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Abstract 
 

This thesis is concerned with the application of evanescent wave 

cavity ring-down spectroscopy (EW-CRDS) and evanescent wave 

broadband cavity enhanced absorption spectroscopy (EW-BB-CEAS) for 

studies of electrochemical and interfacial processes. These include 

nanoparticle adsorption/dissolution, polymer nanoparticle formation and 

surface-bound electrochemical redox reactions. Different experimental 

setups have been designed to investigate these systems. 

EW-CRDS is a surface sensitive technique, which allows 

absorption measurements at solid/liquid and solid/air interfaces. Surface 

reactions can easily be monitored in real time. A pulsed or modulated laser 

beam is coupled into an optical cavity which consists of at least one optical 

element, in which the beam is total internal reflected. At the position of 

total internal reflection (TIR), an evanescent field is established with the 

amplitude decaying exponentially with distance from the boundary. The 

evanescent field can be exploited to investigate the absorbance properties 

of the liquid phase in the first few hundred nanometres of the solution 

above the silica surface. These types of instruments have high temporal 

resolution (up to 2 kHz repetition rate), coupled with high sensitivity 

(minimum detectable interfacial absorbance per pass: ~80 ppm) which 

enables the investigation of a variety of processes relating to fundamental 

questions in the field of physical chemistry and materials science. The 

aforementioned sensitivity and resolution make EW-CRDS an ideal tool 

for those investigations, especially if combined with other techniques such 

as electrochemistry or microfluidic and hydrodynamic techniques. In this 

thesis, different instrumentational setups will be discussed.  

EW-BB-CEAS is another example for a TIR based absorption 

spectroscopic technique and can give additional spectral information about 

the investigated surface processes by employing broadband light such as 

supercontinuum radiation. In this case, the amplified light intensity within 

the optical cavity is measured rather than the light decay. 

By employing complementary techniques, such as electrochemistry 

and atomic force microscopy and by fitting experimental data using finite-

element modelling, surface processes can not only be described accurately 

but also kinetic information such as rate constants for the aforementioned 

systems can be calculated. 
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1 Introduction 

This thesis is concerned with studying the dynamics of various interfacial 

processes using evanescent wave cavity ring-down spectroscopy (EW-

CRDS). This chapter provides a background for the different variants of 

cavity ring-down spectroscopy (CRDS) and the evolution of this technique 

from the gas phase into the condensed phase. This includes sections about 

different light sources, cavity configurations and their applications in the 

field of physical chemistry. Additionally, some basic considerations about 

atomic force microscopy (AFM) and electrochemistry are also described. 

EW-CRDS is a surface sensitive technique, which allows absorption 

measurements at interfaces, with most applications hitherto at solid/liquid 

and solid/air interfaces. Surface reactions can easily be monitored in real 

time. A pulsed or modulated laser beam is coupled into an optical cavity 

which consists of at least one optical element, herein a silica prism, at 

which the beam undergoes total internal reflection (TIR). At the position of 

TIR, an evanescent field is established with the amplitude decaying 

exponentially with distance from the boundary. The evanescent field can be 

exploited to investigate the absorbance properties of the liquid phase in the 

first few hundred nanometres of the solution above the silica prism surface. 

These types of instruments have good spatial and temporal resolution, 

coupled with high spectral sensitivity which enables the investigation of a 
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variety of processes relating to fundamental questions in the field of 

physical chemistry and materials science. The aforementioned sensitivity 

and resolution make EW-CRDS an ideal tool for those investigations, 

especially if combined with other techniques such as basic electrochemical 

measurements or microfluidic and hydrodynamic techniques, which are 

developed throughout this thesis. In this section, different configurations 

for EW-CRDS will be discussed, along with instrumentation aspects. 

Additionally, several examples of the use of EW-CRDS will be 

demonstrated to exemplify this technique in more detail. 

1.1 Cavity Ring-down Spectroscopy 

The following two sections discuss the basic principles of CRDS, using 

simple gas phase measurements for illustrative purposes. It is hence shown, 

how the CRDS technique can be extended in order to measure adsorption 

at surfaces or reaction kinetics in condensed phases, especially through the 

use of the EW-CRDS variant. 

1.1.1 Gas Phase CRDS 

Introduced in 1988 by O’Keefe and Deacon,
1
 CRDS has been used in the 

gas phase as a powerful technique for trace analysis
2
 and spectroscopic 

studies of molecules and clusters. Many of these developments are 

summarised in several reviews.
3-6

 Even small temporal variations in the 

sample concentration can be monitored using fast femtosecond pulsed 

lasers.
7
 The extended path length provided by the multiple roundtrips is 
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responsible for the exceptionally high sensitivity and CRDS is now 

established as a reliable spectroscopic technique with applications ranging 

from trace gas detection, absorption spectroscopy, dynamical studies in the 

gas phase and even atmospheric gas detection. Instead of optical cavities 

employing highly reflective mirrors, this technique can also be operated 

using optical fibres.
8
   

In CRDS, the exponential decay of the amount of light within an 

optical cavity (due to the loss of energy resulting from transmission and 

absorption by the mirrors) is measured with and without an absorber 

present, after filling the cavity with light to a steady-value and switching 

off the light abruptly. The time-dependent function for the intensity of the 

light, ( )I t , obeys the Beer-Lambert law and depends on the reflectivity of 

the mirrors and the length of the cavity. It can be shown that for a simple 

two-mirror cavity (Fabry-Perot cavity)  as shown in Figure 1.1, it satisfies 

( )
( )L ln

0

c t
R L

LI t I e
− − +α

= ,       (1.1) 

where I0 is the initial intensity of the laser light within the cavity, cL is the 

speed of light, L is the length of the cavity, R is the reflectivity of the 

mirrors and α is the absorption coefficient of the species of interest in the 

cavity. If we assume that R is close to 1, the measured ring-down time τ, 

which is conveniently defined as the time taken for the intensity to drop to 

0I /e is: 

( )L 1

L

c R L
τ =

− + α
       (1.2) 
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It is clear that with an absorbing species within the optical cavity, the 

characteristic ring-down time, τ , will decrease compared to an empty 

cavity, 0τ . The absorbance is described by  

( )10

0 L

log
L

A e
c

∆τ
=

ττ
  ,       (1.3) 

Because of the increased light pathway due to multiple roundtrips, this 

technique is extremely sensitive to small concentrations.
2,4-5,9-10

  

 

Figure 1.1: Schematic representation of a (linear) Fabry-Perot cavity. The light beam with 

intensity I0 enters the cavity from the left through mirror 1. The light intensity, which 

decays exponentially with time due to the non-perfect reflectivity of the mirrors and 

absorption within the cavity, partly leaks out behind mirror 2 and is measured with a 

photomultiplier tube (PMT). 

There are many varieties of linear cavities, the properties of which depend 

on the radii of curvature of the two mirrors (R1 and R2) and the length (L). 

There are three possible arrangements of optical cavities which depend on 

the curvature of the mirrors: plano-plano, plano-concave and concave-

concave.  A selection of different optical cavities is shown in table 1.1.  

I0 I

I
/

I 0

time

mirror 1 mirror 2

PMT

ring-down signal

optical cavity
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Table 1.1: The conditions and definitions for a range of different optical cavities. 

Condition Optical Cavity 

R1 = R2 = L confocal 

R1 = R2 = L/2 concentric 

R1 = R2 >> L long-radius 

R1 = L    R2 = ∞  hemispherical 

R1 = 2L    R2 =  semi-confocal 

R1 = R2 =  Fabry-Perot 

. 

Optical cavities are said to be stable if a light beam is refocused within the 

cavity after successive reflections from the mirrors and is trapped within 

the cavity.
6
 The criteria for cavity stability are expressed in terms of the so-

called g-parameters:
6
 

1 20 1g g≤ ≤         (1.4) 

where 

1

1

1
L

g
R

 
= − 
 

        (1.5) 

and 

2

2

1
L

g
R

 
= − 
 

        (1.6) 

In unstable cavity systems, the light rays will steadily migrate across the 

mirrors until they finally escape the cavity. A Fabry-Perot resonator, where 

1 2 1g g= = , is particularly challenging to align,
11

 so most optical cavities 

have at least one concave element, which essentially refocuses the beam 

within the cavity. 

There are a number of advantages of CRDS compared to other 

absorption spectroscopy techniques. The measurement of the absorbance 

depends only on the ring-down rate of light inside the optical cavity and 

∞
∞
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not on the intensity of the transmitted light. This also means that CRDS is 

insensitive to intensity fluctuation of the laser source. Also, optical 

resonators are stable and hence less sensitive to changes of the path length 

or temperature fluctuations.
6
 An optical resonator can enhance the path 

length of the light up to several tens of kilometres (due to multiple 

reflections) compared to a single pass measurement.
6
 By measuring and 

subtracting the ring-down time of an empty cavity from the sample 

measurement, absolute absorbance values can be obtained in a direct and 

simple way.
10

  

The previously described model, which describes the decay of light 

in the ring-down cavity by taking into account the mirror reflectivity is 

unfortunately too simple. It does not include the fact that only light having 

frequencies near a cavity mode will be allowed inside the resonator. In any 

optical cavity, there is a set of allowed frequencies, so-called “modes” 

which are allowed to propagate and are determined by the geometry of the 

optical cavity. These are either longitudinal modes or transverse modes. 

Longitudinal modes determine the frequencies that satisfy the wavelength 

conditions of the cavity, which means that the electric vector of the light 

wave is zero at the mirror surface. The allowed frequencies for the 

longitudinal modes are governed by 

C

2 2
p

c
p

L

α
υ

π

 
= − 

 
       (1.7) 

where 
pυ  is the frequency of the radiation, p is the an integer (the 

longitudinal mode index) and Cα  is a corrective term to account for the 
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fact that the wave is not planar. The spacing between two adjacent 

longitudinal modes will be 

2

c

L
υ∆ =         (1.8) 

Transverse modes determine the cross-sectional profile of the beam. In this 

case the condition is that the transverse profile must be the same after one 

round-trip. The lowest order transverse electromagnetic mode, or 

fundamental mode (TEM00), has a Gaussian cross-sectional profile.
6
 There 

are an infinite number of transverse modes associated with one longitudinal 

mode.
6
 In order to carry out CRDS experiments, the laser frequency 

usually has to be scanned in order to obtain a resonance frequency within 

the resonator. As we will see later, we can avoid this, by choosing a 

“broadband” light source, which will be able to excite many cavity modes 

at once. 

There have been several approaches to measure surface properties 

using CRDS. Engeln et al. were able to measure one fundamental 

absorption band of C60 by inserting a C60-modified optically transparent 

ZnSe substrate into a linear cavity.
12

 The group of Pipino extended the 

CRDS technique from gas absorption studies to nanostructured surfaces by 

depositing Au nanoparticles onto silica. In this way, by using the surface 

Plasmon resonance (SPR) effect, it was possible to increase in the detection 

limit for trichloroethylene and dichloroethylene.
13

 Their setup included an 

intracavity flow cell with two flat optical end-windows. These windows 

were aligned at Brewster angle. The Brewster angle for an air to glass 

transition is defined as:
14
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1 silica
B

air

tan
n

n
θ −  

=  
 

       (1.9) 

where nsilica and nair are the refractive indices of silica and air, respectively.  

For the experiment, one of the optical windows was coated with a thin 

nanostructured Au film. It was then shown that the SPR effect originating 

from the Au nanoparticles enhanced the sensitivity for the detection of 

trichloroethylene and dichloroethylene. This could be verified by 

comparing the experimental results obtained to an extended Mie 

calculation taking into account the formation of a dielectric coating on the 

nanoparticles. In a later paper, the same methodology was used to detect 

various nitro compounds.
15

 It was found that the sensitivity of this 

approach compared to conventional SPR was approximately 35 times 

higher. The sensitivity of SPR of Au nanoparticles appeared to increase 

with the degree of nitration.
15

 

1.1.2 Condensed Phase CRDS 

There have been many attempts to transfer CRDS to the condensed phase 

and several approaches to measure thin films have been introduced. Xu et 

al. placed the sample cells directly into the cavity at the Brewster angle in 

order to reduce reflection losses. This setup enabled the measurement of 

absorption coefficients as low as 2 x 10
-7

 cm
-1

 and it was therefore possible 

to obtain vibrational electronic information of benzene.
16

 A similar concept 

was used by Muir and Alexander to study the absorption features of films 

of oxazine and malachite green dyes coated on thin borosilicate microscope 

plates. When the sample was inserted at the Brewster angle, sub-monolayer 
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coatings in the range of 0.03 monolayers could be investigated.
17

 This 

approach was adapted by Alexander in order to monitor reaction kinetics of 

nitrate radicals with terpenes in solution.
18

 The same author has also 

demonstrated that CRDS can be used in systems involving liquid jets. With 

this approach, it was possible achieve a detection limit of α = 0.0162 cm
-1

 

using Malachite Green as an absorber which corresponds to a concentration 

of 71 nM.
19

 

A further approach to implement CRDS into the condensed phase 

was presented by Hallock et al., by simply filling a standard linear optical 

cavity with the solution of interest.
20

 It was found that the presence of the 

solvent did not interfere with high-reflective mirrors and did not alter their 

performance. It was shown that for measurements between 620 nm and 

670 nm, a light absorbing compound such as Cu(II) acetate, which 

possesses a very high extinction coefficient in this range, could be detected 

at very low concentration. However, due to the long pathway in the linear 

optical cavity, and to minimise absorption and scattering of light in the 

solvent, it was necessary to limit the solutions to organic solvents such as 

hexane, acetonitrile and others which do not absorb in the red. 

Nevertheless, for strong absorbers, the detection limit was in the range of 1 

– 10 pM, or equivalently a minimum detectable absorption coefficient of 

1 x 10
-6

. A similar approach was employed by the same group to study the 

reduction of Methylene Blue by ascorbic acid in acetonitrile.
21

 

As recently discussed in a review
22

 there are several other approaches 

for transferring CRDS into the condensed phase, but this chapter now 
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focuses on the EW variants of CRDS, which are directly relevant to the 

work carried out. 

1.2 Evanescent Waves 

A relatively new approach to implement CRDS in the condensed phase 

relies on the concept of evanescent waves. Evanescent waves are formed 

when a light beam undergoes total internal reflection at an interface 

consisting of two different media, as described by Snell’s law 

�� sin �� =�� sin ��       (1.10) 

where 1n  and 2n  are the refractive indices of the two different media, γ1 is 

the angle of incidence of a beam striking the interface from medium 1 and  

γ2 is the angle of the direction of propagation formed by the refracted beam 

with the normal to the surface as shown in Figure 1.2. 

 

Figure 1.2: Schematic representation of an interface consisting of two media with different 

refractive indices. An incoming electromagnetic wave k is reflected and transmitted at the 

interface. 

If the incidence angle exceeds the value of the critical angle 

γγγγ1111    

k 

n1 

n2 

γγγγ2222    
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�	 = sin
� ����� ,      (1.11) 

the light is no longer transmitted into the second medium; rather it is totally 

reflected as shown in Figure 1.3. 

 

Figure 1.3: Schematic representation of an interface consisting of two media with different 

refractive indices. In both cases, n2 < n1. If the angle of incidence is smaller than the 

critical angle, the incoming electromagnetic wave k is reflected and transmitted at the 

interface (A). If the angle of incidence is larger than the critical angle, then the wave is 

totally internal reflected (B). 

In the case of TIR (Figure 1.3B), there is still a certain amount of 

electromagnetic radiation present in the second medium. These waves are 

referred to as evanescent waves and can be described by taking into 

γγγγ1111    

k 

n1 

n2 

γγγγc    

B 

γγγγ1111    

k 

n1 

n2 

γγγγ2222    

γγγγc    

A 
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account the boundary conditions on Maxwell’s equations at the interface 

for the incident and the total internal reflected beam.
23

  

The incident plane wave can be represented in terms of two fields 

with distinct directions. The p polarisation direction lies parallel to the 

incidence plane and the s polarisation direction lies normal to the incidence 

plane. The associated corresponding electric fields can be expressed as 

p x x z zE E e E e= +
r r r

 and s y yE E e=
r r

    (1.12) 

where ie
r

 is the unit vector of the coordinate system ( ( )i = , ,x y z ), where x 

and y lie on the interface between the two media and z is the direction from 

the more refractive medium towards the less refractive medium and the 

0y =  plane is the plane of incidence. The boundary conditions of 

Maxwell’s equations still have to be fulfilled and are manifested in a non-

zero intensity of the electric field at the interface, since the there has to be a 

matching field to the incident radiation on the other side of the interface. It 

can be shown that the z-dependence of this evanescent field
23

 can be 

expressed as 

���� ��� = ��
�� ���������
 �

 !"
� ����#$��%& �
���/ (−*�sin� � − ����/�+,���� + sin �+.����/ (1.13) 

for the p polarisation and 

���� ��� = ��
�� ���������
 �

 !"
� ����#$��%& �
���/ +0����     (1.14) 

for the s polarisation, where 
pd is the penetration depth (see below). 

Significantly, it can be seen that the amplitude of the electric field 

decreases exponentially with distance from the interface. Equation 1.15 
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describes 
pd  where the intensity of the evanescent field has dropped to 1/e 

of the field intensity at the boundary: 

1� = 2
�34�� �%& �
�

       (1.15) 

where λ is the wavelength of the laser light (in vacuum). In theory, the 

penetration depth goes from infinity to 
2 2

1 2/ 2 n nλ π −  as the incidence 

angle increases from γc to / 2π . Depending on the wavelength of the 

source, the difference of the refractive indices of the two media and the 

angle of incidence, the penetration depth ranges usually from 50 nm to a 

few hundred nm.  

1.3 Attenuated Total Internal Reflection Spectroscopy 

Attenuated Total Internal Reflection Spectroscopy (ATR) and cavity based 

ring-down spectroscopic techniques based on evanescent waves rely on the 

formation of evanescent waves at silica or glass / air interface. ATR uses 

the evanescent waves of multiple TIR events at a silica / air or silica / 

solution interface to probe surface concentrations.
24

 Figure 1.4 shows a 

schematic representation of a typical ATR setup. The light enters the ATR 

crystal on one side and undergoes multiple TIR events before escaping at 

the other end. 
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Figure 1.4: Schematic representation of a typical ATR setup. The incident light beam 

undergoes multiple TIR events. The attenuated beam escaping from the other end of the 

ATR crystal is measured with a detector. 

1.4 Other Surface Sensitive Characterisation Methods 

Surface Plasmon Resonance SPR is, similar to ATR, a total internal 

reflection technique
25-26

 and was described for the first time by 

Kretschmann
27

 and Otto
28

 SPR is based on the optical excitation of surface 

plasmons by a laser beam. This technique can be used to monitor changes 

in the refractive indices of the solid/liquid interface and is a well-known 

characterisation technique for chemical and biological sensors.
26,29-31

 SPR 

occurs at the interface of two media with dielectric constants of opposite 

signs i.e. a thin metal film or monolayer of metal nanoparticles (mostly Ag 

or Au) and a dielectric. The charge density oscillations induced by a 

incident laser beam establish an electromagnetic wave (surface plasma 

wave) with its maximum at the interface and decaying exponentially in 

both media. Due to the high losses within the metal, the majority of the 

field is concentrated in the dielectric. The reflected SPR beam is highly 

sensitive to the refractive index of the dielectric medium because it 

to detector 

Sample in contact with 
evanescent waves 

ATR crystal 
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depends on the angle at which the maximum resonance for a given 

wavelength is achieved. This technique can also be adapted to real-time 

measurements of changes in the refractive index.
32

 SPR determines the 

angle of incidence at which the reflected light intensity is minimal 

(absorption maximum). It is either possible to measure the reflectivity as a 

function of angle (static SPR) or select an angle just below the minimal 

reflectivity and measure the reflectivity as a function of time (dynamic 

SPR). The electromagnetic wave is directly related (usually linearly) to the 

adsorbed amount. 

 Quartz crystal microbalance is a technique which can measure 

small changes in mass on a quartz crystal resonator due to the change of 

frequency during the deposition of thin films. The quartz crystal lies 

between two metal electrodes which establish a vibrational motion of the 

crystal at its resonance frequency by applying an alternating electric field. 

It can measure mass densities as low as a few micrograms per cm
2
 and is 

used for analytical measurements in vacuum, gas phase and liquid phase as 

well.
33

 QCM is therefore a very sensitive analytical method which can 

measure changes in the sub-monolayer range including molecular 

adsorption and interaction time resolved, however, it does not discriminate 

between different deposits since it only monitors the change in mass.  

 Although mostly used as an imaging tool for 3D topographic 

imaging, interferometry can also be used to study adsorption on surfaces 

with high sensitivity. Especially dual polarisation interferometry, DPI, 

(established by Farfield Sensors Ltd - Swann et al.
34

) has proven to be an 

excellent technique to study structural changes of molecules on surfaces 
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especially changes in protein structure,
35

 protein interactions
36-37

 and DNA 

hybridisation.
38

 A polarised laser beam is coupled into stack of two optical 

waveguides which leads to two light waves in both waveguides which are 

in phase. Similar to SPR and ATR, DPI uses evanescent fields as sensing 

elements. The established evanescent wave from the top waveguide 

interacts with the adsorbed molecules at the surface and introduces a phase 

shift which with respect to the lower waveguide. In the far-field limit, both 

light waves will be combined with each other and the resulting interference 

fringes are measured.
34

 The lowest detectable surface coverage for this 

technique is 20 %.
39

 

Ellipsometry is a widely used tool in electrochemistry and surface 

science to measure thin film thicknesses.
40-41

 The principle of ellipsometry 

is based on a polarised light beam reflected off the sample at various 

wavelengths and monitor the change in polarisation. In this way the 

complex optical ratio of the Fresnel reflection coefficients can be 

determined and, using various modelling tools, the optical parameters of 

the sample can be obtained. Tiberg et al. characterised surfactant self-

assembled films using this technique.
42-43

 It is also possible to obtain 

kinetic information using this technique as described by the same group.
44

 

Although a very sensitive method (< 1 % surface coverage), this method 

requires a somewhat advanced method for data analysis usually in form of 

a modelling procedure. Also, the sample should contain well-defined layers 

that are optically homogenous.  

 Optical reflectometry
45

 can also be used to study the kinetics of 

reaction dynamics on solid surfaces. A linearly polarised laser beam is 
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reflected from the sample surface und the intensities of the s and p 

components are measured continuously. The amount of adsorbant on the 

surface can be obtained (after calibration) by monitoring the change of the 

ratio of these intensities.
46

 Compared to ellipsometry, this technique is 

much simpler and cheaper, although it does not give information about the 

concentration profile of the adsorbed layer. Both, ellipsometry and 

reflectometry possess high sensitivity towards changes in the refractive 

index but need special calibration procedures.
47

 

1.5 Evanescent Wave Cavity Ring-down Spectroscopy  

The combination of the concept of evanescent waves described in section 

1.2 and 1.3 with CRDS is straightforward and enables interfacial 

absorption measurements at a very high sensitivity. The first description of 

the concept of EW-CRDS was reported by Pipino et al.
48

 The spectrometer 

consisted of a monolithic, TIR ring cavity with a hexagonal geometry as 

shown in Figure 1.5. A laser beam underwent TIR in a rectangular prism, 

generating an evanescent wave at the point of reflection. The intensity of 

the evanescent wave was used to excite the cavity modes in the hexagonal 

ring cavity. At another side, the decreasing in the light intensity was 

measured by photon tunnelling via another rectangular prism. 



Chapter 1 

 18 

 

Figure 1.5: The hexagonal monolithic cavity as used by Pipino et al..
48

 The incoming light 

beam is totally reflected by prism A. The evanescent wave then excites the modes of the 

optical cavity by photon tunneling. At the surfaces (a) – (d) evanescent waves are 

established which can be used to obtain absorption spectra. The decrease of the light 

intensity is measured by coupling the light out of the resonator using prism C. 

Shaw et al. examined the adsorption properties of Crystal Violet at 

the silica-water interface, incorporating a Dove prism in the optical cavity. 

With this setup, it was possible to investigate the adsorption of Crystal 

Violet as a function of the pH and the ionic strength.
49

 The same group also 

investigated the pH-dependence of the absorbance of a Nile Blue derivative 

at the silica-water interface. The titration of the silica-water interface (i.e. 

the titration of two types of Si-OH groups
50

) was significantly different 

depending on whether the titration was carried out with increasing or 

decreasing pH. The absorbance decreased at lower bulk pH, suggesting an 

increase in the interfacial pH due to a stable charged layer at the surface.
51

 

A cooperative binding model was developed subsequently to interpret the 

PMT

a

b

c d
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adsorption isotherm for a charged chromophore. It has been shown that the 

isotherm is pH sensitive and dependent on the degree of surface charge.
52

 

Various studies have been carried out using a ring cavity with 

triangular fused-silica prisms. With this type of setup, Zare et al. 

investigated films of Methylene Blue at the air-silica interface
53

 and carried 

out studies involving polymer/solvent interactions.
54

 In the latter paper, 

different relative diffusion rates for methanol and water into a 

poly(dimethylsiloxane) film were measured. It has been shown by Zare et 

al. that the silica surface consists of two different types of silanol groups
55

 

which manifests itself in a two-site Langmuir isotherm of Crystal Violet 

adsorption. To obtain information about different electrostatic interactions, 

the surface can be functionalised by multilayer assemblies of 

polyelectrolytes, such as poly-L-lysine (PLL) and poly-L-glutamic acid 

(PGA). The resulting surface charge is either positive in the case of PLL or 

negative in the case of a PLL/PGA bilayer (over a wide range of pH). 

Originally developed by Decher et al.,
56-58

 the electrostatic assembly of 

polyelectrolytes provides surfaces with well defined properties such as 

thickness and surface potential.
59-61

  

1.6 Light Sources in EW-CRDS 

The next few sections are describe the different cavity arrangements used 

in the aforementioned examples in more detail. 
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1.6.1 Diode Lasers 

Diode lasers used for EW-CRDS are usually either “narrow band” or 

“broadband” lasers. The active materials of diode lasers are based on p and 

n doped semiconductors. By a applying a voltage between the anode and 

cathode of the photodiode, population inversion is achieved. If a laser with 

a very narrow bandwidth is used, it is usually necessary to scan the 

frequency of the laser in order to match the cavity modes of the CRDS set 

up. This is essential to achieve the resonance condition in the cavity. If, 

however, a “broadband” laser source with a relatively large bandwidth (~ 

1 nm) is used, it is not necessary to scan the cavity, because many different 

modes of the cavity will be excited, due to the large frequency distribution 

of the laser. This is a feature of diode lasers.
62

 This type of laser is usually 

not pulsed (i.e. it runs in continuous wave mode), but can be modulated, 

though in a time-scale where the laser is switched on for a duration that is 

much longer than the time taken for a light pulse to undergo several 

roundtrips in the cavity. In this case, the cavity is filled with light for a 

certain amount of time (depending on the modulation frequency). Then the 

laser is switched off and the decay of the light intensity within the cavity is 

recorded.
63

 

1.6.2 Pulsed dye lasers and optical parametric oscillators 

(OPOs) 

These types of lasers are usually pulsed which enables one to resolve the 

structure of the ring-down decay, since individual wave packages are 
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injected into the cavity.
64

 With this “bounce-to-bounce” type technique, 

individual signals of the wave packages after each roundtrip are recorded 

as shown in the decay curve in Figure 1.1. Due to the high intensity of 

these lasers, the signal to noise ratio is usually very high and unmatched by 

other types of light sources. However, it is not possible to run these pulsed 

laser sources at a high repetition rate (usually only around 10 Hz), which 

makes fast kinetic measurements impossible. On the other hand, the 

tunability of the light sources provides the possibility of spectral 

information and one is not limited to measurements at a single wavelength. 

In summary, the light source defines the type of experiment. Diode 

lasers are cheap, can be run in CW mode and enable fast kinetic 

measurements but are more lacking in terms of signal to noise ratio and can 

only give information at a single wavelength. Narrow band, pulsed sources 

are more expensive but are much higher in sensitivity and it is possible to 

obtain spectral information. But measurements are limited to the steady-

state. 

1.7 Cavity Configurations in EW-CRDS 

There are many ways of building optical cavities. The most common 

cavities consist of two highly-reflective mirrors and an optical element, in 

which the laser beam undergoes total internal reflection. At least one of the 

elements needs to have a concave face to ensure the optical stability of the 

cavity (as discussed earlier in section 1.1.1). The evanescent field formed 

at the point of TIR can be used to monitor the absorbance at the silica/air or 
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silica/solvent interface.
65

 However, there are also other examples such as 

monolithic optical cavities.
66-67

 The following sections describe the most 

important optical cavities used in EW-CRDS. 

1.7.1 Ring Cavity 

One approach to extend CRDS into the liquid phase is the introduction of 

an additional optical element such as a prism. A pulsed laser beam is 

coupled into an optical cavity which consists of two high reflectivity 

mirrors and a fused silica prism as shown in Figure 1.6. An evanescent 

field is established at the position of the TIR. If a cell is fixed on top of the 

prism, it possible to investigate absorbance properties of the liquid phase in 

the first few hundred nanometres (within the penetration depth of the 

evanescent field) of solution above the silica surface. 

 

Figure 1.6: Schematic representation of a ring cavity setup. 

The exponential decay of the amount of light within the cavity (due to the 

loss of energy resulting from transmission and absorption by the mirrors, 

the prism and the species of interest), after extinguishing the light entering 

the cavity, is measured by a photomultiplier tube (PMT). Figure 1.7 shows 

PMT

light in 

mirror mirror 

prism 
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a typical ring-down trace for a ring cavity. The employed laser runs in 

continuous wave (CW) mode (modulated at ca. 2 kHz) and has a 

bandwidth of 1 nm. Usually, several of these ring-down traces will be 

averaged to decrease the noise level. 

 

Figure 1.7: Typical ring-down trace for a ring cavity. 

If the surface of the prism is modified (e.g. nanostructures, polymers or 

surface concentrations of molecules) the characteristic ring-down time will 

decrease due to the absorbance and scattering of these species within the 

evanescent field. The Absorbance is calculated using equation 1.3. The 

minimum detectable interfacial absorbance per pass is ~80 ppm
63

 and the 

detection limit is usually limited by the prism itself. Since a large part of 

the beam is reflected at the prism, the measured signal is rather large and 

easy to measure. Prisms for the ring cavity can usually be purchased 

relatively cheaply from several manufacturers (e.g. CVI, UK). However, 

ring-down times are usually quite short compared to other cavity 

arrangements and the sensitivity is therefore limited, by comparison. Also, 
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it is not possible to conduct polarisation dependent measurements since the 

angle of incident where the beam enters the prism is not perpendicular. 

1.7.2 Folded Cavity 

The optical cavity in this configuration consists of two highly-reflective 

mirrors and a trapeze-shaped or 60 degree prism. The entrance and exit of 

the beam is normal to the prism surfaces, therefore there is no need for 

antireflective coating and the short prism faces. As shown in Figure 1.8, 

this setup essentially forms three sub-cavities, two between the mirrors and 

the prism faces and one within the prism itself. Ring-down times in this 

configuration should, in principle, be higher than in the ring cavity because 

reflections at the mirrors and at the prism faces are directed back into the 

laser beam path. The light leaking out of the cavity can therefore only be 

measured behind one of the mirrors. It should be pointed out that the lack 

of the antireflective coating also enables polarisation dependent 

measurements. It was also demonstrated, that this configuration can be 

used for broadband measurements using supercontinuum radiation because 

the angle of incident of the light is normal to the prism faces.
68

  

 

 

Figure 1.8: Schematic representation of a folded cavity. The beam enters the prism 

perpendicularly and therefore no antireflective coating is needed. The alignment procedure 

PMT



Chapter 1 

 25 

is slightly more challenging and the prisms are not commercially available. The major 

advantage of this configuration is the possibility to carry out polarisation-dependent 

measurements. 

1.7.3 Linear (Dove) Cavity 

Another possible optical cavity to conduct EW-CRDS experiments was 

introduced by Shaw and consisted of a Dove prism in a linear cavity 

arrangement as shown in Figure 1.9.
49

 The sides of the prism are coated 

with an anti-reflective material which also limits the detection limit 

somewhat (in the same way as for the ring cavity). 

 

Figure 1.9: Schematic representation of a linear cavity employing a Dove prism. 

1.7.4 Pellin-Broca cavity 

Introduced by Pipino et al.
65

 this cavity arrangement offers the possibility 

of polarisation dependent experiments. In this type of cavity, two concave 

mirrors and a silica prism are aligned as shown in Figure 1.10. 

PMT
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Figure 1.10: Schematic representation of a Pellin-Broca cavity as used by Pipino et al.
65

 

The beam enters and leaves the prism at Brewster angle.  

Remarkably long ring-down times, up to microseconds which is much 

larger than the other cavity configurations discussed so far, can be achieved 

using this cavity arrangement. This configuration was used to investigate 

the adsorption, and molecular orientation, of I2 on silica from the gas 

phase.
65

  

1.7.5 Monolithic Resonators 

Monolithic cavities can have different geometries as demonstrated by 

Pipino et al.,
48,66,69-70

 but the most common cavities are polygonal 

resonators.
48,69

 All monolithic cavities have in common that the light pulses 

are reflected within the silica material. There are no losses related to optical 

elements within the cavity because the light path is always in the same 

medium and this leads to significantly higher ring-down times. 

PMT
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Polygonal cavities were the first optical cavities to be used in EW-

CRDS. An early paper by Pipino et al. describes polygonal optical 

resonator with one convex side where the laser pulse enters the cavity by 

photon tunnelling using a rectangular prism, as shown in Figure 1.11A.
69

 

The light undergoes multiple TIR events on all four facets within the 

monolithic cavity. Another coupling prism is employed to measure the 

light intensity in the resonator. On the two remain facets, the evanescent 

waves can be used to probe interfacial absorbances. However, to excite the 

cavity modes, photon tunnelling is used, which requires precise positioning 

of the coupling prisms.
66

 

In the case of a folded cavity arrangement, the light enters and 

leaves the monolithic cavity perpendicular to the planar sides of the prism 

and the evanescent wave is formed at the larger convex face. A schematic 

is depicted in Figure 1.11B. Note, that this cavity is a further example of a 

folded cavity, which allows polarisation dependent experiments to measure 

molecular orientation of adsorbed material. Pipino et al.,
67,70-71

 who were 

using these types of cavities for gas adsorption experiments (see below), 

achieved the highest sensitivity compared to different cavity configurations 

used by other research groups. 
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Figure 1.11: A) Schematic representation of a polygonal monolithic resonator. B) An 

experimental setup using a folded cavity configuration within a monolithic resonator.  

1.7.6 Fibre Loops 

Fibre optics are widely used for sensing applications and can also be 

implemented into the CRDS technique. It is possible to use fibre optic 

CRDS (F-CRDS) not only for pressure sensing
72-73

 but also for molecular 

detection as shown by Brown and Kozin where the end of an optical fibre 

was fused to a splice connector.
8
 If the matching fluid in the splice 

connector was replaced with a sample solution, it was possible to measure 

absorbance values. It was found that the ring-down time depended on the 

length of the fibre loop, however, if the loop is too short (i.e. < 3 m), 

A 

B 
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individual passes cannot be separated in time. Optical absorption spectra 

for different dyes were measured using this configuration. As an example, 

the detection limit for 1,18-diethyl-4,48-dicarbocyanine iodide was 

2 x 10
-15

 mol. A more rigorous discussion can be found in a subsequent 

paper by the same authors.
74

 By drilling a channel through the optical fibre, 

F-CRDS can be used as an on-line detector for electrophoresis.
75

 The first 

report on an evanescent wave based optical sensor using fibre loops was 

presented in 2002 by von Lerber and Sigrist.
76

 Part of the optical fibre was 

edged with buffered hydrofluoric acid in order to generate an evanescent 

field in this region. It was calculated that the sensitivity was 77 ppm for 

these induced losses. The measurements, however, are slightly complicated 

by that fact that one has to compensate for losses induced by bending the 

optical fibre. Optical fibre sensing can also be coupled with continuous 

wave CRDS.
77

 In this case, a biconic taper is formed in a section of the 

optical fibre (spliced between the input and output coupler) which serves as 

a low loss sensing element. The same group also showed, that it is possible 

to adsorb microorganisms (here cells with an average size of 10 µm) and 

detect them due to induced scattering in the evanescent wave on a 

polypeptide coated on the biconical taper.
78

 

1.8 Broadband Cavity Enhanced Absorption 

Spectroscopy 

 

EW-CRDS is limited to the use of a single wavelength, since the decay 

time of light within the cavity also depends on the wavelength of the 
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radiation and it is very difficult to pulse broadband radiation, such as light 

from light emitting diodes (LEDs) or supercontinuum sources. However, 

there is considerable interest in obtaining time-resolved spectral 

information. Chapter 7 will deal with a new concept in order to measure an 

interfacial absorbance spectrum at a surface using cavity enhanced 

absorption spectroscopy (CEAS). In this, the radiation is not pulsed or 

modulated but irradiated continuously into the optical cavity. The 

amplified light in the cavity is measured with and without an absorber 

present on the silica surface.  

1.9 Applications of EW-CRDS 

The high spectral sensitivity of EW-CRDS, the good temporal resolution 

and, most importantly, the surface-confined sensitivity make EW-CRDS an 

excellent tool to study reaction kinetics on surfaces. However, there are 

limitations on which surfaces can be studied. The most obvious condition 

is the difference in the refractive indices of the two media, since the light 

beam has to be total internally reflected at the interface. Also, the medium 

in which the laser pulse travels should be relatively transparent to prevent 

losses due to scattering. The most studied interfaces are consequently 

silica/air and silica/liquid. However, it is possible to modify the silica 

surface, for example, with polymers in order to widen the range of possible 

substrates. We shall see later that it is also possible to generate stable 

optical cavities with a water/air interface. 
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1.9.1 Gas/Solid Interface 

Pipino et al. were the first to probe surface processes with EW-CRDS. TIR 

inside a fused-silica Pellin-Broca prism, placed inside the optical cavity, 

generated the evanescent field. Unlike previous attempts using a polygonal 

ring cavity,
48

 this cavity consisted of two high-reflective mirrors and the 

Pellin-Broca prism, leading to two intra-cavity TIR event per round trip. At 

constant temperature the equilibrium of solid I2 on the surface and I2 

vapour was investigated by monitoring the absorbance of I2 at 625 nm and 

660 nm at the surface. Several cycles of adsorption and desorption of I2 

onto silica could be observed. Also, the I2 adsorption seemed to follow a 

Langmuir-type isotherm and sub-monolayer sensitivity was readily 

achieved.
65

 

Another concept of the monolithic resonator was reported by Pipino 

in 1999.
69

 In this application, the optical resonator was square shaped, but 

the concept of both the in and out coupling of the laser beam via photon 

tunnelling using rectangular prism was as described above. As reported for 

the folded cavity arrangement with a Pellin-Broca prism, the adsorption of 

I2 onto silica was studied. In this cavity, both p and s polarisations have a 

high finesse, which allowed polarisation-dependent studies of I2 adsorption 

and the molecular orientation of I2 molecules on the silica surface. It was 

observed that the s-polarised mode led to a significantly larger change in 

the ring-down time compared to the p-polarised mode, suggesting that I2 

molecules were preferentially oriented parallel to the surface.  
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To develop these studies, the same group used a folded cavity 

arrangement, with a monolithic cavity comprising a monolithic solid on 

which the planar sides were coated with an ultrahigh-reflective dielectric 

coating. The TIR took place at the concave face of the resonator. The use 

of dielectric coating enabled measurements over wavelengths ranging from 

480 nm to 540 nm. In this setup, the intrinsic loss is essentially independent 

of polarisation. Measurements of the polarisation dependence of the 

absorbance confirmed that the molecules lay flat on the surface. 

1.9.2 Solid/Liquid Interface 

Although a surface sensitive technique, EW-CRDS can easily detect fairly 

low concentrations of dyes and light absorbing molecules in the bulk. This 

is evident in proof-of-principle experiments employing a thin-layer cell.
63

 

By introducing a Pt macroelectrode close to the evanescent wave, it is 

possible to change solution properties such as pH and redox species 

concentrations locally and monitor either surface concentrations and/or 

surface reactions spectroscopically. In this particular experiment,
63

 

ferricyanide, [Fe(CN)6]
3-

, was electrochemically generated from 

ferrocyanide [Fe(CN)6]
4-

. The oxidised species possesses a much higher 

absorbance at the chosen wavelength (417 nm) and the surface 

concentration of the electrogenerated species therefore could easily be 

measured within the evanescent field as shown in Figure 1.12A. After a 

short lag time due to the transport-limited reaction, the ferricyanide was 

detected in real time at the interface. Although the sensitivity towards the 

bulk is somewhat limited in EW-CRDS, this effect is still very important, 
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especially because this background signal will also contribute to any 

investigations of surface reactions and has to be accounted for when 

deducing real surface absorbance values, as described below. In this 

particular example, it was demonstrated that this spectroelectrochemical 

technique allowed electrochemical data to be obtained simultaneously with 

the spectroscopic data. 

Figure 1.12B shows the ferricyanide concentration at the 

prism/electrolyte interface as a function of time together with the current 

signal of the oxidation and reduction at the macroelectrode. At the onset of 

the oxidation peak of this cyclic voltammogram and after a certain lag time 

due to diffusion from the electrode to the silica/aqueous interface, the 

absorbance – and hence the ferricyanide concentration – increases and 

reaches maximum value, which corresponds to the bulk concentration 

(when all ferrocyanide has been converted). The absorbance decreases 

again, when the applied potential is reversed. 
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Figure 1.12: A) Schematic of the thin layer cell configuration. B) Ferricyanide 

concentration recorded in the region of the evanescent field as a function of time during a 

CV (5 mV s
-1

) for an electrode-surface distance of 25 ± 1 µm. The corresponding red and 

green lines show simulations based on finite element modelling. (Taken from Ref
63

) 

Shaw et al. studied the interaction of the chromophore Crystal 

Violet onto a charged silica surface as a function of the solution pH.
49

 The 

cavity employed in these experiments was also in a folded arrangement 

(two high-reflective mirrors and a Dove prism). The solutions were passed 

over the surface using a flow cell, which was a convenient way to replace 

the solution above the evanescent field. Since the evanescent field 
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penetrates somewhat into the bulk solution, the absorbance of the 

chromophore in bulk had to be measured. This was accomplished by 

passivating the silica surface in order to prevent direct adsorption onto the 

surface. The interfacial optical absorbance for all later measurements could 

then be obtained by subtracting the bulk absorbance value. 

The concept of modifying the silica surface was followed up by 

Powell et al.
79

 In this case the silica prism was modified with a PLL and 

PGA bilayer in order to obtain a negatively charged surface. After the 

adsorption of the redox mediator Ruthenium bipyridine (Ru(bpy)3
2+

), the 

pH around the region of the evanescent field could be changed using a 

macroelectrode close to the point of TIR as described above. By stepping 

the electrode potential to very positive values, H
+
 ions were generated to 

protonate the PGA layer, leading to the release of Ru(bpy)3
2+ 

from the 

PLL/PGA bilayer. Because the electrochemical generation of H
+
 was so 

well defined, it was possible to follow the titration of the PGA film, by 

simply changing the potential step time or the electrode/prism separation 

and thus generate different pH values in the thin-layer cell. 

There has also been some effort to describe the adsorption of 

biologically important molecules on surfaces. Everest et al. investigated the 

polarisation-dependent adsorption of Hemoglobin on silica employing a 

Dove prism.
80

 Since the beam enters and exits at a right angle to the prism 

surfaces, it was possible to measure very slight changes in the molecular 

orientation. The dichroic ratio, which is defined as 
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where TEA  and TMA are the absorbance of transverse-electric and 

transverse-magnetic polarised light, respectively, θ  is the average angle 

of the transition dipole moment measured off the surface normal, and 
2

y
E  

is the ith component of the electric field intensity in the evanescent wave 

could be used calculate the average tilt angle of the dipole moment. Using 

this equation it was found that the tilt angle changed from 54.81° ± 0.06° to 

57.913° ± 0.002° over the course of the experiment. In the same paper, rate 

constants for adsorption, desorption and irreversible adsorption were 

calculated numerically using a diffusion/reaction model. 

Fan et al. investigated the adsorption properties of neutral trans-4-

[4-(dibutylamino)styril]-1-(3-sulfopropyl) pyridinium (DP) and charged 

trans-4-[4-(dibutylamino)styril]-1-methylpyridinium iodide (DMP
+
I
-
) at 

the silica/acetonitrile interface and successfully applied EW-CRDS in a 

different silica/solvent system.
81

 By letting other neutral molecules such as 

triethylamine compete with the silanol binding sites, the nature of the 

binding of DP and DMP
+
 was determined. It was found that the DP is 

bound to the SiOH groups via hydrogen bonds in contrast to DMP
+
 which 

was adsorbed electrostatically. Because the adsorption followed a simple 

Langmuiran binding model, thermodynamic properties, such as free energy 

of adsorption were calculated readily. 

EW-CRDS is also a very powerful tool to investigate adsorption 

and aggregation kinetics on surfaces. The group of Shaw measured the 
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binding kinetics of own-synthesised Au nanoparticles on the silica/water 

interface using continuous wave diode lasers at 635 nm and 830 nm.
82

 Two 

batches of citrate stabilised nanoparticles were synthesised, leading to 

colloids with mean diameters of either 15 nm or 45 nm. These particles 

seemed to adsorb onto the silica surface despite being negatively charged 

and their extinction coefficients were obtained.  The smaller particles were 

found to form multilayers on the surface. The binding kinetics of the gold 

particles at sub-monolayer coverages was found to depend on the surface 

coverage. Additionally, both types of nanoparticles packed into multilayers 

and the aggregation appeared to be size and ligand-dependent. In other 

experiments, the same group investigated the kinetics of the formation of a 

self-assembled monolayer (SAM) of thioctic acid (ToA) on the same type 

of gold nanoparticles. It was found that the kinetics were highly dependent 

on the pH from which the SAM was deposited. SAM deposition from acid 

conditions produced high-density neutral SAM (protonated COOH 

groups), whilst SAM deposited from basic conditions yielded in low-

density charged SAMs (deprotonated COOH groups). The monolayer 

formation transients were fitted successfully to a kinetic model in which 

the sticking probability of the thioctic acid depended on the lateral 

interactions between the charged and neutral thiols. The nature of these 

interactions was electrostatic for the charged-deposited SAM because of 

the charged solvation shell and the ionic strength of the surrounding 

electrolyte, which resulted in a less dense SAM on the nanoparticle. It was 

also possible to change the interfacial refractive index on the Au 

nanoparticles simply by changing the bulk pH in solution. These changes 
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could be observed, because the main contribution to the Au nanoparticle 

extinction coefficient comes from the plasmon resonance, which is highly 

sensitive to changes in the refractive index. 

In order to obtain more information about the binding properties of 

metal nanoparticles, our group investigated the adsorption of commercial 

available gold nanoparticles onto PLL modified silica.
83

 The measurements 

were carried out in a folded cavity arrangement using a diode laser emitting 

light at 405 nm. The time-dependent adsorption kinetics of two different 

solutions of gold nanoparticles with average sizes of 5 nm and 20 nm were 

followed at different dilutions. It was found that none of the particles 

adsorbed onto the bare silica surface, but possessed a high affinity towards 

positively charged PLL-modified silica which can be explained by 

electrostatic interaction between the PLL and the negatively charged citrate 

shell of the gold nanoparticles. The adsorption kinetics of the 5 nm Au 

particles could be explained by a diffusion-limited irreversible adsorption 

model, as developed by Adamczyk.
84

 When the negatively charged Au 

particles neutralise the charge density of PLL on the surface, any further 

adsorption is inhibited and the maximal coverage is reached. 

The adsorption kinetics of the 20 nm Au particles were 

considerably different. After an initial adsorption behaviour similar to the 

5 nm particles, the absorbance transients reached a plateau surface 

coverage after ca. 10 min. However, the absorbance subsequently 

increased linearly with time indicating structures comprising many 

hundreds of nanoparticles. TM-AFM confirms the formation of aggregates 
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at this stage. Figure 1.13 and Figure 1.14 show the absorbance transients 

for the 5 nm and 20 nm Au particles. 

 

Figure 1.13: Absorbance transients for the adsorption of 5 nm Au nanoparticles onto a 

PLL-modified silica surface. After 10 min, the maximal coverage has been achieved. TM 

AFM (after 25 min) shows no evidence of particle aggregation (Taken from Ref.
83

) 

 

 

Figure 1.14: Absorbance transient for the adsorption of 20 nm Au nanoparticles onto a 

PLL-modified silica surface (Taken from Ref.
83

). 

As shown in Figure 1.15, it was also possible to monitor the 

formation of multilayer structures of alternating layers of (positively 

charged) PLL and (negatively charged) Au nanoparticles. 
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Figure 1.15: Interfacial absorbance as a function of time for several Au nanoparticle 

adsorption steps. The colloids and the PLL were added sequentially, as indicated, to form 

multilayer structures (Taken from Ref.
83

). 

The study of thin films in an optical cavity setup was demonstrated by 

Richard Engeln et al. in 1999.
12

 The cavity was formed between two plano-

concave mirrors. Absorbance measurements of thin films were obtained by 

introducing an optically transparent ZnSe window within the linear cavity. 

It was demonstrated that the absorbance spectrum of a thin film of C60 (20 

– 30 nm) deposited on the ZnSe window could be recorded. The mirrors 

were high reflective between 7.9 µm and 8.9 µm. The centre of the 

observed peak was at 8.46 µm and corresponds to one of the four F1u IR 

fundamental absorptions of C60. 

The molecular orientation of a thin film of methylene blue at the 

air/fused-silica interface was investigated by Zare et al. in 2005.
53

 

Methylene blue possesses a dipole moment along its main molecular axis. 

The average orientation angle of a self-assembled monolayer of Methylene 

Blue (evaporated on the surface from methanol) can be described by an 

expression including the amplitude of the electric field of the evanescent 

wave and absorbance measured using s and p polarised light. Figure 1.16A 
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shows schematically the arrangement of a Methylene Blue molecule on the 

prism surface. Using a standard ring-cavity setup with a triangular prism, 

which enabled polarisation-dependent measurements, it was shown that –  

at low coverages – the molecules lie flat on the surface and that by 

increasing the surface concentration, the molecules become vertically 

oriented. For example, at a fractional surface coverage of 0.02, the average 

orientation angle with respect to the z axis (perpendicular to the surface), 

was 83°. At much higher surface coverages, the average orientation angle 

approached 70°. This trend is exemplified in Figure 1.16B.  

 

 

Figure 1.16: A) Molecular orientation of Methylene Blue at the prism surface. B) The 

average orientation angle as a function of Methylene Blue surface concentration. At low 

concentrations, all molecules lie flat on the surface (Taken from Ref.
53

). 

A 
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The same group employed their version of EW-CRDS to another 

system to show the feasibility of EW-CRDS to monitor solvent ingress at 

the polymer/fused silica interface using water and methanol.
54

 In these 

experiments, a pre-synthesised polymer film, poly(dimethylsiloxane) 

(PDMS) was attached to the prism surface. The thickness of this film was 

several hundreds of micrometers, exceeding by far the penetration depth of 

the evanescent field. It was found that the uptake of methanol was initially 

slower compared to water, but after an initial period of a few minutes, the 

methanol diffuses faster into the polymer film. The source of the EW-

CRDS losses was found to be scattering effects throughout the PDMS film 

resulting from the uptake of the solvents. Complementary SPR studies 

strongly suggested that methanol caused the polymer to swell, forming 

pockets of bulk methanol in the region of the evanescent field. On the other 

hand, water seemed to form a thin film and did not cause as much 

scattering. In both cases, it was possible to calculate diffusion coefficients 

for the two solvents.
54

 

1.9.3 Liquid/Air Interface 

Initial studies by Neil and Mackenzie have shown the possibility of 

carrying out EW-CRDS experiments at the liquid/air interface. In this 

particular experiment, the light beam was aligned through the sub-phase of 

a Langmuir trough in a folded cavity arrangement, where one of the 

mirrors was incorporated into the trough and the other cavity mirror was 

manipulated externally as shown in Figure 1.17. After a small amount of a 
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dye was dropped onto the subphase, the barriers were closed and the EW-

CRDS signal was monitored simultaneously.  

 

 

Figure 1.17: Schematic of an EW-CRDS setup to investigate liquid/air and liquid/liquid 

interfaces. 

1.10  Atomic Force Microscopy 

Atomic force microscopy
85-86

 (AFM) provides an accurate description of 

surface topography, typically by monitoring the Van der Waals interaction 

between a sharp tip and a sample.
87

 Other forces such as chemical 

bonding,
88

 capillary,
89

 electrostatic,
87,90

 magnetic
91-92

 and solvation
87-88

 

forces can be encountered by the tip. AFM is not limited to measurements 

in air but can also be implemented in situ,
87,93-94

 which is especially 

important for investigating biologically relevant systems.
95-100

 The tip is 

located at the free end of a cantilever that is 100 to 200 µm long. Forces 

between the tip and the sample surface cause the cantilever to bend or 

deflect. While scanning the tip over the sample, the cantilever deflection 

will be detected by a position sensitive photodetector. This is done by 

focusing a laser beam onto the mirror like back of the cantilever.  
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In the contact mode, the force between the tip and the sample is 

repulsive. In this configuration, the AFM tip makes soft “physical contact” 

with the sample. The repulsive force bends the cantilever, inducing a 

change in the position of the reflected laser. As shown in Figure 1.18, the 

force interactions are strongly dependent on the distance which allows a 

very high spatial resolution. After the tip approaches the surface (1) and 

jumps into contact (2), it senses an attractive force (3). If the tip is pushed 

further into the surface, the force between the tip and the substrate is 

repulsive (4). If the tip is pulled away (5), the force is attractive again 

(largely due to adhesion) until the tip looses contact with the surface (6). 

 

Figure 1.18: Schematic of an AFM approach curve. 

In acoustic AFM
101-103

 (tapping-mode AFM
TM

) the tip of a stiff 

cantilever vibrates near its resonant frequency and the amplitude is 

dampened when the tip encounters the surface.  
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Figure 1.19: Schematic setup of the AFM experiments. 

A schematic representation of the AFM setup is displayed in Figure 1.19. 

The oscillating tip is moved towards the surface until it begins to detect the 

repulsive force from the surface. Changes in the topography affect the 

amplitude of the oscillation which is corrected by the feedback system in 

order to keep the amplitude constant (set point) which is a more gentle way 

to obtain a topographic image in comparison to contact-mode AFM. The 

lateral resolution in acoustic AFM is lower than for contact AFM, but 

allows topographic imaging of features which are weakly adsorbed on their 

substrates. 

The oscillation amplitude is reduced due to an energy loss caused 

by contact of the tip with the substrate. During the experiment, the 

cantilever vibration is maintained constant by the feedback loop. When the 

tip scans over a surface feature, the cantilever has less freedom to oscillate 

and the amplitude of the oscillation decreases which leads to a change of 

the deflection of the laser. The feedback loop adjusts via the expansion of 

Proportional, integral and 
derivative feedback control 
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the piezo element to maintain a constant amplitude (restore the set point 

position). 

An important issue is the sharpness of the tip. If the end of the tip is 

approximated by a spherical apex, the topographic features or the sizes 

similar or smaller than the apex curvature will be convoluted with the 

shape of the tip.
104

 Spherical or hemispherical features will therefore 

appear laterally distorted but with an accurate height estimation.  

1.11  Electrochemical Techniques 

Potential step chronoamperometry and cyclic voltammetry (CV) are basic 

electrochemical methods, often involving a 3 electrode configuration with 

macroscopic working, counter and reference electrodes.
105

 A potentiostat 

has control of the voltage across the working electrode-counter electrode 

pair, and it adjusts this voltage to maintain the potential difference between 

the working and reference electrode
105

. Additionally, it ensures that no 

current flows through the reference electrode. The potential of the working 

electrode is forced to adhere to a known programme with respect to the 

reference electrode. In the case of potential step chronoamperometry, the 

electrode potential, E(t), is stepped at t = 0 

E(t) = E1 if  t < 0        (1.17a) 

E(t) = E2 if  t > 0       (1.19b)  

where E1 is the initial electrode potential and E2 is the step potential. CV 

will be performed if the potential is swept linearly with time at a scan rate, 

v, and if the direction of the scan is switched at the time t = λ. 
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E(t) = Estart - vt  if  0 < t < λ      (1.18a) 

E(t) = Estart – 2vλ + vt  if  t > λ     (1.20b) 

where Estart is the initial electrode potential at which the cycling is started. 

In both cases, current vs. time (voltage) curves will be recorded. For an 

electrochemically reversible system (diffusion-controlled) assuming semi-

infinite linear diffusion, the peak current density, jp, in a CV experiment at 

25°C can be described with
105

 

( ) 2/1*2/12/351069.2 vCDnj OOp ×=      (1.19) 

where n is the amount of electrons involved in the redox process, Do is the 

diffusion coefficient of the oxidised species in cm
2
 s

-1
, *

OC  is the bulk 

concentration of the oxidised species in mol cm
-3

 and v is the scan rate in 

V s
-1

. In this ideal situation, the peak potential is independent of the scan 

rate and jp is proportional to 2/1
v . 

1.12  Nanostructured Surfaces 

Nanostructured surfaces are of huge interest not only because of the 

possibility of increasing the surface to volume ratio, but also because of 

different size effects originating for example from different sized 

nanoparticles.
106-108

  

The collective excitation of electrons in the metal by incident light, 

known as plasmon resonance, is an important property of metal 

nanoparticles.
109-111

 Light of frequency below the plasmon frequency is 

reflected, because the electrons in the metal screen the electric field of the 

light. Light of frequency above the plasma frequency is transmitted, 
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because the electrons cannot respond fast enough to screen it. In 1857, 

Faraday discovered that colloidal gold clusters in aqueous phase transmit 

red light due to this effect.
112

 Years later, this effect was then discussed by 

Mie using the interaction of the conduction band electrons with an 

electromagnetic field.
113

 These metal nanoparticles possess unique shape 

and size dependent properties
108,114

 compared to their corresponding bulk 

material and it is therefore of great interest to synthesise them in a well-

defined manner. 

The method introduced by Turkevich for the synthesis of gold 

particles is still used to synthesise colloidal citrate stabilised metal 

nanoparticles.
115

 In most cases, electrostatic stabilisation is realised when a 

protective coating on the surface of the nanoparticles is formed. Strong 

quantum size effects are observed with particles in the size range of 

clusters (several atoms), since the energy levels have not formed energy 

bands yet. Because the physical properties of nanosized materials are 

dependent on the size, it is important to synthesise nanoparticles with very 

narrow size distribution. There are several ways to determine the size. In 

this work, acoustic AFM is used.  

1.13  Aim of the thesis 

This chapter has primarily given an overview about the different types of 

CRDS and EW-CRDS techniques, with a principal focus on adsorption 

experiments, both in the gas phase and the condensed phase. The aims of 

this project were to investigate quantitatively the formation of several 
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nanostructured surfaces using EW-CRDS and also to probe the solid/liquid 

interface locally (and dynamically) by employing electrochemical and flow 

techniques in a thin layer cell arrangement. The objectives can be roughly 

summarised in 4 points: 

(a) The development of a novel instrument coupling EW-CRDS with a 

variety of electrochemical and flow techniques. This is described in 

chapter 3, which includes all information about the EW-CRDS 

setup including alignment procedures. 

(b) To test the capabilities of the new instrument (detection limits and 

sensitivity, spectral, temporal and spatial resolution), in condensed 

phase systems, through model experiments utilising EW-CRDS as a 

new type of spectroscopic probe of solution species in 

electrochemical processes at solid/liquid interfaces. 

(c) Specifically to demonstrate the capabilities of the EW-CRDS 

technique. Points (b) and (c) are essentially discussed in the 

research chapters 4 – 6. This involved studies of Ag nanoparticle 

deposition and electrochemical dissolution (chapter 4) and the study 

of aniline polymerisation kinetics on silica (chapter 5). 

Additionally, the adsorption and the redox switching of 

cytochrome c on silica was investigated, employing a different light 

source (chapter 6).  

(d) Extend the approaches in order to obtain time-resolved spectral 

information. This involved the use of a supercontinuum source and 
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the experimental setup was changed in order to carry out cavity 

enhanced absorption experiments (chapter 7).  
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2 Experimental 

This chapter describes the chemicals used in this project, as well as some 

of the experimental techniques. However, most of the experimental details 

are given in the relevant research chapters, since they provide a better 

context alongside the experimental techniques. EW-CRDS and 

electrochemistry is described in detail in Chapter 3. 

2.1 Chemicals 

All solutions were prepared using Milli-Q water (Millipore Corp., 

resistivity > 18 MΩ cm). The compounds were weighted on a four figure 

analytical balance (Sartorius A2008 and Adam AAA 100LE). Table 2.1 

gives details about grades and suppliers for all chemicals used in this 

project. 
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Table 2.1: Grades and suppliers of chemicals used in this project. 

Chemical Supplier Grade 

Methanol Acros 99.9 % 

Poly-L-lysine 

hydrobromide 
Sigma-Aldrich N/A 

Sodium citrate tribasic 

dihydrate 
Sigma-Aldrich > 99.0 % 

Sodium borohydrate Sigma-Aldrich 99 % 

Silver nitrate Sigma-Aldrich > 99 % 

Potassium 

hexachloroiridate(III) 
Sigma-Aldrich 99.99 % 

Potassium 

hexachloroiridate(IV) 
Sigma-Aldrich 99.99 % 

Potassium nitrate Sigma-Aldrich > 99.0 % 

Aniline hydrochloride Sigma-Aldrich > 99.0 % 

Potassium persulfate Sigma-Aldrich 99.99 % 

Hydrochloric acid 36 % Fisher Scientific 
Analytical reagent 

grade 

Horse-heart Cytochrome c Sigma-Aldrich 99 % 

Potassium chloride Fisher Scientific 
Laboratory reagent 

grade 

Sodium dithionite Sigma-Aldrich > 99 % 

Ethylenediaminetetraacetic 

acid iron(III) hydrate 

sodium salt 

Sigma-Aldrich 96 % 

2.2 TM-AFM Instrumentation 

A Digital Instruments multimode AFM with a Nanoscope IIIa controller 

(Veeco, U.S.A.) was employed for all TM-AFM measurements. The 

cantilevers were also purchased from Veeco (RFESP standard silicon tips). 
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Commercially available SPIP
TM

 software was used for statistical grain 

analysis in order to obtain the size and the size distribution of the Ag 

nanoparticles and polyaniline nanoparticles.  

2.3 Electrochemical measurements 

CVs were recorded using a CH Instruments potentiostat (model CHI730 

A). Experiments were carried out using a standard three-electrode 

configuration consisting of a saturated calomel reference electrode (SCE, 

BAS Inc. Japan), a platinum wire counter electrode and either a Pt 2 mm 

diameter macroelectrode or an indium doped tin oxide (ITO) slide 

(resistance 4 – 8 Ω, Delta Tech. Ltd.). Solutions were degassed with N2 for 

15 min prior to each experiment. 
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3 The EW-CRDS setup 

This chapter covers the description of all electronic and optical components 

used in the EW-CRDS setup, as well as some remarks about the custom 

written software programs. Essentially, one setup was built similar to an 

existing instrument employing a narrow bandwidth laser at 417 nm.
1
 

Different lasers were employed as light sources, however, most of the 

experiments were carried out using a diode laser emitting at 405 nm. The 

setup comprises of the laser, several optical components such as lenses, 

mirrors to lead the beam into the cavity, high reflective cavity mirrors, a 

prism and a photomultiplier tube (PMT) to record the EW-CRDS signal. 

All components were mounted on an optical table (Thorlabs), although it 

was found that it was not necessary to float the table. Electronic 

components were used to modulate the laser (TTL modulation), display the 

modulation and ring-down signals (oscilloscope) and record the data (data 

acquisition (DAQ) card). In several experiments, a 2 mm diameter Pt 

working electrode controlled by a potentiostat was employed to probe the 

silica / water interface in a thin layer cell arrangement. 
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3.1 Light Source 

For most EW-CRDS experiments described in the following chapters, a 

blue diode laser (Power Technology Inc.) was used as the light source. The 

unit emitted light at 405 nm and had a maximum output power of 60 mW. 

The bandwidth of the laser was about 1 nm. 

In a different setup, a red diode laser (Power Technology Inc.) 

emitting light at 658 nm was used. The maximum output power of this 

laser was 70 mW, and the bandwidth was also 1 nm. Both lasers are 

classed as 3B lasers. The lasers are operated in continuous wave (CW) 

mode, have a beam divergence of less than 0.5 mrad and can be modulated. 

All lasers were powered by a Laser Diode Control Unit (LDCU). 

This device ensured a maximal input voltage of 5 V. Additionally, the unit 

was controlled by a laser safety interlock system. 

The lasers were modulated using TTL modulation with a 10 MHz 

pulse generator (Thurlby Thandar Instruments, TGP110). TTL modulation 

requires an input voltage on the BNC connector of the laser. In order to 

yield 100 % output power, the control voltage needed to be 0 V. For 0 % 

output power, the voltage was set to 5 V. 

More detail about the supercontinuum source used for the BBCEAS 

experiments (Chapter 7) can be found in section 7.1.1. 
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3.2 Oscilloscope 

An oscilloscope (Tektronix TDS2022B) was used to display the TTL 

modulation signal and the PMT response, in order to facilitate the 

alignment process. The oscilloscope had two input channels which could 

be used to display time-dependent voltage signals. In principle, the 

oscilloscope could also have been used as a data acquisition device, but for 

our purpose it was only employed to display the PMT and the modulation 

signal. The oscilloscope was mainly used to ensure optimal alignment of 

the optical components and maximise the ring-down time. 

3.3 Optics 

Most optics were purchased from Thorlabs or Newport unless otherwise 

stated. The optical components were stored in their original packaging 

when not in use. 

3.3.1 Cleaning Procedure 

All optics used for spectroscopic experiments had to be cleaned regularly. 

The components were wiped with a drop of spectroscopic grade methanol 

(Sigma-Aldrich) using lens cleaning tissue. The optical element was placed 

on a flat surface with a lens cleaning tissue underneath it. Then loose dust 

particles were removed with compressed air and a sheet of lens cleaning 

tissue was placed onto the optic. A drop of methanol was applied on top of 
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the optic and the tissue was pulled away. Usually, this process was 

repeated several times.  

3.3.2 Turning Mirrors 

Two mirrors were used to couple light into the optical cavity. The mirrors 

were purchased from either Newport (for the 405 nm setup) or Thorlabs 

(for the 658 nm setup). In the former case, the mirrors were coated with a 

MgF dielectric coating. In the latter case, the mirrors were coated with a 

protected silver layer. 

3.3.3 Cavity Mirrors 

All cavity mirrors were purchased from Los Gatos Research (USA) and 

had a radius of curvature of 1 m. The reflectivity was chosen to match the 

wavelength of the laser. For the 405 nm laser setup, the maximal reflection 

wavelength of the cavity mirrors was 405 nm, whereas for the 658 nm laser 

setup, the centre wavelength was 635 nm. The mirrors were placed in 

Gimbal mounts to ensure that the position of the mirrors remained 

stationary and that rotation was only possible when adjusting the mirrors. 

Figure 3.1 shows a graph from the manufacturer displaying the optical 

transmission of the 405 nm mirrors as a function of wavelength.
2
 As shown 

in the figure, the coating of the mirrors was optimised to possess the 

highest reflectivity at 405 nm. 

It was very important to clean the cavity mirrors prior to each 

experiment using the cleaning procedure mentioned above. 
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Figure 3.1: Mirror transmission for the Los Gatos Research 405 nm cavity mirrors as a 

function of wavelength. The coating was optimised for high reflectivity at 405 nm with a 

transmission of less than 0.003 %. (taken from Ref.
2
) 

3.3.4 Prism 

The prism is the most important optical component in the EW-CRDS 

setup. The prisms used for the EW-CRDS experiments were rectangular 

shaped, made from UV grade fused silica and had an antireflective coating 

on each of the short sides. The hypotenuse side was uncoated and 

superpolished down to a roughness of λ/20 (measured at 633 nm). 

Figure 3.2 shows schematically the geometry of the prism. For the 

broadband experiments described in chapter 7, a different shaped prism 

was employed (see section 7.1.1).  
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In addition to the cleaning procedure mentioned, the prisms were 

cleaned in an oxygen plasma in order to remove any organic remains from 

previous experiments such as polymers and organic molecules. The prisms 

were ashed between 5 min and 20 min in a Emitech K1050X plasma asher 

at a pressure of around 0.6 mbar at 100 W. The prisms were inserted into a 

custom made PTFE holder, which only exposed the hypotenuse side of the 

prism, in order to protect the antireflective coating on the short sides from 

the oxygen plasma. 

 

Figure 3.2: Schematic representation of the right angle prism used for most experiments. 

The dimensions are displayed in mm. 

Table 3.1 summarises the technical details of the two types of prisms used. 
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Table 3.1: Parameters for the right angle prism provided by the manufacturers 

Company Laser 

Components  

CVI CVI 

Reflectivity and 

Wavelength range 

405 – 417 nm < 0.5 % at 355 – 

532 nm 

< 0.5 % at 424 – 

675 nm 

Length 1.0’’ (±0.1mm) 1.0’’ (±0.1mm) 1.0’’ (±0.1mm) 

Angle of incidence 

for AR coating 

35º ± 3º 0º 0º 

Surface roughness 

at 633 nm 
λ/20 λ/10 λ/10 

 

After the cleaning procedure, the prism was then inserted into a custom 

made aluminium holder manufactured by the departmental mechanical 

workshop which was mounted on a breadboard. The holder had two holes 

where the laser beam entered and exited the prism. Figure 3.3 shows a 

photograph of the prism in its prism holder. As shown in the picture, the 

prism holder also comprised of two screws on the top which could be used 

to push down a cell in order to carry out experiments in the condensed 

(liquid) phase. 

 

Figure 3.3: Photograph of the prism holder and prism mounted on the blackboard. 



Chapter 3 

 66 

3.3.5 Cells 

Circular cells made from polytetrafluoroethylene (PTFE), open at the top 

and bottom ends were used in most of the experiments. The volume of the 

cells was approximately 3 mL and covered an area on the prism of 1.7 cm
2
. 

The bottom side had a small indentation in which an O-ring (James 

Walker) was fitted. An aluminium slide with a cell-sized hole was used to 

push the cell down onto the prism in the prism holder by the two screws 

mounted on the holder. 

3.4 Photomultiplier tubes 

PMTs were used to measure the light intensity leaking out of the optical 

cavity. PMTs are based on the photoelectric effect: when a photon enters a 

metal surface (the photocathode), it can be absorbed and give up its energy 

to an electron. If the transferred energy is higher than the surface potential 

barrier, the electron can escape. In a PMT, the photoelectrons are 

accelerated in an electric field towards electrodes (or dynodes). The series 

of dynodes are maintained at increasing potentials with respect to the 

cathode. When the photoelectrons hit the dynodes, several secondary 

electrons are emitted which are accelerated towards the next dynode and 

hence amplify the resulting detection current. The current amplification 

factor between the cathode and the anode is given by 

N
G δ=         (3.1) 
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where δ  is the average secondary electron yield and N the number of 

dynodes. Typical voltages used for PMTs are 200 – 1000 V and 

considerable amplification is possible (for example if δ  = 5 and N = 9, we 

obtain a gain of 2 x 10
6
). The transit time between the electrodes within the 

PMT limits the response time which is usually less than 30 ns. 

Care has to be taken to not saturate the PMT. Generally, if the 

incoming light beam possesses a relatively high power, the applied voltage 

between the anode and the cathode within the PMT has to be decreased. 

3.5 Alignment procedure 

3.5.1 Safety Considerations 

Although the lasers used are only classed 3B, it was crucial that watches, 

bracelets, rings and other reflective jewellery were removed before setting 

up or changing the experimental setup. Laser safety eyewear was also 

worn. The diode laser was run at low power for the whole alignment 

procedure, except when aligning the electrode above the evanescent field. 

3.5.2 Alignment 

The experimental setup for the ring cavity is displayed in figure 3.4. As 

mentioned above, the laser was run at low power for the initial part of the 

alignment process. Once the front cavity mirror (M1) was inserted, the 

power was increased to facilitate the alignment process of the optical 

cavity.  
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Figure 3.4: Schematic representation of the alignment of the 405 nm ring cavity. 

First, the laser light from the diode laser was led into a telescope tube 

consisting of two lenses with two different focus lengths (35 mm and 

75 mm) in order to decrease the footprint of the beam as shown in figure 

3.5. 

 

Figure 3.5: Schematic representation of the telescope used in the experimental EW-CRDS 

setup. The first lens, where the laser beam enters the telescope (L1) had a focal length (f1) 

of 75 mm, whilst the second lens (L2) had a focal length (f2) of 35 mm. 

L1

f1 f2

L2
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The beam was then led via the two turning mirrors into the optical cavity 

and aligned through two custom-made pinholes (hole diameter: 1 mm) 

which were placed into the gimbal mounts for the cavity mirrors. Although 

it was found that the cavity alignment was fairly stable for a few weeks 

without alignment, regular realignment of the cavity is recommended to 

ensure that reproducible data is obtained and that the reference ring-down 

time is optimal. 

The mirror holders, as well as the holder for the prism, were 

attached to a breadboard. The direction of the laser beam was changed by 

tweaking the turning mirrors until the beam was well aligned through the 

two pinholes. Then, the pinhole at the position of mirror 2 (shown in 

Figure 3.4) was replaced with one of the cavity mirrors. The laser beam 

now entered the prism (at an angle smaller than the critical angle of 42.92°) 

and was total internally reflected at the hypotenuse side. The beam was 

aligned in such a way, that the point of TIR is in the middle of the 

hypotenuse side. At this stage of the alignment procedure, other 

components such as macroelectrodes or capillaries could be aligned over 

the evanescent field by micropositioners. 

The micropositioners used consisted of a set of three orthogonally 

mounted linear stages equipped with differential micrometers. The 

micrometers were adjustable by hand. The micropositioner for the z 

(vertical) direction was set to zero and the electrode or capillary was then 

inserted into the holder and moved towards the prism surface (slightly 

away of the evanescent field to prevent damage to the silica surface) and 
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tightened. The electrode or capillary was then moved away again from the 

surface by the micropositioner and aligned over the evanescent field.  

Part of the beam was reflected at the rectangular side of the prism 

and this reflected beam was used to measure the light intensity in the 

optical cavity and was therefore fed via a turning mirror into the PMT. The 

intensity of the modulated laser pulse could thus be displayed on the 

oscilloscope. The prism holder then had to be aligned in such a way that 

the beam, after leaving the prism again, hit the pinhole of the first cavity 

mirror mount. Finally, this pinhole was replaced by a cavity mirror. The 

position where the laser beam hit the photodetector within the tube was 

optimised by correcting the turning mirror until the signal on the 

oscilloscope was maximised. 

The steps of aligning the evanescent field on the prism, and the 

turning of the prism holder, may have to be repeated several times until the 

evanescent field was exactly in the centre of the prism and the exiting laser 

beam hit the pinhole in the first cavity mirror (M1) holder. Then, the cavity 

mirror could be inserted into its holder and, at this point, several round trips 

of the light (at least 3) should be seen on the second mirror. By changing 

the position of the first cavity mirror, it was possible to overlay the round 

trip spots. If the laser was modulated, a ring-down decay could now be 

observed on the oscilloscope. In order to optimise the position of a 

macroelectrode over the evanescent field, the electrode was positioned 

using the x, y micropositioners at a very close distance (few tens of µm) 

over the evanescent field while simultaneously monitoring the change in 

the ring-down time as observed on the oscilloscope.  
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As already highlighted in the introduction, the ring-down time 

depends on the reflectivity of the mirrors and losses of the prism (due to 

scattering and quality of the antireflective coating). It was found, that 

prisms from CVI led to higher ring-down times (up to 700 ns) than Laser 

Component prism, where the maximum ring-down time was usually 

around 350 ns. This can be attributed, most likely, to the different 

antireflective coatings. Once the optical cavity was aligned, the ring-down 

time could usually be increased by slightly tweaking mirror 1. Mirror 2 

should not be changed, because that affected the position of the evanescent 

field. Figure 3.6 shows typical traces of the modulation signal and the 

corresponding ring-down decay as seen on the scope. The upper curve 

(orange) corresponds to channel 1 of the oscilloscope and displays the 

modulation of the diode laser (controlled by the TTL modulation 

generator). Channel 2 corresponds to the EW-CRDS signal from the PMT. 

 

Figure 3.6: Screenshot of the oscilloscope. Channel 1 (orange) displays the modulation 

signal from the TTL modulation generator. Channel 2 corresponds to the PMT signal. 
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3.6 Electrochemistry setup 

Figure 3.7 shows schematically the electrochemical part of the 

experimental setup. A home-built potentiostat was used for all 

electrochemical measurements described in this thesis. Working, reference 

and counter electrodes could be connected directly to the potentiostat via 

BNC connectors. The applied voltage between working and reference 

electrode was controlled externally by a DAQ card (National Instruments, 

PCIe-6221). The current flowing between working and counter electrodes 

was transformed into a voltage signal by the potentiostat via variable 

resistances (switchable between 1 kΩ and 10 MΩ) and recorded with the 

DAQ card. An interface box was used to connect the BNC output (applied 

voltage) and BNC input (measured current / voltage) signals with the DAQ 

card. In order to ensure, that the electrodes were always at open circuit 

potential when not in use, a switch was built in between the applied voltage 

from the computer and external voltage input of the potentiostat.   

 

Figure 3.7: Schematic representation of the electrochemical part of the experimental setup. 

Both the applied voltage and the measured electrochemical signal are transferred to the 

computer via the interface box. 

Potentiostat Interface box 
Applied voltage 

Electrochemical Signal 

Cell 
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3.7 Data Acquisition 

Two DAQ cards (Gage Applied Technologies, CS12400 and National 

Instruments, PCI-5124) were employed to transfer the EW-CRDS signal 

and the electrochemistry data to the computer. Custom written LabVIEW 

software (see below) was used to ensure data synchronisation. 

3.7.1 EW-CRDS Signal Acquisition 

The 12 bit DAQ cards for EW-CRDS data acquisition needed to operate at 

high speed. The sampling rate was 400 MS s
-1

 for the Gage card and 

200 MS s
-1

 for the National Instrument card, respectively. High speed data 

acquisition was necessary because a whole set of data points (i.e. a ring-

down trace) has to be transferred at a relatively high repetition rate. The 

modulation of the laser was chosen to be on a timescale of 50 µs, and a 

large fraction (but not all) of the ring-down traces were transferred to the 

card giving a repetition rate of ca. 2.4 kHz on average, which was limited 

by the DAQ card. The traces were stored in the buffer of the card, 

averaged, and then transferred to the computer. The data processing and 

conversion of the ring-down traces to ring-down times (via Fast Fourrier 

Transformation, see below) was then carried out by the LabVIEW 

program. 
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3.7.2 Electrochemistry Data Acquisition 

The program to control the acquisition was combined with the EW-CRDS 

program to ensure optimal synchronisation. More about the software used 

can be found in the sections below. 

3.8 Software 

All software was written in National Instruments LabVIEW (versions 

7.1/8.0/8.2). LabVIEW is based on modules which are called virtual 

instruments (VIs). VIs consist of a front panel, which is designed in a way 

to mirror a real front panel of an instrument (i.e. with switches, controls, 

graphs etc.) where the user interacts with the instrument, and a back panel, 

where the code of the program can be written and/or modified. Figure 3.8 

shows a screenshot of the front panel of the program used for EW-CRDS 

and CV data acquisition. 
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Figure 3.8: Screenshot of the front panel of the LabVIEW program used for EW-CRDS 

and CV experiments. A) Settings for the EW-CRDS and CV experiments, B) Start switch 

for performing an electrochemical experiment (CV) and time stamps for data 

synchronisation, C) Plots for data display, top: ring-down time as a function of time, 

bottom left: applied potential for CV experiments, bottom right: CV response. 

The code is based on graphical programming rather than on command 

lines. Most DAQ cards can be accessed using this software and companies 

often provide basic LabVIEW VIs for data procession. 

3.8.1 EW-CRDS LabVIEW program 

The EW-CRDS program was responsible for time-resolved acquisition and 

averaging (usually 50 or 100 times) of the ring-down traces from the DAQ 

card and extraction of the corresponding ring-down time. Figure 3.9 shows 

a single ring-down trace as measured by the PMT and read by the program. 

A 

B 

C 
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It can be seen, that the ring-down trace can be fitted easily to a single 

exponential fitting function. 

 

Figure 3.9: Experimental single ring-down trace for an empty ring cavity as read by the 

EW-CRDS program. The red line corresponds to a single-exponential fit. Usually multiple 

ring-down traces will be averaged and the ring-down time will be calculated using the 

FFT method. The corresponding decay (ring-down time) in this example was 220 ns. 

The core feature of the EW-CRDS program is the Fast Fourier 

Transform (FFT) analysis sub VI which converted the measured ring-down 

traces from the DAQ card into their characteristic decay times (ring-down 

time).
3
 Figure 3.10 shows the program code for the FFT sub VI. The 

exponential decay curves (with amplitude A, offset B and decay constant τ) 

are converted according to the equation  
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where J is the Fourier transform operator. At every non-zero frequency ω, 

the ratio of the real and imaginary components of  F(ω) is -τ/ω and 

therefore independent of the amplitude and offset. The amplitude and the 

baseline can then be calculated using the previously obtained τ:  

8 = <=#9>
9

?�@A�=�B∆:
�
�DEF        (3.3) 

; = A�G�
H
�IJ/9:F� �1 − +
9:F�      (3.4) 

where tm is the time of the last observation in the ring-down decay which 

was analysed, N is the number of data points in the Fourier transform and 

∆t = tm/N. With this method it is therefore possible to analyse the ring-

down traces without having to extract the baseline offset. Additionally, this 

method is also very fast, because every transient can be analysed 

immediately and no iterative steps are necessary.
3 

It is important to note, 

that this analysis is only possible with single-exponential decay curves. 

The exponential decay curves and the sampling frequency are fed 

into the programme. After the conversion into ring-down times, the data is 

fed back into the EW-CRDS VI and averaged. 
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Figure 3.10: Screenshot of the sub VI responsible for converting the ring-down traces into 

ring-down times. 

3.8.2 Electrochemistry LabVIEW program 

The LabVIEW VI for the electrochemical measurements was designed to 

be executed whilst the EW-CRDS program was running simultaneously. 

When the electrochemistry button (see figure 3.8B) was pushed, a separate 

loop within the EW-CRDS program started. The program generated a 

triangular wave form using the chosen start and end potential and the scan 

rate. A separate sub-VI called Analog I/O defined the input and output 

channels on the PCIe card and converted the digital waveform signal to an 

analogue voltage. Simultaneously, the input voltage from the current 

measurement was converted into a digital signal to be read by the 

electrochemistry VI. The generated triangular wave and the measured 

current/voltage was then displayed and saved by the computer. Figure 3.11 

shows the program code for the electrochemistry section of the program. 

Another program was designed to perform chronoamperometric step 

experiments which was very similar to the program described above but 
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instead of a triangular waveform, voltage steps were generated, where the 

step duration and step potential could be chosen on the front panel.  

 

Figure 3.11: Screen shot of the program code of the electrochemistry VI. 

In all electrochemistry VIs, the program recorded the timestamp when the 

main program, as well as the electrochemistry loop, was executed. By 

comparing the two time stamps, it was possible to synchronise the data and 

define exactly at which time the electrochemical experiment was started. 
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4 Surface Assembly and Redox Dissolution 

of Silver Nanoparticles 

The adsorption kinetics of Ag nanoparticles on a silica surface modified 

with PLL have been measured in situ by following the interfacial optical 

absorbance at 405 nm using EW-CRDS. Sensitivity towards nanoparticle 

detection is enhanced due to the plasmon resonance of the Ag 

nanoparticles. The redox-dissolution kinetics of the immobilised 

nanoparticles have been investigated using two distinct approaches. First, 

IrCl6
2-

 was generated electrochemically from IrCl6
3-

 by a 

chronoamperometric potential step in a thin layer cell configuration formed 

between the silica surface and a Pt macroelectrode. The oxidative 

dissolution kinetics were obtained by monitoring the EW-CRDS signal as 

the nanoparticles dissolved. The reaction kinetics were extracted using 

complementary finite element modelling of diffusional and reaction 

processes. The second method of dissolution investigated involved the 

injection of IrCl6
2-

 (aq) directly at the surface by means of a microcapillary 

located close to the evanescent field.  
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4.1 Introduction 

Immobilised arrays of metal nanoparticles continue to attract considerable 

attention for electronic and sensing applications,
1-3

 including biosensing 

and the study of protein interactions.
4-8

 In the latter context, Ag 

nanoparticles have proven useful for staining applications, which enables 

the visualization of proteins and DNA, and as an integral component of 

antibacterial coatings. Ag nanoparticles can be functionalised with 

oligonucleotides for DNA sensing applications
9
 or act as bridge materials 

for electron transfer reaction from proteins to electrodes.
10

 It has also been 

shown that Ag nanoparticles can be used as substrates for surface-enhanced 

Raman scattering (SERS).
11-13

  

For these applications, and others, understanding reactions at the 

nanoscale, especially electron transfer at nanostructures and metal 

nanoparticles, is very important. The oxidative etching kinetics of metal 

surfaces were probed in earlier scanning electrochemical microscopy 

(SECM) work by us
14

 using tris(2,2'-bipyridyl)ruthenium(III) and Br2 as 

electrogenerated oxidants. Only a few studies have investigated the 

dissolution of nanoparticles, either in solution by varying the pH
15-17

 and 

through O2 purging,
18 

or embedded in a glass matrix. In the latter case, the 

particles were dissolved using heat,
19

 ultrafast laser pulses
20

 or intense 

electric fields.
21, 22

 In all these examples, analysis was performed either ex-

situ or in bulk using conventional UV-vis spectroscopy. To date there have 

been no time-resolved studies of the dissolution kinetics of metal 
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nanoparticles on insulating surfaces. In order to monitor and rationalise 

these processes, rather sensitive analytical techniques are needed. 

The redox mediator [IrCl6]
3-/4-

 has been employed in several 

previous studies to dissolve Ag nanoparticles. For example, it has been 

applied to protein detection using SECM (generation of IrCl6
2-

 from IrCl6
3-

 

at an ultramicroelectrode) after Ag staining
23

 and for Ag enhanced 

fingerprint determination.
24

 The formation of electrochemically-generated 

Ag nanoparticles has been investigated by Rodriguez-Sanchez et al.
25

 In all 

these studies, the Ag nanoparticle dissolution/growth was either detected 

indirectly using surface sensitive techniques such as scanning electron 

microscopy and X-ray scattering or time-resolved by bulk UV-vis 

spectroscopy. It has not been possible to combine both approaches. 

The kinetics of the redox dissolution of Ag colloidal particles were 

also obtained by combining EW-CRDS with electrochemistry. The 

nanoparticles were dissolved using the redox compound IrCl6
2-

 which was 

electrochemically generated from the reduced (non-reactive) form, IrCl6
3-

, 

at a strategically located electrode just above the silica surface. IrCl6
2-

 

oxidises Ag
0
 to Ag

+
 causing dissolution of the nanoparticles. Studies were 

carried out for various concentrations of IrCl6
3-

 and different 

electrogeneration times, using a potential step method. The experimental 

data, in the form of interfacial absorbance-time plots, were used to 

calculate the rate constant of the dissolution process after solution of the 

underlying mass transport problem.  
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A second method of Ag colloid dissolution was also tested, in 

which a simple micropipette was used to dispense the reagent (IrCl6
2-

 

solution) directly in the region of the immobilised nanoparticles. The 

dissolution process was followed as a function of IrCl6
2-

 concentration and 

flow rate. These initial studies provide a platform for the further use of this 

technique. 

4.2 Theory 

In order to extract kinetic parameters from the experimental observations, 

we fitted the data obtained to a simple model, encapsulating the diffusion 

of the electrogenerated species and the kinetics of dissolution. The model 

was developed for the electrochemical arrangement shown in Figure 4.3 

(see below) and described below. A 2 mm diameter disc electrode was 

positioned 180 µm ± 20 µm above a prism surface bearing the Ag 

nanoparticles and was used to generate the oxidant, IrCl6
2-

, from IrCl6
3-

, 

local to the surface. Experiments showed that the Ag nanoparticles on the 

surface were highly dispersed, but as the interparticle spacing was much 

smaller than the electrode−prism separation, d, it is reasonable to treat the 

reactive prism surface as uniform (for the purpose of modelling) and 

diffusion between the electrode and prism as planar. The model considers 

the diffusion of the mediator within the thin layer cell coupled to the 

dissolution of the Ag layer at the prism boundary and calculates the 

absorbance of the Ag layer with time, as described later. 
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4.2.1 The Diffusional problem 

The diffusion of species i, with concentration ( )i ,c z t , in a one dimensional 

domain is given by 

( ) ( )2

2

, ,
0

i i

i

c z t c z t
D

t z

∂ ∂
− =

∂ ∂
      (4.1) 

for [0, ]z d∈ where d  is the distance between the prism and the electrode, 

and iD  is the diffusion coefficient of species i (IrCl6
3-

 or IrCl6
2-

). The 

boundary conditions for the reduced, IrCl6
3-

, and oxidised, IrCl6
2-

, forms of 

the mediator, denoted ( )R ,c z t  and ( )O ,c z t  respectively, in this case are 

given by 

R

O R
O R

O R
O R app O

(0, ) 0

(0, ) (0, )

( , ) ( , )

c t

c c
D t D t

z z

c c
D d t D d t k c

z z
θ

=

∂ ∂
= −

∂ ∂

∂ ∂
− = =

∂ ∂

    (4.2) 

for 
step0 t t< ≤ , where 

stept  is the potential step time (the duration of the 

electrogeneration period) and 

O

O R
O R

O R
O R app O

(0, ) 0

(0, ) (0, )

( , ) ( , )

c t

c c
D t D t

z z

c c
D d t D d t k c

z z
θ

=

∂ ∂
= −

∂ ∂

∂ ∂
− = =

∂ ∂

    (4.3) 

for 
stept t< . Here 

appk  is the Ag dissolution rate constant and θ  is the 

effective fractional surface coverage of Ag atoms on the prism. Our focus 

is on initial rate measurements which allow us to neglect the small build up 
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of Ag
+
 that will occur in the thin layer cell during the dissolution process. 

Additionally, because the change in particle size during dissolution is 

small, the rate constant was assumed to be independent of the nanoparticle 

size. These boundary conditions were coupled to an ordinary differential 

equation describing the dissolution of Ag at the prism surface 

app O ( , )
d

N k c d t
dt

θ
θ= −       (4.4) 

where N  is the initial Ag atom surface concentration on the prism. The 

model assumes that the nanoparticle distribution on the surface is 

equivalent to the same amount of Ag adsorbed atomically to the surface. N 

was computed assuming face-centred cubic (fcc) packing for the Ag atoms 

in the nanoparticle using the concentration of nanoparticles per unit area, 

NPN : 

( )
3

A

NP

2

6

a N
N N

M

ρπ
=       (4.5) 

where ρ is the density of Ag (10.5 g cm
-3

), a the average radius of Ag 

nanoparticles obtained by TM-AFM measurements, AN  is Avogadro’s 

constant and M the molecular weight of Ag (107.87 g mol
-1

). 

Due to mass conservation of the redox couple within the thin layer 

cell and the equality of the diffusion coefficients of the oxidised and 

reduced forms of the mediator, the concentrations at any point are related 

by 

R O R *c c c+ =         (4.6) 
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where R *c  is the original bulk concentration of IrCl6
3-

. Thus, it is only 

necessary to solve the diffusion equation numerically for either Oc  or Rc  

and θ .  

4.2.2 Modelling changes in interfacial absorbance 

To compute the interfacial absorbance with time the average nanoparticle 

size obtained by TM-AFM measurements was considered. The initial Ag 

nanoparticle surface concentration is known from TM-AFM measurements 

and the change in nanoparticle size with time was computed from the flux 

at the interface (eqs. 4.3 and 4.4) assuming fcc packing of the atoms within 

the nanoparticles. The size-dependence of the absorbance was obtained 

from the experimental data of Cottancin et al.
26

 which gives the absorption 

coefficient for nanoparticles of diameters in the range of 1.5 nm to 6.7 nm 

(4 nanoparticle sizes), for which there is a linear relationship of the 

absorption coefficient and nanoparticle diameter. As shown later, the 

extinction coefficient, mε , of Ag nanoparticles can be derived using this 

UV-vis data, TM-AFM and EW-CRDS measurements. With knowledge of 

the extinction coefficient and the data of Cottancin et al., the size-

dependent absorbance A(a) can be estimated. 

With A established, the best fit to the data was found by varying 

appk , or equivalently the dissolution rate constant per nanoparticle, k, which 

is defined as: 

app /k k F=         (4.7) 
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where Θ  is the fractional coverage computed using the initial nanoparticle 

size and concentration, assuming that the mediator sees only the top 

hemisphere of the particle 

2

NP A

(2 )

2

a
N NΘ =

π
       (4.8) 

4.3 Experimental Section 

4.3.1 Synthesis of Ag nanoparticles and sample preparation 

Citrate-stabilised Ag nanoparticles were prepared following established 

methods using sodium borohydrate as the reducing agent and citrate ions as 

the stabilising agent.
27

 The size and the size distribution is highly 

dependent on the concentration of those compounds. The overall reaction 

of the Ag nanoparticle synthesis is depicted in Scheme 4.1.  

 

Scheme 4.1: Chemical reaction of the formation of Ag nanoparticles. 

In order to obtain colloids with a narrow size distribution, it was 

crucial to rinse all glassware with copious amounts of purified water from a 

Millipore Milli-Q system (resistivity > 18 MΩ cm) prior to sample 

preparation. 0.6 cm
3
 of 0.1 M sodium borohydride was added to 20 cm

3
 of 

a solution containing equal concentrations (0.25 mM) of sodium citrate and 

Ag nitrate under strong stirring. The reaction was complete after two hours 

at room temperature. The stabilisation of the silver particles in solution 

AgNO3 + 3Na+ -OOC COO-

OH

-OOC

Ag (colloid) + NaNO3 
H2O, NaBH4 
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arises from coulombic repulsions induced by the ionised citrate species at 

the particle surface. However, it was found that the nanoparticles tended to 

aggregate over time (longer than 2 – 3 weeks).  

The coverage and size distribution of nanoparticles achieved with 

deposition from quiescent solution onto PLL-functionalised silica surfaces 

was investigated by TM-AFM of PLL-coated quartz slides. The chemical 

structure of PLL is depicted in Figure 4.1.  

O

N
N O

OO

n

 
NH

3
NH3

H
3
N

NH
3+

++

+

 

Figure 4.1: Chemical structure of poly-L-lysine at pH 7 

Quartz slides were ashed in oxygen plasma for 1 min at 100 W 

(Emitech, K1050X) and wiped with methanol. PLL films were deposited 

from 1 mg cm
-3

 stock solution of the polyelectrolyte at pH 7. The quartz 

slides were then rinsed with ultrapure water and dried in an air flow. Ag 

nanoparticles were electrostatically adsorbed by exposing a PLL-modified 

quartz slide in a Ag nanoparticle solution for a defined time. For all TM-

AFM measurements a Digital Instruments multimode AFM with a 

Nanoscope IIIa controller (Veeco, U.S.A.) was employed. Commercially 

available SPIP
TM

 software was used for statistical grain analysis in order to 

obtain the size and the size distribution of the Ag nanoparticles. 
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4.3.2 Ag nanoparticle adsorption 

0.2 cm
3
 of PLL (1 mg cm

-3
 in ultra pure water) was contacted for 20 min 

with clean fused silica prisms, leading to PLL deposition by drop coating. 

After deposition, the prism was rinsed with ultrapure water and dried in a 

flow of air. The adsorption behaviour of Ag nanoparticles, at different 

dilutions, on PLL-modified fused silica prisms was followed by EW-CRDS 

in a similar way to that described previously for other metal 

nanoparticles.
28

 In brief, 0.2 cm
3
 of Ag colloid solution was injected into 

the cell above the substrate and the EW-CRDS response for the adsorption 

process was monitored continuously. Where the modified substrate was 

used for subsequent dissolution studies, adsorption was stopped after a 

defined time (typically 2 min) by removing the remaining colloidal 

solution and rinsing 5 times with 1.5 cm
3
 ultrapure water. By this stage, a 

disperse film of nanoparticles had been deposited for which the surface 

coverage was known. The same procedure was followed prior to all 

dissolution experiments. After each experiment, the prism surface was 

wiped several times with methanol and ashed for 1 min in an oxygen 

plasma at 100 W. Ashing for such short times did not affect the properties 

of the prism and the initial ring-down time was always re-established. 

4.3.3 Chronoamperometric EW-CRDS 

The oxidation and reduction potentials for IrCl6
2-/3-

 were chosen after 

SECM measurements involving a 25 µm diameter Pt ultramicroelectrode 

(UME) with an RG value (ratio of the diameter of the tip to the diameter of 
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the electrode itself) of 6. These experiments were carried out by Dr. Meiqin 

Zhang (University of Warwick) and showed that the optimal 

chronoamperometry experiment should be carried out with a potential step 

from -0.1 V to +0.4 V vs. Pt quasi-reference electrode. Figure 4.2 shows a 

CV of a 1 mM IrCl6
3-

 solution in 0.1 M KNO3. 

 

Figure 4.2: CV of a 1 mM IrCl6
3-

 solution in 0.1 M KNO3 using a 25 µm diameter Pt 

UME. The scan rate was 20 mV s
-1

. 

As displayed in Figure 4.3a, the working electrode (2.0-mm-diameter 

circular platinum electrode with an overall diameter, including insulation, 

of 6.35 mm) was placed over the region of the prism co-incident with the 

evanescent field using a 3-axis micropositioner in such a way as to create a 

thin-layer electrochemical cell. The distance between the working electrode 

and the prism surface was chosen to be 200 µm − well outside the 

evanescent field − and the electrode itself did not affect the EW-CRDS 

signal. Two Pt wires acted as counter and quasi-reference electrodes, 

4
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respectively, with all potentials applied with respect to the latter. 

Measurements were made with a homebuilt potentiostat controlled by a 

National Instruments card (NI PCI-6221) for potential control and data 

acquisition. The dissolution of the nanoparticles was induced by oxidizing 

1 mM or 0.1 mM IrCl6
3-

 in 0.1 M KNO3 supporting electrolyte. The 

potential was stepped from -0.1 V to +0.4 V for a defined time during 

which the oxidation of IrCl6
3-

 to IrCl6
2-

 was diffusion-controlled. The 

potential was then returned to -0.1 V where IrCl6
2-

 was reduced back to 

IrCl6
3-

.  

 

Figure 4.3: a) IrCl6
2-

 is electrogenerated from IrCl6
3-

 in an axisymmetric thin layer 

electrochemical cell, whilst in b) IrCl6
2-

 solution is injected in close proximity to the 

surface via a 300 µm internal diameter micropipette. 

4.3.4 Flow EW-CRDS 

Micropipettes with a typical internal diameter of 300 µm were produced by 

pulling a 2-mm-o.d. borosilicate glass capillary (Harvard Apparatus, UK) 

using a PB7 Narishighe micropipette puller and cutting the tapered end 

Ir(IV)

silica

solution

Ir(IV)Ir(III)

silica

Ag+
200µm

solution

(0,d)

(0,0)

Symmetry axis

500µm

c)Platinum
electrode

z

r

Ir(IV)

silica

solution

Ir(IV)Ir(III)

silica

Ag+
200µm

solution

(0,d)

(0,0)

Symmetry axis

500µm

c)Platinum
electrode

z

r

z

r

a) b) 



Chapter 4  

 93 

with a sharp scalpel. The resulting nozzle was polished using a home-built 

polishing wheel with a 0.1-µm diamond polishing pad (Buehler, USA). 

Figure 4.4 shows an optical micrograph of the top of a typical nozzle. 

 

Figure 4.4: Optical micrograph of a typical borosilicate glass capillary (end on view). 

The micropipette was placed over the region of the evanescent field 

using a 3-axis micropositioner at a distance of ca. 500 µm from the prism 

surface (Figure 4.3b). Flow of the solution of K2IrCl6 at concentrations 

between 1 µM and 5 µM at a constant rate was achieved with a syringe 

pump (KDS100, KD Scientific) equipped with a 10 cm
3
 glass syringe 

(Hamilton). The system delivered flow rates in the range of 0.22 – 35.1 µL 

s
-1

. Typical flow rates used were between 1.7 and 33.3 µL s
-1

. All solutions 

were freshly prepared immediately prior to experiments. 

 

 

 

Ø = 290 
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4.4 Results and discussion 

4.4.1 TM-AFM 

Figure 4.5 shows a typical 1 µm x 1 µm TM-AFM height image of Ag 

nanoparticles on a PLL modified fused silica slide following adsorption 

from stock solution. A clear submonolayer coverage of Ag nanoparticles is 

evident, from which the size, the size distribution and the coverage of the 

nanoparticles can be estimated. The average size of the Ag nanoparticles 

was found to be 7.6 (± 2.6) nm and in this case the coverage was 60 ± 17 

nanoparticles per µm
-2

. As shown below, there was excellent agreement 

between surface coverages measured by TM-AFM and EW-CRDS.  

0 5 10 15 20
0.00

0.05

0.10

0.15

0.20

0.25

fr
e

q
u

e
n

c
y
 /
 a

.u
.

max. z range / nm
 

Figure 4.5: Top: Representative 1 µm x 1 µm tapping mode AFM image of Ag 

nanoparticles on PLL modified quartz following adsorption for 2 min. Bottom: Statistical 

analysis of particle size from which a mean particle size of 7.6 (± 2.6) nm was obtained 

from several images. 

 

 

200 nm 
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4.4.2 Ag nanoparticle adsorption 

The concentration of Ag nanoparticles in solution obtained from the 

synthesis can be estimated assuming that all Ag
+
 ions present in the 

solution reacted to Ag
0

. Using eq. 4.6, the nanoparticle concentration is 

given by
29

  

+Ag

NP

NP
A

i

c
c

N
f V

M
ρ

=

∑
       (4.9) 

where Ag+c  is the initial concentration of Ag
+
 (0.25 mM), if  is the 

frequency of nanoparticles with radius, ia , as obtained by TM-AFM and 

VNP is the volume of nanoparticles with radius ai.  The distribution is 

normalised so that it satisfies  

1

1
L

i

i

f
=

=∑         (4.10) 

In this work, the resulting concentration was calculated to be 

11.3 nmol dm
-3

. With this information, the extinction coefficient of the Ag 

nanoparticle solution can be calculated by plotting the relative peak 

absorbance of different dilutions from UV-vis spectroscopy as a function 

of concentration (see Figure 4.6). As shown in the inset of Figure 4.6, the 

relative absorption values show a good linear dependence on the 

concentration. The calculated molar extinction coefficient for Ag 

nanoparticles was mε = 2.88 x 10
11

 cm
2
 mol

-1
, which is in good agreement 

with previous reports.
29

 UV-vis spectroscopy is also a convenient way to 

monitor the growth and determine the quality of the nanoparticles. The 
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spectrum of a dilute Ag nanoparticle solution shows a well-defined 

absorption peak at around 400 nm which corresponds to the localised 

surface plasmon resonance band of silver. These measurements can also be 

carried out to monitor the growth of the nanoparticles over time. The 

spectra were recorded between 230 nm to 800 nm with a resolution of 

1 nm. The fact that the plasmon peak is relatively narrow suggests a 

constant size with a fairly narrow size distribution. 
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Figure 4.6: Bulk UV-visible absorbance spectra for different dilutions of Ag nanoparticles 

in water. The large band at 400 nm corresponds to the localised surface plasmon 

resonance band of Ag. Inset: Peak absorbance versus colloid concentration. 

The time-dependent surface concentration resulting from adsorption 

studies could be calculated using absorbance values measured from the 

EW-CRDS data, ( )A t , and the extinction coefficient: 

( )
( )
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m

A t
N t =

ε
.       (4.11) 

0.0 0.4 0.8 1.2 1.6
0.0

0.1

0.2

0.3

P
e
a
k
 A

b
s
o
rb

a
n
c
e
 /
 a

.u
.

10
-9
 C / mol dm

-3



Chapter 4  

 97 

This equation is valid only if there is negligible absorbance from the bulk 

solution within the evanescent field. Our simulations support this 

assumption: even assuming a 500 µm effective thickness, simulations show 

that the bulk absorbance never exceeds 3% of the interfacial absorbance for 

any of the results reported here.  

For a typical absorbance value of 0.002 (at 405 nm), the 

corresponding calculated surface coverage was 42 µm
-2

 which is similar to 

the value of 60 ± 17 nanoparticles per µm
2
 obtained by TM-AFM 

measurements for Ag nanoparticle adsorption from the stock solution. This 

represents an effective surface coverage of ca. 0.2 %. 

Figure 4.7 shows the time-dependence of the interfacial absorbance 

as Ag nanoparticles adsorb irreversibly on the PLL-modified fused silica. 

As the figure shows, the experimental absorbance data fit satisfactorily to a 

simple square root dependence (t
1/2

)
 

which is expected for diffusion-

controlled adsorption.
30

 Since the adsorption process is completely 

diffusion-controlled, the diffusion coefficient of Ag nanoparticles, NPD , can 

be calculated
31

 using 

1/2 1/2 1/2

NP NP( ) 2A t c D tε π −=       (4.12) 

where ( )A t  represents the time-dependent optical absorption, which relates 

to the amount adsorbed on the surface. The diffusion coefficient was 

calculated to be (1.92 ± 0.22) x 10
-6

 cm
2
 s

-1
 using all the sets of data in 

Figure 4.7. 
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Figure 4.7: Interfacial absorbance transients for the adsorption of several dilutions of 

nanoparticles on PLL modified fused silica. The dilutions are: 1:10, 1:20, 1:30, 1:50 and 

1:100. The red lines denote fits assuming diffusion-controlled (∝ t
1/2

) adsorption kinetics. 

The fact that the adsorption of nanoparticles can be followed from a 

solution that contains such a low concentration of Ag nanoparticles is 

testament to the sensitivity of EW-CRDS, coupled with the strength of the 

localised surface plasmon peak of Ag nanoparticles, which enables the 

detection of very low coverages of nanoparticles. As shown in Figure 4.7, a 

dilution of the stock solution of 1:100 (i.e. 0.18 nmol dm
-3

) gives rise to an 

absorbance value of 0.00045 after 120 s, which corresponds to only 

18 particles per µm
2
. For the dissolution experiments which follow, 

surfaces were prepared from either the 1:20 or the 1:100 dilutions. The 

adsorption was typically stopped after ca. 120 s. The corresponding 
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absorbance value of the transient at this time was used to determine the 

surface coverage of Ag nanoparticles. 

4.4.3 Electrochemical dissolution 

The electrochemical dissolution of Ag nanoparticles can be summarised by 

the following redox reaction: 

IrCl6
2-

 + Ag(0) → IrCl6
3-

 + Ag(I)     (4.13) 

In these experiments, IrCl6
2-

 was electrogenerated from IrCl6
3-

 at an 

electrode situated ca. 200 µm above the prism surface. The 

electrogeneration process occurred for a defined time before the potential 

of the working electrode was switched back to a value which reduced 

IrCl6
2-

 to IrCl6
3-

. The current-time behaviour is shown in figure 4.8.  

 

Figure 4.8: Current – time transient for a 10 s potential step experiment in a thin layer cell 

experiment for the oxidation of 0.1 mM IrCl6
3-

 to IrCl6
2-

 in 0.1 M KNO3 using a 2 mm 

diameter Pt disc electrode. The potential was stepped from -0.1 V to +0.4 V vs. Pt. 
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Figure 4.9a and b show typical experimental EW-CRDS transients 

for the electrochemical dissolution process for two different step times of 

5 s (a) and 10 s (b), together with simulated transients using the model 

outlined earlier. The dissolution rate constant per nanoparticle, k, was 

calculated to be 2.7 x 10
-3

 cm s
-1

 for the 5 s step and 2.8 x 10
-3

 cm s
-1

 for 

the 10 s step.  
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Figure 4.9: Interfacial absorbance transients for the electrochemical dissolution of Ag 

nanoparticles using 1 mM IrCl6
3-

 oxidised for 2 s (a) and 10 s (b) at the electrode. The red 

lines indicate fits obtained using the model described in the text from which rate constants 

for the dissolution of 2.7 x 10
-3

 cm s
-1

 for the 5 s potential step and 2.8 x 10
-3

 cm s
-1

 for the 

10 s potential step were extracted. 
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After an initial delay period of a few seconds, during which IrCl6
2-

 diffuses 

from the electrode towards the prism, the interfacial absorbance slowly 

decreases with time. This can be attributed to the dissolution of Ag 

nanoparticles within the evanescent field. Since the plasmon resonance of 

the Ag nanoparticles is the main contribution to the extinction at 405 nm, 

the decrease in the absorbance due to the dissolution process will be 

determined by the number of particles within the evanescent field as well 

as their size. 

0 5 10 15 20
0.0017

0.0018

0.0019

0.0020

 

 

In
te

rf
a

c
ia

l 
a

b
s
o

rb
a

n
c
e

t / s

 

Figure 4.10: Interfacial absorbance transient for the electrochemical dissolution of Ag 

nanoparticles using 0.1 mM IrCl6
3-

 oxidised for 600 s. The red line indicates a fit obtained 

using the model described in the text from which a dissolution rate constant of 2.8 x 10
-3

 

cm s
-1

 was extracted. 

Figure 4.10 shows the absorbance transient for a potential step time 

of 600 s but at a lower IrCl6
3-

 concentration of 0.1 mM. The absorbance 

decreases much more gradually for this low concentration which can be 
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explained by the fact that the dissolution process is limited with the amount 

of IrCl6
2-

 present in the thin layer cell. The rate constant, k, for this 

transient was determined to be 2.8 x 10
-3

 cm s
-1

, which is in very good 

agreement with the rate constants obtained above. The mean rate constant 

for the dissolution per nanoparticle from several runs was calculated to be 

(2.5 ± 0.6) x 10
-3

 cm s
-1

. 

If the potential step experiments are repeated, it was found that the 

drop in the absorbance occurred further. Figure 4.11 shows the EW-CRDS 

response of 4 subsequent potential step experiments for a IrCl6
3-

 

concentrations of 1 mM. After each experiment, the electrode was raised 

from the surface, in order to let the surface concentration and the 

concentration in the thin layer cell be restored to the initial bulk value.  The 

first 3 (a to c) involved a potential step experiments with a step time of 

10 s, while the step time in the last experiment (d) was 20 s.  

It is clear from figure 4.11 that one single potential step experiment 

is not sufficient to dissolve all Ag nanoparticles on the surface. This is 

reasonable, if one takes into account the small volume of the thin layer cell 

between the electrode and the prism surface which corresponds to 

6.3 x 10
-3

 cm
3
 (by taking into account the outer diameter of the Pt 

electrode). Using a 1 mM solution of IrCl6
3-

, only 6.3 nmol of IrCl6
3-

 are 

present in the thin layer cell. All of the IrCl6
3-

 within the thin layer cell will 

be converted and therefore only a certain amount of Ag can be dissolved. 

After the 4
th

 step, the absorbance tends towards 0, indicating that at this 

point all Ag nanoparticles have been removed from the surface. 
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Figure 4.11: EW-CRDS absorbance transients for 4 sequenced potential step experiments 

(The IrCl6
3-

 concentration was 1 mM). The potential step time was a) 10 s, b) 10 s, c) 10 s, 

d) 20 s.  

At this stage, it is necessary to provide a quantitative analysis of EW-

CRDS. As described in Chapter 3, the acquisition frequency (which is 

limited by the DAQ card is ca. 2.4 kHz which corresponds to a data point 

separation of 0.4 ms. The data points are then averaged 100 times on the 

DAQ card before transfer to the computer (time resolution after averaging 

is 20 ms). The limiting sensitivity of the EW-CRDS instrument can be 

defined as the minimal possible absorption coefficient that can be detected, 

αmin which is the case, when τ → τ0 This can be described by 

LM$� = �
	N9J

∆9
9J        (4.14) 

where ∆τ is the minimum detectable change (standard deviation) in the 

ring-down time. The sensitivity can be improved by minimising the relative 
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error of the rind-down time measurements (ration ∆τ to τ0 ). This can be 

achieved by averaging the experimental data but this way, some temporal 

resolution is lost. By calculating the standard deviation for different 

acquisition times, the minimum absorbance can be calculated using eq. 1.3. 

If we consider a measurement time period of 1 s, the standard deviation for 

the raw data leads to a minimum detectable absorbance of 3.1 x 10
-6

.  If the 

data is averaged further (10 times which corresponds to a time resolution of 

200 ms) and interpolated to obtain the same amount of data points, the 

minimum detectable absorbance is 0.7 x 10
-6

. 

4.4.4 Convective Dissolution 

An alternative strategy to investigate the dissolution behaviour of Ag 

nanoparticles was to introduce a micropipette close to the prism surface 

through which IrCl6
2-

 was directly injected onto the colloidal particles. 

Figure 4.12a shows the concentration dependence of the dissolution rate for 

a constant flow rate of 8.3 µL s
-1

 in which all transients were normalised 

with respect to their initial absorbance: 

( )
( )
exp

0
rel

A t
A

A t
=

=
       (4.15) 

where Aexp is the absorbance transient and Aini the interfacial absorbance of 

Ag nanoparticles before dissolution begins. The sensitivity of this 

approach, with a constant supply of IrCl6
2-

 even at very low concentrations 

of IrCl6
2-

 is clear. Experiments at higher IrCl6
2-

 concentrations 

demonstrated complete dissolution of the nanoparticles. 
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Studies at different flow rates of IrCl6
2-

 solution were also carried 

out and the results are displayed in Figure 4.12b. Higher flow rates lead to 

faster dissolution, indicating at least partial control of the kinetics by mass 

transport of IrCl6
2-

 to the surface. For future studies, a finite element model, 

building on to earlier investigations
32

 could be established in order to 

describe this type of hydrodynamic system more rigorously. 
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Figure 4.12: (a): Interfacial absorbance transients showing the dissolution of Ag 

nanoparticles using the micropipette setup with IrCl6
2-

 solution concentrations of 

A) 0.1 µM, B) 0.5 µM, C) 1 µM. A constant flow of IrCl6
2-

, 16.6 µL s
-1

,
 
was used for all 

measurements. (b): Dissolution of Ag nanoparticles using the micropipette setup with 

1µΜ IrCl6
2-

 solution flow rates of A) 1.7 µL s
-1

, B) 8.3 µL s
-1

, C) 33.3 µL s
-1

.  
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4.5 Conclusions 

The time-dependent adsorption of Ag nanoparticles on PLL-modified silica 

and the corresponding surface coverage has been measured accurately 

using EW-CRDS. This technique has proven very useful as a detection tool 

for very low surface concentrations of Ag nanoparticles (typically 

20-60 particles per µm
2
). Additionally, EW-CRDS has been applied 

successfully to study the chemical kinetics of nanoparticle oxidative 

dissolution. This sensitive technique has been coupled with two 

complementary approaches to dissolve immobilised colloidal particles on 

functionalised surfaces: electrochemical dissolution via a redox mediator; 

and convective dissolution using a microcapillary setup to deliver the 

oxidant. The heterogeneous rate constant for dissolution was established as 

2.8 x 10
-3

 cm s
-1

. These measurements illustrate the ability of EW-CRDS to 

obtain kinetic information; especially on inert supporting surfaces such as 

silica or polymer-modified silica which are traditionally challenging to 

study. The combination of EW-CRDS with both chronoamperometric and 

flow methods shows that the dissolution process can be monitored even 

with very low fluxes and low concentrations of reagents, making both 

approaches excellent tools for potential sensing applications. 
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5 Real Time Monitoring of Polyaniline 

Nanoparticle Formation on Surfaces 

This chapter describes the formation of polyaniline (PAni) nanoparticles on 

silica surfaces by monitoring the change in the optical absorbance using 

EW-CRDS. Aniline hydrochloride in aqueous solution at different 

concentrations was oxidatively polymerised using sodium persulfite. The 

process was found to involve the nucleation and growth of polymer 

nanoparticles, whose size and coverages were measured using TM-AFM. 

The formation of PAni was confirmed by replacing the silica surface with 

indium doped tin oxide (ITO) electrodes, and subsequently running CV 

experiments on the material deposited, which yielded the characteristic 

electrochemical response. The number of active groups (monomers) per 

polymer particle was estimated using the peak current of the CVs, with 

knowledge of the nanoparticle surface coverage from TM-AFM analysis. 

The quantity of material in each particle was consistent with TM-AFM 

height data, assuming hemispherical particle morphology. The 

polymerization process was found to be governed by surface-controlled 

kinetics, from a fixed number of particle sites of 35 (± 5) µm
-2

. The 

reaction was first-order in aniline, with a rate constant for monomer 

addition of 0.7 (± 0.4) x 10
-7

 cm s
-1

 in the limit of large particle size. For 
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smaller nanoparticles, however, at the early stage of polymerization 

(r < 2 nm), the polymerization rate constant appeared to be size-dependent 

and to increase with decreasing nanoparticle radius (assuming a 

hemispherical geometry). This could also be due to a change in the 

morphology of the nanoparticles at the very shortest times, but may 

indicate size-dependent polymerization kinetics. 

5.1 Introduction 

PAni is among the most studied conducting polymers
1-3

 and one of the 

oldest known synthetic organic polymers.
4
 Numerous studies have been 

carried out to understand the fundamental properties of this polymer, such 

as its electronic
5
 and spectroscopic

6-8
 characteristics. PAni is of great 

interest for many technological applications, especially if synthesised in the 

form of thin films and nanofibres which can be used as electrochromic 

materials
9
 or in LEDs,

10-12
 biosensors,

13-15
 chemical sensors,

16-21
 battery 

electrodes
22, 23

 and as supports for electrocatalysts.
24, 25

 The different redox 

states of PAni
26

 and their underlying chemical structures,
27

 as well as 

synthesis strategies are summarised in a number of reviews.
2, 3, 28

 

PAni is typically synthesised by one of two principal methods; 

either electrochemically via electrodeposition to generate thin films
29-31

 and 

nanowires,
32

 or by chemical oxidation.
33, 34

 In the latter case, the polymer is 

prepared in solution and then filtered and dried as a powder. This can 

subsequently be deposited onto a substrate in various ways. PAni films and 

conductive polymer films, in general, can be produced by spin coating,
35

 

layer-by-layer assembly,
36

 and the Langmuir-Blodgett
35, 37, 38

 and 
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Langmuir-Schaefer techniques.
39, 40

 It is also possible to synthesise 

nanocomposites of PAni such as PAni nanoparticles,
3
 nanofibres,

41-44
 

nanotubes,
3, 45, 46

 nanorods
47

 and microspheres.
3, 48

 Nanostructured PAni 

has a high surface to mass ratio, and potentially unique electrical 

properties, and is thus of interest for possible applications in fuel cells and 

sensors. 

A particularly interesting method for preparing films of controllable 

thickness is the in situ adsorption polymerisation technique developed by 

MacDiarmid et al.
2
 where a sample to be coated is immersed into the 

solution during the polymerisation process.
49-51

 This method involves an 

induction period for the aniline oxidation, typically in the first few minutes, 

followed by an exothermic oxidative polymerisation process in which well 

defined polymer films can be produced.
50, 52

 It has been reported that, under 

acidic conditions, this surface polymerisation occurs in the early stage of 

the reaction, whereby aniline cation radicals produced during the induction 

period are adsorbed on the glass surface.
50

 PAni chains grow from these 

primary nucleation centres, even under conditions in which no bulk 

polymerisation occurs. 

Sapurina et al. have investigated the adsorption polymerisation of 

aniline by monitoring the temperature change as a function of reaction 

time.
50

 To confirm that the oxidative polymerisation of aniline preceded the 

bulk polymerisation, Fedorova et al. followed the polymerisation in the 

presence of silica gel which exhibits a high surface area.
53

 It was found that 

polymerisation on silica gel was faster and occurred much earlier than the 

bulk polymerisation. The quartz crystal microbalance (QCM) technique has 
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also been used to follow the kinetics of PAni film formation on a gold 

substrate.
54

 A rather long induction period was found at low concentrations 

and the polymerisation process appeared to have a first-order dependence 

on aniline concentration. This technique considerably improved the 

detection limit of PAni surface coverage in the induction period compared 

to conventional absorption spectroscopy, but is still somewhat limited if 

one seeks to follow the initial polymerisation at the very early stage and 

understand the nature of the reaction. 

In this chapter, the dynamics of PAni formation at silica surfaces at 

an early stage of the polymerisation process is reported. By employing in-

situ high repetition rate EW-CRDS and ex-situ tapping mode AFM (TM-

AFM), we show for the first time that the adsorption polymerisation of 

PAni involves the formation and growth of PAni nanoparticles. This is an 

interesting observation because, as highlighted above, the formation of 

PAni nanostructures is of considerable interest and stopping the adsorption 

polymerisation process at an early stage allows a defined density of 

relatively monodisperse nanoparticles to be produced on a substrate. 

Furthermore, by developing a basic model for PAni nanoparticle growth, 

taking into account AFM and EW-CRDS data, it is possible to quantify the 

polymerisation kinetics. 
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5.2 Experimental Section 

5.2.1 Tapping mode atomic force microscopy  

The polymerisation of aniline was carried out on polished single crystal 

quartz slides (Hoffmann Materials U.S.A.), essentially analogous in terms 

of surface chemistry to the silica prisms used for EW-CRDS 

measurements. TM-AFM images were recorded as described in Chapter 2. 

5.2.2 Electrochemical measurements 

CVs were recorded using an electrochemical analyzer (CH Instruments, 

model CHI730 A). Experiments were carried out using a three-electrode 

configuration consisting of a saturated calomel reference electrode (SCE), 

a platinum wire counter electrode and a PAni modified indium doped tin 

oxide (ITO, resistance 4 – 8 Ω, Delta Tech. Ltd.) slide as working 

electrode. The ITO slides were prepared by sequential cleaning with 

acetone, ethanol and Milli-Q water in an ultrasonic bath before immersing 

them into a solution containing 0.2 M aniline hydrochloride and 0.06 M 

sodium persulfate. The slides were removed after a defined time (typically 

6 min) and rinsed with Milli-Q water. The sample was then connected as 

the working electrode in an electrochemical cell containing 10 mL 0.1 M 

HCl. The potential range was chosen to be from -0.2 to 1.0 V vs. SCE and 

measurements were carried out at a range of scan rates (typically from 

0.01 V s
-1

 to 0.2 V s
-1

).  
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5.3 Results and discussion 

5.3.1 TM-AFM 

In order to obtain statistical data about the size and the coverage of PAni 

nanoparticles, TM-AFM measurements were carried out for different 

polymerisation times. SPIP software was used to obtain statistical 

information about the coverage, size and size distribution of the PAni 

nanoparticles. As an example, Figure 5.1A shows a 2 µm x 2 µm scan for 

PAni nanoparticle which were let to polymerise for 3 min from a 0.2 M 

aniline solution. It can be seen, that the nanoparticles formed are uniformly 

distributed and aggregation on the surface is negligible. The histogram 

(Figure 5.1B) shows a fairly narrow size distribution of the polymer 

nanoparticles. The deduced size of the nanoparticles was 5.6 (± 2.4) nm for 

this particular polymerisation time. 
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Figure 5.1: A) 2 µm x 2 µm ex situ TM-AFM image of PAni nanoparticles polymerised 

for 3 min from a 0.2 M monomer concentration on a quartz sample. The z range was 

16.5 nm B) Statistical analysis of PAni nanoparticle size from which a mean particle size 

of 5.8 (± 1.3) nm was obtained. 
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Figure 5.2 shows the topographic (A), amplitude (B) and phase (C) image 

of a 1 µm x 1 µm TM-AFM scan as well a line scan image (D). The 

polymerisation time for these images was 5 min also using a monomer 

concentration of 0.2 M. It can be seen that the shape of the particles, 

although distorted by the AFM tip, can reasonably be approximated by a 

hemisphere. 

   

 

 

Figure 5.2: 1 µm x 1 µm ex situ TM-AFM (A), amplitude (B) and phase (C) image of 

PAni nanoparticles polymerised for 5 min from a 0.2 M monomer concentration on a 

quartz sample. The z range in A was 52 nm. The line scan in A is displayed in D. 

Figure 5.3 shows several 1 µm x 1 µm TM-AFM images measured on 

quartz samples taken from the polymerisation reaction at 1 minute intervals 

over the time range of 2 minutes to 6 minutes. As the polymerisation 
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progresses, the polymer particles grow markedly in size with little evidence 

of additional nucleation. 
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Figure 5.3: Ex situ TM-AFM images of PAni. The scan range of all images is 1 µm x 1 

µm. The polymerisation process was stopped after different times ranging from 2 min to 6 

min and several images were recorded. The aniline concentration was kept constant at 

0.2 M. 

The particle number density as a function of time (Figure 5.4) was obtained 

using commercially available software (SPIP
TM

), and indicates that the 

number density of particles remains essentially constant at a value of 
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35 (± 5) µm
-2

, from short times onwards. This suggests that nuclei are 

formed in an early period and that all subsequent growth occurs at these 

particles. The TM-AFM images were used to extract height information to 

permit estimates of the amount of aniline units in each particle (see below). 
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Figure 5.4: Polymer particle surface coverage as a function of the polymerisation time 

determined from TM-AFM.  

5.3.2 Electrochemical Measurements 

Figure 5.5a shows CVs recorded at different scan rates (from 0.01 to 0.2 V 

s
-1

) between -0.2 V and 1.0 V vs. SCE for polymer deposited on an ITO 

surface after a polymerisation time of 6 minutes. There are 3 pronounced 

electrochemical redox pairs, corresponding to three redox states of PAni 

which have been described in numerous reports in the literature
55-57

 and 

whose observation here confirm the presence of PAni on the immersed 

substrate after the oxidative polymerisation. The first set of redox peaks at 
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around 0.1 V is associated with the oxidation and reduction of the 

(conducting) leucoemeraldine and emeraldine states of PAni.
38

 The redox 

pair in the middle, at 0.45 V, represents the redox reaction of overoxidation 

products while the third redox pair at 0.6 V corresponds to conversion of 

PAni from the emeraldine to the insulating pernigraniline form. The linear 

relation between the peak current for the anodic redox wave at 0.45 V vs. 

SCE, and the scan rate, shown in Figure 5.5b, is characteristic of an 

electroactive film rather than redox species in solution. The number of 

monomers (i.e. active groups), *Γ , in mol cm
-2

, can be estimated from
58

 

p*

2 2

4RTi

n F S
Γ =

ν
        (5.1) 

where R is the gas constant, T the temperature, ip the peak current, n the 

number of electrons involved in the redox process, F the Faraday constant, 

ν  the scan rate and S the electrode area. The number of active groups per 

particle can then be described by: 

* 1

aniline A pN N N
−= Γ        (5.2) 

where AN  is Avogadro’s constant and 
pN  is the number of particles per 

unit area of the substrate surface which was measured by TM-AFM. Given 

the (constant) coverage of 35 (± 5) polymer particles per µm
-2

 (Figure 5.4), 

the number of aniline groups per polymer particle after 6 minutes was 

calculated to be 1.0 (± 0.2) x 10
4
. Assuming a hemispherical morphology 

and a typical PAni density, ρ , of 1.33 g cm
-3

,
59

 this corresponds to 

particles of radius 8.2 (± 0.6) nm which is in reasonable agreement with the 
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TM-AFM measurements at this time which gave values of radius of 

8.7 (± 2.2) nm. 
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Figure 5.5: a) CVs of PAni polymerised for 6 min from a 0.2 M monomer solution onto an 

ITO electrode (unbiased during the polymerisation process). Voltammetric measurements 
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were carried out at scan rates ranging from 0.01 V s
-1

 to 0.2 V s
-1

. b) The peak current 

(first anodic peak) vs. scan rate for the above CVs.  

Since the size and the overall amount of PAni on the surface depend on the 

polymerisation time, the electrochemical response is higher for samples 

which were longer immersed in the polymerisation solution. Figure 5.6 

shows a comparison between two slides on which PAni was deposited for 

3 min and 5 min, respectively.  
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Figure 5.6: CVs of PAni polymerised for 3 min (red) and 5 min (blue)  from a 0.2 M 

monomer solution onto an ITO electrode (unbiased during the polymerisation process).  

The scan rate was 0.2 V s
-1

 for both measurements. 

5.3.3 UV-vis spectroscopy 

In addition to the electrochemical measurements, UV-vis spectra were 

recorded to confirm the presence of PAni on the silica surface. Figure 5.7 
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shows a UV-vis spectrum of a quartz slide after it was immersed in a 

solution of 0.2 M aniline and 0.06 M sodium persulfate for 10 min. The 

spectrum shows a broad absorbance band 450 nm and 900 nm and is in 

very good agreement with previous measurements.
37

 

 

Figure 5.7: UV-vis spectrum of PAni nanoparticles on quartz after a polymerisation time 

of 10 min. The polymerisation was carried out using 0.2 M aniline and 0.06 M sodium 

persulfate. 

5.3.4 EW-CRDS Measurements 

Figure 5.8 shows a typical ring-down trace for the polymerisation of 

aniline using a monomer concentration of 0.2 M. At the beginning of the 

experiment, the cell was filled with water (A). The ring-down time was 

slightly shorter when the water was replaced by the aniline solution (B). 

After adding sodium persulfate, the polymerisation process started and 

PAni nanoparticles were formed on the surface, which led to a decrease in 
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the ring-down time. The polymerisation could be stopped again by 

replacing the aniline / sodium persulfate solution with water (D). 

 

Figure 5.8: Experimental raw data for polymerisation of aniline using a 0.2 M monomer 

solution. The labelled sections represent different stages of the experiment. A) water only 

in cell, B) water was replaced by the monomer solution, C) sodium persulfate was added, 

starting the polymerisation, D) polymerisation process was stopped by replacing the 

solution with water. 

Figure 5.9 shows typical interfacial absorbance transients derived from the 

EW-CRDS response for the in situ polymerisation of aniline for three 

different monomer concentrations.  
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Figure 5.9: Absorbance transients measured by EW-CRDS for monomer concentrations of 

a) 0.2 M, b) 0.1 M and c) 0.05 M.  

It can be seen that the absorbance traces are strongly dependent on the 

concentration of aniline and that the rate of change of absorbance increases 

with time for each concentration. The absorbance is due to the formation of 

PAni on the silica surface, as identified above by TM-AFM and 

electrochemistry. The overall reaction is depicted in scheme 5.1.
27
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Scheme 5.1: Oxidative polymerisation of aniline. 

In order to obtain an analytical solution for the polymerisation kinetics, we 

have to recognise that the process involves the growth of particles which 

we consider to be hemispherical, with a time-dependent surface area ( )tσ . 

We assume a time-independent concentration of monomers in solution, 
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which is reasonable given the enormous excess of aniline used and the 

relatively slow kinetics of the polymerisation process. The change in the 

number of monomers per particle, anilineN , with time can thus be written as: 

aniline
A

( )
( )

dN t
kcN t

dt
σ=       (5.3) 

where k  is a heterogeneous polymerisation rate constant in cm s
-1

 and c  

the aniline concentration in mol cm
-3

. The number of monomers per 

particle is 

aniline A

W

( ) ( )N t N V t
M

ρ
=       (5.4) 

where WM  is the molar mass of aniline (g mol
-1

) and ( )V t  is the time-

dependent volume of a polymer particle (cm
3
). ( )V t  can be converted to 

( )tσ  using 3/2

1/2

1
( ) ( )

(18 )
V t tσ

π
= , and so, from eq. 5.4, the number of 

monomers per particle is: 

3/2 3/2

aniline A A1/2

W

1
( ) ( ) ( )

(18 )
N t N t N t

M B

ρ
σ σ

π
= =    (5.5) 

where ( )
1/2 1

W
18B Mπ ρ −= . It is possible to reformulate eq. 5.3 using eq. 

5.5 such that: 

1/2( ) 2
( )

3

d t
Bkc t

dt

σ
σ=        (5.6) 

The net absorbance measured by EW-CRDS can simply be described by: 

1

p aniline A( ) ( )Abs t N N t Nε −=       (5.7) 
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where ε is the extinction coefficient of PAni (at 405 nm) and 
pN  is the 

surface coverage of nanoparticles (cm
-2

). 
pNε  can be determined at any 

time by a combination of EW-CRDS ( ( )Abs t ) and TM-AFM and/or 

electrochemical measurements ( aniline ( )N t ). Additional TM-AFM 

measurement (data not shown) confirmed that 
pN  was independent of the 

monomer concentration over the range of aniline concentrations of interest. 

aniline ( )N t  is estimated from TM-AFM height measurements via 

3A
aniline

2
( ) ( )

3 W

N
N t r t

M

ρ
π=       (5.8) 

where ( )r t  is the mean radius (height) of the hemispherical particles. The 

PAni nanoparticle radius can therefore be expressed in terms of the 

absorbance 

1/3

1/3

p

3
( ) ( )

2

WM
r t Abs t

Nπρε

 
=   
 

      (5.9) 

and the corresponding surface area is: 

2/3

2/3

p

( ) ( )
B

t Abs t
N

σ
ε

 
=   
 

      (5.10) 

Substituting eq. 5.10 into eq. 5.6 gives the polymerisation rate constant as a 

function of the absorbance measured by EW-CRDS, with all other 

parameters known. 

( )
( )1/3

1 2 2/3

p

( )
( ) ( )

d Abs t
k t c B N Abs t

dt
ε

−− −=     (5.11) 



Chapter 5  

 126 

The absorbance transients can therefore be expressed in terms of a rate 

constant for polymerisation over the range of times of interest.  

The polymerisation rate constant for a typical experiment with a 

monomer concentration of 0.1 M, extracted from absorbance data and 

plotted vs. the polymerisation time, is shown in figure 5.10a. It can be seen 

that at very early times (t < 50 s), the absorbance - and consequently the 

calculated rate constant - is small and the values are erratic. This is not 

unexpected as this is the nucleation stage where the initial particles are 

being formed and there will be a net build up in the number of particles to 

the fixed number seen at later times. Furthermore, the morphology of the 

PAni nanoparticles is likely to deviate significantly from the idealised 

hemispherical geometry of the model. These factors (especially the former) 

cause the rate constant extracted from the fixed nuclei model to initially be 

low. The peak in the rate constant value between 50 – 100 s and the 

subsequent decrease with time suggests a size-dependent rate constant. 

However, there could be other effects contributing to this phenomenon 

such as desorption of oligomers from the surface or changes in the initial 

morphology of the PAni nanoparticles. On the other hand, since the 

extracted rate constant decreases by a factor of ca. 4 between t = 1 min and 

the long time asymptotic value of 1.1 x 10
-7

 cm s
-1

, we consider it unlikely 

that a change in the geometry of the particles alone could account for the 

observed variation of k with time. 
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Figure 5.10: a) The polymerisation rate constant as a function of time for a typical EW-

CRDS experiment using an aniline concentration of 0.1 M. The data were obtained from 

absorbance data that were converted to the polymerisation rate constant using eq. 5.11. 

b) The average polymerisation rate constant (from eq. 5.11) taken from 9 different 

experiments as a function of PAni nanoparticle radius (from eq. 5.9). 
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To explore further any potential size-dependence of the 

polymerisation rate constant, in Figure 5.10b we plot k (eq. 5.11) vs. r (eq. 

5.9) from data representing the average of 9 individual EW-CRDS 

measurements. Clearly the rate constant decreases with increasing 

nanoparticle size (for r > 2 nm). The polymerisation rate constant for the 

larger particles (r > 5 nm) is 1.4 (± 0.4) x 10
-7

 cm s
-1

 decreasing 

asymptotically to a value of 0.7 (± 0.4) x 10
-7

 cm s
-1

. For smaller particles 

(r < 2 nm), the rate constant is considerably larger, with values up to 

2.7 (± 1.1) x 10
-7

 cm s
-1

. 

We are not aware of any reports in the literature describing the 

elementary kinetics and rate constant for aniline addition, although size 

effects are prevalent in many areas of nanoscale chemistry.
60

 There have, 

however, been some proposals to explain the kinetics of in situ 

polymerised PAni films. PAni film formation experimental data has been 

fitted to the Johnson-Mehl-Avrami (JMA) equation.
51

 This process 

assumes three-dimensional growth of spheroids with no other nuclei being 

formed at the late stage of aniline polymerisation, both of which are 

consistent with our observations. Furthermore, the absorbance transients in 

Figure 5.9 resemble the experimental data obtained by Ayad et al., who 

followed the in situ film formation of PAni on gold with the QCM 

technique,
61

 but who did not report rate. In a separate study Sapurina and 

Stejskal concluded that the rate of aniline oxidation remained constant, 

once the first PAni had been produced on the surface
3
 which is again in 

agreement with our measurements. Moreover, they concluded that aniline 

polymerisation was heterogeneous, involving electron transfer to the 
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aniline monomer. Our results are, once again, consistent with this 

hypothesis and we have been able to demonstrate a simple model which 

takes this process into account. Our prediction of first order dependence on 

aniline for nanoparticle growth is further consistent with other studies,
54

 

although no rate constants were reported in those studies. 

5.4 Conclusions 

The early stage of the surface polymerisation of PAni on silica surfaces has 

been followed in situ by EW-CRDS, coupled with ex-situ TM-AFM 

measurements. Complementary voltammetry results have confirmed that 

the material produced is PAni. The process proceeds via the formation of 

hemispherical nanoparticles which grow with time, thus providing a means 

of forming arrays of PAni nanoparticles on surfaces. The EW-CRDS 

absorption transients were analyzed using a theoretical model developed to 

take account of all experimental observations. We find that the reaction is 

first-order in aniline (with 0.12 M sodium persulfate). The rate constant in 

the limit of large particle size is 0.7 (± 0.4) x 10
-7

 cm s
-1

. However, within 

the assumption of the model used, the polymerisation rate constant 

decreases monotonically with increasing particle size from a maximum 

value of ca. 2.7 (± 1.1) x 10
-7

 cm s
-1

 for a particle of 2 nm radius. This 

could suggest size-dependent polymerisation kinetics, but could also be 

explained (at least partly) by a change in the particle morphology during 

growth or the adsorption of oligomers at the interface at short times 

(enhancing the measured optical absorbance), which subsequently desorb 

from the surface.  
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6 Monitoring the electrochemical reduction 

of cytochrome c immobilised on silica 

In this chapter the electrochemical reduction of an adsorbed layer of 

cytochrome c immobilised on fused silica by ethylenediaminetetraacetic 

acid iron(II) complex (FeEDTA
2-

) has been monitored using EW-CRDS. 

Using finite-element modelling, the rate of electron transfer (ET) between 

electrochemically generated FeEDTA
2-

 and cytochrome c (in its oxidised 

form) has been deduced. In order to monitor the time-dependent reduction 

of this protein spectroscopically, a frequency doubled Ti-Saphire laser 

(400 nm) was employed. The tunability of this laser together with an 

improved signal to noise ratio led to a significant improvement of the EW-

CRDS technique. 

6.1 Introduction 

Immobilised cytochrome c on electrodes has been of great interest in the 

physical sciences where the redox properties, especially the ET 

mechanism, were studied using CV,
1-3

 SERS
1-2

 impedance spectroscopy
3-4

 

and spectroscopic techniques such as UV-vis and electron paramagnetic 

resonance spectroscopy
2
 as well as X-ray photoelectron spectroscopy.

4
 ET 

is fundamental to many biological processes, especially the respiration 

chain which involves a cascade of ET events between redox proteins.
5
 In 
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order to understand the ET mechanism, proteins have been studied 

spectroscopically in solution.
7-15

 The first demonstration of a CV of 

cytochrome c has been demonstrated by Eddowes and Hill
6
 and Yeh and 

Kuwana
7
 independently in 1977. 

A very useful and widely used tool to study the ET between 

proteins and electrodes is Protein Film Voltammetry (PFV).
8
 This 

technique is especially useful to examine electrochemically the active sites 

of redox proteins on surfaces in novel devices such as biosensors, 

bioelectronics and biofuel cells.
9-10

 By varying the potential at an electrode, 

not only the formal potential but also kinetic information such as the rates 

of ET between the electrode and protein and thermodynamic constants of 

these electroactive proteins can be obtained.
11-14

 Although PFV has been 

very successful in investigating redox mechanisms, it is somewhat limited 

due to the difficulty to arrange the proteins on the electrode in such a way 

that fast ET from the protein to the electrode is ensured, as well as optimal 

accessibility of the protein to its redox partners.
15-16

 Additionally, the 

analysis of the ET kinetics can be quite challenging because the current is 

only an indirect measure for the ET between proteins.
17

 

The adsorption of cytochrome c has been investigated recently by 

van der Sneppen et al. by mounting flow cell on top of the prism.
18

 The 

authors showed that the adsorption of cytochrome c is irreversible on all 

investigated surfaces which were bare silica, octadecyl terminated and NH2 

terminated silica. The bare silica surface showed the highest affinity 

towards the cytochrome c followed by NH2 coating and the octacecyl 

surface. In this chapter we use the thin layer cell EW-CRDS configuration 
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(as used in chapter 4) to study the well-known adsorption behaviour of 

cytochrome c. By introducing a redox mediator in the thin layer cell, the 

ET mechanism between the mediator and the cytochrome c could be 

investigated and described due to the difference of the absorbances of the 

two redox states of the protein. In order to discriminate between the two 

forms, a frequency doubled Ti-Saphire laser (λ = 400 nm) was employed 

since the difference in the absorbance is higher at this wavelength than at 

405 nm using the diode laser employed in previous measurements (chapter 

4 and 5). 

6.2 Experimental 

6.2.1 Materials 

Horse-heart cytochrome c, potassium chloride, sodium dithionite and 

ethylenediaminetetraacetic acid iron(III) sodium salt (FeEDTA
-
) (all 

Sigma-Aldrich) were used as received and stored in the dark. Solutions 

were prepared using ultrapure Milli-Q water (Millipore) freshly prior each 

experiment. Solutions were deaerated with N2 and kept under N2 

atmosphere. 

6.2.2 UV-vis Spectroscopy 

UV-vis spectra were recorded using a Jasco V660 spectrophotometer. 

100 µM solution of reduced cytochrome c was degassed with N2, added to 

a 1 mg cm
-3

 solution of sodium dithionite and diluted to 20 µM before the 
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spectrum was recorded. The oxidised cytochrome c was diluted to 20 µM 

without degassing with N2. 

6.2.3 EW-CRDS 

EW-CRDS measurements were carried out in a similar way as described 

previously (Chapters 3-5). The difference in this setup however was that 

the light source was chosen to be the second harmonic (SHG, generated 

using Type I β-barium borate (BBO) crystal) of a commercially available 

femtosecond Ti-Saphire laser (SpectraPhysics XP Regenerative amplifier) 

at a repetition rate of 1 kHz. Since this type of laser allows the wavelength 

to be tuned, the wavelength for these experiments was chosen to be 400 nm 

because of the pronounced difference in the absorption spectra for the two 

redox forms of cytochrome c (see Figure 6.3). Figure 6.1 shows the beam 

path for the frequency generation and the pulse stretching. After the laser 

beam has been led through the two BBO crystals, a mirror reflects only the 

third harmonic and transmits the fundamental and the second harmonic. 

After a series of mirrors which filter out the fundamental frequency 

(800 nm) only the second harmonic eventually enters a 1 m fused silica rod 

in order to stretch the pulse duration and decrease the power per pulse. The 

laser pulse was then further stretched using a 20 m single-mode optical 

fibre and introduced into the optical cavity in the same way as described in 

previous chapters.  
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Figure 6.1: Schematic of the laser setup. The light pulses were generated using a Ti-

Saphire laser. The chosen wavelength of 400 nm was obtained by SHG using a Type I 

BBO crystal. The BBO crystal for third harmonic generation (THG) was used to generate 

266 nm light for a separate experiment. The pulse duration was stretched subsequently by 

two mirrors, a 1 m fused silica rod and a 20 m optical fibre. Calculations concerning the 

pulse duration can be found in the text. 

The absorbance due to species present in the evanescent field was 

calculated in the same way as described in chapter 3. 

6.2.3.1 Comparison of the ps laser setup to the diode laser setup 

It was found, that the signal to noise ratio of the laser system described 

above was significantly larger than for the diode laser system described in 

the previous chapters. Figure 6.2A and Figure 6.2B show a comparison of 

the ring-down traces for a triangular ring cavity measured using a 405 nm 

diode laser and the 400 nm laser, respectively. In both plots, two individual 

ring-down traces are shown. In order to have a measure of the signal to 

noise ratio, the standard deviation was calculated for the two traces at each 

SHG THG 

1 m fused silica 

20 m optical fibre 

Ti-Saphire Laser 
40 fs, 800 nm, 1 kHz repetition rate 

BBO crystals 400 µµµµm 
total path length 
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data point. It was found that there was a ~20 fold increase in the signal to 

noise ratio of the fs laser compared to the continuous wave diode laser. 
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Figure 6.2: Typical ring-down traces for A) the diode laser used for the work in Chapters 4 

and 5 and B) the fs laser used in this chapter. In both graphs, two traces are overlaid. The 

error bars are calculated using the standard deviation of the two traces at each data point. 

6.2.4 Electrochemistry 

Electrochemical experiments were carried out in circular PTFE cell using a 

standard 3 electrode system employing a 2 mm diameter Pt disc working 

electrode, a Pt wire counter electrode and a chlorinated (AgCl) Ag wire 

reference electrode. The current was measured using a homebuilt 

potentiostat and transferred onto a National Instruments card (NI PCIe-

6251). In order to carry out electrochemical and EW-CRDS measurements 
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simultaneously, the Pt macroelectrode was carefully aligned above the 

evanescent field at a distance of 100 µm from the prism surface using an x, 

y, z micropositioner. LabVIEW software was employed to measure the 

electrochemical and EW-CRDS responses.   

6.3 Results and Discussion 

6.3.1 Calculation of pulse duration 

Although the duration of a laser pulse exiting the Ti-Saphire laser is 40 fs, 

it gets stretched in time due to several effects. A small effect will be caused 

by the two crystals responsible for SHG and THG which, together, have a 

path length of 400 µm. Then the light travels through two mirrors which 

reflect the unwanted third harmonic (266 nm) and the fundamental mode 

(800 nm) and which have a thickness of 2 mm each. The pulse is then 

stretched by travelling through a fused silica rod (1 m). Finally, a 20 m 

silica single mode optical fibre has the biggest effect on the pulse duration. 

It is possible to calculate the effective pulse duration
19

 using  

1/2
2

pulse1 0 2

pulse0

4 ln 2 ''( )
1t

t

  Φ = +      

ω
τ      (6.1) 

where 
pulse1t  is the broadened pulse duration, 

pulse0t  the initial pulse duration 

and ''( )ωΦ  the frequency dependent group velocity dispersion per cm. The 

later constant can be described by 

''( ) ''( )zω β ωΦ =        (6.2) 
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where z is the path length of the dispersive medium (i.e. mirrors, silica rod 

and optical fibre) and ''( )β ω is the group velocity dispersion. These values 

depend on the material and the frequency of the light and are tabulated. In 

the case of silica, ''( ) 1000β ω ≅ .
20

 

The effective pulse duration can be determined by applying eq. 6.1 

to the aforementioned different effects. It has to be noted that the initial 

pulse duration, 0τ , is always 40 fs and does not change. If we assume 

transform-limited behaviour, the pulse is defined by 

pulse

0.441
t

E
=

∆
        (6.3) 

where E∆  is constant. This is due to the fact that short laser pulses are 

broad in frequency and all frequency components still have to be included 

in the pulse. The effect of the SHG and THG crystals is minimal and can 

be neglected. The two mirrors add 9 fs, the fused silica rod 6.9 ps and the 

optical fibre 139 ps to the pulse duration. The overall pulse duration before 

entering the ring-down cavity is approximately 146 ps, since pulse 

broadening is additive. 

It was found that a typical ring-down time is 300 ns. It takes 

approximately 3 times longer for the light in the optical cavity to disappear; 

therefore after 900 ns we can assume that the light intensity in the optical 

cavity is negligible. If we take into account the length of the cavity 

(78 cm), 900 ns corresponds to 346 ring-down events. 

Again, using eq. 6.1, we can calculate the stretching of the pulse 

due to the fused silica prism. If we assume a path length of 1 cm, the 
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stretching is 24 ps. The pulse duration after 900 ns is therefore ~177 ps. 

The time for one roundtrip in the optical cavity is defined as 

RT

L

L
t

c
=         (6.4) 

where L is the length of the cavity and c the speed of light. In our optical 

cavity, RTt = 2.6 ns which means that even after most of the light has been 

extinguished; the pulse duration is still very much shorter than the length of 

the cavity. 

6.3.2 UV-vis Spectroscopy 

Figure 6.3 shows the absorption spectra of the two redox forms of 

cytochrome c. It was found that the extinction coefficients (at 400 nm) 

were 5.87 x 10
4
 dm

3
 mol

-1
 cm

-1
 for the oxidised and 3.79 x 10

-4
 dm

3
 mol

-1
 

cm
-1

 reduced cytochrome c, respectively. These values can later be used to 

calculate the ratio of the surface concentration of the two redox forms of 

cytochrome c on the prism surface during the electrochemical experiments. 

The peak positions of the two spectra are in good agreement with previous 

measurements.
9 
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Figure 6.3: UV-vis spectra of the oxidised (blue) and reduced form of cytochrome c. The 

black dashed line represents the wavelength of the laser used for the EW-CRDS 

experiments. 

6.3.3 Adsorption of cytochrome c on silica 

Figure 6.4 shows a typical optical-absorbance transient for adsorption of 

cytochrome c in 0.1 M KCl (5 µM volume) on silica. The optical 

absorbance rises after dropping the solution onto the surface and reaches a 

maximum value of 0.004, which corresponds to a surface coverage of 

6.8 x 10
-11

 mol cm
-2

. If one takes into account a diameter of 3.4 nm for this 

roughly spherical protein,
21

 the maximum surface concentration for a 

closed packed monolayer should be approximately 1.8 x 10
-11

 mol cm
-2

. 

This is clearly much less than the maximum value in Figure 6.3. A possible 

explanation is that a monolayer of cytochrome c binds very strongly on the 

silica surface, but more cytochrome c proteins can adsorb on top of this 

layer (multilayer adsorption). These proteins are bound much more weakly 
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and can be washed away, when the solution is removed and the cell is 

washed with 0.1 M KCl (red line in Figure 6.4). This effect was confirmed 

by forming a sub-monolayer of cytochrome c and rinsing the cell. In this 

case, the absorbance stayed constant during the washing cycle and no 

cytochrome c proteins were removed from the surface. After the washing 

step, approximately 3 x 10
-11

 mol cm
-2

. The shape and the coverage are in 

good agreement with earlier reports.
18

 It is important to note that the 

conformation of cytochrome c does not change upon adsorption on silica 

and the absorbance properties of cytochrome c in solution are believed to 

be the same as on silica.
21
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Figure 6.4: EW-CRDS response for the adsorption of 5 µM cytochrome c in 0.1 M KCl. 

The solution was introduced after 34.2 s (blue line). After 148 s the solution was removed 

and the surface washed with 0.1 M KCl. 
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6.3.4 Reduction of cytochrome c by electrogenerated 

FeEDTA
2-

 

After the adsorption and washing process, the adsorbed layer of 

cytochrome c was electrochemically reduced using different concentrations 

of FeEDTA
-
 in 0.1 M KCl. The introduction of the mediator solutions had 

no effect on the ring-down time, which indicates that the FeEDTA
-
 within 

the evanescent field does not contribute the optical absorbance. The 

cytochrome c did not appear to desorb from the surface (as indicated by a 

stable ring-down time) and it is also reasonable to assume that the 

FeEDTA
-/2-

 redox pair does not bind to the prism surface due to charge 

repulsion from the negatively charged silica surface. The Pt macroelectrode 

was aligned 100 µm above the silica surface. In this way, a thin layer cell 

was formed between the electrode and the prism. The potential was stepped 

from 0.0 V to -0.5 V vs. Ag/AgCl for 60 s and then returned to the open 

circuit potential. Figure 6.5 shows the potential (A) and the current (B) as a 

function of time for a chronoamperometric experiment using a 

concentration of 0.1 mM of FeEDTA
-
. 
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Figure 6.5: A) Potential applied to the Pt macroelectrode as a function of time. The 

potential was stepped from 0.0 V to – 0.5 V vs. Ag/AgCl at t = 0 for 60 s. B) 

Corresponding current transient as measured by the potentiostat. 

The EW-CRDS responses for different FeEDTA
-
 concentrations 

(0.5 mM 0.75 mM and 1 mM) were recorded simultaneously and are 

displayed in Figure 6.6. It was difficult to obtain exactly the same coverage 

of cytochrome c in each experiment. In order to compare different 

transients, the absorbance was converted into the ratio of oxidised 

cytochrome c to the total cytochrome c on the surface, O( )tθ . This ratio 

was calculated using the extinction coefficient for the two redox states, 
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which were obtained by UV-vis spectroscopy. Assuming that all 

cytochrome c on the surface is oxidised at t = 0, the surface coverage, N, 

can be described by 

O

(0)Abs
N

ε
=         (6.5) 

where (0)Abs  is the initial absorbance. The time-dependent absorbance is 

simply the sum of the absorbances due to oxidised and reduced cytochrome 

c. 

O O R R( ) ( ) ( )Abs t N t N tε θ ε θ= +      (6.6) 

where R ( )tθ  is the time-dependent ratio of reduced cytochrome c to the 

total cytochrome c on the surface. Since O R( ) ( ) 1t tθ θ+ = , eq. 6.6 can be 

solved for O( )tθ : 

( )
R

O

O R

( )
( )

Abs t N
t

N

ε
θ

ε ε

−
=

−
       (6.7) 
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Figure 6.6: EW-CRDS transients for the electrochemical oxidation of adsorbed layers of 

cytochrome c on silica using a concentration of FeEDTA
2-

 of 0.5 mM (red), 0.75 mM 

(blue) and 1 mM (green). The best fits to the model (black lines) yielded rate constants of 

4.0 x 10
-9

 cm s
-1

, 4.0 x 10
-9

 cm s
-1

 and 5.0 x 10
-9

 cm s
-1

 for FeEDTA
2-

 concentrations of 

0.5 mM, 0.75 mM and 1 mM, respectively. 

It was shown that the reduction of FeEDTA
-
 in a thin layer cell 

configuration does not have an effect on the ring-down time when the 

cytochrome c layer was absent (data not shown). Therefore the change in 

the absorbance in the evanescent field is only due to the change of the 

redox state of cytochrome c on the surface.  

The same experiment can be carried out using the diode laser 

system as described in chapters 4 and 5. However, at λ = 405 nm the 

difference in the absorbance of the two redox states of cytochrome c 

(Figure 6.3) is not pronounced and hence no change in the ring-down time 



 

can be observed (data not shown). This also means, that the change in the 

ring-down time as measured by the 400 nm laser setup is not due to 

desorption of cytochrome 

FeEDTA
-/2-

 redox pair does 

experiment, 1 mM FeEDTA

without the cytochrome 
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Figure 6.7: Ring-down time as a function of time for a potential step experiment (step 

time: 60 s) using 1 mM FeEDTA

All three transients in Figure 6.6 show an initial lag time of around 5 s 

before the cytochrome 

This is due to the time it takes for the FeEDTA

prism surface. This effect has also been observed previously in such thin 

layer cell experiments (Chapter 4). It can be seen that nearly all 

cytochrome c is reduced after the potential step if 1

For lower concentrations of the mediator, the reduction process is slower 
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can be observed (data not shown). This also means, that the change in the 

down time as measured by the 400 nm laser setup is not due to 

desorption of cytochrome c from the surface. As shown in Figure 6.7, the 

redox pair does not contribute to the absorbance. In this control 

experiment, 1 mM FeEDTA- was reduced in 60 s potential step experiment 

without the cytochrome c adsorbed on the surface. 
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down time as a function of time for a potential step experiment (step 

time: 60 s) using 1 mM FeEDTA
-
 with no cytochrome c present. 

All three transients in Figure 6.6 show an initial lag time of around 5 s 

before the cytochrome c is reduced by the generated FeEDTA

This is due to the time it takes for the FeEDTA
2-

 to diffuse down to the 

prism surface. This effect has also been observed previously in such thin 

layer cell experiments (Chapter 4). It can be seen that nearly all 

s reduced after the potential step if 1 mM FeEDTA

For lower concentrations of the mediator, the reduction process is slower 

Chapter 6  

can be observed (data not shown). This also means, that the change in the 

down time as measured by the 400 nm laser setup is not due to 

from the surface. As shown in Figure 6.7, the 

not contribute to the absorbance. In this control 

was reduced in 60 s potential step experiment 

70
 

 

down time as a function of time for a potential step experiment (step 

All three transients in Figure 6.6 show an initial lag time of around 5 s 

enerated FeEDTA
2-

 at t = 0. 

to diffuse down to the 

prism surface. This effect has also been observed previously in such thin 

layer cell experiments (Chapter 4). It can be seen that nearly all 

mM FeEDTA
-
 is used. 

For lower concentrations of the mediator, the reduction process is slower 
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since the surface concentration of FeEDTA
2-

 is lower. The data in Figure 

6.5 can be modelled using COMSOL Multiphysics 3.5 finite element 

modelling (as demonstrated already in Chapter 4). The fits to the 

experimental data and the calculation of the corresponding rate constants 

have been carried out by Hayley Powell. Briefly, a one-dimensional 

diffusion equation for the concentration of FeEDTA
-
 was solved between 

the electrode and the prism. The boundary conditions at the prism surface 

take into account Butler-Volmer kinetics and can be described by 

( )

( )

O
0 O O

O
0 O O

* exp

* exp

c F E
D k c c

x RT

d F E
N k c c

dt RT

α
θ

θ α
θ

∂ ∆ 
= − − 

∂  

∆ 
= − − − 

 

   (6.8a + 6.8b) 

where D is the diffusion coefficient of FeEDTA
-
, 0k  the rate constant for 

the reduction of cytochrome c in cm s
-1

, Oc  the concentration of the 

electrochemically generated FeEDTA
2-

, *c  the bulk concentration of 

FeEDTA
-
 andα  the ET coefficient (taken to be 0.5).

22
 E∆  is the potential 

drop at the interface and depends on the concentration for the reduced and 

oxidised form of the mediator as demonstrated recently.
23-24

 

O
FeEDTA cytc

O

ln
*

cRT
E E E

nF c c

 
∆ = − +  

− 
    (6.9) 

where FeEDTAE  is the formal redox potential of FeEDTA
-/2-

 (120 mV vs. 

NHE)
25

 and 
cytcE  the formal redox potential of cytochrome c (260 mV vs. 

NHE).
26

 Fits to the experimental data have been carried out by varying 0k  

since all other factors are constant. The average rate constants were found 
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to be 4.0 x 10
-9

 cm s
-1

 for 0.5 mM, 4.0 x 10
-9

 cm s
-1 

for 0.75 mM and 

5.0 x 10
-9

 cm s
-1 

for 1 mM, the average rate constants was 4.3 (±0.6) x 10
-9

 

cm s
-1

. This rate constant can be converted into a second-order rate 

constant, k , using 

0 FeEDTA cytcexp( )k E E
k

N

−
=       (6.10) 

giving a value of 2.7 (±0.6) M
-1

 s
-1

. There have been previous reports in the 

literature which have determined the ET rate for cytochrome c by redox 

mediators in solution. Most studies were employing the Marcus theory for 

outer sphere ET. Depending on experimental conditions such as pH and 

ionic strength, the ET rate constant for FeEDTA
2-

 and oxidised cytochrome 

c is usually in the range of 4.1 - 5.8 x 10
3
 M

-1
 s

-1
.
10, 11, 27

 Rate constants 

have been reported for ET between cytochrome c an other small inorganic 

molecules such as pentaammineruthenium(II/III) complexes
7, 12

  and 

Copper complexes.
27-28

  These constants are typically of the same order of 

magnitude if not larger. The rate constant for ET of cytochrome c to its 

natural redox partners (cytochrome c peroxidase and cytochrome c 

oxidase) are even higher and can reach up to 4 x 10
6
 M

-1
 s

-1
.
29-30

 One 

possibility to explain, why our ET rate is so slow compared to these other 

studies is the fact that cytochrome c might be oriented in such away on the 

fused silica surface that the electrochemically active heme groups are close 

to the prism surface due to electrostatic interactions between the positively 

charged lysine residues which surround the active site and the negatively 

charged silanol groups of the fused silica. Therefore, the ET mechanism 

between the FeEDTA
2-

 and the cytochrome c becomes less favourable. 
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There has been a report in the literature, where the ET rate of immobilised 

cytochrome c was obtained using a SECM setup. The proteins were 

adsorbed on a gold electrode using a self-assembled monolayer 

(11-mercaptoundecanoic acid). The electrode was held at a potential 

sufficient to drive the reduction of the cytochrome c layer. A UME was 

employed to study the heterogeneous ET constant between the 

electrochemically generated Fe(CN)6
3-

 and the cytochrome c at the gold 

electrode. The rate constant was found to be 2 × 10
4
 M

-1
 s

-1
 which can be 

explained by the fact that the electrode potential of the biased gold 

electrode was not taken into account for calculating the ET rate constant. 

6.4 Conclusions 

In this chapter, the ET rate constant between a surface bound layer of 

cytochrome c on fused silica and the redox mediator FeEDTA
2-

 was 

extracted using EW-CRDS in combination with chronoamperometry in a 

thin layer cell arrangement. The rate constant was obtained using finite-

element modelling and was found to be 4.3 (±0.6) x 10
-9

 cm s
-1

 (which 

corresponds to a second order rate constant of 2.7 (±0.6) M
-1

 s
-1

). It is hard 

to measure surface and ET kinetics with other techniques such as PFV 

since these techniques change the environment by applying a bias to the 

surface on which the proteins are bound. We have shown that it is possible 

to directly monitor ET between surface immobilised proteins and other 

molecules using EW-CRDS. 

The EW-CRDS experiments were carried out using a Ti-Saphire 

laser with a pulse duration of 40 fs. The pulse duration was stretched to 
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146 ps using a fused silica rod and a single mode optical fibre before 

entering the optical cavity. It was shown, that the pulse duration was 

always considerable shorter than the length of the cavity. The signal to 

noise ratio for individual ring-down traces was found be increased by a 

factor of 20 compared to the conventional diode laser setup. 
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7 Evanescent Wave Broadband Cavity 

Enhanced Absorption Spectroscopy: A New 

Probe of Electrochemical Processes 

An evanescent-wave variant of broadband cavity enhanced absorption 

spectroscopy using a supercontinuum light source has been used to detect 

electrogenerated species at the silica-water interface. Broadband excitation 

is especially advantageous, since full spectra can be measured at a 

reasonable time resolution. In proof-of-concept experiments [IrCl6]
2-

 was 

produced by electro-oxidation of [IrCl6]
3-

 in a thin layer electrochemical 

cell. Diffusion of the [IrCl6]
2- 

across the cell to a silica interface was 

monitored yielding real-time concentrations within an evanescent field 

region at the interface. The optical response was compared with the 

electrochemical response during chronoamperometric step and CV 

experiments and both were simulated by finite element modelling. The 

experiment is highly sensitive to interfacial processes and its wide spectral 

width and fast time resolution make it a potentially powerful tool for in situ 

spectroscopic monitoring of processes and intermediates in dynamic 

electrochemistry.  
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7.1 Introduction 

There has been a recent surge in efforts to bring the cavity enhanced 

techniques developed in the gas phase,
1
 to bear on condensed phase 

problems.
2-4

 One method capable of providing wide spectral information is 

broadband cavity enhanced spectroscopy (BB-CEAS). In its simplest 

incarnation, CEAS involves injection of light into a high finesse optical 

cavity. The time integrated intensity of light passing through the cavity 

provides a measure of inherent cavity losses and intracavity absorptions. 

The sensitivity is increased by the use of highly reflective cavity mirrors 

which vastly increases the effective path length, similar to the EW-CRDS 

technique (up to several km in gas-phase applications). Although mainly 

applied to gas-phase problems, incoherent BB-CEAS has been employed in 

conventional bulk liquid cells using white diodes.
5, 6

  

In a recent paper, an incoherent broadband light source (short-arc 

Xe-lamp) was applied in a cavity-enhanced evanescent wave absorption 

method in order to study surface adsorbed metallo porphyrins.
7
 The 

experimental setup involved an optical cavity in a folded cavity 

configuration. The light between 390 nm and 625 nm was measured using 

a diode array. It was found that an integration time of 100 ms was 

sufficient enough to obtain a strong signal. Stelmaszczyk et al. applied 

supercontinuum radiation (SCR) to CRDS and were able to measure 

sequentially the ring-down transients of selectively chosen wavelengths in 

a linear cavity but are limited to static experiments.
8
 Later, the same 

authors measured the absorption spectrum of NO2 using this SCR-CRDS 

technique.
9
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This chapter describes an evanescent wave variant of BB-CEAS 

(EW-BB-CEAS) developed to study electrochemical reactions at a silica-

solution interface. The technique is sensitive to absorbing or scattering 

species present in the 200-500 nm deep evanescent field established 

beyond the interface whenever light is totally internally reflected. 

Typically, the time resolution of BB-CEAS is limited by the accumulation 

times required to establish high signal to noise. For these experiments, the 

speed of data acquisition was increased by incorporating an SCR source, 

providing both high spectral brilliance and extremely broadband 

wavelength coverage.
10-12

 SCR is generated through nonlinear processes 

upon intense pumping of optical materials. The nonlinear effects are 

enhanced in photonic crystal fibres (PCFs)
13

 and broadband SCR from the 

blue to the near-infrared is readily generated in PCFs using short laser 

pulses. The spectral brilliance of the SCR permits more rapid acquisition of 

spectra with higher signal to noise than other light sources such as Xe-

lamps. This new instrument provides a powerful combination of broadband 

spectral information coupled with high sensitivity, high spatial resolution 

and high time resolution. 

By way of demonstration of the EW-BB-CEAS technique for 

electrochemical applications, the electrogeneration of [IrCl6]
2-

 generated by 

electrochemical oxidation of [IrCl6]
3-

 in a thin layer cell arrangement is 

considered.
3
 Both potential step (chronoamperometric) and CV 

experiments have been performed, during which the absorption spectrum 

within the evanescent field was continuously measured in the region 

510-570 nm using EW-BB-CEAS. In order to improve the spectral range 
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and the time resolution, the high-reflectivity cavity mirrors were then 

replaced with broadband coated mirrors.  

7.2 Experimental Section 

7.2.1 EW-BB-CEAS apparatus 

Figure 7.1 shows the experimental arrangement. The cavity mirrors were 

either two highly reflective concave mirrors (Layertec. R550nm > 99.99 %, 

1 m radius of curvature) or two broadband coated mirrors (R > 99.85 % in 

the range of 400 – 850 nm,1 m radius of curvature) and were arranged 

together with a custom fused silica prism in a folded cavity configuration.
2
 

The total internal reflection angle was 75 degrees, slightly greater than the 

critical angle for the silica-water interface (66 degrees). A liquid cell within 

which electrochemical experiments were performed was mounted above 

the prism.  

 

Figure 7.1: The broadband evanescent-wave cavity enhanced spectrometer employing 

supercontinuum radiation for detection at the silica-water interface. For clarity only the 

working electrode is shown. 
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The optical cavity was filled with broadband light from a 

commercial SCR source: 5 ps pulse length fibre laser operating at 10 MHz 

(Fianium SC400). The output power was 2 W with bandwidth 400 - 

2500 nm. In most measurements, it was spectrally filtered to a bandwidth 

of 70 nm centred around 535 nm, to match the mirror reflectivities and to 

avoid saturation of the detector. After filtering, the total optical power was 

9 mW. Light escaping through the back mirror (M2) was coupled via an 

optical multimode fibre into a grating spectrometer (PI Acton SP2300) 

equipped with a 1340×400 pixel CCD camera (PI Acton Pixis 400B). The 

signal was typically integrated for 0.5 s. 

For the measurements involving the broadband mirrors, the signal 

was integrated for 10 µs at a repetition rate of 606 Hz and measured with 

an Andor Shamrock SR-303i imaging spectrograph (wavelength range 

533 nm centred at 546 nm) which was attached to a cooled CCD camera 

(Andor iXon, 512 x 512 pixels). 

7.2.2 Electrochemical measurements 

Experiments were performed in a thin layer electrochemical cell 

arrangement with a circular 2 mm diameter platinum working electrode. 

The electrode was aligned between 100 and 150 (±10) µm above the 

evanescent field as described in previous chapters. To permit CV and 

chronoamperometric (potential step) experiments, a platinum wire counter 

electrode was employed with a chlorinated silver wire acting as a quasi 

reference electrode. The cell contained a solution of 10 mM [IrCl6]
3-

 in 
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0.1 M KNO3(aq) (as supporting electrolyte). Electrochemical generation of 

[IrCl6]
2-

 was achieved by stepping the potential from 0.3 to 0.8 V vs. 

Ag/AgCl for various step times (typically 10 -120 s) or by sweeping the 

potential at various scan rates.  

7.3 Results and Discussion 

7.3.1 UV-vis Spectroscopy 

Figure 7.2 shows the UV-visible absorption spectra of 0.5 mM [IrCl6]
3-

 and 

[IrCl6]
2- 

solutions. The spectral window for the first set of experiments, 

limited by filters and mirrors available, was 510-570 nm.  The necessary 

reference spectrum required for CEAS was obtained with pure water and 

the spectrum of the [IrCl6]
3-

 solution in the cell was recorded before and 

after each electrochemical experiment to compensate for any drift in the 

intensity or spectrum of the SCR source. 

 

Figure 7.2: UV-vis spectra of 0.5 mM [IrCl6]
3-

 (black) and [IrCl6]
2-

 (red) solutions. The 

blue curve indicates the spectrum of the filtered supercontinuum radiation and the green 
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line the region of high mirror reflectivity for the first set of EW-BB-CEAS experiments 

(R>0.999). 

7.3.2 EW-BB-CEAS Experiments 

Figure 7.3a shows the evolution of the interfacial optical absorption 

spectrum during a chronoamperometry experiment using the high 

reflectivity mirrors, as the working electrode was stepped for 120 s from 

0.3 V to 0.8 V and back. The high absorbance below 540 nm matches the 

[IrCl6]
2- 

absorption feature (Figure 7.2). The [IrCl6]
2- 

concentration within 

the evanescent field reaches a maximum after ca. 50 s when all [IrCl6]
3-

 in 

the thin layer cell has been oxidised. After 120 s, the potential was stepped 

to open circuit and [IrCl6]
2-

 diffuses out of the thin layer cell resulting in a 

slow decay of the interfacial absorbance.  

Figure 7.3b shows the interfacial spectrum recorded during a CV in 

which the potential was swept from 0.3 V to 0.9 V (vs. Ag/AgCl) and back 

at 5 mV s
-1

. Again, the optical absorbance increases as the electrode 

potential is taken in the anodic direction, but decreases on the return sweep 

as the [IrCl6]
2- 

is actively reduced at the electrode. The optical response 

trails the electrode potential by a few seconds as the electrochemically 

generated [IrCl6]
2-

 diffuses across the cell into the evanescent field. 
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Figure 7.3: Contour plots of the interfacial absorption spectra of electrogenerated [IrCl6]
2-

 

as a function of time during (A) a chronoamperometric step experiment and (B) a CV 

experiment.   

To illustrate the quantitative nature of these measurements, 

Figure 7.4a shows the [IrCl6]
2-

 concentration, derived from the λ = 520 nm 

data, as a function of time during a 120 s potential step experiment. The 

current was measured simultaneously with the EW-BB-CEAS signal and 

gives information on the mass transport of [IrCl6]
3-

 to the electrode. Finite 

element simulations, performed as described in Chapter 3 and in an earlier 

paper,
3
 were carried out in order treat to mass transport (diffusion) in the 

thin layer cell arrangement and are in good agreement with the 

experimental data. The absorbance reaches a plateau after ca. 50s, once all 

[IrCl6]
3-

 has been oxidised within the thin layer. Figure 7.4b shows the time 

evolution of the interfacial [IrCl6]
2-

 concentration during the CV (0.3 V to 

0.8 V vs. Ag/AgCl at 5 mV s
-1

). Again, the simulated concentration and 

current transients are in good agreement with the experimental data. 
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Figure 7.4: Measured (black) and simulated (red) interfacial [IrCl6]
2- 

concentration during 

(A) a 120 s chronoamperometry experiment (120 s at 0.8 V vs. Ag/AgCl) and (B) a CV (5 

mV s
-1

). The measured (blue) and simulated (green) current transients are also shown. 

In this initial demonstration, depending on the wavelength, the light 

undergoes ca. 60-95 round trips of the cavity before the intensity falls by a 

factor 1/e. The sensitivity can be estimated
14

 in terms of the minimal 

detectable extinction coefficient, (αl)min, which averages 1.4 x 10
-5

 over the 

spectral range of these experiments with a peak of 6.8 x 10
-6

. For the 

effective path length of ca. 1µm,
3
 the minimum detectable [IrCl6]

2- 

A 

B 
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concentration for a 0.5 s acquisition, is 57µM  - equivalent to detecting 

5.7 nM [IrCl6]
2-

 in a conventional 1cm cuvette in the same time.  

In order to extend the wavelength range, the high reflectivity 

mirrors were replaced with broadband coated cavity mirrors. Figure 7.5A 

shows the signal (I) and reference (I0) spectra as measured by the 

spectrometer with a solution of 10 mM [IrCl6]
2- 

in the cell above the prism. 

The measurements were taken every 10 ms and the displayed spectra are 

averaged 200 times (i.e. 2 s accumulation time). The reflectivity of the 

broadband mirrors is not constant over the whole wavelength range. This 

effect manifests itself in the two spectra where the transmission of light is 

highest at the minima of the mirror reflectivity. Figure 7.5B shows the 

relative absorbance spectrum of the 10 mM [IrCl6]
2- 

solution extracted from 

the reference and signal intensity spectra from Figure 7.5A. By taking into 

account a UV-vis spectrum (which is scaled for the spectral variation in the 

effective thickness), the spectrum can be calibrated to obtain absolute 

absorbance values from the ratio between the scaled UV-vis spectrum and 

the raw CEAS spectrum, the overall loss per roundtrip can be obtained. 

This loss spectrum has contributions from the oscillations of the mirror 

reflectivity but is dominated from other losses, especially at higher 

wavelengths. These losses most certainly arise from scattering both at the 

prism surfaces and within its bulk. Other prominent features in the loss 

spectrum appear at 478 nm and 547 nm. The origin of these features is 

unclear but might be attributed to absorbance or etaloning with the cavity 

mirrors. However, to prove this, more investigations would be required. 
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Figure 7.5: A) Raw reference and signal spectra recorded for a sample of 10 mM [IrCl6]
2- 

using the broadband coated mirrors. The mirror reflectivity as a function of wavelength is 

shown above. B) The extracted relative absorbance spectrum for the 10 mM [IrCl6]
2- 

solution. The loss per round trip with in the CEAS folded cavity was extracted by taking 

the ratio of the signal to the (single pass) UV-vis spectrum of 2 mM [IrCl6]
2- 

scaled for the 

(wavelength dependent) effective thickness (inset). 

Figure 7.6A shows a contour plot for the electrochemical generation of 

[IrCl6]
2-

 in the same thin layer cell arrangement (100 µm) as described 

above, but for a wavelength range of 400 – 700 nm. The spectra have been 

corrected for the changes in the mirror reflectivity (vide infra) using UV-

vis spectroscopy). Similar to Figure 7.3, the spectrum evolves after a 

certain lag time which is caused by the diffusion of [IrCl6]
2- 

to the prism 



 

surface. After 60 s, when the potential is stepped back, the spectral features 

disappear again. However, in this experiment the wavelength range is 

greatly increased. Additionally, the spectral accumulation time was 10 

at a repetition rate of 606 Hz which was limited only by the data 

acquisition from the CCD array. For purposes of plotting, a 6 times average 

on the data was taken. The spectral (b) and temporal (c) cuts exemplify the 

high signal to noise ratio, even at this

minimum detectable absorbance is 3.9 x 10

spectrum. 

Figure 7.6: a) Contour plot of the interfacial absorbance spectrum as a function of 

during electrochemical generation of [IrCl

repetition rate for data accumulation was 10 

at 478 nm through the contour plot.
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surface. After 60 s, when the potential is stepped back, the spectral features 

disappear again. However, in this experiment the wavelength range is 

greatly increased. Additionally, the spectral accumulation time was 10 

a repetition rate of 606 Hz which was limited only by the data 

acquisition from the CCD array. For purposes of plotting, a 6 times average 

on the data was taken. The spectral (b) and temporal (c) cuts exemplify the 

high signal to noise ratio, even at this very repetition rate. The effective 

minimum detectable absorbance is 3.9 x 10
-5

 at the peak of the absorbance 

 

: a) Contour plot of the interfacial absorbance spectrum as a function of 

during electrochemical generation of [IrCl6]
2- 

in a 100 mm electrochemical cell. The 

repetition rate for data accumulation was 10 µs. b) spectral cut at 65 s and c) temporal cut 

at 478 nm through the contour plot. 
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surface. After 60 s, when the potential is stepped back, the spectral features 

disappear again. However, in this experiment the wavelength range is 

greatly increased. Additionally, the spectral accumulation time was 10 µs 

a repetition rate of 606 Hz which was limited only by the data 

acquisition from the CCD array. For purposes of plotting, a 6 times average 

on the data was taken. The spectral (b) and temporal (c) cuts exemplify the 

very repetition rate. The effective 

at the peak of the absorbance 

 

: a) Contour plot of the interfacial absorbance spectrum as a function of time 

in a 100 mm electrochemical cell. The 

s. b) spectral cut at 65 s and c) temporal cut 
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7.4 Conclusions 

We have demonstrated an evanescent wave variant of broadband cavity 

enhanced spectroscopy which proves to be a sensitive technique for 

detecting electrogenerated species within a thin layer cell, specifically at 

interfaces. Use of a supercontinuum radiation source provides a significant 

multiplex advantage over narrow spectral line width experiments by 

enabling the whole absorption spectrum of species within the evanescent 

field to be recorded essentially continuously. The high spectral brilliance of 

the SCR source yielded acceptable signal to noise (>100:1) with 0.5 s 

accumulation. In turn, the cavity enhancement increases the sensitivity of 

the instrument through the multiple passes it induces. This powerful 

combination of broadband spectral information coupled with high spatial 

and temporal resolution will find a myriad of applications in monitoring 

surface reactions such as nucleation, dissolution and interfacial charge 

propagation. 

The spectral window accessible in this study was initially limited to 

70 nm by the mirrors and filters that were available but further 

measurements showed that it is possible to extend EW-BB-CEAS to the 

full visible range using broadband coated mirrors. It was found that the 

repetition rate could be increased up to 606 Hz, which opens up the 

possibility to study relatively fast interfacial kinetics. Even under these 

challenging conditions, the minimum detectable absorbance is  < 5 x 10
-5

. 

As with EW-CRDS, the technique will be a particularly sensitive probe of 

interfacial processes such as adsorption and related phenomena. This will 



Chapter 7 

 168 

open up many more possibilities of new applications not only in 

electrochemistry but also in the fields of physics, material sciences and 

chemical biology. 



Chapter 7 

 169 

7.5 References 

(1) Engeln, R.; Berden, G.; Peeters, R.; Meijer, G. Review of Scientific 

Instruments 1998, 69, 3763-3769. 

(2) Everest, M. A.; Black, V. M.; Haehlen, A. S.; Haveman, G. A.; 

Kliewer, C. J.; Neill, H. A. Journal of Physical Chemistry B 2006, 

110, 19461-19468. 

(3) Mazurenka, M.; Wilkins, L.; Macpherson, J. V.; Unwin, P. R.; 

Mackenzie, S. R. Analytical Chemistry 2006, 78, 6833-6839. 

(4) Pipino, A. C. R.; Hudgens, J. W.; Huie, R. E. Chemical Physics 

Letters 1997, 280, 104-112. 

(5) Fiedler, S. E.; Hese, A.; Ruth, A. A. Review of Scientific 

Instruments 2005, 76. 

(6) Islam, M.; Seetohul, L. N.; Ali, Z. Applied Spectroscopy 2007, 61, 

649-658. 

(7) Ruth, A. A.; Lynch, K. T. Physical Chemistry Chemical Physics 

2008, 10, 7098-7108. 

(8) Stelmaszczyk, K.; Fechner, M.; Rohwetter, P.; Queisser, M.; 

Czyzewski, A.; Stacewicz, T.; Woste, L. Applied Physics B-Lasers 

and Optics 2009, 94, 369-373. 

(9) Stelmaszczyk, K.; Rohwetter, P.; Fechner, M.; Queisser, M.; 

Czyzsewski, A.; Stacewicz, T.; Woste, L. Optics Express 2009, 17, 

3673-3678. 

(10) Alfano, A. R. The Supercontinuum Laser Source, 2nd ed.; Springer: 

New York, 2006. 

(11) Kaminski, C. F.; Watt, R. S.; Elder, A. D.; Frank, J. H.; Hult, J. 

Applied Physics B 2008, in press. 

(12) Langridge, J. M.; Laurila, T.; Watt, R. S.; Jones, R. L.; Kaminski, 

C. F.; Hult, J. Optics Express 2008, 16, 10178-10188. 

(13) Ranka, J. K.; Windeler, R. S.; Stentz, A. J. Optics Letters 2000, 25, 

25-27. 

(14) Fiedler, S. E.; Hese, A.; Ruth, A. A. Rev. Sci. Instrum. 2005, 76, 7. 

 

 

 

 



Chapter 8 

 170 

8 Conclusions 

The aim of this thesis was to develop and apply a novel analytical 

spectroscopic method, EW-CRDS in order to study a wide range of 

interfacial phenomena. To accomplish this, several variations of these 

instruments were built. Chapter 3 addressed the construction of the EW-

CRDS instrument used for most experiments in this thesis. However, in 

order to extend this technique, some modifications (especially concerning 

the light source) were made. For example, the electrochemical reduction of 

immobilised cytochrome c on silica was studied using a frequency doubled 

Ti-Saphire laser. This enabled kinetic measurements at a different 

wavelength, in this case at 400 nm. By employing a SCR source, 

measurements of spectra covering the whole visible range are possible 

without restriction of temporal resolution. 

 Chapter 1 described the evolution of CRDS from a gas phase 

spectroscopic tool for trace analysis into a surface sensitive technique 

which can be used to probe reaction kinetics in the condensed phase. Also, 

the latest developments of EW-CRDS were summarised in this chapter, as 

well as some basic aspects about tapping mode AFM and electrochemical 

techniques which in conjunction with our version of EW-CRDS provide an 

insight into surface kinetics. Information about the actual experimental 
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setup used for most measurements, alignment procedures and descriptions 

of most optical and electronic components were included in chapter 3. 

In order to demonstrate the ability of EW-CRDS to follow time-

dependent surface kinetics, it was shown in chapter 4 that one can follow 

the Ag nanoparticle adsorption onto a PLL-modified silica prism in real 

time. By carrying out complementary AFM measurements, it was possible 

to measure the corresponding surface coverage very accurately (down to a 

few tens of nanoparticles per µm
2
). It was also shown that the EW-CRDS 

technique can be used to follow the oxidative dissolution of Ag 

nanoparticles immobilised on the prism. The nanoparticles were dissolved 

by electrochemically generated Ir(IV) in a thin layer cell configuration 

using a 2 mm diameter Pt working electrode. The detected change in the 

absorbance (due to the change of size of the nanoparticles) could be 

correlated to a heterogeneous rate constant for dissolution which was found 

to be 2.8 x 10
-3

 cm s
-1

.  In addition to this electrochemical approach of 

dissolution using a redox mediator, the nanoparticles could also be 

dissolved using convective delivery of the oxidant by employing a 

microcapillary setup. In summary it was shown in this chapter that 

chronoamperometric and convective induced surface kinetics on 

chemically inert surfaces such as silica and polymer-modified silica can be 

accurately followed in real time by EW-CRDS. 

In Chapter 5 we demonstrated that the oxidative surface 

polymerisation of aniline can be followed in situ by EW-CRDS. The 

polymerisation was initiated using aniline hydrochloride at various 

concentrations. Hemispherical PAni nanoparticles were formed on the 
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silica prism immediately after addition of the oxidant. Ex situ AFM was 

carried out on samples at various polymerisation times. Using the height 

measurements of the AFM images, the absorbance could be correlated to 

the nanoparticle radius, thus providing the possibility to obtain the 

polymerisation rate constant for the aniline polymerisation using a simple 

theoretical model. It was found that the reaction was first-order in aniline 

(with 0.12 M sodium persulfate). The rate constant was found to be is 

0.7 (± 0.4) x 10
-7

 cm s
-1

 in the limit of large PAni nanoparticles. 

Interestingly, the polymerisation rate constant was found to be larger for 

the small nanoparticles and decreasing monotonically with increasing 

nanoparticle size. The maximum value for very small particles (at the 

initial stage of polymerisation) was ca. 2.7 (± 1.1) x 10
-7

 cm s
-1

. This effect 

might be attributed to size-dependent polymerisation kinetics, but could 

also be explained, at least partly, by a change in the particle morphology 

(since the model assumes the formation hemispherical nanoparticles) or the 

adsorption of oligomers. These initially adsorbed molecules would initially 

cause a large absorbance value at short times which then would decrease 

with time by subsequent desorption from the prism surface. 

 The experiments described in chapters 4 and 5 were carried out 

using a diode laser at 405 nm. As a new direction, chapter 6 described the 

application of EW-CRDS employing a different type of laser in order to 

increase the flexibility in terms of different available wavelengths. In this 

setup, frequency doubled laser light from a Ti-Saphire laser (λ = 400 nm, 

pulse duration: 40 fs) was used. It was shown that the signal-to-noise ratio 

for individual ring-down traces was considerably larger compared to the 
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conventional diode laser setup used for measurements in chapters 4 and 5. 

As an example, this EW-CRDS setup was used to investigate the redox 

properties (ET kinetics) of immobilised cytochrome c on fused silica in 

combination with chronoamperometry (similar as described in chapter 4). 

These measurements were possible, because the absorption spectra of the 

two redox forms of cytochrome c are sufficiently different. Especially at 

the wavelength used in the EW-CRDS experiment (400 nm), the extinction 

coefficients for the oxidised form of cytochrome c is considerably higher 

than for the reduced form. The ET rate constant between the cytochrome c 

and the redox mediator FeEDTA
2-

 was determined using finite-element 

modelling and was found to be 4.3 (±0.6) x 10
-9

 cm s
-1

 (which corresponds 

to a second-order rate constant of 2.7 (±0.6) M
-1

 s
-1

). 

 A new way to obtain more spectral information is described in 

chapter 7. Broadband cavity enhanced spectroscopy was employed using 

radiation from a SCR source in order to record whole absorption spectra at 

the silica / liquid interface. Although less sensitive to absorbance changes 

in the evanescent field, this novel variant still provides high temporal 

resolution and a significant multiplex advantage over narrow spectral line 

width experiments. The minimum detectable absorbance is  < 5 x 10
-5

 even 

with broadband coated mirrors. In proof-of-concept experiments, Ir(IV) 

was generated from Ir(III) in a thin layer cell configuration (essentially the 

same as described in chapter 4). The absorbance spectrum of Ir(IV) 

diffusing into the evanescent field was detected simultaneously with the 

electrochemical signal. It was found that the repetition rate could be 
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increased up to 606 Hz, which opens up the possibility to study fast 

interfacial kinetics such as dissolution, polymerisation and crystal growth.  

The advantages of EW-CRDS compared to other surface sensitive 

techniques are its moderate cost (relatively cheap CW diode lasers) and its 

possibility to measure kinetic processes on surfaces very accurately and at 

the same time, time resolved. The principle of EW-CRDS is based on the 

measurement of the decay constant of light trapped in the optical cavity 

rather than the measurement of the light intensity. In this way, the 

sensitivity is not compromised by temperature or pressure changes and 

intensity fluctuations of the laser source. Both ATR and EW-CRDS 

provide measurements of optical losses originating from molecular 

absorption or scattering caused by local changes in the refractive index 

within the region of the evanescent field. However, a particular benefit of 

EW-CRDS is the increased pathway of light which enables much higher 

sensitivity compared to ATR and also provides spatial resolution since the 

surface is always probed in the same spot as well as operating on a faster 

timescale. It is also possible to investigate surface reactions in real time and 

monitor polarisation dependencies of adsorbed molecules simultaneously 

without having to make compromises in terms of sensitivity. Combinations 

with other techniques such as electrochemistry, SECM and flow techniques 

are very easy and convenient to implement. 

There are techniques with higher sensitivity compared to EW-

CRDS, such as QCM and ellipsometry, but these techniques either do not 

discriminate between different adsorbing species (QCM) or require 

extensive modelling to obtain quantitative information about surface 
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coverages. Also, ellipsometry as well as reflectometry rely on the fact that 

the probing light source is illuminating from the top which requires the 

design of special cells or cuvettes if one wants to carry out measurements 

in situ. 

Limitations of the EW-CRDS techniques are the restriction of the 

substrate to silica or glass, since there has to be a significant difference in 

the refractive indices of the two media where TIR should occur. However, 

the surface can be modifying with polymer films or other transparent 

materials (at the wavelength of the employed laser) in order to open-up 

more possibilities for studies at solid liquid interfaces. Another drawback is 

that in many variants of EW-CRDS one is also bound to use a specific 

wavelength, since the sensitivity (and noise) depends strongly on the 

optical losses of all optical elements involved in the optical cavity such as 

narrowbanded high reflective mirrors, scattering losses in the prism and 

anti-reflective coatings.  

In summary, this thesis showed that EW-CRDS either on its own or 

in combination with electrochemical or flow methods is a powerful new 

tool to monitor surface reactions in real time. Future investigations could 

be more focused on biological systems, such as lipid bilayers and 

membranes and could involve molecular adsorption experiments and 

lateral H
+
 diffusion in combination with SECM. Also, Carbon nanotube 

network electrodes could be grown on the silica surface which enables the 

study of nanoparticle growth mechanisms or dye adsorption kinetics on 

single or multiwalled carbon nanotubes. EW-BB-CEAS, especially in 

conjunction with a SCR source, can yield new insights into surface kinetics 
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by providing information about the whole visible spectral range which 

opens up vast possibilities for many sensing applications. 

 

 

 

 

 

 


