfactory theoretical description of interfacial 

systems.The thermodynamic treatment is dependent on the reversibility of the system 

where the adsorbate and surface are in thermodynamic equilibrium.  

In strongly adsorbing processes such as self assembly of thiols on a gold surface, 

thermodynamic equilibrium may not be realized in the practical laboratory setting. In this 

case, the adsorption process may be considered irreversible and the reductive desorption 

model is used to determined the surface concentration of the adsorbed molecules from the 

measured charge density.18, 19 However, this model assumed that the charge transferred 

upon adsorption is equal to the valency of the adsorbing molecule and neglects the fact 



5 

 

that adsorption is a solvent substitution. This substitution reaction results in a change in 

the potential of zero charge and capacitance of the interface during the processes of 

adsorption/ desorption. As a result, a model that lacks the assumptions of the 

thermodynamic and the reductive desorption model may be required. Such a model is 

introduced in Chapter 5. Furthermore, it will be demonstrated that this model remains 

consistent in describing both irreversible and reversible adsorption phenomena and 

allows for the determination of both the charge per adsorbed molecule and the surface 

concentration of adsorbed thiol. 

 The findings presented in Chapater 5 are then applied in Chapter 6 to determine 

the surface concentration and electrosorption valencies of chemisorbing molecules that 

perturb the electronic structure of the electrode surface, which prevents the traditional 

reversible thermodynamic models from being applied. The proposed model will be used 

to determined the electrosorption valency and surface concentration of the chemisorbed 

species at the Au(111) electrode surface. Knowledge of the surface concentration and the 

average molecular area occupied by a single molecule on the surface are then applied to 

the formation of solid supported tethered phospholipid bilayers which are the focus of 

Chapter 7. 

1.3 Novel Technologies for Studying a Model Membrane: 

 Mixed monolayers for tethering phospholipid bilayers to an electrode surface 

were studied and the validity of the proposed interfacial model was tested. 

Electrochemical characterization of the tethered bilayers composed of the phospholipids, 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-diphytanoyl-sn-glycero-
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1.4 Scope of the Research Presented Herein: 

The following thesis will present the results of research pertaining to the 

electrochemical characterization of electrodes modifies with self assembled and 

Langmuir – Blodgett deposited monolayers, as well as tethered and pore spanning 

phospholipid bilayers. The three novel aspects of the current research project are: 

1. The derivation of an interfacial model for determining the surface concentration 

and electrosorption valency of strongly adsorbing, water soluble molecules at a 

metal electrode surface. 

2. The characterization of novel mixed monolayers for tethering a phospholipid 

bilayer to a solid electrode.  

3.  A new apparatus and method of measuring the impedance properties of a 

phospholipid bilayer supported on a porous substrate.  
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Chapter 2 

Literature Review 

 

Researches in the fields of fundamental electrochemistry, surface science, 

biosensing and renewable energy have been concerned with the properties of modifying 

molecules for tuning electrode characteristics for many years. In particular, knowledge of 

the electrochemical interface is important for understanding the interplay between the 

characteristics of electrodes and electrolyte solutions and how these properties differ 

between the bulk phases and the interface.1 The structure of the electrochemical system 

must be understood in order to design and construct technologies such as bio-membrane 

mimics and energy storage systems. The microstructure at the electrode surface must 

therefore, be investigated with spectroscopic techniques for a complete understanding of 

the system. Moreover, interfacing electrochemical and spectroscopic techniques is a 

challenging task and would require an understanding of the variety of past experimental 

methods and arrangements. The focus of the following chapter is to discuss and address 

how modified electrodes have been prepared and implemented in past research and also 

to investigate and contrast spectro-electrochemical experimental assemblies. 

2.1  Bio-mimetic Membranes for Electrochemical Studies:  

Supported membranes can provide structural robustness and fluidity to 

phospholipid membranes and allows for them to be studied with techniques such as 

atomic force microscopy (AFM) and electrochemical methods.2–5 Supported bilayers may 

be prepared with vesicle rupture, or Langmuir Blodgett (LB) and Langmuir Schaeffer 

(LS) deposition techniques. The following sections reviews past supported bilayer 



 

preparations and experim

membranes in the 1960s. 

The first attempts a

the fluidity of biological 

were almost independent 

membranes have been term

1962 by Meuller et al.7 T

vertically oriented aperture

of preparing BLMs across 

necessarily have identical 

environments to be mimick

study was influenced by t

thinning of surfactant acros

Figure 2.1: A bilayer lipid
the BLM could be investig
The direction of net diffusi

xperiments starting with the pioneering work wi

60s.  

mpts at developing artificial lipid membranes succeed

gical membranes.6 These membranes were rather 

ndent of the substrate from which they were sus

en termed black lipid membranes (BLMs) and were 

They consisted of a phospholipid bilayer spread

perture with aqueous solutions on either side (Figure

cross an aperture is that the aqueous solutions on eith

ntical compositions. This allowed for intracellular an

imicked when studying biologically relevant lipid m

d by the previous work of Overbeek in 1960 on the

across apertures.8  

 

r lipid membrane (BLM) spanning an aperture. The 
vestigated by introducing a concentration gradient acr
diffusion is indicated by the arrow. 

10 

rk with black lipid 

ucceeded in attaining 

ther fluid since they 

re suspended. These 

 were first realized in 

spread across a small 

igure 2.1). A benefit 

n either side may not 

ular and extracellular 

ipid membranes. This 

on the spreading and 

. The permeability of 
ent across the bilayer. 



11 

 

In the study by Overbeek it was observed that the appearance of soap films 

changed from clear, to multi coloured to black with time. The black regions of the film 

tended to grow, displacing the coloured regions as the film matured.8,9 It was 

hypothesized that the black appearance was due to destructive interference between the 

reflected and transmitted light from either side of the film.8 The extent of destructive 

interference was thought to increase as the thickness of the film decreased.8 

The formation of BLMs originally entailed the thinning of a soap film due to the 

adhesive attraction between the surfactant molecules and support. Evaporation of the 

organic solvent used to stabilize the surfactant produced a film that was black in 

appearance.8 The formation of surfactant films was extended to phospholipids and 

improvements on the formation method allowed for the characteristics of the film to be 

investigated.10–12  Later methods entailed spanning an aperture in a solid support with a 

drop of dissolved lipids and allowing for complete evaporation to occur.10 Upon complete 

evaporation, a thin lipid film was formed with the characteristics of a BLM. The 

experiments that utilized these phospholipid bilayers predominantly investigated the 

diffusion of ions and other analytes from one compartment to another separated by the 

BLM.11–13 Research directions then evolved into investigating the effect on BLM 

permeability from molecules such as ion channel proteins, surfactants and other organic 

compounds inserted into the bilayer.14–17 

In the early 1980s, solid supported membranes were developed in order to 

investigate the diffusion and phase transitions of planar phospholipid bilayer. The work 

of Tamm et al., provides an example of the first measurement of lateral diffusion with 

fluorescence recovery after photobleaching (FRAP) to decipher temperature dependent 
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phase transitions in bilayers.18 Langmuir trough deposition techniques were used to 

deposit phospholipid bilayers composed of either dipalmitoylphosphatidylcholine 

(DPPC), dioleoylphosphatidylcholine (DOPC) or dimyristoylphosphatidylcholine 

(DMPC) on silicon surfaces. They were able to conclude that solid supported bilayers 

could provide a basis on which membrane studies could be conducted. Furthermore, they 

also identified possible challenges with incorporation of transmembrane proteins into this 

configuration. 

An alternative to BLMs for studying membrane properties and processes were 

phospholipid vesicles were also identified as candidates for studying biologically relevant 

membranes and drug delivery.19 Early work in the late 1960s to early 1980s by Huang et 

al., Barrenholtz et al. and Hope et al.19–21  led to the development of the French press and 

extrusion procedures for producing phospholipid vesicles of varying sizes. The drawback 

of using vesicles to study membranes is the maximum size that could be produced. 

Biological cells tend to be much larger than giant unilaminar vesicles and at the scale on 

membrane associated processes the bilayer may be approximated as planar. The limit in 

the size of vesicles prevents the implementation of the planar approximation. The 

development of reliable methods for fabricating vesicles and the research of Tamm et al. 

on solid supported bilayers led to novel methods of producing artificial membranes.18 As 

a result, research in model membranes continued to focus on planar membranes that 

could be prepared with the vesicle fusion and rupture onto a solid support.22 In addition, 

vesicle rupture provided the first solvent free technique for preparing supported 

membranes.23   
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The realization that artificial membranes could be fabricated in laboratories 

initiated the desire to develop biosensors for studying the properties of membrane 

associated enzymes.6 In 1993, Stelzle and coworkers were the first to prepare solid 

supported membranes by way of vesicle rupture.22 They prepared a solid support through 

the evaporation of gold onto a glass substrate. They then modified the gold surface with a 

phospholipid monolayer. The first deposited an alkanethiol self assembled monolayer 

(SAM) in order to produce a hydrophobic surface. They then deposited a monolayer of 

phospholipid onto the hydrophobic metal surface using Langmuir-Blodgett deposition.22 

They were also able to produce a hydrophilic surface by modifying the gold film with 

mercaptoundecanoic acid. Vesicle rupture was then implemented to deposit a 

phospholipid bilayer.22  

The modified electrodes were subjected to an electrochemical impedance 

spectroscopy investigation from which they determined that the surface coverage of the 

membrane was approximately 95%. They also determined that the resistance of the solid 

supported bilayer was one order of magnitude lower that BLMs. This pioneering study 

led to the acceptance of the solid supported membrane as a viable candidate for studying 

membrane interactions, possesses and for bio-sensor development.    

AFM studies performed by Li et al. demonstrated that lipid bilayers formed using 

the vesicle rupture mechanism (Figure 2.2) resulted in bilayers that were similar to those 

deposited with the Langmuir Blodgett (LB)/ Langmuir Schaeffer (LS) technique.4 

Bilayers formed with the vesicle fusion method tended to have tilt angles that were 

approximately 10o greater than that formed by Lb/ LS deposition.4 Knowing the thickness 

of the bilayer, allowed them to determine that a unilamellar and not a multilamellar 



14 

 

membrane was deposited. The membrane thicknesses at various temperatures were 

determined by the obtainment of force distance curves. The results showed that the 

membrane thickness decreased as the temperature increased due to the hydrocarbon tails 

becoming more disordered. This was likely due to the divergence from an all trans 

conformation of the hydrocarbon chains to more gauche conformers.4 The minimum 

bilayer thickness that was measured for DMPC was approximately 3.8 nm.4 These studies 

were feasible because of the solid substrate on which the membrane was supported. The 

rigidity of the solid supported membrane made it an ideal sample for AFM force distance 

curve studies. 

 

Figure 2.2: Vesicle rupture has been observed to occur by way of two possible pathways. 
The vesicle adsorbed to the surface and the bending tension in the membrane results in 
rupture (a) or numerous smaller vesicles adsorb to the surface, fuse to form a larger 
vesicle and rupture occurs to relieve the increased bending tension (b). Adapted from 
Reviakine et al., 2000.5 
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The AFM studies allowed for the topography and other physical characteristics, 

such as viscosity, elasticity and membrane thickness to be verified and these results have 

served as a basis for subsequent spectro-electrochemical studies. For example, Li and 

coworkers were also able to measure the characteristic differential capacitance of the 

solid supported DMPC bilayer.4 The characteristic capacitance of the DMPC bilayer was 

measured to be approximately 7 µF cm-2.4 The measured capacitance was larger than the 

expected value and attributed to non uniformity and the presence of defects in the 

membrane. Consequently, further studies of bilayer deposition on a solid support were 

employed. From these studies, it was concluded that LB/ LS deposition resulted in 

supported bilayers with greater order. 

 In the work by Reviakine and Brisson, the vesicle rupture mechanism in the 

presence of Ca2+ was studied with AFM.5 They found that Ca2+ improved the rupture 

efficiency of vesicles smaller than 100 nm.5 In the case of 200 nm diameter vesicles, 

rupture was most efficient and the majority of adsorbed vesicles formed SPBs. It was 

previously known that cations promote vesicle fusion, which in turn increased vesicle 

rupture, however, the mechanism of rupture remained unclear.5 

 The mechanism proposed by Reviakine and Brisson stated that upon adsorption of 

the vesicle to the surface, vesicles in close proximity would fuse, resulting in an adsorbed 

vesicles with large radii. At a certain radius, rupture would occur in order to minimize the 

tension in the deformed region (Figure 2.2). The presence of fusogenic ions would also 

increase the effective head group radius, decreasing both the packing parameter value and 

radius of curvature.5, 24–26  
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Recent insights regarding the continuous formation of bilayers after the rupture of 

an initial vesicle have been provided by Weirich and coworkers.27 They found that 

unstable SPB edges where the bilayer’s hydrophobic interior encountered the aqueous 

solution had a high affinity for other edges or adjacent vesicles. Edges in close proximity 

to the surface would tend to coalesce in order to minimize the free energy.28 These 

interactions would in turn promote vesicle rupture and subsequent bilayer formation. As a 

result, it was found that bilayer formation was accelerated as more rupture events 

occurred.27
 

Although solid supports provide structural integrity to membranes, they do not 

accurately mimic realistic environments in which these membranes exist in nature. In 

order to produce artificial bilayers with similar characteristics as natural ones, an aqueous 

reservoir must be present on either side of the membrane. Furthermore, the incorporation 

of transmembrane proteins would not be possible in the absence of these aqueous 

reservoirs.18 Another concern with solid supported membranes was the unevenness of the 

solid support. It was identified that the properties of the planar bilayers under study 

would be greatly affected by the roughness of the surface.29 In order to alleviate the 

challenges of protein incorporation and substrate roughness, membranes supported on 

polymer based substrates have been developed.30 

Spinke and coworkers developed a polymer cushion for the deposition of planar 

bilayers in the early 1990s.30 They developed polymers with various functional groups to 

react with monomers that varied in polarity in order to alter the hydrophobicity of the 

surface. These synthesized a methacrylicter polymer containing a disulfide unit for 

surface anchoring, a hydrophilic spacer, and two hydrophobic octadecane chains.30 
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Vesicle fusion was then implemented to deposit a DMPC bilayer onto the polymer 

cushion. It was concluded that these anchored polymer, provided increased stability as 

well as a hydrated later between the lipid bilayer and solid substrate.  

Studies such as those of Spinke et al., have been the basis of numerous research 

projects investigating different types of polymer cushions. Cushioned supported 

membranes have been thoroughly investigated by Johnston and coworkers.31 Such 

membranes were found to be more fluid, approaching a more biologically relevant 

condition, but also maintained the structural integrity of the solid supported membranes.31 

The structural integrity offered by the polymer cushions has been suggested as a potential 

method of mimicking the interaction between the bilayer and the extracellular matrix of 

biological systems.32 The ability to investigate the interaction of the bilayer with 

peripheral and transmembrane proteins stimulated further development of membrane 

mimics. Approaches to attain more biologically relevant conditions similar to the earlier 

work in polymer supported bilayers have included floating and tethered membranes, and 

pore spanning membranes Figure 2.3.33–35 Floating and tethered bilayers provide the same 

benefits as polymer cushioned membranes, however they differ in the surface density of 

the supporting layer. The lower surface density allows for transmembrane proteins to be 

incorporated and could also be used as a mimic of the intracellular environment.36 
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lateral mobility due to the tethering molecule. However, the lateral mobility of the 

proteins in the tethered bilayers was greater than in the control membrane (solid 

supported bilayer on glass).36  

Since the work of Wagner et al., there has been much work in the field of tethered 

bilayers anchored to solid substrates. Similar model membrane research has been 

conducted by Naumann et al. 2003, Geiss et al. 2004, Koper et al. 2009 and Junghans et 

al. 2010.38–40 Numerous variations of tethered bilayers that have been investigated are 

summarized in Figure 2.3c and d. The main characteristic of all of the tethering systems 

is that they include a chemisorbing polymer-lipid analogue. The chemisorption bond 

between the bilayer and the electrode provide greater structural integrity to the model 

membrane while maintaining membrane fluidity and allowing for the incorporation of 

trans membrane proteins.38 Alterations to the tethered bilayers have implemented 

physical, as opposed to chemical, adsorption. These floating bilayer have received less 

attention than tethered bilayers, since the structural integrity is lowered due to the fact 

that the bilayer is not covalently bound to the solid substrate. However, the lateral 

mobility of proteins may be greater than those of the tethered bilayers of Wagner et al. 

since the tethering molecule is free to diffuse in the plane of the membrane. 

The floating membranes investigated by Kycia et al. demonstrated that an 

increase in fluidity while maintaining structural integrity was feasible.33 In their studies, 

the bilayers were deposited on a Au(111) electrode that was modified with thioglucose in 

order to increase the hydrophilicity of the surface.37 The first leaflet of the bilayer was 

then deposited with the LB technique and contained a 1,2-dimyristoyl-sn-glycero-3-

phosphocholine (DMPC), cholesterol and Ganglioside GM1 lipid membrane. The second 
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leaflet, deposited with LS, controlled only DMPC and cholesterol. The thickness of the 

membrane was measured to be approximately 4.57 nm. The increased thickness was due 

to the GM1 polar head group. The GM1 which had a large polar head group composed of 

five saccharide units. The anchoring lipid composed 10 mol% of the membrane and acted 

as the floating tether, elevating the membrane from the surface of the electrode. The 

tethering molecule was considered to be “floating” since hydrogen bonding and dipole 

interactions between the saccharides and thioglucose were deduced to be the predominant 

interactions with the substrate.33 The increased space between the bilayer and the 

electrode surface allowed for an aqueous environment on either side of the membrane 

and for the incorporation of membrane associated proteins.  

Researchers in the laboratory of Steinem et al. have recently combined attributes 

from many of the past artificial membrane assemblies to produce BLM like membranes 

that are directly supported or tethered to porous substrates.41 These membrane assemblies 

therefore, include all of the benefits of previous technologies and allow for a considerable 

number of analytical techniques to be applied. For example, the work of Steinem and 

coworkers focused on studying membranes spanning porous supports (Figure 2.3e).27, 41, 

42 They fabricated porous Al2O3 that was then used as a substrate for phospholipid 

bilayers. The portions of the bilayer spanning the pores were then characterized with 

atomic force microscopy (AFM), electrochemical impedance spectroscopy (EIS), ion 

channel recordings (ICR) and fluorescence recovery after photobleaching (FRAP). The 

AFM measurements were used to both image and probe mechanical properties, such as 

membrane elasticity. They concluded that the lateral tension and bending rigidity were 

properties that defined the elasticity of the membrane and were able to provide a method 
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of decoupling the geometry of the AFM tip and cantilever elastic properties from that of 

the bilayer.42 This method also provided an alternative to using micropipette aspiration 

techniques to measure mechanical properties.42 

 In addition to the mechanical measurements, the electrochemical properties of 

these pore spanning membranes were measured using both ac (EIS) and dc (ICR) 

measurements. In order to decouple the impedance of the porous Al2O3 and the 

membrane, the experimental system was characterized in a bottom-up manner assuming 

that the completed system could be described with the following equivalent circuit 

(Figure 2.4).27, 42 

 

Figure 2.4: The interface at which the electrode is in contact with the electrolyte was 
observed to demonstrate capacitive properties and has therefore been represented as a 
capacitor in the equivalent circuit model. Furthermore, any defects of holes in the 
membrane that may allow for ionic diffusion could be considered as a resistor in parallel 
to the capacitor. The electrolyte is represented as a resistor in series with the interface.  

The resistance and capacitance of the membrane was extracted from the model equivalent 

circuit used to fit the data. The parallel resistor and capacitor elements in the circuit 

model represented the membrane resistance and capacitance, respectively. After the 

electrochemical properties of the membrane were fully characterized, voltage gated ion 

channels were inserted into the membrane and ICR was implemented to measure the 

conductance through the channels as well as the fraction of channels that opened upon 

changing the voltage across the membrane. Steinem and coworkers also observed that 
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local rupture of a membrane spanning a single pore resulted in increased ionic 

conductance. They further investigated these observations with EIS and FRAP 

experiments.43 

 A porous silicon substrate was first functionalized with the thiolated lipid 1,2- 

dipalmitoyl-sn-glycero-3-phosphothioethanol (DPPTE) and a monolayer of 1,2-

diphytanoyl-snglycero-3-phosphocholine (DPhPC) containing 0.2 mol% of the 

fluorescently labeled lipid (β-BODIPY 500/510C12-HPC) was then deposited.43 The 

method of deposition differed from their previous work in that they used solvent free 

vesicle rupture.41, 43 They implemented fluorescence video microscopy to monitor the 

adhesion and rupture process and observed a similar mechanism of rupture that was 

previously observed and explained in the literature.5, 27, 44 From their observations it was 

apparent that the mechanism of vesicle rupture was similar for both solid and porous 

supports.43 After vesicle rupture formed a bilayer on the porous support, FRAP was used 

to investigate the physical properties of the system.43, 45 

A summary of their FRAP results is shown Figure 2.5. The calculated diffusion 

coefficient was approximately 10.9 µm2 s-1 which was on the order of the diffusion 

coefficients of BLMs and greater than those of solid supported membranes.43 The 

fluorescence quenching of the labeled membrane in proximity to the support allowed for 

the pore spanning membrane areas to be easily identified and hence the coating efficiency 

could be directly observed.45 In the study by Kocun et al., the porous substrate was 

modified with a hydrophilic mercaptoethanol SAM which allowed for the lipids in 

proximity to the pore rims to have a greater mobility than membranes supported on 
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hydrophobically modified porous substrates. The diffusion constants of these bilayers 

produced by Kocun et al. approached those of BLMs.  

 

Figure 2.5: The fluorescently labeled membrane was photobleached and the time for the 
fluorescence intensity to recover was measured. The time for recovery could be related to 
the rate of lateral diffusion of the lipids in the membrane and also as a qualitative method 
of determining relative fluidity. Adapted from Weiskopf et al., 2007.43 
 
 Porous substrates not only provide a means of investigating the physical 

properties of BLM like membranes, but may also be used to understand how an 

underlying support affects a membrane in order to model a natural 

cytoskeleton/membrane system.45 Kocun et al. have investigated the dependence of the 

membrane tension on composition and the underlying porous substrate. They investigated 

membranes composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 

DOPC/cholesterol, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-

diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) and measured tensions of 

approximately 1.01 mN m-1, 3.50 mN m-1, 2.04 mN m-1 and 20.4 mN m-1, respectively.45 

The tension of the DPhPC membrane was attributed to the underlying tether layer 
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(tetraadecanethiol) that was used to modify the gold coated pore rims.41, 45 The section of 

bilayer over the pore rims was composed of an inner leaflet of tetradecanethiol and outer 

leaflet of DPhPC. Both leaflets of the bilayer in the pores was composed of DPhPC, 

however, the interaction with the hydrophobic terminal tails of the tetradecanethiol 

decreased the elasticity of the bilayer and also the membrane tension of the pore spanning 

portion. This mechanical response was due to the portion of the bilayer in contact with 

the pore rims and as a result, larger pores should have resulted in a lowering of the 

membrane tension relative to the hydrophilicity of the modifying SAM.45 From these 

observations, the membrane tension could be altered by tuning the pore radii when 

fabricating the porous substrates. The size of the pores therefore, provided a method of 

altering the tension that was independent of the membrane composition.  

2.2  Electrooxidation: 

The motivation for the current project as discussed in the introductory chapter 

(Chapter 1) were the applications in biosensing and energy storage of modified electrodes 

and phospholipid membrane systems. Model phospholipid bilayers provide a means of 

artificially producing biocompatible selective membranes that contain transmembrane 

proteins and enzymes as the selective agents.46 For example, in the biosensing field, Tien 

and coworkers have developed phospholipid based biosensors for detecting a vast array 

of analytes where the membrane selectivity and enzyme analyte interactions were some 

examples of the main modes of detection.47 Furthermore, the electrochemical reactivity 

of analytes could also be implemented in biosensors. For example, the electrooxidation of 

glucose has been well studied in order to develop technologies for measuring blood 

glucose concentration measurement and as a possible source of organic fuel.48, 49 
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Research in the electrooxidation of glucose and other low pKa alcohols have been 

performed in the lab of Koper and coworkers. They investigated the mechanism by which 

these alcohols were oxidized under the basic conditions of 0.1 M NaOH.50 It was 

observed that the initial deprotonation step was independent of the surface and solely due 

to the pH of the electrolyte. The oxidation step was catalyzed by the gold surface 

according to the following oxidation reaction.50 

HRO−
(ad) → R=O(aq) + H+

(aq) + 2e-    [1] 

The rate of reaction was observed to be greater for the alkoxide than the protonated 

alcohol. This was tested at pH conditions lower than the pKa of the alcohol. The 

increased reactivity could be due to a combination of deprotonation and physisorption at 

the gold electrode surface. They also demonstrated that the onset of oxidation occurred at 

lower potentials as the pKa values of the alcohol decreased due to the lower fraction of 

deprotonated molecules. This observation was supported by the research of Hebie et al.48. 

For example the onset of oxidation for glucose (pKa = 12.3) sorbitol (pKa = 13.6), 

glycerol (pKa = 14.2) and ethanol (pKa = 15.9) occurred at 0.18 V, 0.29 V, 0.35 V and 

0.49 V vs. SCE, respectively.48, 50 

The relevance of these studies is in the fact that thiol derivatives of glycerol and 

glucose were used to modify the Au(111) electrode in order to increase the surface 

hydrophilicity. Therefore, the approximate potential onset of oxidation reactions must be 

determined. It should be noted that the pKa of thiols tend to be greater than alcohols due 

to the increased nucleophilicity of thiolates over alkoxides.51 Hence in the potential 

ranges studied in the current research project, the first deprotonation step would not be 
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expected, whereas the second oxidation step may still occur due to the relatively strong 

adsorption of the thiol onto the gold surface. 

2.3  Molecular Adsorption: 

In addition to the applications of modified electrodes, fundamental 

electrochemical information could be obtained in order to provide an increased 

understanding of the adsorption of molecules at an electrode surface. Research in 

molecular chemisorption has been given much attention in the scientific literature. 

Examples of research undertaken in this field include adsorption kinetics and mechanistic 

studies, strength of adsorption with regards to the qualitative hard soft acid base (HSAB) 

theory and electrochemical studies of the hypothetical partial charge transfer.52–56  

Although partial charge transfer represents a convenient approximation to understanding 

adsorption from an electrochemical viewpoint, it is not a measurable quantity and should 

be used in only qualitative descriptions of adsorption. For a discussion of a more rigorous 

and quantitative explanation of adsorption, refer to section 3.4.3.1. 

The adsorption of neutral, radical and anionic thiols on Au(111) has been studied 

by Miranda-Rojas et al.57 This study is representative of the latest approaches to 

theoretical work in the field of chemisorption and their results have correlated well with 

experimentally measured parameters. The interaction of thiols with Au(111) was 

considered to be a result of two main factors: the covalent interaction and dispersion 

forces.57 Initially the adsorption process was thought to be solely covalent in nature, 

however, simulations that defined the interaction as a sigma bond have deviated from the 

experimental observations.57 In order to determine the role of the dispersion forces in the 
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thio-gold interaction, para-thiophenolates with various functional groups were studied to 

determine the affect of electron donating or withdrawing ability on the strength of 

adsorption. They determined that the functional group in the para position had a mild 

effect on the binding energy. They determined that the electronic structure (radical or 

anionic) of the deprotonated sulfur group influenced the binding energy where the radical 

and anionic thiolate forms produced binding energies of approximately 2.3 eV and 3.3 

eV, respectively.57  

Examples of the experimental determination of the Gibb’s energies of adsorption 

(∆G
o

ad) are the works of Shi et al. and Brosseau et al. where Cl- and N-decyl-N,N,N-

trimethylammoniumtriflate (DTATf).58–59 In both studies, the surface charge densities for 

different bulk electrolyte concentrations (c*) of aqueous Cl- and DTA+ ions were 

measured. From the charge densities, the surface film pressures (π) and Gibb’s excess 

surface concentrations (Γ) at Au(111) electrodes were determined and used to calculate 

the Gibb’s energy of adsorption. It was observed from plots of surface pressure with 

respect to bulk concentration that the adsorbate ions were non-interacting and thus the 

Henry’s law isotherm was used, 59, 60 

Δ���� � �	
 ln � �55.5��	
��                                                    �2� 
where R is the gas constant and T is the temperature. In the electric potential ranges 

studied in either work the Gibb’s adsorption energies ranged between approximately 1.0 

to 1.5 eV for Cl- and 0.3 to 0.4 eV for DTA+.58, 59 

The magnitudes of the adsorption energies are indicative of bond formation and 

the adsorption process may be considered irreversible. In irreversible absorption, the 
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chemical potential of the species at the surface and in solution are not equivalent. This is 

due to both the change in the electronic structure and solvation of the species at the 

surface. The greater the binding energy, the more the chemical potentials at the surface 

and bulk differ. As a comparison, the adsorption energy of benzonitrile and pyridine are 

approximately 0.3 eV and 0.5 eV, respectively and represents a reversible adsorption 

process where the chemical potentials of a species at the surface and bulk electrolyte are 

equivalent.60, 61 The adsorption energy implies that the interaction is mainly due to 

nonbonding electrostatic and dispersion forces.57 It may be noted that at an ideal Gibb’s 

interface at equilibrium, the adsorption energy would be zero. Although this condition 

would never be realized under practical circumstances, a thermodynamic treatment of 

adsorption may still be performed for predominantly reversible systems.    

In the case of irreversible adsorption, the reductive desorption model introduced 

by Porter and coworkers was used to determine the surface concentration of adsorbed n-

alkanethiol monolayers.62 A simple half reaction in alkaline (pH > pKaRSH ≈ 9) solution 

was used to model the process where an adsorbed thiol (AuSR) was reductively desorbed 

from the electrode.62, 63  

AuSR + e− → Au(0) + RS−          [3] 

The number of electrons involved in the reductive desorption process could be 

stoichiometrically related to the number of thiol molecules that were adsorbed to the 

electrode surface. The surface concentration of n-alkanethiol monolayers could then be 

calculated from the charge density that was obtained from integration of the reduction 

peak of cyclic voltammograms. Charge densities of 9.3 x 10-10 mol cm-2 were measured 
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for alkanethiols on Au. They concluded that the surface concentration of the monolayer 

on Au was slightly greater than the expected value of 7.6 x 10-10 mol cm-2, which 

corresponded to a hexagonal array of closely packed alkanethiol on Au(111) with a tilt 

angle of 30o with respect to the surface normal. The underestimation of the surface 

concentration with respect to the measured value was not speculated. However, a reason 

for this deviation is suggested in section 6.1.2 herein.    

 Further work in understanding the reductive desorption of alkanethiols was 

performed by Morin and coworkers where the mechanism of desorption was 

investigated.64 For alkanethiols with hydrocharbon chains containing more than 10 

carbons, the desorption process was divided into two steps. The first step was a reduction 

induced transition from a chemisorbed state to a physisorbed state. As more negative 

potentials were attained, further desorption was observed to occur where the alkanethiol 

molecules rearranged into adsorbed micelles.65 The micellar state was considered 

energetically favourable due to the insolubility of the molecules in the aqueous 

electrolyte. This study demonstrated that the charge density associated with desorption 

was due to a reduction and a physisorption. Although the overestimation of the surface 

concentration was not discussed by Morin and coworkers, their observations implied that 

the reductive desorption model was only part of a more accurate model for calculating the 

surface concentration of adsorbed molecules. Furthermore, the main assumption of the 

reductive desorption model, which treated the valency as an integer quantity was likely 

the factor that resulted in inaccurate surface concentrations. A more accurate approach to 

relating the charge density with the surface concentration is the electrosorption valency. 
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Unlike the actual valency of the adsorbate, the electrosorption valency is a values that is 

not confined to the integers.  

As was previously described, from an electrochemical view point, the surface 

concentration and electrosorption valency of molecules adsorbed to the electrode have 

received a great deal of interest. Although the number of electrons flowing through the 

circuit could be measured, the surface concentration may not be deconvoluted from the 

electrosorption valency unless the later quantity is known at all potentials. The 

decoupling of the surface concentration and the electrosorption valency has been 

accomplished for aliphatic chemisorbing lipids by Kunze and coworkers.55 They used 

2,3-di-phytanyl-sn-glycerol-1-tetraethylene glycol-D,L-a-lipoic acid (DPTL) which is a 

lipid molecule with two sulfur groups at the terminus of the polar head group region. LB 

deposition and the affinity of the sulfur atoms for the gold ensured that the orientation of 

the adsorbed DPTL hydrocarbon tail groups were oriented towards the electrolyte (Figure 

2.3d).52, 55, 66 The amphiphilic DPTL molecule at an air/water interface was transferred to 

the electrode at a constant surface pressure of 30 mN m-1. The constant surface pressure 

assured that that surface concentration at the air/water interface was proportional to that 

of the electrode surface (refer to Theory section 3.5.4 for a discussion of the LB 

technique). The transfer ratio obtained from the LB deposition allowed for the surface 

concentration of DPTL to be calculated.55, 67 

As a result, with the aid of LB deposition, the surface concentration could be 

decoupled from the electrosorption valency. Furthermore, using thermodynamic 

considerations, an expression for calculating the surface concentration from measurable 

variables such as interfacial capacitance, potential of zero charge and the electrode 
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surface charge density was derived (refer to Chapter 3). The process of adsorption was 

modeled according to the following chemical reaction, 

	����� � 2�� !�" � #$�%�&� � 2$'%�&�( ) 	��$��&� � #$�%��� � 2$�%�&�            �3� 
Substituting the chemical and electrochemical potentials into [3], using the expression, 

+, � +,- � 	
ln., � /�,                                                         �4� 

where ai is the activity of the ith species and noting that n water molecules replace the 

adsorbate at the electrode surface in the desorption process, the surface concentrations of 

the adsorbed thiolate and water can be related. 

#�12� � �3�4                                                                  �5� 
the following relation was obtained, 

+-5	�����6 � #+-5$�%���6 � /12���� � /3�4����12� � 27�8 � 8-� � 9                    �6� 

where µ0
, γ, F, E and E0 are the standard chemical potential, surface tension, Faraday’s 

constant, electrical potential and potential of zero charge. The constant, B contains all 

potential independent terms. The difference in the standard chemical potentials could be 

expressed as the difference in the work required to replace the RSs SAM interfacial 

capacitance with that of the electrolyte. Furthermore, the difference in the surface 

tensions is equal to the surface pressure (π) and the constant B represents all terms that 

were independent of the applied electric potential. Isolating for π the yields the following 

expression, 
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� � 27��8 � 8-� � ;<8=�8 � 8-� � 12 ;<8=� � 12 �;- � ;<��8 � 8-�� � �9            �7� 
The difference (EN) in the potential of zero charges of the modified (E1) and bare (E0) 

electrode arose from the equations for the capacitive work and allows for the applied 

electric potential in each system to be expressed on the same scale. Equation [7] was used 

to determine the surface concentration of the adsorbate. When the surface concentration 

was determined, the electrosorption valency was calculated. Differentiation of [7] with 

respect to the rational electric potential (E – E0) resulted in an expression for the 

difference in the charge density at the metal surface (∆σM) between the modified and bare 

electrodes,   

Δ@A � B�B�8 � 8-� � 27� � ;<8= � �;- � ;<��8 � 8-�                               �8� 

The electrosorption valency at constant surface concentration as a function of Eis 

therefore, 

D � � 17� E F�F�8 � 8-�GH � 17� �8�;< � ;-� � ;-8- � ;<8< � Δ@A�                    �9� 

This approach in which the surface concentration is determined from only 

measurable variables, demonstrated the strength of the thermodynamic approach 

implemented by Kunze and coworkers. The fact that non-thermodynamic assumptions 

were not required implied that a macroscopic approach was sufficient for determining the 

desired quantities. They were also able to generalize their desorption model with the 

inclusion of the partial charge transfer (λ), a geometric factor and the extent of 
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protonation (α) of the sulfur atom at the surface. The generalized reduction model is 

states as, 

	�����J"K � L�� !�" � �# � MN�$�%�&� � 2�1 � N�$( � MN$'%�&�(

) 	��$��&� � #$�%��� � N�2 � M�$�%�&�                       �10� 
The corresponding electrosorption valency of the generalized model is therefore, 

D � 17� �8�;< � ;-� � ;-8- � ;<8<� � 17� �MPN � L�1 � P��                   �11� 
From this generalized model, it was evident that the charge density difference was equal 

to, 

Δ@A � � 17� �MPN � L�1 � P��                                            �12� 
It may be noted that the term in the brackets of [12] was described as the electrosorption 

valency by Schultz and coworkers.68, 69 However, λ is not an experimentally accessible 

quantity and only serves as an intuitive simplification to aid in the rationalization of the 

electrosorption valency. The following section describes research and ideas that have 

been developed to gain an understanding of microscopic nature of the electrosorption 

valency. Some of the ideas are experimentally inaccessible and cannot be derived from 

first principles. As a result, they merely serve as examples of work that has been 

performed to further a qualitatively understanding of the adsorption process and 

electrosorption valency.    
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2.4  Molecular Models of Adsorption: 

The HSAB theory has been used as a means of rationalizing the affinities between 

molecules in chemical reactions. In this theory, small, highly charged, nonpolarizable 

species are considered hard reactants and large, less charged, polarizable species are 

considered soft.70, 71 Originally the chemical hardness was used as a qualitative 

description of experimental observations. More recently the chemical hardness of a 

species was rigorously defined as the derivative of the chemical potential with respect to 

the number of electrons.72 The chemical potential of a species could be considered a 

measure of the strength of acids and bases where low and high chemical potentials 

correspond to high and low electronegativities, respectively. Furthermore, high and low 

electronegativities correspond to strong Lewis acids and bases, respectively.72 The 

reaction between Lewis acids and bases is dependent on the extent of sharing electrons 

(partial charge transfer). As a result, the HSAB theory could be implemented as a first 

approximation to measure the extent of electron sharing. Furthermore, the first and 

second order contributions that describe the energy required for electron transfer are the 

chemical potential and chemical hardness, respectively.72 The HSAB theory predicts that 

soft acids will have an affinity for soft bases and analogously for hard acids/ hard 

bases.70–72 

The HSAB theory may also be used to understand the preferential adsorption of 

molecules to electrode surfaces. It has been observed that sulfur species form relatively 

strong bonds with gold electrodes compared to the halides and hydroxides.73 Since the 

electrode used in the current research project was gold, interactions between sulfur 

species, halides and hydroxides will be the primary focus of the following discussion.  
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Ayers et al. have attempted to describe the HSAB theory in terms of acid and base 

displacement half-reactions.73 This approach allowed them to determine whether a 

reaction was dominated by electron transfer or electrostatic effects. From their analysis, 

the equilibrium state of a soft acid/ soft base reaction resulted from electron transfer 

effects and hard acid/ hard base reactions resulted from electrostatic interactions.72 

Moreover, the chemical hardness parameter was used as an indicator of the relative 

strengths of the bonds formed in the reaction and could therefore be used as a predictor of 

relative reactivity.72 As a first approximation, the HSAB theory is adequate for describing 

the relative strength of the interaction between a Lewis acid (electrode) and base 

(adsorbate). However, the theory does not address the degree of charge transfer from the 

Lewis base. Furthermore, the theory has not been adapted to describe the potential 

dependence of adsorption and partial charge transfer. Since the degree of charge transfer 

and its potential dependence are the focus of electrochemical studies pertaining to 

adsorption, the HSAB theory is only a helpful guide in understanding the adsorption 

process.  

Microscopic models of molecules adsorbed at the electrode surface have been 

proposed by Guidelli and coworkers.74 These models have attempted to explain the 

physical origin of the electrosorption valency. Although these models provided a basis on 

which to understand the underlying processes that affect the electrosorption valency, they 

are dependent on parameters that are not experimentally measurable such as the partial 

charge transfer. Guidelli and coworkers have also linked their findings with the work by 

Schultze, Kopitz and Vetter where they attempted to correlate the electrosorption valency 

with the electronegativity of the adsorbing species.68, 74, 75 
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In the study conducted by Schultz and Kopitz, they reasoned that the 

electrosorption valency (l) was a direct effect of the electronegativity (χ) of the adsorbing 

atom. The empirical relation that they proposed, 

D � P � Q J
K � 2Q�"�RS � Q�"��RS

    [17] 

where a depended on the local environment surrounding the adsorbate. Equation [5] 

demonstrated the exponential dependency on the electronegativity, a geometric factor (g) 

and a variable that depended on the minimum possible electrosorption valency (b).75 This 

relationship could be considered as a link to the previously discussed HSAB theory in 

which the adsorption process is considered analogous to a nucleophilic reaction. 

Although this connection to the HSAB theory is conceptually attractive, the correlation 

between electronegativity and measured electrosorption valency values appeared to be 

weak.74 The models proposed by Guidelli provided insight into the origins of the 

relatively unintuitive electrosorption valency phenomena; however, the models should be 

used with caution since they have yet to be directly experimentally verified.   

2.5  Spectro-Electrochemistry of Modified Electrodes: 

 Modified electrodes could also be studied spectroscopically since electrochemical 

measurements only provide information regarding the average physical properties of the 

interface. Spectrocscopic information could complement electrochemical measurements 

by allowing for the experimentalist to gain a greater understanding of the orientation and 

structure of the interface. Spectroscopic studies are especially important when studying 

the membrane associated proteins and their potential dependent behaviour. Many 
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different spectroscopic approaches have been configured with electrochemical apparatus 

to allow for in situ complementary information to be obtained. 

Electrochemistry is a science that deals with interfaces and the composition of 

surfaces is of interest when attempting to gain a microscopic understanding of the system 

under study. Spectroscopic methods provide a means of understanding the surfaces that 

compose electrochemical interfaces. As a result, the spectroscopic methods of 

electrochemistry must be designed to probe surfaces. A common phenomenon employed 

in surface spectroscopy is reflection where radiation incident on the surface of interest is 

reflected towards a detector. Spectroscopic reflection techniques could employ either 

external or internal reflections as methods of sample probing (refer to Chapter 3 Figure 

3.10). 

In external reflection methods, an electrode surface is brought in close proximity 

to a prism. The gap between the electrode and prism is a thin layer cavity containing 

electrolyte solution. Radiation refracted by the prism travels through the thin layer cavity 

towards the electrode surface and is reflected back to the prism where it is directed to a 

detector. The solvent within the thin layer cavity would result in some attenuation of the 

signal due to the absorption of light. The magnitude of absorption may be much greater in 

the thin layer cavity than at the electrode surface which would prevent the signal of 

interest from being discerned. Methods have been developed to distinguish the surface 

signal from that of the solvent. A strategy of eliminating the interference from the thin 

layer cavity was to use 2H2O as the electrolyte solvent instead of H2O since the 

absorption bands are shifted to lower energies away from the bands of interest. This 
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substitution was used by Leitch et al. in order to monitor surface bands that would have 

been overwhelmed by H2O bands.34 

Another method of eliminating the contribution of the thin layer cavity from the 

measured spectra was to collect reference spectra where the polarization or electric 

potential were modulated. In the case of polarization modulation, senkrecht (s) and 

parallel (p) polarized light contain absorbance information from the solvent and solvent 

and surface, respectively. The difference between the absorbance from each signal would 

result in only surface information. In the case of electric potential modulation, absorbance 

information of the desorbed electrode surface is compared to that at other potentials 

where the surface molecule of interest is adsorbed. The s-polarized and desorbed spectra 

therefore, provide the reference required for the elimination of solvent attenuation 

contributions. 

Internal reflection methods take advantage of the fact that at an angle of incident 

greater than that of a critical angle results in total reflection of radiation at the surface of 

the prism in contact with electrolyte. At the point of total internal reflection, the 

possibility of a discontinuity of the wave is alleviated by the existence of a standing wave 

in the electrolyte medium. This standing wave is a direct result of solving Maxwell’s 

equations at the boundary and has been called the evanescent field. 

The evanescent field could be implemented in electrochemical spectroscopic 

studies due to the inherent surface sensitivity that is a result of the exponential decay of 

the electric field into the electrolyte. In a method, developed by Otto in 1968, a 

configuration similar to the thin layer cavity of external reflection, the electrode may be 
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techniques are electrochemical polarization modulation infrared reflection adsorption 

spectroscopy (PMIRRAS), subtractively normalized interfacial Fourier transform infrared 

reflection spectroscopy (SNIFTIRS) and attenuated total reflection surface enhanced 

infrared adsorption spectroscopy (ATR SEIRAS). In all of these techniques, the system is 

prepared in a certain electrical state where the voltage of the electrode is controlled to 

alter the electric field across the sample. Physical and optical properties of the sample 

could then be investigated in situ with polarized infrared spectroscopy. The following 

discussion focuses on examples regarding the usage of spectro-electrochemical cells with 

emphasis on the benefits and drawbacks of the experimental designs. 

2.5.1  Polarization Modulation Infrared Reflection Adsorption Spectroscopy 

(PMIRRAS): 

Electrochemical PMIRRAS was used in the Lipkowski laboratory to investigate 

phospholipid membranes at the surface of a Au(111) electrode. The electrode supported 

phospholipid membranes were prepared using the LB and LS monolayer deposition 

techniques.34, 79, 80 The electrode with the membrane was then placed in the spectro-

electrochemical cell (Figure 2.7) and a prism was used to direct polarized light to the 

electrode face where it was then reflected and directed to a detector. A photoelastic 

modulator was used to switch the polarization of the incident light. Since the s-polarized 

light at the electrode surface underwent an 180o in-plane phase shift upon reflection at the 

electrode surface, there would be negligible adsorption of this polarized light by the 

sample.34, 79 The component of the p-polarized light parallel to the normal unit vector of 

the electrode surface would be enhanced upon reflection, interacting with the sample and 

will thus contain information of the species at the electrode surface. Obtaining a ratio of 

the s and p-polarizations would allow for cancellation of any signal that arose from 
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molecules other than those in close proximity to the surface.34 The resultant spectrum 

would be reminiscent of the sample under the applied dc electric field. A set of spectra 

collected under varying electric fields would be accumulated and analyzed to determine 

the affect of the dc electric field on the sample. Information that may be obtained from 

such studies include molecular orientation, hydration and electric field induced changes 

in the sample.80 

 

Figure 2.7: A schematic of the spectro-electrochemical cell used in a PMIRRAS 
experiment. A triangular prism is implemented to direct the incident light toward the 
electrode surface where it is reflected back towards the prism which directs it to a lens 
focused on the detector. The grey arrow denotes the position of the counter electrode and 
the dashed line rectangle represents the body of the glass spectroscopic cell. 

 The transmembrane protein, gramicidin in a phospholipid bilayer consisting of a 

DMPC: gramicidin (9:1 mole ratio) membrane supported on a solid Au(111) electrode 

was investigated using electrochemical PMIRRAS.81 The electric field across the 

membrane was on the order of 108 V m-1, which was similar to the magnitude of the 

electric fields across membranes in biological systems.81, 82 It was determined from this 

study that the polar head group packing affected the tilt angle of the lipids and was 
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dependent on the electrode potential (E). For example, the lipids of the desorbed 

membrane (E < –0.4V) were approximately 17o less tilted with respect to the surface 

normal than the lipids of the adsorbed membrane.81 Furthermore, the lipids in the 

membranes that contained gramicidin demonstrated larger tilt angles.81 The extent of 

hydrogen bonding between the alcohol groups of the glycerol and the tryptophan indole 

moieties of the gramicidin were also observed.81 In addition to measuring the tilt angles 

of the lipids, the hydration of the membrane could be determined by monitoring the shift 

to lower frequencies of the phosphate asymmetric stretching band.80 These studies were 

just a few examples that demonstrated the microscopic information that could be 

precisely collected in a properly designed spectro-electrochemical experiments.   

2.5.2 Subtractively Normalized Interfacial Fourier Transform Infrared Reflection 

Spectroscopy (SNIFTIRS): 

 

 SNIFTIRS has been implemented in the study of the surfactant sodium dodecyl 

sulfate (SDS) adsorbed to the surface of aAu(111) electrode.83 The final spectrum 

obtained from a SNIFTIRS experiment was the difference in spectra obtained in the 

absence and presence of adsorption, normalized by the desorption spectrum. As a result, 

the SNIFTIRS spectrum was a comparison of the system at any potential of interest with 

respect to the background, which was collected at the desorption potential.83 This method 

was ideal for studying the potential dependent adsorption characteristics of a species in 

the bulk electrolyte. This method is in contrast to PMIRRAS where the adsorbed layer is 

fabricated prior to the experiment. 
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Figure 2.8: A schematic of the spectro-electrochemical cell used in a SNIFTIRS 
experiment. A hemispherical prism is implemented to direct the incident light toward the 
electrode surface where it is reflected back towards the prism which directs it to mirrors 
angled towards the detector. The grey arrow denotes the position of the counter electrode 
and the dashed line rectangle represents the body of the glass spectroscopic cell. 

 In the SDS studies, the cell was situated in the vertical direction with a 

hemispherical prism at the base and the electrode in the Otto configuration.83 The purpose 

of the prism was to direct the p-polarized infrared radiation towards the electrode where it 

was reflected and then directed back towards the prism and eventually to the detector. 

From the spectra collected, the structure of the adsorbed SDS was observed to be 

potential dependent.83 It was observed that the sulfate head groups were aligned in the 

absence of excess charge at the surface (at the potential of zero charge).83 Since the 

potential dependent adsorption could be studied in SNIFTIRS, the potential dependent 

aggregate geometry may be understood. It was observed that in the potential interval 

between -250 mV to 450 mV, a hemimicellar aggregate was observed whereas a 

disordered bilayer structure was prevalent at potentials greater than 450 mV.83 Similarly 

in PMIRRAS, the tilt angle and orientation data could also be obtained from SNIFTIRS. 

However, unlike PMIRRAS, SNIFTIRS allows for potential dependent desorption and 
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adsorption to be studied. This technique is therefore ideal for studies where the 

adsorption of a soluble species is of interest. Another experimental arrangement that is 

similar to that of SNIFTIRS could also be implemented in the study the adsorption of 

water molecules and water soluble species and is the focus of the following section.  

2.5.3 Attenuated Total Reflection Surface Enhanced Infrared Adsorption 

Spectroscopy (ATR SEIRAS): 

Another combination of spectroscopy and electrochemistry is attenuated total 

reflection surface enhanced infrared adsorption spectroscopy (ATR SEIRAS). In this 

technique, a thin layer of gold was placed on the surface of a hemispherical prism in the 

Kretschmann configuration.77 The incident light is reflected off the interface between the 

prism and the gold film at an incident angle that is greater than the critical angle. Total 

reflection would result in an evanescent wave penetrating into the sample medium.84 The 

electric field from the gold surface would enhance that of the evanescent field resulting in 

an increase in the electric field amplitude interacting with the sample.85 This increase in 

the amplitude would cause more sample molecules to be excited, which would in turn 

lead to a higher signal to noise ratio. This technique allowed for the detection of dipoles 

at the surface that may not be detected in PMIRRAS. Furthermore, since this technique 

relied on an evanescent wave with a relatively short decay distance, only molecules in the 

immediate vicinity of the surface may be detected.  
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Figure 2.9: A schematic of the spectro-electrochemical cell used in an ATR SEIRAS 
experiment. Similarly to the SNIFTIRS optical arrangement, a hemispherical prism is 
implemented to direct the incident light towards the prism surface where it is reflected 
back through the prism towards mirrors angled at the detector. Unlike SNIFTIRS, the 
radiation is incident at an angle greater than the critical angle to allow for total internal 
reflection and an evanescent field in the rarer medium. The grey arrow denotes the 
position of the counter electrode and the dashed line rectangle represents the body of the 
glass spectroscopic cell. 

In the ATR SEIRAS study, water dipoles at the surface as well as the inner lipid 

monolayer were probed under different electric field environments since the thin gold 

film also acted as the working electrode.86 The information gained in such studies 

allowed for the characterization of the hydration structure of an adsorbed film. The 

potential dependent hydration of the surface film was demonstrated in the shifts of the 

water stretching band which was indicative of the hydrogen bond environment of the 

water molecules within or in proximity to the film.86 Since ATR SEIRAS was dependent 

on the penetration depth of the evanescent wave (refer to Chapter 3), only the water 

molecules interacting with the film were probed, which demonstrated the inherent surface 

sensitivity of this technique. This method has been deemed ideal for the assessment of 

film hydration due to the enhanced signal that could be measured. However, this 
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Chapter 3 

Theory 

 

This chapter discusses the theory of the instrumentation, systems under study and 

the techniques employed in the investigation of modified electrodes and the development 

of a spectro-electrochemical cell. The main instrumentation of electrochemistry is first 

discussed followed by a description of the electrochemical cell where both the 

macroscopic and microscopic details of the interface under study are addressed. 

Electromagnetic radiation and optics are then explained and relevant optical 

arrangements are noted.      

3.1  The Instrumentation of Electrochemistry: 

3.1.1  Operational Amplifiers and the Potentiostat: 

The main characteristics of operational amplifiers are: high input and output 

impedances and large gain values. The output potential (Eo) is the amplified and inverted 

potential difference (Es) between the inverting and non-inverting inputs and is 

demonstrated by the following equation, 

8� � �T8�                                                                   �1� 
where A is the open-loop gain and typically has a value between 104 and 108.1 The 

difference in signal between the dual inputs allows for the cancellation of drift since the 

difference will remain approximately unchanged.2 The operational amplifier may be used 

for many purposes such as signal addition and inversion as well as current and voltage 

measurements (Figure 3.1). External negative feedback determines the application in 
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which the operational amplifier would be used. In the case of signal addition, the 

presence of resistors at each input as well as a resistor in parallel to the operational 

amplifier, allow for the summation of simple signal waveforms into a more complex 

input signal. According to Kirchoff’s law the current (i) at the summation point (s) must 

vanish.  

U VW
WX�

� 0                                                                          �2� 

The output current (io) from the operational amplifier may therefore be stated as a sum of 

j input currents, 

V� � � U VW
WX<

                                                                        �3� 

Implementing Ohm’s law explicitly demonstrates the summation of signal potentials to 

obtain the output potential, 

8� � �	� U 8W	WWX<
                                                                    �4� 

where R0 and Rj are the resistances of the output and jth elements.  
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adder, the input current must be equal in magnitude and opposite in sign to the output 

current at the summation point. Thus the output voltage is, 

8� � 8� � 	YV,Z                                                               �6� 
where Rf is the resistance of the feedback loop and iin is the input current. This voltage is 

the outgoing signal that is sent to the display output. 

The potential at the working electrode could be controlled or measured by placing 

the reference electrode in close proximity to the interface of interest (working electrode/ 

electrolyte interface). The potential at the reference electrode is the noninverting input of 

another operational amplifier device known as a voltage follower. The input voltage (the 

voltage to be measured) is delivered to the noninverting terminal and the output voltage is 

returned to the inverting terminal. As a result, the input voltages should be equivalent to 

the output voltage and hence, the voltage is “followed”. This is achieved with a high-gain 

differential-input amplifier that allows for the input terminals to be kept at approximately 

equal voltages. The amplifier is also necessary due to its high impedance inputs which 

prevent large currents from flowing through the reference electrode. The voltage follower 

is therefore able to respond to extremely small current on the order of 10-12 A. 

As is demonstrated in Figure 3.1, operational amplifiers are vital to the 

functioning of a potentiostat. The ability to supply a custom voltage input while 

simultaneously monitoring of output currents and voltages allows for precise 

electrochemical experimentation to be performed. In addition to the potentiostat, a lock-

in amplifier may be necessary when low magnitude output voltages are to be detected. 

The lock-in amplifier is the topic of the following section.  
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3.1.2 Lock-In Amplifiers: 

Before delving into the details of the electrochemical cell, another instrument that 

is vital to electrochemical measurements is the lock-in amplifier. This device is primarily 

implemented when relatively small signals are to be detected. For example, the lock-in 

amplifier was used in the following research to aid in the detection of low amplitude 

alternating current (ac) signals in differential capacitance measurements. If a sinusoidal 

voltage perturbation of frequency (ωi) is applied to the cell, a current of the same 

frequency will be measured.3 However, the resultant current may have a phase offset 

relative to the voltage perturbation (refer to section 3.5). If the frequency at which the 

phase offset is known, the measurement may be performed at this specific frequency. For 

example, the differential capacitance measurements were performed at 25 Hz since the 

capacitive properties of the electrode/ electrolyte system are apparent at this frequency. 

The capacitive nature of the system at this frequency is recognized due to the 

approximately 90o phase shift between the input voltage and output current signals.3  

The current is converted to a voltage signal by the current follower of the 

potentiostat and is then supplied to the lock-in amplifier. It should be noted that the 

magnitude of the output current signal could be of equal order to the electrical noise in 

the system and instrumentation.4 It is the purpose of the lock-in amplifier to amplify and 

resolve the signal to a magnitude in which it may be measured. The resolution of the 

signal is then achieved with a phase sensitive detector.4  

The internal reference of the lock-in amplifier may be adjusted to the frequency of 

interest (ωr). This allows for the instrument to detect signals of the desired frequency 
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regardless of any interfering frequencies. The voltages of the internal reference (Vr) and 

output signal (Vo) may be stated as, 

[\ � [-\ sin�_\` � a\�                                                      �7� 
[� � [-� sin�_�` � a��                                                     �8� 

where V0, t and θ are the voltage amplitude, time and phase shift, respectively. 

Multiplication of [7] and [8] yields the resulting signal (V), 

 [ � [\[� � <
� [-\[-��cos�_�` � _\` � a� � a\� � cos�_�` � _\` � a� � a\��         �9� 

The resulting signal is then passed through a low pass filter which removes any ac 

components.2, 4, 5 When the output and reference frequencies are equal (ωo = ωr), [9] 

becomes, 

[ � <
� [-\[-� cos�a� � a\�                                                  �10�  

Equation [10] is a direct current (dc) signal since θr and θo are constant and will not be 

removed by the low pass filter.4 This dc signal is then sent to a processor where it may be 

converted to a quantity of interest and displayed. 

3.2  The Electrochemical Cell: 

The basic components of the electrochemical cell are the electrodes (anode and 

cathode) immersed in either the same electrolyte or separate electrolytes connected by a 

salt bridge. If the reaction between the electrodes and the electrolyte is spontaneous at the 

temperature and pressure that the experiment is conducted, an electromotive force (emf) 

will arise.6 The emf is a measure of the energy released per unit charge entering the 
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circuit due to a change in conditions at the electrode surface, such a reaction.6 Since 

charge is the fundamental property on which the emf depends, it may also be referred to 

as electrical potential.7 When the electric potential arises from a spontaneous process, the 

electrochemical cell is referred to as a voltaic cell.8 In contrast, an electrical potential bias 

may be applied between the electrodes in order to initiate a reaction and a current 

response in an electrolytic cell.1, 8  

The application or measurement of the electrical potential difference between the 

two electrodes must be calibrated if independent experiments are to be compared. As a 

result, the first electrode, known as the reference electrode (RE), must have certain 

properties to allow for the attainment of standardized measurements. This electrode must 

approach ideal non-polarizability and have a high input impedance.1 The environment of 

the RE must be kept constant at all times during an experiment ensuring that the electrical 

potential of the second electrode could be controlled precisely.1 The second electrode, 

known as the working electrode (WE) should be polarizable and relatively inert to 

prevent unwanted side reactions from occurring at the electrode.1 

Electrochemical processes are studied at the WE. The potential of this electrode 

may be altered and could have either a negative (cathodic) or positive (anodic) bias with 

respect to the RE. In experiments where the potential must be controlled, the three 

electrode cell is the preferable configuration when studying relatively high resistance 

electrolytes where the ohmic drop (iRΩ) across the solution may not be considered 

negligible.1 In order to maintain the electroneutrality of the system, the other electrode 

would have an opposite bias that counters that of the working electrode and is therefore 

referred to as the counter electrode (CE).1 The main requirement of the CE is that it is 
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inert with respect to the electrolyte solution within the electric potential range studied.1 

The CE should also have a large surface area compared to the WE in order to maintain a 

constant current density.1 A constant current density at the CE ensures that any change in 

the measured current density originates at the WE, which is the electrode of interest.   

The potential measured between the WE and the RE could be rationalized as the 

sum of the outer (Volta) potentials (ψ) and surface potentials (χ) of the electrodes in 

contact with their respective electrolytes (Figure 3.2).8, 9 However, the outer potential is 

an electrochemically inaccessible quantity since it is defined within the same phase and 

not across an interface.8, 9 It should be noted that all electrochemical measurements 

require the presence of at least two interfaces (two electrodes).1, 9 Furthermore, the same 

reasoning could be used to explain the inaccessibility of the surface potential of one 

electrode. Conveniently, the sum of the surface and outer potentials could be measured 

and is referred to as the inner (Galvani) potential (d).9  

d � e � f                                                              �11� 
The inner potential difference between the first (WE) and second (RE) phases is the sum 

of the inner potential differences between all phases in an electrochemical cell. 

Implementing Kirchoff’s loop law, an expression for the potentials may be derived, 
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would only be dependent on the inner potential between the electrode contacts, 
Δd�,' � Δdh,�                                                             �14� 

Moreover, the electrochemical potential (+i), which is the energy required to 

remove an electron from the bulk phase of a charged material to the bulk region of an 

external phase, is dependent on the inner potential.5, 10  

+i � + � M7d                                                               �15� 
At equilibrium (µ2 = µ3), the electrochemical potential difference between the electrons in 

phases 2 and 3 could be implemented to yield an expression for the electric potential at 

the WE (VWE), 

d� � d' � � +i� � +i'7 � [jk                                                     �16� 
Furthermore, d',l could be divided into the Ohmic drop (VΩ) across phase 3 and 4 and 

the potential drop across their liquid junction (VLJ).
1 

d',l � [Ω' � [no � [Ωl                                                           �17� 
The electrolyte of the reference cell (phase 4) is usually saturated, resulting in a low 

solution resistance which would minimize VΩ4.
1 

The experiments that were performed all employed the three electrode system. 

The working electrode was a single crystal, low index plane to ensure a uniform charge 

density across the surface.11 The electrode was Au(111) and was positioned in the 

hanging meniscus configuration in order to promote linear diffusion to the electrode 

surface.12 Since the geometry of diffusion was linear, a lugin capillary in close proximity 
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to the working electrode was not necessary unlike in polarography experiments where 

spherical diffusion due to the geometry of the electrode may be problematic.1  

3.2.1 The Reference Electrode: 

 As was mentioned previously, the purpose of the RE is to act as a reference for 

the electric potential at the WE/ electrolyte interface. The general characteristics that 

define a RE are: it should be ideally non-polarizable where any passage of current 

through the RE will have a negligible effect on the electric potential and it must be in a 

constant electrolyte environment.1 The main classes with respect to the cell configuration 

in which they are used are the external, internal and pseudo REs (Figure 3.3). 

In the external configuration, the RE is contained in a separate saturated 

electrolyte solution and connected to the main cell through a salt bridge. In the internal 

configuration, the RE is situated in a saturated solution with a glass capillary and is 

placed in the electrolyte in direct contact with the WE. A ceramic frit is used to allow for 

electrical contact between electrolyte solutions, but should not allow for considerable 

exchange between solutions. In the case of the pseudo internal RE, an inert metal wire 

such as Pt is placed directly in the cell. The pseudo RE could only be used if the bulk 

electrolyte solution in contact with the WE is non-changing. Under these conditions, the 

applied potential at the WE could be maintained. However, in order to determine the 

magnitude of the applied potential, the pseudo RE must be calibrated against a known 

RE, such as the Hg/Hg2Cl2 (saturated calomel electrode) or the Ag/AgCl RE. 
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 The most common RE configurations and the electric potential differences are 

summarized in Figure 3.3. As was derived above, the electric potential at the WE (VWE) 

with respect to the RE may be expressed as, 

[jk � [�pp � [Ω � [no � [1k                                                �18� 
where Vapp, VLJ and VΩ are the applied, liquid junction and ohmic electric potentials. The 

applied electric potential is the value displayed on the potentiostat.1 The liquid junction 

potential is the voltage drop at the interface between the solutions of the working and 

reference electrolytes and is expressed as, 

[no � � 	
7 U q `,M,
r

s,
B ln .,                                                �19� 

where ti, zi and ai are the transference numbers, valency and activity of the ith ion of the 

electrolyte, respectively.1 In the case of a 1:1 electrolyte, [19] becomes, 

[no � �`( � `"� 	
7 ln .<.<                                                       �20� 

This potential drop could be minimized if ions with similar transference numbers, such as 

K+ (t+ = 0.49) and Cl- (t-=0.51) are employed.1  
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experimentation.9 After the flame annealing process, the Au surface tends to remain 

unoxidized and maintains a constant state if kept under clean atmospheric conditions.9 

The physically accessible electric potential interval is larger for Au than the other metals 

due to its inertness, allowing for a larger double layer region in which the interfacial 

capacitance is approximately constant. Hence, potential dependent reactions or 

adsorption processes may be resolved with greater more readily.  

3.2.2.1 Inertness of Gold: 

The inertness of Au is due to relativistic effects where the valence 5s subshell is 

contracted due to velocities approaching the speed of light in a vacuum (3 x 108 m s-1). 

The acceleration of electrons in the vicinity of the nucleus in the s orbitals is due to their 

low angular momenta.13 The increased velocity results in an approximately 20% increase 

in s electron mass. This increase in mass results in the contraction of the Bohr radius of 

the s subshells leading to a decrease in their ionization potentials and electron affinities. It 

is the relativistic decrease in ionization potential and electron affinity that is responsible 

for the inertness of gold.13, 14 It may also be noted that the colour of gold is also due to 

relativistic effects where the d-band to Fermi level transition is lowered due to subshell 

contraction. The transition energy is between 2.2 eV and 2.3 eV which corresponds to a 

reflected wavelength of approximately 550 nm.13 In addition to the inertness of gold, the 

crystallography of the surface influences reactivity and the low index planes provide low 

energy surfaces for electrochemical implementation.    
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Furthermore, the uniformity of the surface allows for continuum approximations 

to be made which treat the surface as perfectly smooth.7 In studies involving non-

specifically adsorbed species, the interaction forces of that species with the surface could 

be studied without interference from crystallographic effects. However, the continuum 

approximation may not be used in the case of specific adsorption where the geometry and 

orientation of a molecule at the surface is dependent on the specific adsorption site.11 

Moreover, the uniformity of the charge density at the surface of the electrode is the main 

reason for the use of the (111) electrode surface.  

3.2.2.3 Work Function: 

In addition to the crystallographic benefits, the work function of the electrode is 

also important as it dictates the electronic properties of the electrode. The electronic 

structure of a metal may be thought of as a continuous band of energy states. Unlike a 

semiconductor where the valence and conduction bands are separated by an energy 

region in which electron states are forbidden, there is an absence of this region in metals. 

The separation between the occupied and unoccupied states is referred to as the Fermi 

level, which represents the highest energy level occupied by electrons.1 The density of 

electronic states in the metal is given by the Fermi-Dirac distribution function (refer to 

Theory section 3.4.3). A graphical representation of the Fermi level is demonstrated in 

Figure 3.5. In vacuum, the Fermi level (+it) (electrochemical potential of the electron in 

the metal) defines the work function (Φ) of the metal.  

+it � Φ                                                                         �21� 
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combination of the work function and additional potential terms associated with the 

surroundings.17, 18 For example, at the interface between the metal and liquid water, the 

dipoles of the water will tend to affect the Fermi level of the metal.16 The alignment of 

the water molecules is dependent on the nature of the interaction with the metal surface.19 

In order to maintain a condition of electroneutrality, the energy of the Fermi level will 

adjust to accommodate the excess charge density on the solution side of the interface.1 

The energy applied to the electrode in contact with the water phase to return to the Fermi 

level from its vacuum value is the energy associated with the potential of zero charge.17 

In the case of a modified metal electrode, the potential of zero charge will shift 

depending on the electron density of a specifically adsorbed molecule.18, 20 This case is 

analogous to the electrode in contact with a non-adsorbing aqueous electrolyte except 

there will be a greater shift of the Fermi level due to the stronger interaction between the 

adsorbate and metal, perturbing the electron density of the metallic phase.11 For example, 

a chemisorption will have a greater affect on the electron density of the metallic phase 

than a physisorption.11  

The adsorption of negative charge density will result in repulsion of the Fermi 

level electrons. In order to return the Fermi level to its energy in vacuum, energy must be 

supplied in the form of a more negative potential. As a result, the adsorption of a species 

with negative charge density will shift the potential of zero charge to more negative 

values. Likewise, the adsorption of a species with positive charge density will shift the 

potential of zero charge to more positive values. 
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The differences in the potentials of zero charge measured for a clean electrode 

surface and for a modified electrode are referred to by Frumkin and Petri as the potentials 

of zero free charge and total charge, respectively.21 For a strongly adsorbed species, the 

potential of zero total charge may be considered as a quantity describing the modified 

metal/ electrolyte interface. It is important to state that the metal and adsorbed species 

cannot be considered as separate phases due to the strong orbital overlap which distorts 

the plane at which they may be divided.11, 22 Before the electrochemically accessible 

quantity, the potential of zero charge, is discussed, the contributing factors to the change 

in the work function of the metal must be understood.  

The work function could be tuned by means of molecular adsorption at the metal 

surface. The surface potential of the metal is influenced by the dipole of the adsorbed 

molecule (p’).20 The dipole of the adsorbed molecule may be separated into two terms 

assuming that the terms could be approximated as independent.20 

vw � vK � vA2                                                                 �22� 
where pz is the dipole of the molecule in the direction normal to the metal surface and pMS 

is the dipole associated with the metal-sulfur bond. It should be noted that the dipole of 

the oriented molecule may be expressed in terms of the molecular dipole (pmol) and its tilt 

angle (α) relative to the surface normal, 

vK � vx�y �z{�N�                                                              �23� 
The shift in the work function (∆Φ) of a modified electrode with respect to the 

unmodified electrode in contact with electrolyte (Φi) may therefore be stated in terms of 

the above dipole components, the molecular area on an adsorbed molecule (A’), dielectric 
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constants of the molecule (εz) and metal-sulfur regions (εMS), the permittivity (ε0) and 

electron charge (e).20 

ΔΦ � �|-T �vK|K � vA2|A2 � � Φ}                                                  �24� 

Depending on the direction of the dipole components, the work function of the 

metal may be either positive or negative. For example, assuming the metal-sulfur dipole 

of a long and short alkane thiol are equal, then the longer molecule will have a dipole 

with a larger magnitude and thus have a greater effect on the shift than the shorter alkane 

thiol. A molecule with an opposite dipole, such as a fluorinated alkanethiol would have 

an opposite effect on the shift of the work function. In the case of a fluorinated alkane 

thiol, the work function of the modified metal would be less than that of the bare metal.20, 

23 The expressions for the work function of the bare and modified metal may be analyzed 

in order to further understand the potential of zero charge which in turn is an important 

parameter in the calculation of the surface concentration and electrosorption valency.   

3.2.2.4 Potential of Zero Charge: 

The potential of zero charge denotes the point at which there is an absence of 

excess charge at the surface of an electrode.1 Knowledge of this quantity allows for the 

calculation of the electric field emanating from the electrode surface at all potentials. In 

addition, the potential of zero charge is a characteristic of the interface and contains 

information about both the electrolyte and electrode properties.18 The contributions to the 

potential of zero charge are described in the following equation, 

8~X- � Φ7 � e� � �e � ��\tYd � +t\tY
7                                          �25� 
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where Φ, dipole terms from extent of electron overlap (χs) at the surface of the metal and 

changes in the orientation of the solvent (δχ) all contribute to the potential of zero 

charge.17, 18 The last two terms of [25] describe the potential difference between the 

electrolyte and reference electrode (Δ�\tYd) and the chemical potential of an electron in 

the reference electrode (+t\tY).17, 24 

When the electrode is placed in contact with aqueous electrolyte, the formation of 

a double layer will occur.1 The orientation of dipoles and electrostatic interactions of ions 

at the interface will result in transient current flow through the circuit connected to the 

electrode. This current will exponentially decay with time as the metal and electrolyte 

phases equilibrate.25 At equilibrium, the current will cease and the charge densities on the 

metal and electrolyte sides of the interface will be oppositely charged and equal in 

magnitude. At the potential of zero charge, there will be an absence of current upon 

contact between the metal and electrolyte, as well as a deficiency of, or excess charge on 

either side of the interface. In the case of an infinitely dilute electrolyte in the absence of 

specific adsorption, the metal and electrolyte at the interface will have identical 

properties as their respective bulk phases. Moreover, the interface could be explained by 

an ideal Gibb’s model where there is a lack of surface excesses of all quantities (refer to 

section 3.3).1, 10 

3.3 Thermodynamics: 

Analogously to the derivation of the total differentials of a liquid electrode with 

surface tension γ, the solid electrode could be treated in a similar manner.10 The surface 
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tension of solid electrodes (γs) is dependent on both elastic (εe) and plastic (εp) strains and 

could be expressed in terms of γ and the elastic surface stress (ξ).10 

/� � / B|pB|� � � B|tB|�                                                            �26� 

The surface strain (εT) is the change in the surface area normalized by the initial surface 

area. For solid electrodes, the surface tension is an additional state variable along with the 

temperature (T), pressure (p), volume (V) and electrochemical potential (+i) in which the 

internal energy (U) depends.10 

B� � 
B� � vB[ � /�BTjk � +itB#t � U +i,B#,
,

                             �27� 

where S, AWE and n are the entropy, surface area and number of moles, respectively. The 

total internal energy of the system may be expressed as,10 

� � 
� � v[ � /Tjk � +it1#t � U +i,1#,
,

                                  �28� 

Taking the total differential of [28] and then subtracting [27] yields the Gibbs – Duhem 

equation for the real interfacial system,  

0 � �B
 � [Bv � �/ � /��BTjk � TB/ � #tB+it � U #,B+i,
,

                 �29� 

The Gibbs – Duhem equation for the ideal interface, where the concentrations of species 

at the interface is identical to those of the bulk phases is,5, 10 

0 � ��B
 � [�Bv � #t�B+it � U #,�B+i,
,

                                 �30� 
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The difference between [29] and [30] gives the excess quantities at the interface. Since 

VG = V, the volume term vanishes and the Gibbs adsorption equation could be stated,  

�B/ � �B
 � �/ � /��B|� � �tB+it � U �,B+i,
,

                            �31� 

The surface excess quantities are variables that demonstrate the differences between the 

real and ideal interfaces and are stated below.10 

� � � � ��T                                                                   �32� 

� � # � #�T                                                                  �33� 
where η and Γ are the excess entropy and concentrations at the interface. Substituting 

[26] into [31], and maintaining isothermal conditions (constant T), the Gibb’s adsorption 

equation becomes, 

�B/ � �/ � ��B|t � �tB+it � U �,B+i,
,

                                     �34� 

The electrochemical potential of the i
th species could be stated in terms of the 

contributions from the chemical potential of i and the electrochemical potential of the 

electron in the metal electrode. 

B+i, � B+, � M,B+it                                                         �35� 
Furthermore, the definition of the surface charge density (σM) is, 

@A � 7 �U M,�,
,

� �t�                                                    �36� 
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Substituting [35] and [36] into [34] yields the Gibbs adsorption equation in terms of the 

charge density and the chemical potential of i.10 

�B/ � �/ � ��B|t � @A7 B+it � U �,B+,
,

                                 �37� 

Furthermore, the differential electrochemical potential of the electron in the metal 

normalized by Faraday’s constant (F) results in an expression of the electric potential (E), 

B8 � B+it7                                                               �38� 
Substituting [38] into [37] yields,  

�B/ � �/ � ��B|t � @AB8 � U �,B+,
,

                                 �39� 

The elastic strain differential could be expressed in terms of the electric and chemical 

potentials,10 

B|t � F|tF8 B8 � F|tF+, B+,                                                �40� 

A final substitution of [40] into [39] yields a particular form of the Gibbs adsorption 

equation, known as the electrocapillary equation for a solid metal electrode,25 

�B/ � �@A � �/ � �� EF|tF8 G�,p,�� � B8 � U ��, � �/ � �� EF|tF+,G�,p,k� B+,
,

         �41� 

The change in the elastic strain that results from a change in the electric or 

chemical potentials may be considered infinitesimally small and is usually neglected.25 

For example, for relatively large electric potentials, electrostriction in the direction 
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parallel to the applied electric field may occur. The thickness of the double layer charge 

at the surface of the electrode may change. As a result, the surface dipole would also 

change. If a dielectric material has a high compliance, electrostriction would lead to a 

substantial change in the surface bound charge.26 However, the coinage metals tend to 

have relatively high elastic moduli and hence low compliance. The property of low 

compliance would cause a resistance to electrostriction and therefore a negligibly small 

change in elastic strain with respect to the electric potential.27 Similar reasoning could be 

used to demonstrate that the elastic strain of a metal electrode would change negligibly 

with changing chemical potential. Therefore, [41] could be further simplified,    

�B/ � @AB8 � U �,B+,
,

                                                    �42� 

The interfacial region between the metal and solution represents a discontinuity in 

each phase. In theory, this discontinuity may be treated as an abrupt end to either phase 

where the interfacial properties of each phase are identical to their bulk properties.10 This 

theoretical treatment is a practical choice for a reference state in order to understand the 

actual properties at the interface which usually diverges considerably from the reference 

state. This reference state may be implemented as a basis for a macroscopic 

thermodynamic treatment of the entire interfacial system.10 

3.3.1 Adsorption: 

The adsorption of species depends on the specific physical properties of the metal 

surface, the solvent and the solute. In order for a solute species to adsorb strongly onto a 

surface, the interaction potential with the surface must be overcome by the energy of 
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solvation. In addition, the solute must eventually approach the proximity of the surface. 

This could be achieved through diffusion, migration or convection from the bulk of 

solution to the surface.1 As a result, the kinetics of adsorption depends on the rate at 

which the solute encounters the surface and the rate at which the bond between the 

surface and the solute is formed. The rate of bond formation depends on the rate at which 

the adsorbate adopts a favourable orientation and the rate at which electron transfer 

occurs between the adsorbate and surface.1, 11 It should be noted that the rate of bond 

formation may only be defined for strongly adsorbed species, such as in chemisorption.11 

For more weakly adsorbed species, the nature of the interaction may not involve the 

transfer or sharing of electrons, but may be due to electrostatic or van der Waals 

interactions.28, 29         

From an electrochemical viewpoint, where the electric potential of the surface is 

the independent variable, the electronic interaction between the surface and the adsorbate 

could be understood with the electrosorption valency.    

3.3.2 Specific Adsorption at an Electrode Surface: 

As was discussed in the previous section, the surface tension is the most 

convenient parameter to describe the nature of the electrode surface. The surface tension 

is defined as the amount of energy required to alter the surface area by one unit and may 

be affected by the adsorption of molecules.5 The Gibbs adsorption isotherm describes the 

relationship between the surface tension, excess concentrations, and chemical potentials 

at constant temperature, pressure, and electric potential.1  
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�B/ � U Γ,B+,
,

                                                            �43� 

Although the excess concentrations and the chemical potentials of each species are 

independent terms in [43], changing one component will inadvertently affect the other 

components. This relationship is expressed in an alternate form of the Gibbs – Duhem 

equation,1 

U �,B+, � 0
,

                                                           �44� 

The Gibbs – Duhem equation demonstrates the interconnectedness of the system by 

relating the components to their mole fractions (X) in the bulk solution. The chemical 

potential of water could be eliminated from the sum by expressing the other components 

relatively.1 Thus [43] becomes, 

�B/ � U �,�3S4�B+,
,

                                                    �45� 

where the terms in the summation are referred to as the relative surfaces excesses 

(Гi(H2O)).
1 The relative surface excesses may be related to the absolute surface excesses as 

such, 

�,�3S4� � �, � �,�3S4 �3S4                                                   �46� 

From [45] it is evident that the relative surface excesses could be determined by 

measuring the surface tension as analyte concentration is varied.25 If the electric potential 
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and chemical potentials of all species except the analyte under study are kept constant, 

the relative surface excess could be stated as, 

Γ,�3S4� � � E F/F+,Gk,����
                                                       �47� 

Furthermore, the chemical potential may be stated in terms of the activity (a), 

+, � +,- � 	
ln.,                                                            �48� 
Substituting [48] into [47] and assuming that the activity coefficient is equal to unity, an 

expression for the relative surface excess as a function of analyte concentration (ci) may 

be obtained,25 

Γ,�3S4� � � E 1	
 F/Fln�,Gk,����
                                               �49� 

The challenge associated with the measurement of the surface tension of a solid electrode 

may be overcome by electrochemical methods where the charge density is the observable 

of interest. If the chemical potentials of all species are kept constant and the electrical 

potential is varied, the surface tension may be expressed as,  

/ � � q @AB8                                                            �50� 
Furthermore, the difference in surface tension between electrochemical systems in the 

absence and presence of analyte yields the surface pressure,25 

� � /�X- � /� � q 5@�A � @�X-A 6B8k�
k�

                                   �51� 
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Substituting [51] into [49] provides a relation between the relative surface excess and the 

surface pressure obtained from the measurement of charge density, 

Γ,�3S4� � � E 1	
 F�Fln�,Gk                                                        �52� 

The relative surface excess may therefore, be determined by measuring the charge 

density in a potential range from Ei to Ef for a specific adsorbing analyte concentration.25 

The charge density measurements may then be repeated for many concentrations in order 

to obtain a data set that would allow for [52] to be implemented.  

3.4 Models of the Interface: 

The interfacial region may be modeled in numerous ways depending on the 

independent variable that is controlled during an experiment. Since the electrical potential 

is a common independent variable in electrochemical experiments, a model that 

rationalizes the interface in terms of the electrical potential is required. In order to obtain 

a model of the interface between an electrode and electrolyte, electrical elements could be 

used to represent the different spatial regions of the system. Since the strength of the 

electric field emanating from the electrode surface is dependent on distance from the 

source and not time, the electrical elements must represent spatial as opposed to temporal 

aspects of the system. It should be noted that even though the time scale of resonance 

measured in electrochemical impedance spectroscopy with an alternating potential is 

temporal in nature, there is a set time independent potential at which the experiments are 

conducted. As a result, the time domains resolved in EIS could be attributed to actual 

components of the system.30 
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If the interfacial region is an infinitesimally thin, abrupt discontinuity between the 

two phases, two resistors in series may be used to model the interface as a first 

approximation. However, experimental evidence suggested that the interfacial region 

may not be modeled as such since current flow through the interface did not occur in the 

absence of electron exchange reactions. When a potential was applied, the interface 

appeared to allow for the accumulation of charge and demonstrated similar properties to a 

capacitor. Furthermore, under conditions of an applied potential a flow of charge from 

one electrode to the next was observed which demonstrated the conductivity properties of 

the electrolyte. As a result, the electrolyte was modeled as a resistor. The electrolyte 

solution between two electrodes could therefore, be modeled as a series circuit containing 

two capacitors with a resistor situated in between.  

3.4.1 Interfacial Capacitance: 

The interface may be modeled as a parallel plate capacitor where the boundary of 

each phase is considered the region of charge condensation. Helmholtz was the first to 

recognize the analogy between the interface and a capacitor.1 The capacitance may 

therefore be represented in terms of the dielectric (εr), permittivity of free space (ε0) the 

surface area of the electrode (A) and the distance between the parallel plates (d) and is, 

; � T|\|�B                                                                     �53� 
The distance between the parallel plates may be considered an arbitrary parameter since 

the exact position of the interface may not be defined unambiguously.22 As a first 

approximation, the Helmholtz model explains the interfacial capacitance. However, the 

capacitance at the interface between the electrode and electrolyte varies with applied 
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electrical potential and is not constant like in a true capacitor. The fact that the 

capacitance tends to differ with potential is the origin of the term differential capacitance.  

Gouy and Chapman devised a model that included the electrical potential as one 

of the parameters that influenced the differential capacitance. They treated the 

concentration profile of the electrolyte phase as a Boltzmann distribution.1 The 

electrolyte phase was divided into lamellae that were parallel to the electrode surface. 

The concentration of charge carriers in each lamella (ni) could be referenced to the bulk 

concentration (ni
0) as is demonstrated in the Boltzmann distribution.1  

#, � #,-��v �� M,�d��
 �                                                       �54� 

Where zi, e, d, kB and T are the valency of the ith ion, charge of the electron, electrical 

potential, Boltzmann’s constant and temperature, respectively. Considering that the total 

charge (ρ(x)) in all lamina is,1 

���� � U #,M,�
,

                                                          �55� 

and the relationship between the total charge and the electrical potential is, 

���� � �|\|� B�dB��                                                           �56� 
then substitution of [55] into [56] and integration yields an expression for the electrical 

potential across the electrolyte phase, 

BdB� � �2��
|\|� U #,- ���v �� M,�d��
 � � 1�
,

�
�S                                    �57� 
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For relatively small magnitudes of the electric potential at the electrode surface (d-) 

equation [57] could be simplified for a 1:1 electrolyte and integrated with respect to 

distance (x) from the interface to yield,1 

d � d-��v�����                                                           �58� 
where the Debye length (κ-1) of the electrolyte may be stated as, 

�"< � �2#-�M���
|\|���
 �"�S                                                        �59� 

and could be considered as the diffuse layer thickness.31 Since the relationship between 

potential and concentration has been determined, the effect of these parameters on 

capacitance may be understood by considering the charge structure of the electrolyte 

phase near the interface. The differential capacitance is determined by measuring the 

charge on the electrode surface as the electric potential is changed.  

The charge on the electrode surface may be derived with Gauss’ law.31 

Substituting equation [58] simplified for a 1:1 electrolyte in to [56], the charge density on 

the electrolyte side of the interface is obtained,1 

@A � �@2 � T�8||���
#-��S{V#� �M�d-2��
�                                 �60� 

In order to maintain electroneutrality, the charge densities on the electrode surface (σM) 

and electrolyte must be equivalent in magnitude. Equation [60] is valid for the charge 

balance between the electrode and diffuse electrolyte. In the absence of adsorption, the 

charge density on the metal surface is due to the free electrons of the metal and may be 
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considered as the sole contributors to the total charge density (σt). The validity of this 

approximation depends on the physical interaction between the surface and electrolyte 

species. Although there may be image dipoles, which would result in bound charges, they 

are considered as part of the electrochemical free charge (σf).
7 Furthermore, in the 

presence of specific adsorbing species, the total charge density of the electrode will have 

a contribution from the bound charge (σb).
7 

@A � @� � @Y � @&                                                       �61� 
Specifically, at the surface of the electrode, the total charge density is dependent on the 

extent of coverage of the adsorbing species and is therefore dependent on the species in 

the vicinity of the surface,32 

@-� � �1 � a�@-Y � a@-&                                                 �62� 
where θ is the fraction of the surface covered by the specifically adsorbed species and the 

bound charge is proportional to the absolute surface concentration (Γi).
10 

@& � 7 U M,Γ,
,

                                                          �63� 

If may be noted that the measured charge density at the metal surface is the total charge 

and could therefore be used as a measurement of Гi of the adsorbed species i, if z is 

known and θ = 1.  

Let the surface contributions of the total, free and bound charge densities be 

denoted as those of the inner Helmholtz (H), electrolyte (el) and adsorbed (Г) layers. 

Equation [62] may be differentiated with respect to the electric potential in order to 
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obtain the capacitance of the inner Helmholtz layer in terms of the contributing 

capacitances from the electrolyte (Cel) and adsorbate (CГ). The inner Helmholtz layer 

capacitance (CH) is therefore,33 

B@�B8 � �1 � a� B@YB8 � a B@&B8                                                  �64� 
;3 � �1 � a�;ty � a;�                                                     �65� 

The result of the differentiation implies that the contributing capacitances are in a parallel 

configuration (Figure 3.6).33 For a surface where θ = 1, the there would be a negligible 

contribution from Cel and the interface could be modeled with two capacitors in series to 

yield an expression for the overall double layer capacitance (Cdl),
1 

1;�y � 1;3 � 1;                                                               �66� 

In the case of an adsorbate with a low dielectric relative to the electrolyte, the double 

layer capacitance will approximately equal the inner Helmholtz layer capacitance. In an 

electrochemical system, Cdl is the experimentally accessible quantity and any deductions 

regarding CH and CD are purely model dependent. If equation [60] is differentiated with 

respect to the electro potential, the dependence on the double layer capacitance on the 

electric potential at the inner Helmholtz plane (d�), bulk concentration and temperature 

could be determined.1 

1;�y � B|\|� � 1
�2||-M���#-/��
��S cosh�M�d�/2��
�                     �67� 
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the entirety of excess charge would be stored at the surface of the electrode. This surface 

charge density induces an electric field emanating from the electrode surface.6  

The surface charge (σ) could be either positive or negative and depends on the 

electrostatic properties of the medium surrounding the volume under study. For example, 

if a positively charged material is brought into contact with one side of the volume, it will 

induce a net negative charge in the region of the volume adjacent to it and a net positive 

charge on the opposite side of the volume element. The nature of the net charge at the 

surface could be explained by the free charge or bound charge models. In the free charge 

model, the surface charge is due to the accumulation of electrons that are not confined to 

a specific region by nuclei. In the bound charge model, electrons are unable to 

accumulate at the surface since they are bound to nuclei and are unable to flow freely. In 

the case of conductors, the free charge model would be sufficient, whereas insulators 

could be explained with the bound charge model.7 Materials with intermediate properties 

between conductors and insulators could be explained with a combined free/ bound 

charge model. Furthermore, the models could accurately describe the reaction of a 

material in contact with a medium containing a net surface charge.7 

In the example of two media, an altered surface charge in the first medium is 

induced by the presence of the second medium. If charge is not passed between the 

materials then the induced charge is solely the result of an electric field emanating from 

the charged medium. This relationship is demonstrated in Gauss’ law where the 

divergence of the electric vector field (8£) is equivalent to the surface charge density. The 

electric field is directional and its source and sink are the positive and negative charges, 

respectively.6  
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¤ ¥ 8£ � @|�                                                                  �68� 

It is indicative of Gauss’ law that a charge density results in an electric field or vice versa. 

Upon placing a charged object near the object under study, the changing electric field 

would induce a current (¦ i) which would in turn result in a magnetic field (9£) directed 

orthogonally to the electric field (Ampère-Maxwell law) that originates from a magnetic 

dipole (Gauss’ law for magnetism).6 

¤ § 9£ � +�¦ i � +�|� F8£F`                                                     �69� 
¤ ¥ 9£ � 0                                                                   �70� 

where µ0 is the permeability of free space. Furthermore, if the magnetic field changes 

through time it would induce an orthogonal electric field. This relationship is known as 

the Faraday-Maxwell law (ref Knight). 

¤ § 8£ � � F9£F`                                                              �71� 
 Equations [68] to [71] are collectively known as Maxwell’s equations. In 

electrochemistry, Gauss’ law is the most relevant of Maxwell’s equations since it is the 

electric field perpendicular to the electrode/ electrolyte interface that is either controlled 

or measured. The induced magnetic field that arises from a changing electric field is 

symmetric about the central long axis of the electrode and is in the plane of the interface 

and would not have a net effect on the electrochemical system. Moreover, the magnetic 

field will be constant at a constant sweep rate and the induction electric field of [69] will 

not arise. 
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 The versions of the Maxwell equations stated above are known as the 

“microscopic” equations since they include the affects of both free (σf) and bound (σb) 

charges. In the microscopic treatment, the total charge density (σt) at the surface of the 

electrode is responsible for the electric field.7  

@� � @Y � @&                                                               �72� 
If the total charge is separated into contributions from the free and bound charges, extra 

fields associated with each charge must be defined. The displacement and polarization 

density field may be associated with the free and bound charges, respectively. 

Substitution of these fields into [72] and simplification yields,7, 34 

|-8£ � ©̈ � ª£                                                              �73� 
where @Y � ¤ ¥ ¨ and @& � �¤ ¥ ª. 

 The notion of polarizability is the main variable associated with the bound charge 

model. The polarizability of a material explains its response to an external electric field 

and depends on the magnitude of the dipoles in the material. A dipole (p’) is the 

separation (d) of opposite charges (σ) and is expressed as,6 

vw � @B                                                                   �74� 
 Maxwell’s equations may also be implemented in describing the behaviour of 

electromagnetic phenomena with no source or sink. This phenomenon is referred to as 

electromagnetic radiation and is the basis of many spectroscopic techniques (refer to 

section 3.6).            
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3.4.3 The Microscopic Surface Charge Density: 

The statistical function derived by Enrico Fermi and Paul Dirac to represent the 

distribution of a collection of fermions is known as the Fermi-Dirac function («�¬�). This 

function demonstrates the probability of electron occupancy in energy states (¬) around 

the Fermi energy level (¬) at temperature (T).11  

«�¬� � 11 � ��®"®¯� °±�⁄                                                          �75� 
Furthermore, the local density of states n(r, ¬) at the metal surface is the sum of the 

product of the probability amplitude (|´µ|f¶|�) of the electron wavefunction (ψ) at 

location r from the nuclei and the ith energy eigenstate (δ) of the Kohn-Sham Hamiltonian 

(KSH).11 

#�·, ¬� � U|´·|f¶|�
¸

,
��¬ � ¬,�                                              �76� 

The KSH is based on determining a system of non-interacting electrons which have a 

density distribution that is equivalent to a system of interacting electrons.11 The KSH 

approach allows for the calculations of electron densities, but also maintains the orbital 

structure of the atoms that compose the surface. This may be useful if a theoretical 

determination of site specific adsorption and orientation is to be studied. The local 

density of states across the entire metal surface could be integrated to yield the global 

density of states ρ(¬) for the surface.    

��¬� � q #�µ, ¬� Bµ � U ��| � ¬,�
¸

,X<
                                       �77� 
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As is demonstrated in [77], the global density of states is the sum of the eigenstates of the 

KSH and is independent of the electronic wave functions.11 The SI units of the global 

density of states is m-2 J-1.1 

The electron density Nocc could then be determined from the global density of 

states and the probability that the state is occupied by an electron and may be expressed 

as,1  

¹��� � «�¬���¬�                                                          �78� 
Therefore, the surface charge density could be approximated from the total electron 

density, 

@A º �Δ¬¹���                                                            �79� 
where e is the elementary charge of an electron and Δ¬ is the energy range of the 

unbound valence electrons at the metal surface. In order to accurately calculate the 

surface charge density, an appropriate model must be chosen. The choice of model 

depends on the scale at which the surface is being studied. For example, a free electron 

gas model (jellium model) would treat the surface of the metal as composed of only free 

unbound electrons. Moreover, the surface may also be treated as a composition of bound 

dipole charges where the nuclei and core electrons are included along with the free 

electrons in an electric double layer model.    

The electronic structure of a cluster of metal atoms results in a continuous 

electron energy band unlike in single atoms where the energy levels remain discrete. The 

continuous nature of the band is a result of the linear combination of the wavefunctions 
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of the nearly infinite number of electrons in the metal. This linear combination would 

result in an electronic wavefunction representing the entire surface and result in a 

continuous, semi-infinite band of energy levels. The width of the d-band in the transition 

elements increases with increasing period number.11 Furthermore, the location of the 

highest occupied energy level (Fermi level) in the transition elements increases from left 

to right in the periodic table.11 For example, gold has a relatively broad d-band with the 

Fermi level positioned approximately 2.3 eV from the upper edge (highest energy) of the 

d-band.13 It is the energy of the Fermi level that dictates the extent of overlap with the 

orbitals of a species in the vicinity of the surface.1 If the energy of the Fermi level is 

similar to the orbital energy of the adsorbate, there would be increased overlap resulting 

in a stronger interaction between the metal surface and adsorbate.11   

3.4.3.1 Microscopic Description of Adsorption: 

Prior to adsorption, the electron density at the surface could be calculated as was 

demonstrated above; however, the process of adsorption would result in the overlap of 

the wavefunction of the surface and the adsorbing atom.11 The density of states of the 

metal-adsorbate could be determined by projecting the adsorbate wavefunction (ds) onto 

the metal wavefunction and determining the probability amplitude (|´ds|f¶|�).35  

�s�¬� � U|´ds|f¶|�
¸

,
�s�¬ � ¬,�                                               �80� 

It is evident from [80] that the process of adsorption would perturb the density of surface 

states. Furthermore, the overlap (projection) of the wavefunctions indicates that the 

interaction is not spatially confined to a discrete region. For instance, in anion adsorption, 
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the electrons that were localized in the discrete orbital of the adsorbate become 

delocalized upon adsorption.11 

Adsorbate induced resonance with the surface causes the adsorbate levels to gain 

a finite width.11 As a result of the delocalized electrons involved in the interaction, the 

entire surface electron density is perturbed. From an experimental viewpoint, the 

measurable surface charge density contains information that may be related to the number 

of adsorption events that have occurred at the surface. It is therefore tempting to allot the 

excess charge after adsorption to electron density in bonds formed between the surface 

and adsorbate. Analogies to chemical bonding where the sigma electrons are confined to 

a molecular orbital could then be made to simplify the perturbed electronic distribution at 

the surface.11  

The problem with classifying the interaction of the adsorbate with the surface as 

an ionic or covalent bond is the assumption that the exact interface between the substrate 

and the adsorbate could be defined. For weak interactions between the substrate and 

adsorbate, this assumption may be valid under certain conditions where the location of 

the interface could be approximated. However, for strong adsorption, such as in the 

chemisorptions interaction between a gold substrate and a thiol, the interface may not be 

defined and the allotment of electrons to a space between the adsorbate and substrate 

cannot be approximated.29 In a strong chemisorption, it is the large overlap between the 

wavefunctions of the surface and adsorbate that results in increased electron 

delocalization which prevents the assignment of bond character.11  
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The extent of electron delocalization in the direction normal to the surface could 

be modeled on a macroscopic level with the aid of a geometric factor (g).22 The 

geometric factor could be defined as the ratio of the difference between the electric 

potential at the hypothetical site of adsorption (φad) and the bulk electrolyte (φe) to the 

difference between the electric potential at the metal surface (φM) and the bulk 

electrolyte.22 

P � »�� � »t»A � »t                                                              �81� 

The geometric factor is the extent to which the electric potential profile at the surface (x = 

0) differs in the presence and absence of adsorbate.6, 22 Since the metal surface and centre 

of adsorption may not be physically located at the same position, g could be considered 

as a projection of φad, φM and φe onto the arbitrarily defined origin, x = 0. In strong 

chemisorptions where the interface between the adsorbate and substrate remains 

undefined due to electron delocalization, there will be a minimal difference between the 

potential profile at the surface in the presence and absence of adsorbate. Thus, for a 

strong chemisorption g will approach unity.  

The difference between the valence charge and a fraction of the adsorbate charge, 

which is determined from the geometric factor, could be considered the amount of charge 

that is delocalized between the substrate and the adsorbate. The resultant wavefunction 

after adsorption would alter the density of electronic states.11 The change in the density of 

electronic states would be, 

Δ��¬� � �s�¬� � ��¬�                                                       �82� 
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where ρ(ε) and ρα(ε) are the densities of electronic states before and after adsorption. The 

change in the density of electronic states could be approximated as directly proportional 

to a change in the charge density. Furthermore, the change in the electronic density 

normalized by the amount of adsorbate species on the surface could be used to determine 

the density of charge added to the substrate. If the substrate is assumed to have a uniform 

and invariant electronic density, the interaction of the adsorbate and substrate may be 

modeled as a covalent bond and the notion of partial charge transfer has been introduced 

to explain the fraction of additional charge due to the adsorption process.11 Generally, it 

is unlikely that the substrate would maintain the same electronic state before and after 

adsorption. Therefore, the validity of the partial charge transfer notion may be 

questionable. 

3.5  Experimentation: 

3.5.1 Differential Capacitance: 

Variation in the differential capacitance (DC) with potential is dependent on many 

aspects of the electrochemical system that have yet to be fully characterized. For 

example, the rate at which the potential is changed, the work function of the metal, the 

dielectric of the electrolyte at the interface and potential dependent orientation of the 

diploes all influence the interfacial capacitance. It should be noted that DC is not an 

equilibrium technique due to the constant scanning of potential during the experiment. As 

a result, DC was not used as a quantitative means of assessing the system. The 

differential capacitance served two main purposes in this work. Firstly, it was used to 

determine the cleanliness of the system and secondly, to determine the electric potential 
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range in which the capacitance was relatively constant.36 This value was taken as the 

potential at which the interface was most electrically stable.   

3.5.2 Chronoamperometry: 

 The name chronoamperometry comes from the Greek word for time (chronos), 

the unit of current (ampere) and is the measurement of current (i) with time (t).1 Another 

related technique is chronocoulometry which is the measurement of charge (q) with 

time.1 The two techniques yield related information and could be interchanged by 

considering the following relation, 

¼�`� � q V�`�B`                                                            �83� 
Considering the circuit shown in Figure 3.6, an instantaneous change in voltage would 

result in a transient current. The magnitude of the current is dependent on the types of 

elements included in the circuit and their placement with respect to one another in the 

circuit. For the simple circuits of Figure 3.6, the current profiles through time depend on 

the configuration of the elements. The majority of the modified electrode/ electrolyte 

systems studied in this research project could be modeled with the circuit shown in 

Figure 3.6. If the resistor in parallel with the capacitor is very large, the simple series 

circuit shown in Figure 3.6 could be used to approximate the system.  

 In the chronoamperometry experiment, the system is allowed to equilibrate at a 

potential (E1) where it is most stable. This potential is in the constant capacitive region 

and is determined from the differential capacitance measurements. The potential is then 

stepped from E1 to a potential of interest E2 and allowed to equilibrate. The potential of 
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interest may be any potential in which the system is to be monitored. After a sufficient 

amount of time, equilibrium is reached at the potential of interest. The potential is then 

stepped to E3 which is the potential at which the modified layer is desorbed from the 

electrode surface. This desorption potential depends on the work required to replace the 

modifying layer at the surface with electrolyte.36 This potential is also determined from 

differential capacitance measurements.  

The time intervals required for equilibration depends on the nature of the system 

under study. For example, a preexisting modification on the electrode surface, such as a 

self assembled monolayer, may require a relatively short equilibration time. If the system 

under study entails the adsorption of species in the bulk electrolyte, the kinetics of 

specific adsorption must be considered. The rate at which molecules adsorb depends on 

the rates of mass transfer to the electrode as well as the rate at which the interaction 

between the molecule and the surface occurs. These factors must be considered when 

designing the chronoamperometry experiment.  

The transient current that is induced from the potential difference between E2 and 

E3 is measured quantity. This transient current that is obtained is integrated to obtain the 

total excess charge which is then associated with E2. A series of measurement are 

performed at different E2 values and the resulting charges are plotted against their 

respective potentials of interest. The charge density data with respect to potential could 

then be analyzed to obtain quantities such as surface pressure, surface concentration and 

electrosorption valencies.25, 36   
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3.5.3 Electrochemical Impedance Spectroscopy: 

Electrochemical Impedance Spectroscopy (EIS) like differential capacitance 

could be used to measure the interfacial capacitance since in this technique, the system 

under study is perturbed with an oscillating signal and the response is measured. The 

main difference between differential capacitance and EIS is the controlled, independent 

variable. In differential capacitance the frequency is kept constant while the potential is 

changed, whereas in EIS the potential is kept constant while the frequency is changed. 

The changing frequency allows for different time scales in the system to be probed. For 

example, the charge and discharge cycle of the interfacial capacitance occurs at a 

different time regime than diffusion of ions through solution.3 Both of these processes 

could be measured since the changing period of the inputted signal could coincide with 

the periods at which these processes occur. The coincidence of the periods of the inputted 

signal and a physical process would allow for a response to be measured that depends 

only on the timescale of the process.  

In EIS the inputted signal is an alternating voltage (8½ ) and the measured response 

is manifested as an alternating current (¾½). The notation employed for the voltage and 

current denotes that these quantities are phasors (vectors with a magnitude and direction 

reminiscent of the amplitude and phase, respectively) (Figure 3.7).1 From Ohm’s law it is 

evident that the ratio of the input to output signals is the impedance (Z). 

¿ � 8½
¾½                                                                          �84� 
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from the diameter of the circle and the capacitance could be calculated with the following 

equation, 

_À/Á � 1	;                                                                    �87� 
where (ωπ/4) is the frequency in which the phase shift is equal to π/4 and the real and 

imaginary parts contribute equally to the overall impedance. Another representation of 

impedance is the Bode plot, where the absolute value of the impedance or the phase shift 

(d) is plotted with respect to frequency. The phase shift is particularly valuable in gaining 

a qualitative approximation of the number of electrical elements in the system under 

study. For example, the simple Bode demonstrates three regimes which may be modeled 

as resistors or capacitors. The phase shift is determined from the ratio of the imaginary 

(ZX) to real (ZR) parts of the impedance,1 

tan d � ¿Ä¿1 � �	 � 1_	;                                                     �88� 

Therefore, if the phase of the current is shifted by π/2, the system behaves as a capacitor, 

whereas in the absence of a phase shift, the system behaves as a resistor. If 0 ≤ d ≤ π/2, 

then there is a combination of resistive and capacitive elements where the periods of the 

processes coincide with the signal period. The different representations of impedance 

data provide complementary information when attempting to model the system.    
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Most electrochemical interfaces are non-ideal and may be accurately modeled 

with a CPE. Assigning electrical elements to impedance data is necessary in order to 

obtain meaningful values of the resistive and capacitive elements. However, models of 

the system must be kept as simple as possible and all electrical elements in the model 

must represent physically realistic processes. If the proper care is taken in developing a 

model, EIS may be considered a powerful technique in the investigation of 

electrochemical systems.     

3.5.4 Langmuir Trough Techniques:  

 The deposition of a lipid monolayer could be achieved with the Langmuir – 

Blodgett (LB) technique. The LB trough (Figure 3.9) is filled with water or an aqueous 

solution and the surface pressure is measured. Amphiphilic molecules dissolved in a 

volatile, polar organic solvent are then placed on the surface of the aqueous phase in a 

dropwise manner. The force of the aqueous solution is measured with a Wilhelmy plate 

attached to a balance and is continuously monitored as the surface concentration of the 

amphiphilic molecule is increased.38 The force (F) on the Wilhelmy plate may be 

understood with a simple free body diagram (Figure 3.9c) that includes terms for the 

force due to gravity, buoyancy and surface tension.6, 38  

7 � [�P � ÅP � /v cos a                                                 �90� 
where m, g, V and ρ are the mass of the plate and string, acceleration due to gravity, 

volume of the  submerged portion of the plate and solution density, respectively. The 

force due to the surface tension depends on the contact angle (θ) and the perimeter (p) of 

the plate in contact with the solution.38 From the diagram, it is evident that the measured 
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force would allow for the calculation of surface tension at the air/water interface. The 

surface pressure (π) may then be calculated from the difference in the surface tensions 

prior to (γ0) and after (γ) amphiphile addition.38 

� � /� � /                                                                �91� 
 

 



 

Figure 3.9: A schematic 
electrode of surface area 
addition of the amphiphilic
is reached and the electrod
the barrier positions (∆x). 
water interface would be e
the Wilhelmy plate. The 
gravitational force (Fg) and

atic of the Langmuir trough used to deposit a mon
 area (AWE). a) The trough after submersion of the
iphilic molecule. b) The barriers are closed until the

ectrode is withdrawn while the pressure is maintained
). Ideally, y∆x = AWE and the target surface pres

d be equal to that on the electrode surface. c) A free b
. The resultant force (Fz) is the sum of the buoy

) and the capillary force in the z direction.  

103 

 

a monolayer onto an 
of the electrode and 
til the target pressure 
tained by a change in 
e pressure at the air/ 

 free body diagram of 
 buoyant force (Fb), 



104 

 

 As the surface area of the interface is decreased, the average distance between the 

molecules is also decreased. This results in an increased surface pressure as the molecules 

are confined to smaller areas. The surface area corresponding to the target surface 

pressure is then maintained. A substrate with surface area (AWE) submerged in the 

aqueous solution, beneath the interface containing amphiphilic molecules is withdrawn 

towards the interface. As the substrate exits the aqueous phase, the target surface pressure 

is maintained and molecules at the surface would be removed by the substrate. The target 

pressure is determined from a previously measured Langmuir isotherm and may be 

considered as the maximum pressure attainable before the molecules adopt a non-

monolayer geometry. The change in surface area after the substrate is completely 

withdrawn (ΔT) from the solution is reminiscent of the concentration of molecules that 

have been removed. The efficiency of transfer from the interface to the substrate could be 

quantified with the transfer ratio (T),39 


 � ΔTTjk                                                                       �92� 

A transfer ratio of unity is ideal in LB deposition since the surface concentration on the 

substrate would be equivalent to that of the air/water interface. Since the substrate is 

withdrawn from the solution after the amphiphilic molecules were added to the air/water 

surface, the molecular orientation should be such that the polar portion is in contact with 

the substrate and the nonpolar portion towards the air phase. 

 After monolayer deposition, the target surface pressure is re-established and the 

substrate is oriented such that the monolayer is parallel to the air/water interface. Contact 

between the substrate and the air/water interface is established in order to deposit a 
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second monolayer. The substrate is then withdrawn from the air/solution interface with a 

complete bilayer. This deposition of the second monolayer is known as Langmuir – 

Schaeffer (LS) deposition. 

3.6 Light and Optics: 

In section # a dc electric field was the primary focus and determined the potential 

difference across the double layer region. In the current section, oscillating 

electromagnetic fields will be the focus. The fields share a similar origin and it is the time 

dependence of the fields that differ. The electric fields in the electrochemical experiments 

were stationary, whereas the fields implemented in spectroscopy are modeled as 

propagating waves.6 In the case of a propagating wave, equations [93] to [96] become, 

¤ ¥ 8£ � 0                                                                      �93� 
¤ ¥ 9£ � 0                                                                      �94� 

¤ § 8£ � � F9£F`                                                                    �95� 

¤ § 9£ � ++�||� F8£F`                                                              �96� 
The terms involving charge and current vanish resulting in only the field terms 

remaining. The vanishing divergence in [93] and [94] illustrates that the electric field has 

neither a source nor a sync and could be considered a wave propagating through space.6 

If the magnitude of the wave oscillates as it travels through space, it changes through 

time. This time dependence may be quantified by defining the period (tp) of the wave, 

which is the time required for one cycle of oscillations to occur. From [95], a changing 
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electric field through time induces an orthogonal magnetic field. The magnetic field is 

also able to induce an electric field as is demonstrated in [96].  

If the proper boundary conditions are chosen, the solutions to the wave 

equations,6 

F�8F`� � 1++�||� ¤�8 � 0                                                       �97� 

F�9F`� � 1++�||� ¤�9 � 0                                                       �98� 

are as follows, 

8£ � 8- sin5�_` � �£ ¥ µi6                                                       �99� 
9£ � 9- sin5�_` � �£ ¥ µi6                                                    �100� 

where ω, t, �£, and µi are the angular frequency, time, wave vector, and position, 

respectively. E0 and B0 are the amplitudes of the respective fields. It is evident from these 

solutions that electromagnetic radiation could be thought of as an oscillating wave with a 

certain frequency (ω), propagating through space. The equations stated above describe a 

wave propagating with a velocity (v) determined by the optical properties of the medium 

(v2
 = (µµ0εε0)

-1).6 The propagation of electromagnetic radiation through a medium and at 

interfaces between media is the subject of the following discussion. 

The velocity at which electromagnetic waves traverse a medium is dependent on 

the dielectric of the medium where the square of the dielectric is termed the refractive 

index (n) and could also be considered the proportionality constant relating the velocity 
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of light in vacuum to that of the medium.6 The refractive index is characteristic of the 

material in which the light passes. Furthermore, the name was derived from the fact that 

light is observed to be refracted from its trajectory at the interface between media.40 

 The electric field oscillates in any plane perpendicular to the direction of wave 

propagation. If this plane of oscillation is indeterminate, the wave is unpolarized. 

However, the electromagnetic wave can be polarized if it passes through a filter. This 

method of polarizing light is known as transmission polarization.40 A filter is used to 

linearly polarize the light, resulting in the electric field oscillating in only one plane. If 

should be noted that the electric field oscillating through time, induces a temporally 

invariant magnetic field in a direction perpendicular to both the electric field and 

direction of propagation. As a result, polarization of the electric field and magnetic fields 

are synonymous processes.       

The behaviour of polarized light at an interface could be utilized as a probe to 

investigate the boundary between media.40 Therefore, understanding the properties of 

light at an interface is of the utmost importance. When light traverses an interface its 

velocity, phase and trajectory are altered.40 The velocity changes due to the different 

refractive index of the next medium. Upon traversing the interface, the phase shift is 

dependent on the direction of the field vector, which is orthogonal to the trajectory of the 

light. In the case of s-polarized light, there is an 180o phase shift where the field vector is 

inverted.41 The trajectory is also influenced by the refractive indices of both media as 

well and the angle of incidence relative to the interface normal (Figure 3.10).40 The 

relationship between the angle of incidence (θ1), the refractive indices of the first and 

second media (n1, n2 respectively) and the angle of refraction (θ2) is stated in Snell’s law, 
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#< sin a< � #� sin a�                                                     �101� 
The two special cases of Snell’s law are when the incident light is normal (θ = 0) 

to the interface or at the critical angle (θc) (Figure 3.10c). If the light is normal to the 

interface, the light entering the second medium will be transmitted completely and the 

angle at which the light leaves the interface in the second medium will be in the direction 

normal to the interface (θ1 = θ2). In the case of the critical angle (θ ≥ θc), the incident 

light will be completely reflected at the interface.40 This phenomenon is referred to as 

total internal reflection and is the basis of attenuated total reflection spectroscopies. 

Reflection (r) and transmission (t) at an interface for p (Æ) and s (Ç) polarized light could 

be explained with Fresnel’s equations: 

µÆ � #� cos a< � #< cos a�#� cos a< � #< cos a�                                                   �102� 

µÈ � #< cos a< � #� cos a�#< cos a< � #� cos a�                                                  �103� 

`Æ � 2#< cos a<#� cos a< � #< cos a�                                                 �104� 

`È � 2#< cos a<#< cos a< � #� cos a�                                                 �105� 

The power of the reflected (R) and transmitted (T) waves are then, 

	 � µ�                                                               �106� 


 � `� #� cos a�#<cos a<                                                        �107� 
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Total reflection does not imply the presence of a discontinuity at the interface in 

the second medium. If Maxwell’s equations are solved at the interface, the solution will 

include an exponentially decaying standing wave in the second medium.40 This solution 

in the second medium is known as an evanescent wave. The polarization of the incident 

light is conserved in this standing wave, however, there is a shift in the phase.40 The 

electric field of the evanescent wave is, 

8t � 8- cos ��_` � �t� sin a�#�< � �"sK                                  �110� 

where n21 = n2/n1 and α contains information regarding the angle of incidence and the 

refractive indices of both the rarer and denser media. The exponential decay length of the 

evanescent wave could be approximated as the distance in which the electric field is 

equal to e-1 of its value at the interface (E0).
40 At the farthest distance in which there is a 

non-negligible electric field, the magnitude of the evanescent wave is,  

8� � �"<8-                                                             �111� 
The distance at which Ed is realized is referred to as the depth of penetration (d) and is 

given in the following expression,40 

B � 1N � L2�#<�sin� a � #�<��</�                                          �112� 

The depth of penetration of the evanescent wave is directly proportional to the 

wavelength (λ) of the incident radiation. The magnitude of the electric field at a certain 

distance along the z-axis in the rarer medium is an important quantity to consider when 

determining sample placement.  
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For linearly polarized light, the magnitudes of the electric field component at the 

interface in the rarer medium for s-polarization is,40   

8È � 8-É � 2 cos a�1 � #�<��</�                                                 �113� 

and for p-polarization are: 

8-Ê � 2 cos a�1 � #�<��</�
�sin� a � #�<��</�

��1 � #�<�� sin� a � #�<��</�                          �114� 

8-K � 2 cos a�1 � #�<��</�
sin a��1 � #�<�� sin� a � #�<��</�                          �115� 

where the total electric field amplitude of the p-polarized radiation is, 

8Æ � �|8-Ê|� � |8-K|��</�                                              �116� 
The electric field components in three dimensions could be used to probe spatial 

characteristics of the interface. For example, total reflection of radiation in the infrared 

range of the spectrum may be implemented to study the orientation of transition dipoles 

of molecules at an interface between two media of different refractive indices, where n1 > 

n2. The condition that the refractive index of the first medium is greater than that of the 

second medium is necessary in order for total reflection to occur. This technique of 

infrared spectroscopy employs the phenomena of attenuated total reflection (ATR) as the 

mechanism by which the reflected radiation contains information pertaining to the 

interface. 

An ATR infrared spectroscopy experiment usually involves the placement of a 

sample of interest onto the surface of a prism. The incident light reflects off the inside 
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surface of the prism leading to an evanescent wave in the sample medium (Figure 2.9). 

Variations to this experiment have been performed and include the Kretschmann and Otto 

configurations (refer to section 2.5).41, 42 In the Kretschmann configuration a thin layer of 

metal is placed on the surface of the prism. If the metal layer is sufficiently thin, it will 

allow for penetration of the evanescent wave into the sample media as well as allowing 

for enhancement of the electric field of the evanescent wave.42, 43 The addition of the 

electric field components of the metal and evanescent wave could result in an 

enhancement of the electric field amplitude. In the case of infrared spectroscopy, this 

enhanced amplitude will result in the excitation of a greater number of dipole moments 

leading to a higher signal to noise ratio and a lower limit of detection.44     

Enhancement could also be achieved in the Otto configuration if a metal is used to 

support the molecules under study. The Otto configuration consists of three dielectric 

media where the first, second and third layers are the prism, solvent and sample.40 It 

should be noted that in order for the sample to be probed in this configuration, it must be 

placed within the decay length of the evanescent wave. Therefore, there must be a limit to 

the thickness of the second medium. 
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Chapter 4 

Experimental Materials and Methods 

 

4.1  Materials and Instrumentation: 

 The concentrated acids H2SO4(aq) and HNO3(aq), CH3OH(l) (HPLC grade) as well 

as CHCl3(l) (ACS grade), 30% H2O2(aq) were all purchased from Fischer Scientific 

(Ottawa, ON). Anhydrous C2H5OH(l) was purchased from Commercial Alcohols 

(Brampton, ON).All solvents were used at the specified purities and no further 

purification processes were performed. The electrolyte salts:NaF(s), NaOH(s) and 

NaClO4(s) were purchased from Sigma Aldrich (Mississauga, ON) and were further 

purified with the ultraviolet/ ozone cleaner, UVO Cleaner Model 342 (Jelight Company 

Inc., Irvine, CA, USA).1 The purging gas, industrial grade Ar was purchased from The 

Linde Group (Cambridge, ON). Glass joints and accessories for the electrochemical cells 

were purchased from Ace Glass (Vineland, NJ, USA) and were modified and assembled 

at the University of Guelph (Guelph, ON).  

Lipids were purchased from Avanti Polar Lipids (Alabaster, AL, USA) and used 

without further purification. The phospholipids were: 1,2-diphytanoyl-sn-glycero-3-

phosphocholine (DPhPC) (> 99%) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine 

(DMPC) (> 99%).The self assembling molecules were: 3-mercapto-1,2-propanediol (≥ 

97%) (thioglycerol), 1-thio-beta-β-D-glucose sodium salt (99%) (thioglucose),2-

mercapto-1,4-butanedioic acid (97%)(thiomalic acid) and 1-octadecanethiol (98%) and 

were all purchased from Sigma-Aldrich (Mississauga, ON) and also used without further 

purification. The 2,3-di-O-phytanyl-sn-glycero-1-octaethyleneglycol-DL-α-lipoic acid 
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ester (DPOL) was synthesized and characterized at the University of Guelph in the 

Schwann laboratory. The Au(111) electrode, with a surface area of 0.172 cm2 was 

fabricated in the Lipkowski laboratory.2 A standard three electrode configuration was 

implemented with the Au(111) working electrode, a Au coiled wire counter electrode 

with a saturated calomel electrode (SCE) or Ag/AgCl as the reference electrodes. The 

Ag/AgCl reference electrode was either fabricated in-house or a miniature 8.4 cm 

electrode was purchased from Pine Research Instrumentation (Durham, NC, USA). The 

electrochemical instrumentation included a PG590Potentiostat/ Galvanostat (HEKA 

Electronics, Chester, NS, Canada), 7265 DSP Lock-In Amplifier (EG&G Instruments, 

Princeton, NJ, USA) and a NI-DAQ 6052Edata acquisition interface was used to digitize 

the analogue signals from the working electrode for computer compatibility and display. 

A SI1287 Electrochemical Interface and a SI1260Impedance/ Phase-Gain Analyzer 

(Solartron Analytical, Houston, TX, USA) were implemented for the electrochemical 

impedance spectroscopy studies.  

4.2  Cleaning Procedures: 

 The electrochemical cell and all other glass components were cleaned and heated 

in a mixture of concentrated H2SO4: HNO3 = (3: 1) v/v for 1.5 hours. The glass 

components were then rinsed well with copious amounts of ultrapure, 18 MΩ cmMilli-Q 

water (EMD Millipore Canada, Etobicoke, ON). The pieces were then soaked in the 

ultrapure water for at least 12 hr and then rinsed again. All Teflon components and Viton 

seals were cleaned in the mixture, H2SO4: H2O2 = (3: 1) v/v for at least 6 hr without 

heating. An identical rinsing procedure followed for the glass components was performed 

for the Teflon and Viton pieces. The rubber seals and stainless steel components were 
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rinsed with CH3OH(l) and then ultrapure water. After cleaning, the glass, Teflon, Viton, 

rubber and stainless steel components were dried in the oven at approximately 40 oC for 

at least 3 hr. 

4.3  Solution Preparation for Electrode Modification: 

   The appropriate amounts of DPhPC, DPOL or octadecanethiol were weighed 

and dissolved in a known volume of CHCl3 to prepare 1 mg mL-1 solutions. Mixed 

solutions of 1 mg mL-1DPhPC: DPOL with compositions of (80: 20) mol % and (60: 40) 

mol % were prepared for implementation as tethering monolayers. Fresh solutions were 

prepared for each series of Langmuir Blodgett depositions. For self assembly, the 

solutions were reused over the span of one week. The self assembly solutions were stored 

in the freezer at approximately -21 oC and then slowly warmed to room temperature 

before use. 

 The self assembly stock solutionswith eitherultrapure MilliQwater or CH3OH(l) as 

the solvents of 3-mercapto-1,2-propanediol, 1-thio-beta-β-D-glucose sodium salt and 2-

mercapto-1,4-butanedioic acid were all prepared to concentrations of approximately 1 mg 

mL-1. The solutions were reused over the span of one week and stored in the refrigerator 

at a temperature of approximately 4 oC. Before self assembly, the solutions were slowly 

warmed to room temperature.   

4.4  Electrochemistry: 

All electrochemistry measurements were performed in a Faraday cage and Ar(g) 

was used to deaerate and  purge the cell of atmospheric oxygen. The three electrolytes 

used were: 0.1 M NaF(aq), 0.1 M NaOH(aq) and 0.1 M NaClO4(aq). All three solids were 
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weighed and cleaned in a UV/ O3 cleaner for 20 min prior to dissolution. Approximately 

60 mL of the appropriate electrolyte solution was then added to the cell. The Au(111) 

working electrode (WE) and Au coiled counter electrode (CE) were flame annealed at 

least thrice and rinsed well with the ultrapure MilliQ water. Subsequent to the flame 

annealing and rinsing cycles, the WE was aligned to ensure that the (111) facet surface 

normal was parallel to the long axis of the glass tube in which the electrode wire was 

housed. After alignment, the WE was placed in the cell along with the CE. The cell was 

then sealed to prevent atmospheric O2(g) from entering and Ar(g) was purged through both 

the solution and atmosphere above in order to remove O2(aq) and O2(g), respectively. The 

Ar(g) was allowed to flow through the cell for approximately 40 min after which the 

solution purge was ceased and the atmosphere purge was decreased to a minimal flow 

rate. The flow rate of the atmospheric purge was decreased such that the electrolyte 

solution remained undisturbed. 

 After the solution was purged, electrical connection was established between the 

WE and the electrolyte solution. The electrode was placed in the hanging meniscus 

configuration (Figure 4.1). This configuration minimized any possible contributions due 

to nonlinear diffusion to the electrode and allowed for predominantly linear diffusion to 

affect the measured current. Nonlinear diffusion could be minimized due to the fact that a 

Luggin – Haber capillary must be placed in close proximity, at a distance x, to the 

electrode surface to decrease the uncompensated resistance (Ru) between the WE and 

RE.3 In the case of linear diffusion, this potential drop is not as drastic since the ionic flux 

to the surface is lower than for a spherical electrode.3 The uncompensated resistances for 

the planar (linear) [1] and spherical (nonlinear) [2] geometries are stated below, 
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This reduction usually occurred around -0.750 VSCE in 0.1 M NaF(aq) (pH ≈ 8.4) or -0.900 

VSCE in 0.1 M NaOH(aq)(pH = 13) and was set as the negative potential limit. The 

potential was then scanned in the anodic direction until the onset of OH– adsorption, 

which for Au(111) was approximately 1.2 V from the negative limit. The positive limits 

were 0.450 VSCE and 0.300 VSCE in 0.1 M solutions of NaF(aq) and NaOH(aq), respectively. 

The potential was cycled between the negative and positive limits until a steady state was 

attained and the measured currents of each cycle overlapped. 

4.4.2  Differential Capacitance: 

 After the cyclic voltammogram (CV) the cleanliness of the electrode/ electrolyte 

system was assessed. If contamination was evident from the CV, the electrochemical cell 

was washed, fresh electrolyte was prepared and the electrode was flame annealed as 

described above. If the characteristic CV of a clean Au(111) electrode was obtained, the 

system was deemed uncontaminated and differential capacitance (DC) measurements 

were undertaken. The potentiostat settings for DC were as follows: 30 kHz bandwidth, 

100 kHz current filter, 1 mA current follower and 5 mV s-1 scan rate. In the case of 

NaF(aq), the negative (E−) and positive (E+) potential limits were -1.200 VSCE and 0.450 

VSCE. In the case of NaOH(aq) they were -1.400 VSCE and 0.250 VSCE. The potential 

interval was increased in the cathodic direction since any interfering current from H2(g) 

production was filtered as only alternating currents due to a potential oscillating at 25 Hz 

were measured. This signal amplification and filtering was achieved with the use of a 

7265 DSP Lock-In Amplifier set at 25 Hz. Any adsorption events were accentuated in the 

DC relative to the CV since the interfacial capacitance time scale corresponded to 

approximately 25 Hz, which was the preset frequency of interest. The DC was therefore 
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used to further assess the cleanliness of the interface. As in CV, the DC measurements 

cycled until a steady state was attained and were displayed with an in-house written Lab 

View acquisition program. 

4.4.3  Chronoamperometry: 

 Following the DC measurements, chronoamperometry was performed. A 

schematic of the potential profile that was implemented is demonstrated in Figure4.4. The 

desorption potential (Edes) was equal to the negative limit used in DC and the base 

potential (Ebase) was the potential at which the interface was stable. Ebase was determined 

from the DC plot as the potential in which there was a minimal change in the double 

layer capacitance. For both NaF(aq) and NaOH(aq), Ebase = -0.400 VSCE. From Ebase, the 

potentials were stepped (Est) to a potential of interest (Eint) where, (Edes + Est) ≤ Eint ≤ E+. 

The time durations for which each potential was held constant were tdes = 0.2 s, tbase = 15 

s, tint = 30 s and the transition time from each potential was approximated as 

instantaneous (tst = 0 s) relative to the time scales of the experimental system. The current 

was sampled 8000 times ina 10µs duration at the transition from Eint to Edes. For example, 

in the case of NaF(aq) with the potential range stated previously, if Est = 0.050 V, the data 

set would have consisted of 35 current transients. Refer to section 4.8 for details 

regarding the analysis of current transients.  
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4.4.4.1 Impedance Data Analysis: 

 The electrochemical system was modeled with the simplest equivalent circuit that 

resulted in a statistically acceptable fit of the data. The fitting function of the ZPlot 

software program was used to fit the data to the equivalent circuit of choice. In all model 

circuits the electrolyte was modeled as a resistor in series with the interfacial 

components. The simplest interface was modeled with either a constant phase element or 

a capacitor in parallel with an interfacial resistor. The necessity of the parallel resistor 

depended on the low frequency limit investigated. For example, in the bare electrode/ 

electrolyte system, the parallel resistor was only necessary if frequencies less than 10-1 

Hz were investigated. The quality of the data fitting was assessed with the χ2 value. The 

fit was not accepted unless χ
2< 10-3 for the simplest circuit with two parameters (two 

degrees of freedom). Lower χ
2values imply greater p-values and therefore a better 

correlation of the fit with the data. It may be noted that as the number components in the 

equivalent (parameters) circuit was increased, higher χ2 values were accepted due to the 

increased number of degrees of freedom.     

4.5  Electrode Modification: 

4.5.1  Self Assembled Monolayers: 

 Au(111) electrode was modified with self assembling sulfur containing 

molecules. The self assembling molecules were thioglycerol, thiomalic acid, thioglucose, 

DPOL and octadecanethiol. Aqueous self assembling solutions of thioglycerol, 

thioglucose and thiomalic acid were prepared at a concentration of 1 mg mL-1. The 

DPOL and octadecanethiol were prepared in 95% ethanol each with a concentration of 1 
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mg mL-1. The electrode was flame annealed as described previously, allowed to cool to 

room temperature after the final annealing and the electrode surface was placed in contact 

with the self assembly solution for at least 5 hr. Following the self assembly, the 

electrode was first rinsed with the appropriate solvent (water or ethanol) and then rinsed 

with copious amount of MilliQ water to ensure that all nonspecifically adsorbed 

molecules and self assembly solvent were removed leaving only the chemisorbed 

monolayer on the electrode surface. The electrode was dried with a stream of Ar(g) before 

insertion into the cell. The electrode was then characterized with the techniques explained 

previously. All settings were identical to those of the bare electrode/ electrolyte solution 

except the potential durations of the chonoamperometry experiment. For 

chronoamperometry of the modified electrodes, the altered parameters were tbase = 60 s 

and tint = 180 s. 

4.5.2  Langmuir – Blodgett and Langmuir – Schaeffer Deposition: 

 The Langmuir – Blodgett (LB) trough and barriers were cleaned with methanol 

and water and then filled with 255 mL of MilliQ water. The Wilhelmy plate was a 

Watman filter paper cut to a final size of 1.5 cm x 1.0 cm and was submersed to a height 

of 0.5 cm and allowed to equilibrate with the water phase for 10 min. The water phase 

was then heated to 30 oC and allowed to equilibrate for 30 min. The cleaned electrode 

was completely immersed in the water phase. Approximately 40 µL of a 1mg mL-1 

solution of DPOL dissolved in CH3Cl(l) was added to the surface of the water phase. The 

CHCl3(l) was allowed to evaporate from the water surface for 20 min until the surface 

pressure stabilized. The barriers were then closed to the target transfer pressure of 35 mN 

m-1. This pressure was determined from a compression isotherm measured at 25oCand 
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was approximately 10 mN m-1 less than the collapse pressure. The system was allowed to 

stabilize for approximately 20 min and the electrode was withdrawn from the water phase 

at a speed of 12 mm min-1. The deposited monolayer was only characterized with the 

electrochemical methods if the transfer ratio (T) was between 0.9 and 1.1. If 0.9 >T> 1.1, 

then the electrode was cleaned and the process was repeated until 0.9 <T< 1.1 was 

obtained. 

4.6  Chronoamperometry of the Modified Electrode: 

 In the chronoamperometry measurements, at least three fresh modifying layers 

were deposited for the entire potential range under investigation. The first potential range 

was -0.700 VSCE ≤ E ≤ 0.300 VSCE. A fresh monolayer was then deposited and studied in 

the second potential range: 0.200 VSCE ≤ E ≤ 0.450VSCE.The first and second potential 

ranges were measured with respect to Edes = -0.700 VSCE. The third potential range ((E−+ 

Est) VSCE ≤ E ≤ -0.700 VSCE) was measured with another freshly deposited monolayer 

with respect to Edes = E−.E− was dependent on the electrolyte and was -1.200 VSCE and -

1.400 VSCE for NaF(aq) and NaOH(aq), respectively. Fresh monolayers were deposited and 

the electrode was characterized at least thrice at all potentials within the third range with 

respect to E−. 

4.7  Chronoamperometry of Thioglycerol Adsorption: 

 A cleaned electrochemical cell was assembled and approximately 60 mL of 0.1 M 

NaOH(aq) electrolyte was added. A flame annealed Au(111) electrode was inserted into 

the cell. The cell was purged with Ar(g) for 40 min. Current transients were collected 
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every 50 mV in the potential range: -1.400 VSCE ≤ E ≤ 0.250VSCE. The same settings as 

those of the modified electrode were used. 

The electrochemical cell was then mounted on a magnetic stir plate. A magnetic 

stirring bar, cleaned in H2SO4: H2O2 = 3: 1 for at least 5 hr, rinsed well with a copious 

amount of MilliQ water and added to the electrochemical cell. A volume of electrolyte 

containing thioglycerol solution was added to the electrolyte in the electrochemical cell 

for a final concentration of 5 x 10-6 M of aqueous thioglycerol. The family of current 

transients were collected every 50 mV in the electrolyte potential ranges stated 

previously. The concentration of thioglycerol in the working electrolyte was then 

increased and the current transients were acquired in the same manner as the previous 

thioglycerol concentration. These steps were repeated for all the thioglycerol 

concentrations under study (5 x 10-6 M, 1 x 10-5 M, 1 x 10-4 M, 5 x 10-4 M, 1 x 10-3 M). 

The potential step software was used to control the stirring as the potentials were 

kept constant. The stirring time during Ebase was equal to tbase and that of E was equal to (t 

– 10) s to allow for the solution to adopt a quiescent state before the current transient was 

measured. Stirring was necessary to ensure that the diffuse layer at the interface of the 

WE remained at a constant thickness since it would grow with time in a quiescent 

solution. Equivalently, a minimum diffuse layer thickness would have allowed for the 

preparation of an interface where the charge density is solely dependent on the adsorbed 

molecules with minimal contribution from solution species in the vicinity of the 

electrode. 
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In the potential range -1.400 VSCE ≤ E ≤ -0.700 VSCE, Edes = E – Est for all E.5 It 

was observed that at constant negative potentials maintained for 240 s resulted in creep of 

the electrolyte solution up the sides of the WE. Therefore, the current transients at the 

potentials of interest were measured with respect to the previous potential and not E− in 

order to prevent electrolytic creep which would have increased the interfacial surface area 

and exposed the non (111) facets to the electrolyte solution.5 At least two data sets of 

current transients were obtained for each thioglycerol concentration and these transients 

were analyzed as described in section 4.8. 

4.8  Data Analysis of the Current Transient: 

 Current transients collected from the chronoamperometry measurements were 

normalized with respect to the electrode surface area to convent to current density 

transients. The current density transients were then baselined with respect to the 500 data 

points collected prior to the potential step. One data point was collected every 0.1µs and 

the independent variable was converted to time (t). Integration of the current density over 

the entire acquisition time was performed to obtain charge density transients. A final 

fraction of the data points (1/8 of the 8000 points collected after the potential step) in the 

charge density transients were fit with a linear regression and extrapolated to t = 0 

(Figure 4.5). The value at t = 0 was taken as the total charge density at the potential of 

interest. The extrapolation procedure was required to eliminate any charge due to 

possible redox processes such as H2O(l) or H+
(aq)reduction and to accommodate for the 

non instantaneous change in the potential from Eint to Edes. 
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In order to determine the surface concentration with the chronoamperometry 

method explained previously, the surface pressure (π) of the electrode was determined 

within the interval defined by the desorption (Edes) and more positive (E+) potentials with 

the following equation, 

� � q ∆@�B8kÌ
kÍÎÏ

                                                                   �4� 

The surface concentration (Γ) of the thioglycerol on the electrode was then calculated for 

each potential from the relationship between π and the thioglycerol concentration (c) in 

the bulk solution. 

� � 1	
 E F�F ln �Gk                                                                    �5� 

The surface concentration was then plotted with respect to E in order to obtain the 

potential depended adsorption isotherm. 

4.9  Differential Capacitance for the Determination of the Potential of Zero 

Charge: 

 The procedure for measuring the differential capacitance was followed. A clean 

electrochemical cell containing an electrolyte of either NaF(aq), NaOH(aq) or NaClO4(aq) at 

concentrations of approximately 1 mM were the working electrolytes of interest. The 

electrode was subjected to the flame annealing and rinsing procedures and placed in the 

cell. The cell was purged with Ar(g) for 40 min and  the electrode was connected to the 

electrolyte in the hanging meniscus configuration. The differential capacitance was then 

measured as described previously. The capacitance at the minimum of the parabolic 

shaped portion of the anodic scan was taken as the potential of zero charge (pzc). DC was 
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only used for determining the pzc for the clean, bare Au(111) electrode since this 

technique was deemed unsuitable for the determination of the pzc of modified electrodes.   

4.10  Immersion Method for Measuring the Potential of Zero Charge: 

 The immersion method was implemented to measure the potential of zero charge 

of both the bare and modified electrodes. In this method a clean electrochemical cell with 

clean electrolyte (either NaF(aq) or NaOH(aq)) was assembled, the WE was inserted and the 

cell wasdeaerated with Ag(g) for 40 min. After 40 min the solution purge was ceased and 

the atmospheric purge was decreased to a flow rate that minimally disturbed the surface 

of the electrolyte. A constant potential was applied to the WE prior to contact being made 

with the electrolyte. The Lab View CV program was set to record and the WE electrode 

was slowly lowered towards the electrolyte until contact was made. The contact between 

the electrode and electrolyte closed the electrical circuit and resulted in a current. The 

current was acquired at a sampling rate of approximately 6.7 points s-1. If the bare 

Au(111) electrode was under study, it was removed from the cell subjected to the flame 

annealing and rinsing cycle and replaced in the cell. The cell was purged with Ar(g) for 

approximately 20 min and the immersion procedure was repeated at another constant 

potential. In the case of the modified electrode, the WE was subjected to flame annealing 

cycles and placed in the self assembly solution for at least 3 hr. Self assembled 

monolayers demonstrated the same electrical properties for incubation times greater than 

or equal to 3 hr. After the self assembly, the electrode was rinsed as stated previously, 

inserted into the cell and the immersion procedure was repeated at another constant 

potential. 
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 The immersion method resulted in a family of current transients at each potential. 

The measurements were repeated in triplicate to ensure accuracy. The current transients 

were integrated which resulted in a family of charge transients. The total charge was 

obtained in an identical fashion to those of the chronoamperometry current transients. 

The total charge densities were then plotted with respect to the applied potential and were 

fit with a linear regression. The linear regression was used to interpolate the potential at 

which there was an absence of charge density. This value was taken as the potential of 

zero charge. 

4.11  Calibration of the Spectro-Electrochemical Cell and Preliminary 

Measurements: 

 The spectro-electrochemical cell was fabricated in its entirety at the University of 

Guelph (Guelph, ON, Canada). The porous substrates were 0.2 µm thick, 25 mm 

diameter Anodisc 25 Al2O3 purchased from Whatman International Ltd. (Maidstone, 

England). The attenuated total reflection prism was composed of Si. The spectro-

electrochemical cell was designed to accommodate the Si prism and interface with the 

Nicolet Nexus 870 spectrometer (Pike Technologies, Madison, WI, USA). It was also 

designed to include the general characteristics of the three electrode, controlled 

atmosphere electrochemical cell used in the previously described electrochemistry 

measurements. For a discussion of the design characteristics and schematics of the 

spectro-electrochemical cell, refer to Chapter 8. 

 Electrochemical characterization of the spectro-electrochemical cell was 

performed with EIS where the internal pseudo RE was either a Pt or Ag/AgCl wire. An 

internal pseudo RE was required to minimize any interfering impedance effects at the 
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higher frequencies. The electrolyte of the main compartment was purged with Ar(g) for 40 

min. After purging, the inner compartment was lowered to form a hanging meniscus 

connection between the WE and electrolyte. The impedance was measured at select 

potentials within the double layer region. The electrochemical cell was then heated with 

the aid of an Isotemp Heated Bath Circulator (Fisher Scientific, Ottawa, ON, Canada). 

The electrolyte was allowed to equilibrate with the heated water for approximately 1.5 hr. 

The dependence of the impedance with temperature was then measured. 

 Calibration measurements of the change in the solution resistance were then 

performed by adjusting the distance between the WE and CE. The change in the distance 

was measured with a Vernier caliper. The absolute distance between the WE and CE was 

then determined by summation of the distance change with the predetermined cell 

dimensions. 

The cell was then disassembled, cleaned and then reassembled with the 

incorporation of the porous Al2O3 substrate. It may be noted that the plastic perimeter of 

the circular Al2O3 disc was removed before insertion into the Teflon substrate holder. The 

impedance of the system with the porous Al2O3 substrate was then measured as stated 

previously. In summary, the electrochemical properties of the system that were calibrated 

included: the effects of temperature on the impedance, the concentration dependent 

changes in the electrolyte resistance within the dimensions of the cell and the influence of 

the porous substrate on the overall impedance. 

After the spectro-electrochemical cell was properly characterized, preliminary 

measurements of the impedance properties of a DPhPC bilayer were performed. A 
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Cressington Sputter Coater 108auto (Watford, UK) was implemented for depositing a 20 

nm Au film on to the Al2O3 substrate. The Al2O3/Au was then placed in the spectro-

electrochemical cell and characterized with EIS. Following characterization, the 

Al2O3/Au substrate was incubated in a CHCl3 solution containing 1 mg mL-1 of DPOL 10 

hr to promote self assembly. The modified substrate was then rinsed with methanol and 

copious amounts of MilliQ water and then placed in the spectro-electrochemical cell and 

the impedance characteristics were characterized. Finally, the modified substrate was 

placed in an aqueous solution of DPhPC vesicles in order to deposit a phospholipid 

bilayer by way of the vesicle fusion and rupture mechanism. The modified porous 

substrate supporting the DPhPC bilayer was then placed in the spectro-electrochemical 

cell and the impedance characteristics of the bilayer were then characterized. 
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Chapter 5 

Derivation of a Charge Density Model for the Calculation of Surface Concentrations 

and Electrosorption Valencies of Self Assembled Monolayer Modified Electrodes 

 

 A model to relate the measured charge density to the surface concentration of 

adsorbed molecules is derived. This model may then be implemented to rationalize the 

macroscopic thermodynamic property known as the electrosorption valency and how it 

differs from the valency of the adsorbate. The applicability of the model to conditions in 

which an analyte is in thermodynamic equilibrium with an electrode surface will be 

demonstrated. Moreover, a desorption/adsorption equilibrium reaction will be derived 

from the model.  

 The appropriate potential of zero charge value that should be employed is also 

discussed with respect to the conditions of electrochemical measurement. The two values 

are the potential of zero total charge (pztc) and the potential of zero free charge (pzfc) 

and they are relevant at different equilibrium conditions. Since it is the purpose of the 

model to allow for the calculation of surface concentration of modified electrodes, in 

which the modifying analyte is not in equilibrium with the bulk solution, the pzfc was 

measured.  

5.1  Definitions of Modified and Unmodified Electrodes: 

 An electrode with an adsorbed species that is chemically different from those of 

the bulk electrode may be considered a modified electrode. The nature of the interaction 

between the electrode and adsorbate may vary in terms of the energy of adsorption, 

which will in turn perturb the electronic structure of the electrode. The degree of overlap 
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between the electronic wave functions of the electrode surface and the adsorbed molecule 

will affect the extent at which the electronic structure of the electrode is perturbed.    

Strongly adsorbed molecules that tend to greatly perturb the electronic structure 

of an electrode, such as those that are chemisorbed, may not be spatially differentiated 

from the electrode surface. Furthermore, since the electronic wave function of the surface 

and molecules are combined upon adsorption, there cannot be a distinction between the 

electronic properties of the electrode and adsorbate molecule. As a result, if an electrode 

is chemically modified prior to its contact with electrolyte it should be treated as a single 

phase from an electrochemical viewpoint. 

In the following discussion, the bare, clean Au(111) electrode will be referred to as the 

unmodified electrode. The term modified electrode will be reserved for Au(111) with 

molecules adsorbed prior to contact with electrolyte. Although the modified electrode 

will be composed of Au(111) and adsorbate, it will be viewed as a single phase. 

5.2  Derivation of the Charge Density Model: 

5.2.1  The Displacement Field: 

 In a homogeneous and isotropic phase in contact with a conductive metal such as 

the Au(111) electrode, the displacement field (D) will be proportional to the electric field 

(Ð) through the following relation,1, 2 

¨ � |\|-Ð                                                                     �1� 
where εr and ε0 are the relative and vacuum permittivities. If the interface is treated as 

ideal, where the electrolyte properties at the electrode surface are identical to those of the 
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bulk solution and in the absence of specific adsorption, the field in the electrolyte phase 

would be displaced from the electric field that arose from the charge density at the metal 

surface.1 This displacement field would then be a result of the free charge density (σf) at 

the electrode surface. Therefore, 

¨ � @Y                                                                          �2� 
In actuality however, the electrolyte properties will not be identical to those of the bulk 

solution and there would be an excess or deficiency of ionic species in proximity to the 

surface.3 The interfacial region of the electrolyte will therefore, be neither homogeneous 

nor isotropic, which would result in an additional contribution to the charge density at the 

interface due to dipole formation between the ionic species in solution and their image 

charges at the metal surface.4 – 7 The presence of these dipoles would result in a bound 

charge (σb) at the surface that would contribute to the displacement of the electric field as 

such, 

¨ � @Y � @& � @�                                                                �3� 
where σt is the total charge density at the metal surface. It should be noted that the 

deconvolution of D into the free and bound charge densities is dependent on the reference 

system.1 The choice of reference system will not affect the final result since it will 

depend on the system under investigation (modified electrode). For example, in the 

following studies, the clean (unmodified) Au(111) electrode in electrolyte would be 

considered as the reference system regardless of possible adsorption by the electrolyte 

species since it is the adsorption of the sulfur containing molecule that is of interest. 
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5.2.2  The Relationship between the Polarization Field and Bound Charge: 

 The polarization field (P) may be introduced to accommodate for the bound 

charge at the surface.1 Equation [3] then becomes, 

¨ � |\|-Ð � ª                                                                 �4� 
where σf = εrε0Ð and σb = P. In the calculation of surface concentration, it is the 

determination of the number of bound dipoles per unit area of the electrode surface that is 

of importance. As a result, the polarization field must be related to the surface 

concentration. The polarization field in the direction normal to the interface is 

proportional to the volume density (N) of dipoles at the surface and could be expressed 

as, 

ª � ¹ ¹vw                                                                      �5� 
where p’ is the magnitude of the dipole component in the direction normal to the 

interface and Avogadro’s number (NA) is the proportionality constant. The total charge at 

the electrode surface is the measureable quantity and the contribution of the dipole to this 

charge is thus the bound charge. If the dipolar charge (q) is projected onto the plane of 

the electrode surface, [5] becomes, 

ª � ¹ ¼�                                                                      �6� 
where Γ is the surface concentration with units of mol cm-2.Substituting q = ze and F = 

NAe into [6] yields, 

ª � Δ@& � M7�                                                                  �7� 
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where z and F are the valency and Faraday’s constant, respectively. The right side of [7] 

is equal to the bound charge which implies that the magnitude of the polarization field 

normal to the electrode surface is also equivalent to the bound charge.1 

5.2.3  Relating the Model to Measurable Quantities: 

 The actual potential due to the free charge (Ef) across the double layer region of 

thickness x adjacent to the electrode surface could be included into the model by 

assessing the εrε0Ð term of equation [4]. Substituting the relations, εrε0= xC and xÐ = -Ef 

into [4] results in, 

¨ � �;8Y � ª                                                                 �8� 
and demonstrates the dependence of the displacement field on the actual potential (Ef) 

and measurable interfacial capacitance (C). The magnitude of the charge density is 

dependent on the actual potential which could be rationalized by consideration of the 

potential of zero free charge (Epzfc) as such, 

8Y � 8 � 8pKY�                                                                �9� 
where E is the experimentally controlled potential with respect to a specific reference 

electrode (RE). Substituting [7] and [9] into [8] results in an expression relating the 

controlled potential and interfacial capacitance to the total (displacement field) and bound 

(polarization field) charge densities, 

@� � �;58 � 8pKY�6 � M7�                                                 �10� 
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The surface concentration of adsorbed molecules could then be determined by taking the 

difference between the charge densities of the modified (@�<) and unmodified (@�-) 

electrodes and further simplification yields, 

∆@� � @�< � @�- � 8�;- � ;<� � ;-8pKY�- � ;<8pKY�< � 7�M<�< � M-�-�           �11� 
Rearranging [11] results in an expression for the surface concentration of the adsorbate 

(Γ1) at the electrode surface. 

�< � 17M< Ñ∆@� � 8�;- � ;<� � ;-8pKY�- � ;<8pKY�< Ò � M-M< Ó                          �12� 

where ∆σt is the difference in the total charge densities of the systems and ν = Γ0/ Γ1 

relates the surface concentration of both systems. In a non-adsorbing electrolyte it may be 

assumed thatΓ0 = 0and the last term on the right of [12] would vanish resulting in an 

expression that would allow for the calculation of the surface concentration.  

5.2.4  The Origin of the Free Charge Density: 

The change in the difference between the energy stored by the interfacial 

capacitor of the unmodified and modified electrodes with respect to the actual potential is 

the thermodynamic origin of the free charge density. The free charge density change 

could be stated as the derivative of the difference between the energy stored in the 

unmodified (w0) and modified (w1) interfacial capacitors at constant adsorbate surface 

concentration (Γ),8  

∆@Y � E B
B58 � 8pKY�- 6 �Ô- � Ô<�Õ

H
                                           �13� 



142 

 

Furthermore, there is a difference in the free charge densities of each system since the 

electronic structure of the electrode could be changed upon adsorption as well as the 

potential dependent energy stored in the interfacial capacitor. As implied by equation 

[11] the capacitance and pzfc dependence of the change in the free charge density could 

also be stated as,   

∆@Y � 8�;- � ;<� � ;-8pKY�- � ;<8pKY�<                                      �14� 
The average dielectric constant, thickness of the interfacial capacitor and the perturbation 

of the electronic structure affect the change in the free charge between the modified and 

unmodified electrode systems.  

In order to further explain the factors that influence the change in the free charge 

density, a strongly chemisorbed molecule that is short and polar will be contrasted with a 

weakly physisorbed molecule that is long and nonpolar. For a strongly adsorbed molecule 

the electronic structure will be perturbed due to the sharing of electrons between the 

adsorbate and electrode. As a result the pzfc shift may be relatively large. Furthermore, if 

this molecule had a similar dielectric constant to that of the unmodified interface, the 

capacitance difference may be negligible (assuming the capacitors of each system are of 

thickness) and the change in the free charge density will therefore be, 

∆@Y Ö ;58pKY�< � 8pKY�- 6 � ;∆8pKY�                                          �15� 
where C = C1 = C2. For a weakly adsorbed hydrophobic molecule, the electronic 

structure and therefore the pzfc would not be affected; however, the capacitance of the 
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interface will be greatly perturbed from that of the unmodified system. This perturbation 

will result in, 

∆@Y Ö 8�;- � ;<� � 8∆C                                                   �16� 
 Fortunately, the change in the free charge density could be directly obtained by 

measuring the pzfc and average capacitance of the modified and unmodified electrodes. 

5.2.5  The Electrosorption Valency: 

The total charge density is the change in the surface pressure of the electrode as 

the applied potential is varied. The total charge density difference is a convolution of the 

free and bound charge density differences. The simple reductive desorption model makes 

the assumption ∆σt = ∆σb.
9, 10 Moreover, this assumption implies that l = z. This 

assumption will only be true if the free charge density of both the modified and 

unmodified systems are equal (∆σf = 0). The electrosorption valency differs from the 

actual valency due to the change in the free charge densities of the modified and 

unmodified electrodes. Similarly to the work of Kunze et al., [11] may be used to 

determine the electrosorption valency (l). The electrosorption valency in the expression 

for the total charge density may be considered analogous to the valency (z) in the bound 

charge density expression ([7]). Similarly to the expression for the free charge density, 

[13], in which the dependence on the difference in the energy stored in the interfacial 

capacitors was stated, the total charge density may be described by the difference in the 

surface tensions between the unmodified (γ0) and modified (γ1) electrodes. This 

difference in the surface tensions between the two systems defines the surface pressure 

(π) of the electrode surface.  
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/- � /< � �                                                                      �17� 
The derivative π with respect to the actual potential (V – V

0
pzfc) is equal to the difference 

in the total charge density,8 

B�
B58 � 8pK�- 6 � ∆@� � �D7�                                                    �18� 

where Γ = Γ1 + Γ0. Substitution of [18] into [11], setting Γ0 = 0 and isolating for l results 

in the expression for the electrosorption valency, 

D � � 8�;- � ;<�7�< � ;-8pKY�-
7�< � ;<8pKY�<

7�< � M<                                  �19� 

If C1 = C0 = C then l depends on the difference in the potential of zero charge between 

both systems (EN = E
1

pzfc – E
0

pzfc) and [19] simplifies to  

D � � ;8=7�< � M<                                                              �20� 

Equation [20] explicitly demonstrates that the shift in the potential of zero free 

charge is a factor in the deviation of l from z. 

 Returning to [11], the terms that resulted in the deviation of the total charge and 

bound charge densities contained information regarding the differences in the physical 

properties between the modified and unmodified electrode. The first term on the left side 

of [11] quantified the charge density difference between both systems with unequal 

double layer thickness and dielectric constant. The second and third terms contain 

information regarding the charge densities at the electrode surface at the specific 

potentials of E0
pzc and E1

pzcfor the unmodified and modified systems, respectively. It may 
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therefore be generalized that the first three terms constitute the shift in the charge 

densities between the modified and unmodified systems. Lastly, the fourth term 

quantified the difference in the bound charge densities of the modified and unmodified 

systems. 

If these terms are normalized with respect to the expected bound charge density 

(FΓ) as was performed in [18], the physical reasons for the deviation of the 

electrosorption valency from the actual valency could be understood. It is evident from 

[19] that the deviation of l from z arose from the comparison between the modified and 

unmodified systems. Furthermore, since the potential of zero free charge may have likely 

changed between systems (E0
pzc ≠ E1

pzc), the charge density at the electrodes would not 

necessarily have been equivalent at a specific value of E even if C0 = C1. Therefore, these 

terms allowed for the accurate comparison between the charge densities for all E. As a 

result, it was deemed imperative that the actual potential of zero free charge values for 

the modified and unmodified electrodes were measured. Equation [19], therefore allows 

for the physical definition of the electrosorption valency to be stated. The electrosorption 

valency may be defined as the macroscopic manifestation of the perturbation of both the 

interfacial capacitance and the electronic structure of a modified system with respect to 

the unmodified system. 

5.3  Resolving the Difference Between the Potential of Zero Free and Total 

Charge: 

Upon the establishment of a partition between molecules at the surface (analyte 

and electrolyte species) and in the bulk solution, adsorption and desorption are in 

thermodynamic equilibrium. When this equilibrium occurs, adsorption and desorption are 
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potential dependent. As a result, both the surface concentration and interfacial 

capacitance (C) are potential dependent. The interfacial capacitance is the sum of the true 

and pseudo capacitance terms and in general, both terms will be non zero. As a result, the 

equilibrium pertains to the potential interval in which C is not constant. 

; � B@B8 � F@F� BΓB8                                                                 �21� 
In the case of an electrode modified prior to electrochemical measurement, a 

partition of adsorbed analyte molecules will not exist between the surface and the bulk 

solution. The analyte may therefore not be considered in an equilibrium between the 

surface and bulk solution. However, the supporting electrolyte species will partition 

between the modified surface and bulk solution and attain an equilibrium state. In a 

potential interval in which the adsorbate is stable, the surface concentration of the 

adsorbate will be constant and the interfacial capacitance will be due solely to the true 

capacitance term. The potential interval in which the true capacitance is constant will be 

termed the constant capacitance region.      

5.3.1  Operational Definitions of the Potentials of Zero Free and Total Charge:        

The conditions for with the potentials of zero charge may be defined are as 

follows:  

- The potential of zero free charge (pzfc) is defined when an electrode (modified or 

unmodified) is in contact with a solution composed of only surface inactive 

supporting electrolyte species and the coverage by adsorbed species is constant.  
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- The potential of zero total charge (pztc) is defined when an unmodified electrode 

is in contact with a solution composed of both supporting electrolyte and a surface 

active analyte species. 

Furthermore, the pzfc and pztc may be defined by the examination of the following 

equation, (ref Su) 

B@� � EF@�F� Gk B� � EF@�F8 GH B8                                                 �22� 

When the surface concentration is constant (dΓ = 0), the first term will vanish and the 

total charge density is due only to the free charge density (second term). The potential in 

which the second term is equal to zero is the pzfc. In the case of variable surface 

concentration, (dΓ ≠ 0), the potential in which the first and second terms are equal in 

magnitude and opposite in sign is the pztc. The above conditions are implicit in the 

following operation definitions of the pzfc and pztc.  

5.3.1.1 Potential of Zero Free Charge: 

The applied potential at which the inner potential difference vanishes between the 

electrode (modified or unmodified) and the bulk supporting electrolyte solution is the 

pzfc. In order to define the pzfc, the species of the supporting electrolyte must establish a 

partition equilibrium between the surface of the electrode and the bulk solution. 

5.3.1.2 Potential of Zero Total Charge: 

The applied potential at which the inner potential difference vanishes between the 

unmodified electrode and the bulk solution is the potential of zero total charge (pztc). In 
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order to define the pztc, the analyte species must establish a partition equilibrium 

between the surface of the unmodified electrode and the bulk solution.  

5.3.1.3 Potential Intervals of the PZFC and PZTC: 

Three distinct cases could be identified in which the pztc and pzfc may be 

defined. Cases 1 and 2 pertain to the pztc and Case 3 applies to the pzfc.  

- Case I: The adsorbed analyte is unstable (surface concentration is variable) in the 

potential interval and has established a partition equilibrium between the surface 

and bulk solution. In this case, equilibrium may only be realized within a finite 

potential interval (Figure 5.1a). 

- Case II: The adsorbed analyte is stable (surface concentration is constant) in the 

potential interval and has established a partition equilibrium between the surface 

and bulk solution (Figure 5.1b).  

- Case III: For a modified electrode within a potential interval in which the 

adsorbate is stable in contact with supporting electrolyte where a surface active 

species is absent, the pztc may not be defined and the pzfc is the electrochemical 

quantity of interest.  

For weakly adsorbed species, a convergence of the pzfc and pztc would be 

expected (Figure 5.1). In the case of anionic adsorption, when the pztc is more negative 

than the pzfc, adsorption could be considered as a strong chemisorption. As the pztc and 

pzfc converge, the adsorption could be considered as weaker physisorptions. Moreover, 

for the “non adsorbing” anions such as ClO4
- and F-, in which the interaction with the 
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also be expanded to determine the potential dependent variable surface concentration that 

is usually observed at approximately (-1.1 ≤ E ≤ -0.7) VSCE. This potential region 

corresponds to Case I and the pztc will be the appropriate potential of zero charge value. 

The following section discussed the validity of the interfacial model in describing the 

thermodynamic redox equilibrium that occurs when an anionic analyte replaces water 

molecules in order to adsorb at the surface of an electrode (refer to Appendix # for a full 

derivation of the redox equilibrium). 

In the potential interval in which the adsorbate species is in equilibrium with the 

surface and bulk solution, [12] may be viable if the pzfc terms are replaced with the pztc 

as was performed in the work by Kunze et al. In the case of a sulfur containing adsorbate 

(RS) in equilibrium between the surface and the bulk, the subscript notation (s) and (b) 

will represent the species within the double layer of the electrode and in the bulk solution, 

respectively. It may be explicitly noted that since an equilibrium state is under study, 

ΓRS(s) represents the surface excess and not the surface concentration of only specifically 

adsorbed species. Relating the surface pressure (π) to the change in the total charge 

density and expanding [12] results in,8 

B�
B58 � 8pK�- 6 � M7Γ12��� � �;- � ;<�58 � 8pK�- 6 � ;<58pK�< � 8pK�- 6            �23� 

Integration of [23] yields, 

� � M7Γ12���58 � 8pK�- 6 � 12 �;- � ;<��8 � 8pK�- �� � ;<58pK�< � 8pK�- 658 � 8pK�- 6
� 9ØÙ                                                                                                                    �24� 
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The integration constant (BIV) depends on the energy stored in the interfacial capacitor of 

the modified electrode with respect to the pztc of the unmodified system and other 

potential independent terms. Consideration of the relationships between the energy stored 

in the interfacial capacitor and the chemical potential (µ) and also the relationship 

between the applied (E – E
0

pzc) and inner (φ) potentials [24] becomes,  

+12��� � #+3�4��� � M7�d ! � d&� � M781k � 9Ø                              �25� 
Simplification of [25] resulted in the further accumulation of the potential independent 

terms into a single constant (BI). 

The process of reductive desorption of a thiol likely involves the deprotonation of 

water in the vicinity of the surface of the electrode in order to reform the thiol. 

Furthermore, n water molecules from the bulk must replace the desorbed molecule. This 

process may be modeled if the constant BI is decomposed as a sum of these chemical 

potentials. Let, 

9Ø � M+43�Ú�Û � +123Ü�&� � +3�4����# � M� � M+tÛ                               �26� 
Substituting the electrochemical potential and [26] into [25] and rearranging results in, 

+12��� � M+itÛ � #+3�4�&� � M+3�4��� � +123Ü�&� � #+3�4��� � M+i43�Ú�Û              �27� 
Equation [27] corresponds to the following chemical equilibrium, 

	���� � M�" � #$�%�&� � M$�%��� Ý 	�$K�&� � #$�%��� � M%$�&�"                 �28� 
Equation [28] demonstrates the desorption of a sulfur containing molecule 

partitioned between the surface and bulk solution. It also demonstrates that an adsorbed 
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molecule is replaced by n H2O molecules from the bulk solution. The forward reaction 

denotes the reductive desorption of the adsorbed molecule and the reverse reaction shows 

its adsorption. Similar to the mechanism proposed by Koper et al., for glucose oxidation 

at an electrode in alkaline conditions, the reverse reaction demonstrates that the thiol 

must be deprotonated prior to adsorption. It is also evident that the desorption and 

adsorption processes may be considered reduction and oxidation reaction, respectively. It 

has been demonstrated that [28] is very similar to the model proposed by Kunze et al., 

with the exception that the desorption process occurs in alkaline instead of acidic 

conditions, which implies that [12] may be considered as a generalization of the previous 

model.  

It has been demonstrated that [12] is valid for both a modified electrode in a 

potential interval in which the adsorbate is stable and also in the interval in which there is 

a potential dependent partition equilibrium established between the surface and bulk 

solution. As a result, from the definitions of pzfc and pztc, it appeared evident that the 

pztc should be used if the surface concentration is sought within the potential dependent 

interval.  

5.5  Determination of the Potential of Zero Free Charge 

5.5.1  PZFC Determination with Differential Capacitance and Charge Density 

Data: 

 It was observed that the potential of zero free charge (pzfc) of the Au(111) 

electrode differed when measured with differential capacitance and the immersion 

method (refer to Chapter 3 for a discussion of both methods). This discrepancy in the 

pzfc values obtained from the two methods indicated that the proper value must be 
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chosen in order to calculate the surface concentration of an adsorbate monolayer. The 

differences in the pzfc values measured for electrolytes with various pH with both 

techniques will be discussed in the following section. Furthermore, a justification of the 

appropriate method for the implementation of equation [12] to calculate surface 

concentration will be provided.  

The pzfc of dilute NaF(aq) could be measured with differential capacitance, and is 

represented by the parabolic minimum in the potential dependent capacitance.11 The 

differential capacitance of Au(111) in 0.001 M NaF(aq) (Figure 5.2) demonstrated a 

parabolic minimum corresponding to apzfc of 0.292 VSCE. Higher concentrations of NaF 

electrolyte were investigated in order to observe the affects of OH- adsorption on the 

capacitance. The pzfc of Au(111) in NaOH(aq) electrolyte was investigated since many of 

the modified electrode charge density measurements were conducted this electrolyte and 

the adsorption of OH- required further understanding in order to accurately apply 

equation [12]. 
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reconstructed (1x23) to (1x1) could shift the capacitance minimum to more negative V.12 

As a result, in the potential range in which the minima were observed in the capacitance 

curves, there was likely a convolution of surface reconstruction and adsorbate phase 

transition.13, 14 

The differential capacitance curves aided in a qualitative description of OH- 

adsorption, but did not yield any quantitative information regarding the pzfc of the 

electrode in adsorbing electrolyte.15 In order to obtain the pzfc in adsorbing supporting 

electrolytes, the method described by Laredo et al. to determine the pzfc from charge 

density data was implemented.16 The potential dependent charge densities were 

determined and are shown in Figure 5.3b. 

 The charge density plots could be used to assess the pzfc for each OH- 

concentration. At V = -0.700 VSCE, the capacitance values of the different OH- 

concentrations and of the 0.1 M NaF(aq)were approximately equal. If it is assumed that the 

charge densities would also be equal at that potential, the charge density plots could be 

superimposed at the charge density value corresponding to 0.1 M NaF(aq) at -0.7 VSCE. 

This procedure allowed for the pzfc of each concentration to be estimated relative to the 

measured pzfc of Au(111) in dilute NaF(aq). The pzfc values of 0.1 M NaF(aq)(0.290 VSCE) 

and NaOH(aq) (0.089 VSCE) electrolytes corresponded well to previous work.8, 15, 16,   

In an attempt to further understand the adsorption of OH- at the Au(111) surface, 

the shift in the pzfc values were analyzed. The pzfc values obtained from the family of 

charge density curves were plotted against the natural logarithm of the OH- concentration 

and are demonstrated in Figure 5.4.  
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At a temperature of 294 K, the charge number was calculated to be -0.99. This value was 

expected to approach unity for σt ≥ 0 and then decrease in magnitude at negative charge 

densities, which would electrostatically repel the negatively charged hydroxyl. The shift 

in the pzfc with increasing solution pH and zOH- ~ 1 indicated that the electrolyte 

reference system may only be employed to reliably calculate the surface concentration of 

the modified electrode in the potential region in which OH- adsorption would be 

negligible and corresponded to the portion of the charge density curve where the slope 

(capacitance) was constant.   

5.5.2  PZFC Determination with the Immersion Method: 

The immersion method, previously described in Chapter 4, resulted in similar pzc 

values as the charge density data for dilute NaOH electrolyte (Figure 5.5). A polynomial 

fit to the data allowed for the interpolation of the pzfc.18 The pzfc value obtained from the 

polynomial fit was comparable to that obtained from the charge density plot of 0.1 M 

NaOH(aq) superimposed at -0.7 VSCE with 0.001 M NaF(aq)in Figure 5.3b.  
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However, the potential of -0.700 V was with respect to the RE (SCE) and not the pzfc of 

each respective electrolyte under study. In order to determine the charge density of each 

electrolyte, the absolute potential difference (V – Vpzc) and not necessarily the potential 

difference with respect to the RE (V – VSCE = -0.700) must be used. Therefore, the pzfc of 

the modified and unmodified electrodes should be independently measured with the 

immersion method in order to compare the charge densities of both the modified and 

unmodified systems in the calculation of surface concentration. 

5.6  Conclusions: 

A description of the electrode surface including free and bound charge densities 

was derived in order to quantify the surface concentration and electrosorption valency of 

electrode modified with a monolayer of adsorbate. The pzfc and pztc were defined to be 

relevant under different conditions. Equation [12] was accessed under conditions of 

analyte equilibrium between the surface of the electrode and the bulk solution and a 

chemical model of the desorption/ adsorption reaction was provided directly from [12]. 

Under analyte equilibrium conditions, the model resulted in a similar chemical equation 

that was proposed by Kunze et al.  

Since [12] will be employed to calculate the surface concentration of self 

assembled monolayers on a Au(111) electrode, the pzfc values were experimentally 

determined for the relevant electrolytes: 0.1 M of NaF(aq) and NaOH(aq). These values 

(V0
pzfc) will be implemented along with the charge densities of various modified Au(111) 

electrodes in order to determine the surface concentrations and electrosorption valencies 

in Chapter 6.    
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Chapter 6 

Measurements of the Total Charge Density of the Au(111) Electrode Modified with 

Self Assembled Monolayers 

 

 The model of the interface that was proposed in Chapter 5 will be implemented in 

the calculation of the surface concentration and the electrosorption valency of a variety of 

self assembled monolayers (SAMs) on a Au(111) electrode. The accuracy of the model 

will first be tested with 2,3-di-O-phytanyl-sn-glycero-1-octaethyleneglycol-DL-α-lipoic 

acid ester (DPOL) and octadecanethiol. The surface concentration of DPOL on the 

electrode surface will be a known variable, determined from Langmuir-Blodgett (LB) 

deposition. The surface concentration calculated from the measured charge density will 

then be related to the known value from LB. The surface concentration of octadecanethiol 

will also be calculated from the charge density data and will be compared to the value 

reported in the past studies. In addition to the two hydrophobic SAMs, the surface 

concentration of the water soluble molecule thioglycerol, will be calculated with the 

model and will be compared to the values obtained from the traditional thermodynamic 

method of measuring surface concentration by varying bulk solution concentration. The 

first part of the current chapter will be dedicated to exploring the accuracy of the model 

in the determination of surface concentration and electrosorption valency for DPOL, 

octadecanethiol and thioglycerol. 

 In the second part of the current chapter, the interfacial model will then be 

employed in the investigation of thiomalic SAMs prepared in aqueous assembly solutions 

of varying pH and SAMs consisting of thioglucose. The dependence on the surface 

concentration and electrosorption valency of thiomalic SAMs will be discussed. 
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as was observed in section 5.5, the pzfc of the systems would differ in the presence of 

adsorption and superimposing the charge density data at a specific potential would result 

in an approximation of the surface concentration. From the model derived in section 5.2, 

in order to calculate the surface concentration of adsorbed molecules, the charge 

difference between the modified and unmodified electrodes must be corrected for the 

shift in the pzfc values between systems. The difference in the charge density values as 

well as the shift in the pzfc would then be implemented to accurately calculate the surface 

concentration.     

 In the formation of model bilayers, where mixed monolayers were employed as 

bilayer tethers to the electrode surface, the electrochemical characteristics of the adsorbed 

molecules must be understood. Since DPOL was the tethering molecule, its surface 

concentration, the mean molecular area of the adsorbed molecule and electrosorption 

valency were studied. The results obtained for DPOL were verified by comparison with 

the actual surface concentration obtained during the LB deposition. The spacer molecule, 

thioglycerol, was then characterized in order to understand the charge density distribution 

of the mixed monolayer consisting of DPOL and thioglycerol (Chapter 7). Furthermore, 

thioglycerol provided a unique opportunity to study the adsorption characteristics of an 

irreversibly adsorbing, water soluble molecule. 

6.1.1  Charge Density Studies of DPOL: 

 The amphiphilicity of the DPOL molecule allowed it to be deposited onto a 

Au(111) electrode using the LB method. Figure 6.2 demonstrates the Langmuir 

compression isotherm of DPOL.  
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 Upon LB deposition to the electrode, the average transfer ratio (refer to Chapter 

3) was 0.95 ± 0.07. Knowledge of this ratio allowed for the calculation of the actual 

surface concentration of the DPOL on the electrode. As a result, the actual surface 

concentration on the surface of the electrode was (1.4 ± 0.2) x 10-10 mol cm-2. The fact 

that the transfer ratio was approximately unity implied that the surface concentration on 

the electrode was similar to that on the water surface of the trough. Knowledge of this 

surface concentration could then be correlated with the measured charge density (Figure 

5.7a). The charge density difference (Figure 5.7b) was the measurable parameter that 

could be inputted into equation [12] along with the pzfc (0.117 VSCE) of the DPOL 

modified electrode (Figure 5.7d) obtained with the immersion method. The pztc values of 

the DPOL SAM and LB monolayer were -0.656 VSCE and -0.104 VSCE, respectively. The 

pztc was determined at the point of intersection of the charge density data with the x-axis 

of Figure 5.7a. Since this point occurred outside of the constant capacitance region this 

pztc was not characteristic of the SAM modified electrode, but rather a partially modified 

electrode where direct interaction of the surface with the electrolyte was also possible. 

However, in the case of the LB monolayer, the pztc occurred in the constant capacitance 

region of the charge density plot and therefore, represented a physical quantity of the 

SAM modified electrode. The pztc is 0.221 V more negative than the pzfc and represents 

the potential drop across the DPOL monolayer.  

In an ideally non adsorbing electrolyte, the pzfc will be equal to the pztc since 

there would be a lack of bound charge density at the surface of the electrode. The charge 

density measurement for many SAMs may not be feasible due to desorption or Faradaic 

reactions, such as electrolytic processes. As a result, the true pztc of the SAM modified 
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electrode would be realized outside of the potential interval that could be experimentally 

probed. Furthermore, in the case of a strongly adsorbed species at the electrode surface, 

the electronic structure of the electrode would be greatly perturbed and the adsorbate may 

no longer be envisioned as layer separated discretely from the metallic phase. Therefore 

the interaction of the modified electrode with the non adsorbing electrolyte would be 

calibrated with respect to the pzfc.  

Since the pzfc values could be measured independently for the modified and 

unmodified electrodes, the surface concentration of the adsorbate could be determined 

accurately with equation [5.12]. Only the data in the constant capacitance range shown in 

Figure 5.7c was used to calculate the surface concentration in order to avoid any large 

changes in capacitance of the unmodified electrode from affecting the calculation. As a 

result, the capacitive difference (Figure 6.3c inset) between -0.6 and -0.4 VSCE was 

identified as the region that would yield the true SAM surface concentration.  
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electrode was through the adsorption of the sulfur containing lipoic acid. Furthermore, 

the pzfc value used in the calculation of surface concentration was obtained for the DPOL 

SAM. Since surface concentrations of calculated from the charge density and the actual 

concentration deposited were approximately equal, this implied that the pzfc value for the 

LB monolayer coincided with that of the measured value for the SAM.   

The charge density data for the DPOL SAM was subjected to the same treatment 

as the LB deposited monolayer. The charge density difference between the DPOL SAM 

modified and unmodified electrodes were inputted into equation [5.12] along with the 

pzfc and average capacitance values and resulted in a surface concentration of 2.66 x 10-

10mol cm-2. In the calculation of the surface concentration of DPOL, the total charge 

density difference was the predominant term in equation [5.12]. For example, the 

magnitudes of the terms incorporating the capacitance difference and potentials of zero 

charge led to a deviation of approximately 25% from the measured charge density for 

both the LB monolayer and SAM. As a result, the accuracy of a model which only 

incorporated the reduction term (zFΓ) would greatly depend on the difference in the pzfc 

difference between the modified and unmodified electrodes and average capacitance 

values.  

The surface concentration of the DPOL SAM indicated that it was approximately 

twice as densely packed as the LB deposited layer. This dense packing may have been 

possible if the octaethylene glycol region and hydrocarbon chains were predominantly in 

trans conformations. In the trans conformation, the volume occupied by the hydrocarbons 

would be minimized. Moreover, it has been previously observed for a similar molecule 

with a tetraethylene glycol region (DPTL) that a compressed layer was formed as the 
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long axis of the ethylene glycol portion of the molecule was slightly angled relative to the 

surface normal and were in a predominantly coiled conformation, which would have 

decreased the thickness of the SAM.3 The capacitance for the LB layer was greater than 

that of the SAM which would support a hypothesis of decreased thickness due to the 

compression of the ethoxy portion of the LB monolayer. The average capacitance also 

indicated a possibly more ordered octaethylene glycol region. 

6.1.2  Charge Density Studies of Octadecanethiol SAMs: 

In order to further verify the validity of equation [5.12], the well characterized 

SAMs of octadecanethiol were investigated. The charge density results for 

octadecanethiol are demonstrated in Figure 6.4. The slope (C) of the charge density data 

in the potential interval (-0.8 ≤ V ≤ -0.1) VSCE was 2.1 µF cm-2 which implied that the 

surface of the electrode was dominated by molecules of low relative dielectric constant 

and devoid of electrolyte species. The pztc was determined from Figure 6.4a as the 

potential at which the charge density vanished. The pztc was determined to be 

approximately -1.129 VSCE. The pztc occurred at potentials in which the octadecanethiol 

was desorbing from the electrode surface. In contrast to the pztc of the DPOL SAM (-

0.652 VSCE), the pztc of octadecanethiol was 0.448 V more negative, which implied that 

more energy was required to remove the SAM of octadecanethiol. The increase in energy 

to remove the octadecanethiol may be rationalized by comparing the capacitance values 

of the two SAMs. These values indicated that the octadecanethiol likely had a lower 

dielectric constant which would have implied that it was less polar and therefore less 

soluble in the aqueous electrolyte than DPOL. If DPOL is more readily solvated, less 

energy will be required to transfer the molecules from the surface to the electrolyte.  
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demonstrated that the difference in the two pzfc terms of equation [5.12] was 

substantial.5–7  

Using only the simple reductive desorption model (∆σ = zFΓ), a surface 

concentration of approximately 6.8 x 10-10 mol cm-2 was obtained. Moreover, the addition 

of the capacitance difference term resulted in a calculated surface concentration of 8.3 x 

10-10 mol cm-2. Including the pzfc terms into the calculation resulted in a surface 

concentration of 7.7 x 10-10 mol cm-2. This result corresponded with previous studies by 

Laredo et al. that measured a surface concentration of 7.9 x 10-10 mol cm-2.8 Within the 

experimental of 4%, the calculated surface concentration and the value from Laredo et al. 

could be considered equal. Therefore, to a first approximation, the simple reductive 

desorption model would be an adequate estimate of the surface concentration for the 

octadecanethiol SAM. However, in order to obtain an accurate value of the surface 

concentration from electrochemical data, the pzfc and capacitance values of the modified 

and unmodified electrodes must be considered.  

6.1.3  Surface Concentration of Thioglycerol: 

 Traditionally, the surface charge density of aqueous species was investigated by 

controlling the bulk concentration of the analyte under study and then measuring the 

charge density as a function of potential for these different concentrations.9 Such studies 

focused on the adsorption of halides, hydroxide and organic molecules (refer to Chapter 

2).8,9,10 The feasibility of these studies depended on reaching a state of equilibrium 

between the surface and bulk analyte concentrations at each potential.9 As a result, the 

adsorption of the species investigated must have been thermodynamically reversible and 
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therefore, potential dependent. The water solubility of thioglycerol prevented its 

deposition by way of the LB method, however it was hypothesized that it could be a 

candidate for investigation with the traditional thermodynamic methods. 

 The total charge densities measured for various known bulk concentrations of 

thioglycerol are shown in Figure 6.5a. The solutions were continually stirred to ensure 

mass transport to the surface of the electrode.10, 11 Stirring of the solutions was especially 

necessary for thioglycerol concentrations less than 1 x 10-3 M. An increase in the charge 

density with increasing bulk concentrations was observed between 5 x 10-6 M and 1 x 10-3 

M. At concentrations greater than 1 x 10-3 M, the change in the total charge density was 

no longer significant which could have been a result of surface saturation with 

thioglycerol molecules. Using the reductive desorption model to approximate the surface 

concentration, the charge density differences (Figure 6.5b) for solution concentrations 

greater than 1 x 10-4 M resulted in unreasonably small values of the mean molecular area 

of thioglycerol. Therefore, it was evident that the simple reductive desorption model was 

not appropriate for thioglycerol adsorption from the bulk solution. 
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the strong binding interaction greatly affected the charge density distribution of the 

metal.12 It was concluded that the interaction was irreversible since relatively large 

charge densities resulted from low bulk concentrations and the thioglycerol concentration 

at the electrode surface did not appear to be in equilibrium with those in the bulk solution 

and therefore the thermodynamic method did not result in reasonable values at E > -0.5 

VSCE. However, the thermodynamic method provided reasonable surface concentrations 

at E < -0.4 VSCE. In the potential interval (-0.7 ≤ E ≤ -0.5) VSCE the average surface 

concentration was (5.7 ± 0.2) x 10-10 mol cm-2, which resulted in a reasonable mean 

molecular area for thioglycerol of approximately 29 Å2. This value of the surface 

coverage was the average in the relatively constant region in Figure 6.6. The presence of 

a plateau in this region may have implied that this was the limiting surface monolayer 

coverage attainable in the thermodynamic method.  

 

 



 

Figure 6.6: Calculated pot
thioglycerol adsorption stu
0.8 V to -0.4 VSCE. Surface
thermodynamic method dis

Figure 6.7: The dependenc
the thioglycerol bulk soluti
(●), 5 x 10-4 M (●), 1 x 10

 

ed potential dependent Gibb’s surface excess from the
on study. The inset demonstrates the potential region 
urface concentration values were calculated from the 
od discussed in Chapter 3. 

 

endence of the electrode surface pressure on the natura
 solution concentrations: 5 x 10-6 M (●), 1 x 10-5 M (
 x 10-3 M (●). Each data set corresponded to a constan

176 

om the 5 x 10-6 M 
egion of interest of -
m the 

 natural logrithm of 
M (●), 1 x 10-4 M 

onstant potential. 



177 

 

Since thioglycerol appeared to have a relatively high affinity for the electrode 

surface, a SAM was formed in aqueous solution for a minimum of 8 hours. The 

thioglycerol SAM modified electrode was then subjected to charge density and pzfc 

measurements and equation [5.12] was implemented to calculate the surface 

concentration. The measured charge densities are demonstrated in Figure 6.8a. The 

average capacitance of the thioglycerol SAM in the potential interval (-0.700 ≤ V ≤ 

0.200) VSCE was 24.7 µF cm-2, which was similar to that of the Au(111) electrode in 0.1 

M NaOH(aq) (28.1 µF cm-2). The pztc and pzfc for the thioglycerol SAM were -0.920 

VSCE and -0.481 VSCE, respectively. The pztc was less negative than that of 

octadecanethiol which was expected since thioglycerol is a polar molecule that is soluble 

in the aqueous electrolyte. However, the pztc was more negative than DPOL which is less 

soluble in the aqueous electrolyte than thioglycerol. This may have implied that 

thioglycerol had a greater affinity for the Au(111) surface than DPOL. As a result, it 

appeared that the pztc was dependent on both the binding energy and energy of 

solubilization of the adsorbed molecule in the aqueous electrolyte.  

As was discussed previously, the pzfc was the relevant value for the SAM 

modified electrode and was used to calculate the surface concentration of the thioglycerol 

SAM. From the obtained data the calculated surface concentration was (7.0 ± 0.1) x 10-10 

mol cm-2. From the surface concentration, a mean molecular area of approximately 24 Å2 

was calculated where it was assumed that the molecular footprint on the surface was 

circular. This surface concentration was comparable to that measured in the 

thermodynamic method ((5.7 ± 0.2) x 10-10 mol cm-2). This result further demonstrated 

that the thermodynamic method did provide accurate results for E < -0.5. 
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such data for all bulk concentrations of thioglycerol, only an approximation of the surface 

concentration could be made. Furthermore, the potential in which the values of Figure 6.6 

differed from the SAM surface concentration could be explained in regards to the 

measured pzfc of the thioglycerol SAM modified electrode. At potentials that were 

positive of the pzfc, there appeared to be an accumulation of thioglycerol in the vicinity 

of the surface.  

The charge differences in both the bulk and SAM thioglycerol measurements 

were comparable and thus, to a first approximation the surface concentrations were 

comparable. The deviation in the data sets was evident in the magnitudes in the surface 

pressures (Figure 6.9a). The maximum surface pressures of the lower bulk solution 

concentrations of 5µM and 10µM were similar to that of the SAM. However, at higher 

concentrations, the surface pressures were considerably greater. For comparison, the 

surface pressures of DPOL (Figure 6.9b) were included to demonstrate the greater affect 

on the surface pressure from the thioglycerol than the DPOL. The surface concentration 

was proportional to the change in the surface pressure with respect to the change in the 

natural logarithm of the thioglycerol bulk concentration. This increase in surface pressure 

with increased thioglycerol solution concentration may have resulted in the over 

estimated surface concentrations. A possible explanation for the large increase in surface 

pressure with respect to bulk concentration could have been the increased strain at the 

surface as thioglycerol continually adsorbed during the duration of the experiment. 
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of the DPOL SAM was therefore considered as a progression in the search for 

biologically relevant molecules to tether phospholipid bilayers at the electrode surface.  

The above discussion demonstrated the reliability of the interfacial model with 

chemisorbed molecules that represented three classes: an amphiphile (DPOL), a nonpolar 

alkanethiol (octadecanethiol) and a polar alcohol (thioglycerol). The model provided 

accurate and reasonable values for the surface concentration, mean molecular area and 

electrosorption valency. Furthermore, the traditional thermodynamic method at negative 

potentials was shown to agree with the results from the interfacial model for thioglycerol 

monolayers. In the following section, the applicability of the interfacial model will be 

investigated further with thiomalic acid and thioglucose SAM modified electrodes. These 

molecules were chosen in order to study a molecule with multiple adsorption sites 

(thiomalate) and a low pKa alcohol that could undergo oxidation decomposition with the 

potential range studied.    

6.2 Surface Concentration Studies of Thiomalic Acid and Thioglucose SAMs on 

Au(111) 

From the above discussion, the model derived in Chapter 5 could be accurately 

applied to the analysis of chemically adsorbing molecules at the electrode surface. The 

surface concentration and the potential dependent behaviour could then be studied for 

such molecules. For example thiomalic acid offers interesting insight into the pH 

dependent self-assembly process and the possible redox reactions of thioglucose with 

relatively low pKa alcohol groups could also be studied with the electrochemical methods 

in conjunction with the model of the interface. The structures of thiomalic acid and 

thioglucose are demonstrated in Figure 6.11. 
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2 were determined. Figure 6.12d, plots the results of the immersion method used to 

determine the pzfc for the electrode covered by the thiomalic acid SAM. The immersion 

experiments allowed for the determination of the pzfc, which was equal to -0.185 VSCE. 

With the help of these data and equation 5.12, the calculated limiting surface 

concentration of thiomalic acid was 3.9 x 10-10mol cm-2. This indicated that the mean 

molecular area of a thiomalic acid molecule was about 42 Å2 compared to 24 Å2for 

thioglycerol.  

The contribution of the free charge density terms of [5.12] to the surface 

concentration could be quantified in order to demonstrate that the simple reductive 

desorption model would be an adequate first approximation to the thiomalic SAM 

modified electrode. The contribution to the surface concentration from the free charge 

density terms of [5.12] are demonstrated in Table 6.3 at the end of the current chapter. 

The capacitance values of the modified and unmodified electrode (C0 – C1 = 0.40 µF cm-

2) and the terms involving the pzfc (C0V0 = −6.78µC cm-2, C1V1 = −5.11µC cm-2) would 

have underestimated the surface concentration value by approximately by 3.7%. 

Furthering the comparison between thiomalic acid and thioglycerol, the relative 

affect on the electronic structure of both adsorbate molecules may be contrasted. The 

potential of zero total charge (pztc) is the potential at which the total charge density 

(Figure 6.12a) was equal to zero.4 In the case of thiomalic acid, the pztc was equal to 

approximately -0.9 VSCE.2 The large difference between the pzfc and pztc of thiomalic 

acid indicated that there was a change in the redox state of the thiomalic acid upon 

adsorption.2Furthermore, the measured pzfc of the thiomalic acid modified electrode was 

approximately 300 mV more positive than the pzfc of thioglycerol. Furthermore, the pzfc 
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of thiomalic acid was also more positive than that of 1.0 M NaOH(aq) electrolyte by 

approximately 70 mV. This indicated that the thiomalic acid perturbed the electronic 

properties of the electrode to a lesser extent than the thioglycerol, which may have 

implied that the binding energy was also less than thioglycerol. In addition, if the 

thiomalic acid interaction with the surface was weaker than thioglycerol, it may be 

conducive to the bulk electrochemical studies and thermodynamic analysis (refer to 

Chapter 5 for a comparison of the thermodynamic analysis and model described by 

equation [5.12]). Moreover, the Gibb’s surface excess in the 70 mV potential interval 

between the unmodified and thiomalic acid modified electrode would also be of interest 

since the onset of OH- should occur in this interval and the competitive adsorption of OH- 

and thiomalic acid could be studied. 

6.2.2 Electrosorption Valency of Thiomalic Acid SAMs at the Au(111) Surface: 

 The electrosorption valency (l) of the thiomalic acid SAM was calculated with the 

help of equation 5.14 in the potential range of interest (Figure 6.13). It was evident that in 

the constant capacitance region, l ≈ z. It should be noted that equation 5.14 could not be 

used to calculate l over the potential regions in which there was an influence of pseudo-

capacitance. The pseudo-capacitance would lead to discontinuities in l and a precise 

interpretation of l could not be attributed to these potential regions. The interaction 

between thiomalic acid and the Au(111) surface may not be solely confined to the sulfur-

gold interaction. It is certainly possible that the partial negatively charged oxygen atoms 

could interact with the surface as well.  
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A molecule may adsorb through Au-S and Au-O simultaneously as they are both 

stearically feasible. From the Hard Soft Acid Base theory (HSAB) the Au-S interaction is 

predicted to be stronger than that of Au-O.18, 19 It may be possible that this stronger 

interaction should dominate as the surface becomes irreversibly saturated with molecules 

and the majority of the interactions with the surface would be Au-S bonds. However, the 

exact nature of the interactions at the electrode surface may only be speculated in the 

absence of spectroscopic data that would demonstrate the extent of Au-S and Au-O 

interactions.  

6.2.3  pH Dependent Thiomalic Acid SAM Formation: 

The surface concentration of a thiomalic acid (pKa1 = 3.40, pKa2 = 5.11) SAM 

was hypothesized to be dependent on the pH of the solution in which the SAMs were 

formed.10 Since a reliable method of determining the surface concentration has been 

developed, the surface concentrations of SAMs prepared in various pH solutions was 

studied. The thiomalic acid SAMs were prepared in aqueous solutions with added 

NaOH(aq) in order to increase the pH of the assembly solution. The pH values of the 

charge density data in Figure 6.14 refer to that of the self assembly solution in which the 

SAMs were prepared. It was predicted that deprotonation of the carboxylic acid groups 

would result in repulsion between the negatively charged thiomalic acid molecules at the 

surface of the electrode, preventing them from packing tightly. Hence, the surface 

concentration should decrease with the extent of deprotonation. 

Chronocoulometry was applied to determine the charge density data for the 

Au(111) electrode covered by a SAM of thiomalic acid assembled from solutions of 
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different pH. Although the SAMs were self assembled at various pH values, the electrode 

covered by the SAM was then transferred to 0.1M NaOH(aq)electrolyte solution and the 

charge density curves were measured. The charge density data are shown in Figure 6.14a. 

It was evident that the charge density substantially decreased as the pH of solution from 

which the SAMs were assembled increased. However, it was observed that the charge 

density for SAMs prepared in solutions that were more alkaline than pure thiomalic acid 

solution (pH = 2.3),resulted in total charge densities that were comparable and within the 

experimental error of the charge density measurement. This implied that even a partial 

degree of deprotonation resulted in repulsion and lower surface concentrations.  
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plotted as a function of potential in Figure 6.7b.A limiting surface concentration of 6.2 x 

10-10 mol cm-2 was obtained which corresponded to a mean molecular area of 

approximately 27 Å2. This result implied that the thioglucose occupied more area than 

thioglycerol, but less area than thiomalic acid. However, this value did not correspond to 

either the van der Waals area of 40 Å2 or the proposed modeled area of 65 Å2 both 

calculated by Kycia et al. Based on the molecular areas calculated by Kycia et al., the 

values in Figure 6.17b appeared to be overestimated if it was assumed that only the 

bound charge contributed to the measured charge density. The contribution to the surface 

concentration from the free charge density terms of [5.12] are demonstrated in Table 6.3 

at the end of the current chapter. The additional charge that was measured may have been 

due to possible oxidation of the thioglucose at the electrode surface.14 

6.2.5  The Affect of Solvent in the Formation of Thioglucose SAMs: 

Thioglucose SAMs could be formed in either aqueous or alcohol solutions. The 

effect of the solvent on the thioglucose SAM was also studied with total charge density 

measurements. The measured charge densities are shown in Figure 6.18. It was evident 

that the charge density values for the thioglucose SAMs prepared in water and in 

methanol were approximately equal. The surface concentrations of the thioglucose SAMs 

prepared in water and in methanol were 6.2 x 10-10 mol cm-2 and 5.5 x 10-10 mol cm-2. In 

the case of the thioglucose SAM prepared in water, at potentials greater than 0.050VSCE, 

the charge density difference was larger than expected. 



 

Figure 6.18: Thioglucose S
water (●) or methanol (○) s
experimental error and con

A plausible explana

catalyzed electro-oxidation

(pKa = 12.28) and would b

observed that the onset of e

occurred at approximately 

density was observed at ap

may have been a result of t

physical adsorption of gluc

oxidation kinetics since dif

that the kinetics of oxidatio

chemical adsorption may h

result, it would appear that

 

ucose SAMs prepared in self assembly solutions comp
) solvents. The surface concentration of both SAM

nd considered approximately equal. 

xplanation could be that thioglucose may have underg

idation. Glucose has been observed to be a relatively a

ould be more prone to electro-oxidation.22, 23 It has bee

set of electro-oxidation of glucose at a Au surface in a

ately 0.35VSCE (REF Kwon 2011).13 The increase in t

 at approximately 0.05 VSCE. This earlier onset of ele

ult of the chemical adsorption of thioglucose as oppos

f glucose at the Au surface, which would have allowe

nce diffusion to the surface would not have been requi

xidation of thioglucose and glucose are approximately

 may have resulted in a decreased overpotential of oxid

ar that the increase in the total charge density could be

195 

 composed of either 
h SAMs was within 

ndergone a surface 

ively acidic alcohol 

as been previously 

ce in alkaline media 

se in the total charge 

 of electro-oxidation 

opposed to the 

allowed for increased 

 required. Assuming 

mately equal, the 

of oxidation. As a 

uld be thioglucose 



 

electro-oxidation. If such a

(SERS) may be employed 

6.2.6  Electrosorption V

 The electrosorption

in the constant capacitance

values of l were obtained re

± 0.01) or methanol (-0.92 

the constant capacitance re

thioglucose preferentially i

regardless of self assembly

Figure 6.19: Calculated el
constant capacitance region
The average electrosorptio
and methanol SAMs were 

such an oxidation occurred, surface enhanced Raman 

loyed to probe for the occurrence of carbonyl bands.

Valency of Thioglucose SAMs at the Au(111) S

rption valency (l) of the thioglucose SAM was calcula

itance potential range (Figure 6.19). It was observed t

ined regardless of whether the SAM was prepared in a

0.92 ± 0.02) assembly solutions. Furthermore, it was

nce region, l ≈ z. This was most likely due to the fact 

tially interacted with the Au(111) electrode through th

embly solvent. 

 

ted electrosorption valencies of the thioglucose SAM
 region prepared in aqueous (●)and methanol (○) asse
orption valency over the constant capacitance range o
 were -0.95 ± 0.01 and -0.92 ± 0.02, respectively. 

196 

aman spectroscopy 

nds. 

111) Surface: 

calculated with [5.14] 

rved that similar 

ed in aqueous (-0.95 

 it was evident that in 

e fact that the 

ugh the sulfur atom 

 SAMs over the 
) assembly solutions. 
nge of the aqueous 



197 

 

6.2.7  The Effect of Alkaline Electrolyte on the Stability of the Thioglucose SAM: 

In order to observe the affects of an alkaline aqueous media on a monolayer of 

thioglucose, total charge density measurements were performed in 0.1 M NaOH(aq) 

electrolyte (Figure 6.20). A small difference in the charge density between the modified 

and unmodified electrode was observed. It was apparent that the thioglucose monolayer 

was greatly affected by the alkaline media. These results suggested that the SAM was not 

stable in an alkaline electrolyte (0.1 M NaOH(aq)). In the potential region (-0.8<V< -0.4) 

VSCE, the capacitance was relatively constant, which implied that there may have been a 

fairly stable, sparsely packed layer at the surface of the electrode. The sparse packing 

would have allowed increased intercalation of OH-, which would have led to 

deprotonation and possibly the onset of electro-oxidation at about -0.4 VSCE. From the 

conditions in which the SAM was subjected, the mechanism proposed by Larew and 

Johnson where adsorbed OH- catalyzes the oxidation of the primary alcohol group of 

glucose provided a plausible explanation of the observed results.24 In the case of 

thioglucose, the analogous reaction would be the oxidative cleavage of the thiol group.24 

Destabilization of the thioglucose SAM through oxidative cleavage of the thiol in an 

alkaline environment would coincide with the decreased charge densities that were 

observed.  
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SAMs. Furthermore, thiomalic SAMs shifted the pzfc to more positive values relative to 

the Au(111) electrode in direct contact with NaOH(aq) (pzfc = −0.250 VSCE). This may 

have implied that unlike thioglycerol, thiomalic acid had a lower affinity to the Au(111) 

electrode relative to OH-.  

Although the surface concentrations differed, the electrosorption valencies were 

relatively close to the expected valency (z) with the exception of DPOL (Tables 6.1 and 

6.2).The observation that l ≈ z in the constant capacitance region implied that the sum of 

the terms of the free charge density normalized by FΓ effectively cancelled. This implied 

that the free charge densities of the unmodified and modified systems were 

approximately equal and the main contribution to the difference in charge density was the 

presence of the SAM modification (bound charge density).In the case of DPOL, l ≠ z was 

predominantly due to the magnitude of the term (C0 – C1)/Γ, which was greater than 

expected due to the relatively low values of both C1 and Γ. Although C1 was expected to 

be relatively low, it was rationalized that the polar octaethoxy portion of the DPOL was 

possibly the main contributing factor to the low Γ when the results were compared to 

those of the tetraethoxy molecule, DPTL.13 

The free and total surface concentration terms that were used to calculate the 

surface concentrations are listed in Table 6.3. The magnitude of the free charge density 

terms (E(C0 – C1), C0E0 and C1E1) were used to estimate the percent contribution of the 

free charge density to the magnitude of the surface concentration (Table 6.4). The total 

charge density surface concentration (∆σt/zF) corresponded to the simple reductive 

desorption model and the free charge density surface concentration (∆σf/zF) corresponded 

to the perturbation from the simplistic model. It was concluded that the simple reductive 
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desorption model underestimated the surface concentration for all molecules except 

thiomalic acid where a slight overestimation was apparent (Table 6.3). It was concluded 

that the interfacial model [5.11] provided a realistic interpretation of the interface 

between the electrode and electrolyte solution. Moreover, the fact that reasonable values 

of the electrosorption valency were determined regardless of the magnitude of the surface 

concentration further demonstrated the accuracy and applicability of equation [5.11]. 

Table 6.1: Constants Used in the Calculation of the Surface Concentration and 
Electrosorption Valency. 

Monolayer (solvent) C1 – C0 
(µF cm-2)  

C0E0 

(µC cm-2) 
C1E1 

(µC cm-2) 
z 

DPOL LB  +4.68 +7.21 +2.29 2 
DPOL SAM (methanol) +16.63 +7.21 +0.887 2 
octadecanethiol (chloroform) +25.90 −6.78 −0.968 1 
thioglycerol (water) +3.23 −6.78 −11.9 1 
thiomalic acid pH = 2.3 (water) +0.40 −6.78 −5.11 1 
thiomalic acid pH = 12.2 (water) −0.68 −6.78 −5.80 1 
thioglucose (water) +2.99 +7.21 +4.88 1 
thioglucose (methanol) +4.10 +7.21 +4.63 1 
 

Table 6.2: Summary of the values calculated with the interfacial model from the 
chronocoulometry and immersion methods.  

Monolayer pzfc 

(VSCE) 
Γ 

(10-10mol cm-2) 
A 

(Å2) 
l 

‡
 

DPOL (LB monolayer) 0.117* 1.3 ± 0.2 129 −1.30 ± 0.01 
DPOL (SAM) 0.117 2.7 ± 0.2 62 −1.25 ± 0.04 
1-thioglycerol -0.481 7.0 ± 0.1 24 −1.08 ± 0.01 
1-octadecanethiol -0.47† 7.7 ± 0.3 21 −0.90 ± 0.03 
thiomalic acid (pH = 2.3) -0.185 3.9 ± 0.2 42 −1.05 ± 0.01 
thiomalic acid (pH = 12.2 ) -0.201 2.4 ± 0.3 90 −1.06 ± 0.02 
thioglucose (water)’ 0.23^ 6.2 ± 0.1 27 −0.95 ± 0.01 
thioglucose (methanol)’ 0.23^ 5.4 ± 0.2 31 −0.92 ± 0.02 
* refer to section 5.3.1; † obtained from ref. 5; ^obtained from ref. 4; ’solvent of self 
assembly; ‡ average l in the (-0.6 ≤ E ≤ -0.4) VSCE interval 
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Table 6.3: Free (∆σf/zF ) and Total (∆σt/zF ) Charge Density Surface Concentration 
Terms E = −0.7 VSCE. 

Monolayer ∆σt/zF 

(10-10mol cm-2) 
∆σf/zF 

(10-10mol cm-2) 
DPOL LB  0.45 +0.85 
DPOL SAM 0.84 +1.9 
octadecanethiol 6.4 +1.3 
thioglycerol 6.2 +0.76 
thiomalic acid pH = 2.3 4.0 −0.14 
thiomalic acid pH = 12.2 2.6 −0.15 
thioglucose (water) 5.7 +0.46 
thioglucose (methanol) 4.8 +0.56 
 

Table 6.4: Percent Contribution of the Perturbation Terms(∆σf/zF)to the Surface 
Concentration at E = −0.7 VSCE. 

Monolayer % 

DPOL LB  +65 
DPOL SAM +69 
octadecanethiol +17 
thioglycerol +11 
thiomalic acid pH = 2.3 −3.7 
thiomalic acid pH = 12.2 −6.3 
thioglucose(water) +7.4 
thioglucose(methanol) +11 
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Chapter 7 

Electrochemical Characterization of Novel Mixed Monolayers for the Tethering of 

Phospholipid Bilayers to a Au(111) Electrode Surface 

 

 Chapters 5 and 6 were dedicated to understanding the relationship between the 

charge density and surface concentration of a self assembled monolayer (SAM) on a 

Au(111) electrode. The model was derived in order to rationally design a mixed SAM for 

the purpose of tethering a phospholipid bilayer to an electrode surface. An advantage of a 

tethering SAM would be for the allowance of an aqueous environment on either side of 

phospholipid bilayer. Furthermore, membrane associated proteins could then be studied 

in their native environment without physical interference from the electrode surface. The 

following chapter will present and discuss the charge density results of two types of novel 

SAMs designed for tethering a phospholipid bilayer to an electrode surface.  

Two types of SAMs were investigated as possible substrates for tethering a 

phospholipid bilayer. The first tether was composed of a mixed SAM of thioglycerol and 

2,3-di-O-phytanyl-sn-glycero-1-octaethyleneglycol-DL-α-lipoic acid ester (DPOL)and 

was used to tether a 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bilayer to the 

Au(111) electrode. Previous experience with DMPC resulted in its selection for the 

purpose of depositing the bilayer with the vesicle fusion and rupture technique.1 The 

second tether was a monolayer composed of a mixture of DPOL and the phospholipid 

1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC). DPhPC was chosen as it was 

observed to be miscible with DPOL and was considered more amenable to Langmuir 

Blodgett deposition. In the second SAM, the sulfur atoms of the DPOL should be 
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the desorption peak corresponded with the inflection point in the charge density plots and 

may be considered as the potential at which the electronic structure of the surface 

changed most drastically. The more negative the desorption peak, the greater the energy 

required to remove the SAM from the surface. Furthermore, it was the squared difference 

between this desorption potential and the pzfc of the modified electrode that was 

proportional to the work required to exchange the modifying layer with electrolyte.2, 3 

The work would depend on a variety of factors such as the strength of the adsorption 

interaction, lateral interactions between adsorbed molecules and the solubility of the 

desorbed molecules in the aqueous electrolyte.4, 5 

It should also be noted that the non-tethered bilayer required the least energy to be 

removed from the surface than the chemisorbed mixed SAMs. This was likely due to the 

weak adsorption with the electrode relative to the chemisorbed SAMs. The bilayer was 

not expected to be soluble in the aqueous electrolyte which would have implied an 

increase in the work required in its removal. However, in the case of the non-tethered 

DMPC bilayer, the physisorption interaction with the electrode resulted in the decreased 

desorption potential. Furthermore, it has been previously demonstrated that the bilayer 

remained in the vicinity of the electrode at negative potentials, separated from the surface 

by a thin layer of electrolyte.6, 7 

The anodic shift in the potential of desorption was evident for the mixed SAM 

relative to the DPOL SAM. Moreover, the tethered bilayer demonstrated a further anodic 

shift which may have implied a layer of increased hydration in the tethered system. A 

possible model that could explain these results may be that the DPOL hydrocarbon tails 

in the absence of lipid, could be splayed over the surface, excluding electrolyte from the 
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vicinity of the mixed SAM. With the incorporation of lipid, the tails of the DPOL would 

be associated with those of the lipid, allowing a layer of increased electrolyte between the 

thioglycerol covered surface and bilayer. 

The capacitance results indicated that these SAMs did indeed contain a mixture of 

thioglycerol and DPOL. However, it was improbable that the surface composition of the 

mixed monolayer was equal to the bulk composition ratio ((80: 20) mol% thioglycerol: 

DPOL) since the adsorption kinetics, solubilities and the strength of adsorption were 

likely different for thioglycerol and DPOL.8 The observation that DPOL dominated the 

interfacial capacitance implied that either the DPOL molecule had a greater affinity to the 

electrode surface or the total capacitance could be modeled as parallel capacitors.9 In 

order to determine the relative affinity of thioglycerol and DPOL to the electrode surface, 

charge density measurements of the mixed SAM were performed.  

The measured total charge densities of a SAM prepared in a methanol self 

assembly solution with a composition of (80: 20) mol% = thioglycerol: DPOL are shown 

in Figure 7.2.  It was hypothesized that the surface concentration of the mixed SAM 

could be determined by comparing its charge densities with those of the pure SAMs of 

thioglycerol and DPOL. It should be noted that this hypothesis would only provide a 

qualitative explanation of the surface composition since the surface electronic structure 

perturbation by the mixed SAM could not be experimentally determined without 

independent pzfc measurements of many different thioglycerol and DPOL compositions. 

However, assuming that the change in the pzfc with respect to coverage was linear, the 

pzfc of the electrode modified with SAMs of differing compositions could be estimated. 
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7.2  DMPC Bilayer Tethered to a Au(111) Electrode: 

The mixed SAM was then used to tether a DMPC bilayer to the surface of the 

Au(111) electrode. Bilayer preparation was achieved with phospholipid vesicle fusion 

and rupture. The charge densities of the tethered bilayer system are demonstrated in 

Figure 7.4. The tethered bilayer preparation demonstrated similar charge density values 

as the mixed monolayer. This result was expected since the surface charge density would 

have been predominantly influenced by the adsorbing molecules which would have 

altered the electronic structure of the electrode surface. The average capacitance of the 

tethered bilayer in the potential region (-0.6 ≤ V ≤ 0.2) VSCE was approximately equal to 

that of a DMPC bilayer deposited directly onto the surface of the electrode with the 

vesicle rupture technique. This result indicated that the DMPC bilayer was in a series 

arrangement with the mixed SAM and implied that the bilayer was tethered to the 

electrode surface.  
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molecules in the modifying layer. The increased dielectric constant suggests increased 

hydration of the tethered system. Therefore, the tethered system was successful in 

providing a more biologically relevant membrane environment. 

7.3  Langmuir-Blodgett Deposited Monolayers for Tethering Phospholipid 

Bilayers to a Au(111) Electrode: 

The second type of tethering monolayer that was investigated did not include 

thioglycerol and consisted of only DPOL at various surface concentrations. Instead of 

adsorbing the spacer molecule (thioglycerol) onto the surface as in the previous mixed 

SAM, the spacer molecule was chosen to be the diphytanoyllipid-1,2-diphytanoyl-sn-

glycero-3-phosphocholine (DPhPC). DPhPC was chosen since it shared an identical 

hydrophobic region with DPOL. The tethering SAM therefore, consisted of a DPhPC 

monolayer with either 20 mol% or 40 mol% DPOL incorporated into the mixture. These 

tethering monolayers were deposited with the Langmuir-Blodgett (LB) technique and the 

benefit of such a monolayer was that the ratio of DPOL: DPhPC could be accurately 

known prior to surface deposition. 

In an attempt to quantify the surface concentration of DPOL in the mixed 

monolayers, charge density measurements were performed. The charge density values in 

Figure 7.5 increased as the amount of DPOL in the membrane increased which was likely 

due to the increased bound charge density at the surface. However, the increase in the 

charge density was not proportional to the amount of DPOL in the monolayer. This may 

have been due to an influence from lipids in the proximity to the surface which would 

have indicated that the lipid bilayer may not have been tethered entirely. 
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desorbed from the surface, resulting in only the DPOL adsorption. As a result, the 

difference in the charge density between the tethering systems and the electrolyte at -0.6 

VSCE would have been mainly due to the bound charge density. Furthermore, the charge 

density differences between the 20 mol% and 40 mol% systems and the DPhPC 

monolayer may have been used as a rough approximation of the bound charge density 

due solely to the DPOL.  

The charge density differences between the tethered systems and the unmodified 

electrode were approximately 5.9 µC cm-2 and 8.5 µC cm-2 for the 20 mol% and 40 mol% 

systems,  respectively (Figure 7.5b). From the measured charge densities, the 

approximated surface concentrations for DPOL were 3.1 x 10-11 mol cm-2 (20 mol%) and 

4.4 x 10-11 mol cm-2 (40 mol%). In order to determine if the charge densities were reliable 

values for the calculation of DPOL surface concentrations, the corresponding DPOL 

surface coverage values were calculated. The surface coverage values were calculated by 

normalizing the DPOL surface concentrations by the total concentration on the surface of 

the electrode assuming ideal mixing between the DPOL (~105 Å2) and DPhPC (~85 Å2) 

at a transfer pressure of 35 mN m-1 (Figure 7.6). These DPOL surface concentrations, 3.1 

x 10-12 mol cm-2 and 4.4 x 10-11 mol cm-2 resulted in approximated DPOL surface 

coverage values of 17% and 25%, respectively. 

The calculated DPOL coverage values presented above relied on the fact 

assumption of ideal mixing between the DPOL and DPhPC. It was demonstrated that this 

assumption was indeed correct since the compression isotherms of the mixed DPOL/ 

DPhPC monolayers coincided with the theoretically calculated isotherms (Figure 7.6). 
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respective calculated compression isotherms where ideal mixing was assumed (dashed 
lines).  

7.4  DPhPC Bilayer Tethered to aAu(111) Electrode: 

A monolayer of DPhPC was then deposited onto the tethering monolayers with 

the Langmuir – Schaeffer (LS) deposition technique and the potential dependent 

differential capacitance and charge densities were measured. Differential capacitance 

measurements of the DPOL SAM, and the tethered DPhPC bilayers consisting of (80:20) 

mol% and (60:40) mol% are demonstrated in Figure 7.7. A peak at approximately -0.92 

VSCE represented the reductive desorption of the DPOL molecules from the electrode 

surface. Analogous peaks were also observed for the (80:20) mol% and (60:40) mol% 

tethered bilayers at -0.88 VSCE and -0.85 VSCE, respectively. The presence of these peaks 

in the tethered bilayers suggested that the DPOL tethering molecule was indeed 

interacting with the Au(111) surface. Furthermore, there was an absence of such a 

reductive desorption peak in the physisorbed DPhPC bilayer.       
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adhesion and rupture or lipid monolayer spreading.14,15 These techniques may provide a 

phospholipid bilayer with less defects and hence, a lower capacitance value.  

In order to compare the affect on the charge density due to the completion of the 

bilayer, charge density measurements were also performed (Figure 7.8). The charge 

densities of the DPhPC bilayer tethered with 40 mol% DPOL was comparable to that of 

the analogous monolayer in Figure 7.5. The addition of a DPhPC monolayer to complete 

the tethered bilayer did not appear to greatly affect the charge density. This may have 

been due to the fact that the charge density was predominantly dominated by the bound 

charge of the DPOL. The observation that the charge density data of the (60:40) mol% 

tethering monolayer remained relatively unaffected by the addition of a DPhPC 

monolayer may have implied that there was little change in the electronic structure 

electrode, which was possibly due to an unchanged double layer region. This further 

supported the hypothesis that the 40 mol% concentration would be a suitable tether for a 

phospholipid bilayer.  
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DPOL/DPhPC monolayer may have provided tethered regions that would approach the 

desired fluidity; however, the possible interaction of the lipids with the electrode surface, 

which was suggested from the charge density observations for the DPhPC: DPOL = 

(80:20) mol% monolayer, may have been the cause of the non linear relationship between 

the charge density and the calculated DPOL surface concentrations. It was also evident 

that the DPhPC: DPOL = (60:40) mol% maintained a more constant electronic structure 

upon LS deposition of a DPhPC monolayer than the (80:20) mol% monolayer. Therefore, 

the (60:40) mol% monolayer would be amenable to further applications in tethered 

bilayer research since it was implied that the DPhPC bilayer was properly tethered to the 

Au(111) electrode surface.  

From an electrochemical viewpoint, it appeared necessary to maintain an altered, 

yet constant electronic structure that would have depended solely on the applied potential 

and not be influenced by the potential dependent adsorption/desorption of the lipids under 

study, as was likely the case with the DPhPC: DPOL = (80:20) mol% tethering 

monolayer. The two methods of maintaining a constant electronic structure would be to 

modify the entire surface of the electrode, as was the case with the thioglycerol/DPOL 

mixed SAMs or to implement the DPhPC: DPOL = (60:40) mol% tethering monolayer. 

A tethering monolayer could provide a more fluid and hydrated environment 

allowing for the attainment of a more biologically relevant system, however, the tether 

systems studies herein do not represent the only configurations for studying membranes 

with electrochemical techniques. Another approach that could allow for similar 

conditions would be to deposit a bilayer on a porous substrate. As was the case in the 

DMPC bilayer tethered by the mixed SAM, a bilayer with an aqueous layer on either side 
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represents a progression in supported, biologically relevant phospholipid membranes. 

Moreover, the ability to spectroscopically probe the structure and orientation of the 

membrane components would also be vital in a complete understanding of the bilayer 

system.16, 17 The design and construction of a spectro-electrochemical cell capable of the 

benefits stated above will be the topic of Chapter 8. 
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Chapter 8 

Development of a Spectro-Electrochemical Cell for the Investigation of a 

Phospholipid Bilayer Supported on a Porous Substrate 

 

 As was discussed in Chapter 3, simultaneous measurements of the electrical and 

structural properties of phospholipid bilayers and membrane associated proteins could 

provide complementary information on potential dependent capacitance, resistance and 

orientation. Information on the kinetics of molecular alignment in an electric field would 

also be of importance since transmembrane protein function is usually correlated with its 

orientation. It is the goal of the following chapter to describe the development of 

aspectro-electrochemical method of measuring the properties stated above using a porous 

substrate on which a biological membrane sample may be supported.  

 The spectro-electrochemical cell must be constructed to allow for a uniform 

electric field to be applied across the sample membrane while maintaining close 

proximity to an attenuated total reflection (ATR) prism. The spectro-electrochemical cell 

should be designed to allow for efficient assembly and to be amenable to simple 

calibration procedures. Furthermore, the impedance of the sample must be decoupled 

from the double layer impedance of the working electrode. These aspects could be 

considered mandatory in order to allow for accurate and reproducible measurements. It is 

the focus of this chapter to describe the design, calibration, data analysis and preliminary 

measurements of the spectro-electrochemical cell containing a pore spanning DPhPC 

bilayer. 
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It was important that the base and cover formed air-tight seals with the glass body 

in order to prevent any unwanted oxygen from entering the cell, reacting at the electrode 

surface and influence the double layer resistance of the WE. The cell was designed to be 

deaerated with Ar(g) purging both above and below the electrolyte solution in the outer 

and inner compartments. In order to maintain equivalent pressure in both the inner and 

outer compartments, a small hole in the glass tube of c2 was made which vented into the 

c1. The pressure of the outer compartment was equilibrated with the atmosphere through 

an outlet bubbler, in a manner similar to the traditional electrochemical cells. The vent in 

the c2 could be sealed with Teflon tape in order to control the pressure difference across 

the sample if required. The pressure difference across the sample could be calculated by 

measuring the height difference between the solution surfaces inc1 and c2. Using this 

method a range of hydrostatic pressures (-0.2 kPa to 0.2 kPa) around atmospheric 

pressure could be exerted on the membrane.2 However, this pressure range would not be 

adequate to attain those of biological systems where a single celled organism at sea level 

could experience pressures that are approximately 1000 times greater (≥ 0.1 MPa).3–5  

However, the spectro-electrochemical cell design allows for the affects of small pressure 

perturbations on the electrical dependent structural properties of the phospholipid 

membrane to be investigated. 

The temperature of the entire cell is another parameter that could be controlled. A 

water jacket surroundingc1could be attached to an external temperature control unit. This 

would allow for temperature dependent phenomena such as membrane permeability and 

homogeneity to be inferred based on the measured membrane impedance. The membrane 

resistance could be used as a measure of permeability and the degree at which the 
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placed in an electric field (Ð) between a conducting circular plane of charge, q and ring, 

of charge –q, may be expressed as, 

7�M� � Ð�M�Þ                                                                  �1� 
The magnitude of Ð would be proportional to the magnitude of q at the WE. The scaled 

projection of the electrode areas onto each other would result in a variable distance (b) 

between the electrodes since they are not equivalent in radius. Coulomb’s Law may then 

be implemented to express the magnitude of F, 

7�M� � �| ¼ÞQ�                                                                    �2� 
where k = 1/4πε0 and is known as Coulomb’s constant.2 Substitution of [2] into [1] results 

in an expression for E that is independent of Q, 

Ð�M� � 14�||-
¼Q�                                                                 �3� 

The charge on each electrode must be conserved and it is the charge density (σ) 

that could be controlled at the WE surface. The affect of the charge density on the electric 

field may be incorporated into [3] if the differences in the surface area of the WE and CE 

are taken into account. The charge may be expressed as, 

¼ � @��µ� � 	��                                                           �4� 
Furthermore, the variable distance between analogous locations on each electrode 

may be expressed using the Pythagorean Theorem. The distance between the points, (xr, 

0) and (xa, h) would be, 
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Q� � �� � ��\ � ����                                                      �5� 
The distances along the x-axis at different values of z could be rationalized by 

considering the condition that the Ð flux at each electrode must be equivalent and could 

be stated as such,  

�\µ � ��.                                                                     �6� 
Substituting [6] into [5] yields, 

Q� � �� � �\� ß1 � .µà�                                                     �7� 
Further substitution of [4] and [7] into [3] results in the expression for the dependence of 

the electric field on the geometry and arrangement of the electrodes, 

Ð�M� � 14�||-
@��µ� � 	����� � �\��1 � . µ⁄ ���                                           �8� 

 The Ð profiles along the x-axis of a sample at a specific height (h) from the 

CE/prism assembly, placed exactly in between the electrodes with a WE charge density 

of approximately 43 µC cm-2 (corresponding to an applied potential of -0.7 VSCE) are 

demonstrated in Figure 8.9. It was apparent thatÐ would be more uniform over the 

sample if the electrodes were placed further apart along the z-axis. A greater value of h 

implied a greater probability that the sample would experience a similar Ð over its entire 

surface. The sample will experience a maximum Ð deviation of approximately 2.5% from 

the centre towards its outer perimeter (Figure 8.9b). Furthermore, over the surface area 
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8.2.4  Choice of Reference Electrode: 

 The placement and choice of reference electrode were dependent on the frequency 

range under study. The standard external saturated calomel electrode (SCE) was not 

applicable for impedance measurements above 103 Hz. As a result, a lower impedance 

RE was required. The lower impedance was realized by removing the lengthy electrolyte 

salt bridge which resulted in a high solution resistance and capacitive effects from the 

walls of the Lugin capillary. A low impedance internal RE, such as a Ag/AgCl wire was 

therefore deemed necessary. The drawbacks of the internal RE are that its electrolyte 

environment may not be ideal since the reversible anion (Cl-) is not saturated and the 

equilibrium state of the reference electrode would not be fully realized.10 Over the time 

interval required for the EIS experiment, however, the concentrated supporting 

electrolyte (0.1 M NaF(aq)) solution may provide an approximately constant ionic 

environment.  In this configuration, the difference in potential between the RE and WE 

would be minimal and approximately equal to only the potential drop due to the 

uncompensated resistance.  

The RE was placed in the outer compartment, while the WE was inserted into the 

inner compartment. The RE needed to be designed especially for the cell because the type 

of RE used was dependent on the higher limit of the frequency range under study. In 

addition to a Ag/AgCl wire, a series of RE were produced that differed in glass and 

ceramic compositions of the frit. Frits with a higher composition of glass had lower 

electrical resistance but increased permeability. The higher permeability would allow Cl- 

to diffuse into the electrolyte solution where it could adsorb to the electrode surface and 

alter the double layer capacitance. 
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possibly of dissolved Cl- remained a concern.11 The best RE for the measurement of 

accurate solution resistance was the pseudo Pt wire RE placed in the outer compartment 

electrolyte solution. The solution resistance at various supporting electrolyte 

concentrations was measured with this pseudo RE (Section 8.2.4). A pseudo electrode 

may not have been able to maintain an exact potential, but this type of reference electrode 

was deemed sufficient since the solution resistance could be considered potential 

independent. Furthermore, the potential offset should have been constant in the 

electrolyte concentration ranges studied. In addition, the Pt wire was relatively inert in a 

potential range of approximately 200 mV which would have decreased the probability of 

any changes to the electronic structure of this pseudo RE when the ionic strength of the 

electrolyte was changed at the potentials studied in the EIS experiments.12
 

8.3  Preliminary Experimental Results from the Spectro-Electrochemical Cell  

8.3.1 Measurement of Electrolyte Resistance and Molar Conductivity: 

The relationship between the solution concentration and resistance was observed 

to be linear in the concentration ranges of interest. The experimentally measured and 

theoretical values coincided, which demonstrated the potential of the spectro-

electrochemical cell to be employed as a conductivity cell in the narrow frequency range 

of 104 Hz to 106 Hz. Moreover, this resistance calibration could be used as a known value 

in the equivalent circuit model of the system under study, hence eliminating the solution 

resistance as an unknown variable. 
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� � 1Λx�                                                                  �13� 

Furthermore, [13] may be substituted into [12], which resulted in the final expression for 

the data in Figure 8.16, where the explicit dependence of the resistance on the 

concentration was demonstrated, 

	 � DTΛx
1�                                                                �14� 

 As a result, it was evident that the electrolyte resistance was inversely 

proportional to solution concentration and the molar conductivity. The data was fitted to a 

linear regression and the slope along with the known values of l and A resulted in an 

approximate value of Λm = (6.49 ± 0.02) mS m2 mol-1 for NaF(aq). This measured value 

appeared reasonable for NaF(aq) since the expected value calculated from the limiting 

ionic conductivities for Na+ (5.010 mS m2 mol-1) and F- (5.54 mS m2 mol-1) was 10.55 

mS m2 mol-1 assuming an ideal, strong electrolyte.13 The value of A may have been 

slightly overestimated, which would have resulted in an underestimation of Λm for 

NaF(aq). It should be noted that NaF(aq) deviates from ideality and the calculated value 

may only be used as a first approximation. 

 As implied previously, the resistance values were dependent on the geometry and 

dimensions of the spectro-electrochemical cell. As a result, the working dimensions of 

the cell must be recorded prior to every measurement. The feasibility of the data 

treatment method as a means of extracting the impedance of a sample was established 

and shown to result in reasonable values. In addition to electrochemical measurements, 
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the cell was also designed to allow for simultaneous spectroscopic studies. The following 

section will discuss the rationale of the cell design from the spectroscopic view point. 

8.3.2 Measurements of the Capacitance and Resistance of a DPhPC Bilayer: 

The Bode plots of the impedance (׀Z׀) and the phase angle (φ) are presented in 

Figure 8.17. The resistance (Rs) of the electrolyte solution and double layer capacitance 

(Cdl) of the clean, unmodified Au(111) working electrode were placed in a series 

configuration. The values of Rs (217 Ω) and Cdl (19.2 µF cm-2) indicated that the spectro-

electrochemical cell performed identically to the traditional electrochemical cells used in 

the Lipkowski laboratory. From Figure 8.17c, it was evident that the impedance response 

in the lower frequency range (1 ≤ f ≤ 100) Hz was almost purely capacitive since the 

phase angle was approximately -90o. The fact that the phase angle was almost -90o at the 

frequency of differential capacitance (25 Hz) resulted in further proof that the spectro-

electrochemical cell was properly operating.    
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8.3.2.1 Summary of the Impedance Results Measured with the Spectro-

Electrochemical Cell: 

Unlike the prediction of the value of CDPOL, the value of CDPhPC was reasonable 

when compared to the differential capacitance measurement at -0.2 VAg/AgCl (Table 8.3 

and Figure 8.22). The value calculated from the extended model (12.2 µF cm-2) and 

measured with differential capacitance (12.8 µF cm-2) corresponded well. This 

correspondence indicated that the DPhPC bilayer was suspended over the porous 

modified substrate. The membrane resistance, however, appeared to be one order of 

magnitude lower than the expected value of approximately 107 Ω cm2.16 Inaccuracy in the 

resistance measurement of the bilayer was likely due to the fact that the membrane 

resistance is usually manifested at f<< 10-2 Hz. It should be noted that measurements at 

frequencies of 10-3 Hz were performed. However, an average of two cycles for the 

obtainment of a single data point at 10-3 Hz corresponded approximately 30 min. As a 

result, in order to measure a decade of points in the range (10-3 ≤ f ≤ 10-2) Hz a duration 

of 98 min of measurement will be required. The electrochemical system was observed to 

change slightly over this increased duration. For, example, the leaching of Cl- from the 

reference electrode and subsequent fouling of the working and counter electrodes with 

the addition of slow evaporation of electrolyte, altering the solution resistance, resulted in 

slight changes of the electrochemical system. 

Even though an accurate bilayer resistance was not attainable under the current 

experimental conditions, the spectro-electrochemical cell performed as expected. Future 

optimization of the spectro-electrochemical cell will be focused on increasing the time in 

which the conditions within the cell are maintained. Although the spectro-

electrochemical cell performance may be improved, it was deemed successful in 
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measuring the quantities of interest and may be considered as a viable apparatus in future 

biological membrane research.  

8.4  Suggestions for Simultaneous Spectroscopic and Electrochemical 

Investigations: 

 The spectro-electrochemical cell was designed for attenuated total reflection 

(ATR) studies to be performed in the Otto configuration.17 The challenge associated with 

the Otto configuration was the distance that the sample must be from the prism surface in 

order to allow for its interaction with the evanescent wave. Calculated evanescent wave 

decay distances were shown in Figure 8.11 and it was evident that the sample must have 

been in close proximity to the surface in order to achieve an adequate signal. A prism 

with a narrow plateau will be utilized in order to permit close approach with the sample 

(Figure 8.12). Although close proximity is required for the ATR configuration, it may 

result in a non-uniform electric field across the sample which could lead to inaccuracies 

in orientation calculations. The distance dependence of the electric field between the ring 

CE and planar WE electrode geometries were calculated (Figures 8.3 and 8.4). The 

calculations demonstrated that if the cells dimensions are known, the electric field 

magnitude and direction across the sample at any arbitrary distance between the 

electrodes could then be determined. 

 The porous Al2O3 was coated with a Au film in order to promote the self 

assembly of the tethering molecule DPOL. However, the challenge of obtaining infrared 

spectra at various applied potentials may be alleviated by the Au coated Al2O3 substrate. 

The Al2O3/Au could be used as the WE allowing for a potential to be applied directly to 

the sample support. An electrified substrate could allow for signal enhancement through 
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coupling between the evanescent and Au surface plasmon electric fields. The 

enhancement should allow for the sample to be placed farther from the prism/ CE, which 

will in turn allow for a more uniform electric field to be allied across the sample.  

It has been demonstrated that electrochemical data may be successfully obtained 

and suggestions and optimizations for spectroscopic studies have also been provided. The 

obtainment of simultaneous impedance and infrared spectra could be performed with 

these suggestions for configurational optimization and a variety of spectro-

electrochemical experiments may be undertaken. 
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Chapter 9 

Conclusions 

 

9.1 Summary and Future Experiments: 

A model of the electrochemical interface between an electrode and electrolyte 

was derived in order to fully understand and compare interfacial systems in which the 

electronic properties of the electrode have been altered. This interfacial model was 

implemented in the calculation of the surface concentrations and electrosorption 

valencies of organic thiol molecules chemisorbed to a Au(111) electrode. In addition, it 

was demonstrated that the traditional thermodynamic experimental approach to 

measuring surface concentration only provided reliable data when the adsorption and 

desorption processes were reversible with respect to potential. It was observed that the 

thermodynamic method was not valid when adsorption was potential independent. 

However, it was demonstrated that the derived interfacial model was valid throughout the 

potential range and could be used to explain both potential dependent (reversible) as well 

as potential independent (irreversible) desorption. 

From the derived model, analogies with past models such as that of Kunze et al. 

were proposed.1 The thermodynamic analogies to the free and total charge were deduced 

to be the derivatives of the energy stored in an interfacial capacitor and the surface 

pressure of the electrode with respect to the potential, respectively. As a result of these 

analogies, operational definitions of the potentials of zero total and free charge were 

proposed and the conditions in which they would be implemented in the interfacial model 

were also clarified. For modified electrodes in the potential interval in which the 
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adsorbate self assembled monolayer (SAM) was stable, the potential of zero free charge 

was measured for the systems under study and the surface concentration was obtained 

from the bound charge density. Reasonable values for the surface concentrations of 

thioglycerol, (DPOL), octadecanethiol, thiomalic acid and thioglucose were obtained 

from the measured total charge density and potential of zero free charge values inputted 

into the interfacial model. The pH dependence of thiomalic acid/ thiomalate SAM 

formation and the potential dependent oxidation of thioglucose were understood from the 

surface concentrations and electrosorption valencies obtained from the interfacial model. 

 It was demonstrated that the measured total charge density could be separated into 

free and bound charge densities, which allowed for a clear physical representation of the 

difference between the electrosorption valency and the actual valency of adsorbate. It was 

deduced that the electrosorption valency was a result of unequal free charge densities 

between the two systems. In the case of strongly adsorbed molecules, the difference in 

the free charge density between the modified and unmodified systems was observed to be 

negligible implying that the total and bound charge densities were approximately equal 

and thus the electrosorption valency was also equivalent to the actual valency of the 

adsorbate.  

 Once the thioglycerol and DPOL surface concentrations as well as their mean 

molecular areas were known from the interfacial model, these molecules were employed 

in mixed SAMs for tethering phospholipid bilayers to a Au(111) electrode surface. The 

two types of mixed SAMs both contained DPOL as the tethering molecule. However, 

thioglycerol was implemented as a hydrophilic spacer molecule in one of the SAMs. 

Differential capacitance and charge density measurements demonstrated that both mixed 
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SAMs were viable and that the amount of the tethering molecule (DPOL) greatly affected 

the electrochemical properties of the phospholipid bilayer. It was concluded that the 

mixed SAM containing thioglycerol as a spacer molecule may have provided a more 

constant electrochemical condition for tethering bilayers. The success at tethering 

bilayers with these mixed SAMs was then used as impetus to further the research into 

model biomembranes. A system in which a phospholipid bilayer was deposited over a 

porous substrate was developed and studied electrochemically. Similarly to tethered 

bilayers, pore spanning bilayers would be fluid and could be considered as a natural 

progression towards a more biologically relevant model. 

 The ability to study these pore spanning bilayers with electrochemical and 

spectroscopic techniques was initiated by the design and fabrication of a spectro-

electrochemical cell. The spectro-electrochemical cell was designed to allow for a pore 

spanning bilayer to be investigated with impedance and infrared spectroscopies under 

controlled conditions. The spectro-electrochemical cell was also designed to allow for the 

following conditions to be controlled: the hydrostatic pressure across the bilayer, the 

ability to vary the electrolyte composition on either side of the bilayer and the 

temperature of the system. The ability to control the operational conditions could allow 

for many different types of environmental conditions to be modeled and investigated. 

Future spectro-electrochemical experiments could be used to study simplified model 

membranes in order to resolve the role of individual components in complex biological 

systems. Some future experiments may include: 

1. Incorporation of proton pumps into a model membrane and varying the proton 

concentrations on either side of the membrane in order to investigate the activity 
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of the pump in controlled environments.2 Such experiments may be performed at 

the open circuit potential and the resistance of the membrane could be measured. 

2. Incorporation of voltage gated ion channels, such as a potassium channel and 

varying the lipid species and electrolyte while controlling the applied potential in 

order to determine the effect of the lipids and ionic environments on the 

behaviour of ionic conduction and channel conformation. The activity of the 

channel could be investigated in the presence of dissolved glucose in the 

electrolyte, which has been observed to inhibit potassium channel activity.3 

Furthermore, the activity to other cations could be studied with the obtainment of 

channel orientation and overall membrane resistance.4, 5 

3. Investigations of the affects of the incorporation efficiency of the peptide 

antibiotics, gramicidin and alamethicin, into the bilayer at various temperatures 

and pressure perturbations.6 

 A pore spanning (DPhPC) bilayer was used as the initial system in which the 

accuracy of the spectro-electrochemical cell could be evaluated. A model of the electrical 

components was introduced and used to deconvolute the bilayer capacitance and 

resistance from that of the porous substrate. The results were observed to be in good 

correlation with past studies of DPhPC bilayers and it was concluded that the cell and 

equivalent circuit model were sufficient for the obtainment of accurate information. 

These preliminary results indicated that the spectro-electrochemical cell performed to 

expectations and further research and calibration could continue to increase the number 

of different experiments that could be performed on artificially produced phospholipid 

bilayers. 
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 In addition to the electrochemical experiments, the spectro-electrochemical cell 

was also designed for attenuated total reflection infrared (ATR-IR) spectroscopy. In order 

to perform these measurements, the spectro-electrochemical cell design was optimized to 

allow for the sample bilayer to interact with the evanescent infrared field while a static 

electric field was applied across the sample between the working and counter electrodes. 

It was predicted that electrochemical infrared spectroscopy could be completed 

simultaneously to the acquisition of impedance data allowing for the direct correlation 

between molecular orientation and impedance properties. This simultaneous obtainment 

of data could be considered as the next step in the furthering of the spectro-

electrochemical cell. 
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