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Abstract 

Abstract 

Electrochemical ellipsometry is employed to determine the real and imaginary 

parts of the refractive index and the thickness of thin films as functions of the potential 

applied to the electrode upon which the film is grown. The relatively recent advent of an 

analyser with no moving parts, the Stokesmeter, has removed previous time restraints 

and allows microsecond resolution. The Newcastle system is extremely novel, using a 

Stokesmeter, and thus being capable of 325 gs resolution, and also being 

electrochemically interfaced. 

The ellipsometric studies have concentrated on the growth and behaviour of a 

series of electroactive polymers derived from salicylaldehydes (Salens). [Ni(SaltMe)] 

and [Ni(SaIdMe)] were found to yield stable homogeneous films upon polymerisation, 

however while the behaviour during film growth was similar, marked differences were 

observed during potential cycling, poly[Ni(SaIdMe)] showing a marked decrease in 

thickness near the anodic limit not observed for poly[Ni(Saltme)], indicating that even 

minor changes to ligand structure well away from the site of polymerisation may have 

significant effects on the resulting film. The behaviour of poly[Ni(OMeSaltMe)] during 

polymerisation is more complicated; initially a homogeneous film is produced, however 

about half way through the growth process the film becomes inhomogeneous, and 

remains so during subsequent potential cycling. This behaviour was also observed for 

poly[Pd(OMeSalen)], indicating electron donating groups around the phenyl rings of the 

ligand have a profound effect on the nature of the polymer films, possibly far more so 

than the identity of the central metal. 
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Chapter I 

1.1 General Introduction 

1.1.1 Historical Background. 

General Introduction 

Although the term ellipsometry was introduced in 1945 by Alexandre Rothen 

[I], the first determination of a thin film thickness using the technique now known by 

this phrase was reported by P. Drude in 1889 [2]. While the term ellipsometry was 

often used in the past to mean any analysis of elliptically polarised light, it is now 

generally restricted to the detennination of the refractive index and thickness of a 

film from the analysis of the change in polarisation state of a reflected beam. 

As early as 1775 it had been reported that the polarisation state of light was 

altered by reflection from a surface. Fresnel quantified this effect, relating reflection 

coefficients to angles of incidence and refraction and to refractive index; however 

these formulae failed to account for the frequently observed elliptical polarisation of 

the reflected beam. Rayleigh later concluded that surface films were responsible for 

the ellipticity observed, and Drude [3] quantified the production of elliptically 

polarised light by a film covered surface, giving a general expression valid for films 

of any thickness on any surface. The so called Drude Equation is the basis of 

ellipsometry. 

1 



Chapter I 

1.1.2 Overview of Ellipsometry. 

General Introduction 

In this section a brief introduction to the basis of an ellipsometric experiment 

and the parameters measured is given, for more detailed reviews of the application 

and theory of the technique see, for example, [41 to [8]. 

Ellipsometry is used to determine the thickness and complex refractive index 

[9] of thin films. The complex index of refraction, IR, describes the interaction of light 

with its medium, and is a complex quantity because absorption (usually) occurs as 

well as refraction, and so may be defined by the equation 

& =n - ik (eqn. 1.1) 

where i= ý-I. n is the index of refraction, defined as the ratio of the speed of light in 

a vacuum to its speed in the medium concerned, and k is the extinction coefficient, 

which is related to the absorption coefficient (x by: 

k= (X/4n)cc (eqn. 

where X is the wavelength. It is worth noting that though (x has units of length-', both 

n and k are unitless. 

During an experiment, a monochromatic beam of light of known polarisation 

is reflected by a film-covered substrate at a known angle of incidence, and the 

polarisation state of the reflected beam is determined. By analysis of this polarisation 

state it is possible to determine the film thickness and refractive index. 

2 



Chapter I General Introduction 

Film Covered 
Substrate 

Known Incident Reflected Beam with 
Polarisation unknown Polarisation 

State 

Fig. I. I. The basis of an ellipsometric experiment. A light beam of known polarisation is incident on a 

film covered substrate, and the polarisation state of the reflected beam must be determined. 

Electrochemical ellipsometry is performed in exactly the same manner, with the 

substrate upon which the film is deposited being the working electrode. The 

behaviour of the film as a function of potential is probed by monitoring changes in 

the polarisation state of the reflected beam as the potential of the electrode is altered. 

The polarisation state of a light ray will alter upon reflection, whether a film 

is present upon the reflecting surface or not. A light wave can be considered to be the 

resultant of two orthogonal vector components, normally denoted as E, and Ep, where 

E, is amplitude of the beam along the s axis, and Ep that along the p axis. These axes 

are defined with respect to the plane of incidence, as shown in Fig. 1.2 ,p being the 

component lying parallel to the plane, and s perpendicular to it (coming from the 

German for perpendicular, senkrecht). The s and p components undergo different 

phase changes when reflected, which results in the polarisation change of the beam. 

3 



Chapter I 

'P 

General Introduction 

Fig. 1.2. A light wave can be considered to the resultant of two orthogonal vectors, E, and Ep, Defined 

as the amplitude of the wave perpendicular and parallel, respectively, to the plane of incidence 

The polarisation data consists of two angles, A and T. These can be described 

by the equations 

A =8p -8, (eqn. 1.3) 

tanT = 

'r" 
(eqn. 1.4) Jr. I 

Where 6p and 8, are the phase changes upon reflection of the p and s components, 

respectively, and rp and r, are the reflectivity coefficients of the p and s components, 

respectively. The reason these parameters contain information about the film 

thickness and refractive index can be seen from Fig. 1.3. When a light ray is incident 

upon a film-covered substrate, part of the beam is reflected by the upper surface of 

the film, and part refracted through the film and reflected by the substrate underneath, 

resulting in two reflected beams. These will interfere with one another to yield a 

resultant beam. The polarisation of this beam will depend on the phase difference 

4 



Chapter I General Introduction 

Incident Beam\ / ý4( Reflected Beams 

Film 

Substrate 

Fig. 1.3. A beam incident on a film covered surface Arill be partially reflected by the upper surface of 

the film, and pail refracted through the film. The two reflected beams will interfere to give a resultant 

polarisation. 

two reflected beams, which will be determined by the thickness of the film through 

which the refracted beam had to travel and the angle through which it was refracted, 

hence why ellipsometry yields information about these properties. 

Intensity measurements can also be made, and the ratio of the reflected beam 

to the incident beam can be recorded. It should be noted that reflectance 

measurements are different from ellipsometric measurements, as A and T are surface 

sensitive parameters, while this is not necessarily the case for the relative intensity as 

the fon-nation of absorbing products in solution will affect this parameter, and great 

care has to be taken to verify that the changes observed are due to surface processes 

and are suitable for analysis. 

The equations describing the behaviour of light at the solution/film and 

film/electrode interface are complex (see Section 1.3), and cannot be solved 

analytically, so using the relative intensity, A and T, the system under investigation is 

5 



Chapter I General Introduction 

modelled. Educated guesses are made for the values of the complex refractive index 

(n and k) and the thickness, and then the values of A, T and intensity such a system 

would exhibit are calculated and compared to the observed data. In light of this 

comparison the 
'initial 

estimates for the calculations are adjusted until the calculated 

and experimental systems yield the same values of A, T and intensity 

Ellipsometry has many attractive features, including: 

1. Ellipsometric measurements are performed in-situ. This is particularly useful for 

electrochemical experiments, where changes in the optical properties of the 

electrochemical interface can be followed with the incident and reflected beams 

passing through the electrolyte and the electrode can be probed while immersed. 

2. Extremely high sensitivity to changes in surface coverage. Films much thinner 

than the probe wavelength can be investigated, since it is changes in the phase of 

the beam which are monitored and A and Y can be measured very precisely. Sub- 

monolayer detection is possible with many systems. 

3. The parameters A and T are highly surface selective. The fon-nation of an 

absorbing product in solution would not affect their values (though would affect 

any reflectance measurements made) 

4. It is non-destructive: samples may be used repeatedly. 

5. Speed. Polarisation detectors are now available that instantaneously determine the 

polarisation state, and the time resolution of such systems is limited by the rate at 

which the interfaced computer can record the data. 

6 



Chapter I General Introduction 

1.2 Polarised light 

1.2.1 Plane, Circularly and Elliptically Polarised Light 

Huygens was the first to suggest light was not a scalar quantity, based on his 

work on the prorogation of light through crystals; it appeared that light had "sides" in 

the words of Newton. While it is quite common for polarised light to be represented 

as a transverse wave, this is in fact an oversimplification in most cases and only one 

extreme of behaviour [9,101. 

The electromagnetic disturbance can be considered as two vector components 

orthogonal to one another, E,, and Ey In the case of Fig 1.4 Ey is shown in blue and 

-E, 
-Ey 

E 

x 

Fig. 1.4. Linearly polarised light at 45 0. The orthogonal red and blue components are in phase with one 

another, and the resultant wave vector is linearly polarised, shown in black. If viewed end on the black 

wave would appear to trace a line bisecting the x and y axes. 

7 



Chapter I General Introduction 

-Ex 
-EY 

Fig. 1.5 Circularly polarised light. The orthogonal components shown in red and blue are 90') out of 

phase with one another. The resultant vector is shown at various stages by the black arrows, which 

appear to spiral about the axis of propagation, tracing out a circle if viewed end on. 

E,, in red, and the two are in phase vAth one another, giving the resultant plane 

polarised, or linearly polarised, wave shown in black. Viewed end-on, the electric 

vector would appear as a line, the tip of the electric vector oscillating back and forth 

between the two ends. In Fig. 1.5 E,, and Ey are 90 0 out of phase with one another 

and the resultant electric vector is shown at various points along the axis of 

propagation. The resultant wave appears to spiral around the direction of 

propagation, and viewed end-on it would appear to trace out a circle. In this case the 

light is said to be circularly polarised. In fact these are two extremes of behaviour 

and normally the difference in phase will not be 00 or 90 0 but some other value in 

between, and the resultant electric vector still spirals about the direction of 

propagation, as with circularly polarised light, but viewed end on the 

8 



Chapter I General Introduction 

Ey E 

Ex 
dt 

Fig. 1.6. The polarisation ellipse. Elliptically polarised light can be described by two angles, 0, the 

azimuthal angle, and 6, the degree of ellipticity. 

electric vector appears to trace out an ellipse, hence "elliptically polarised" light. This 

polarisation ellipse can be characterised by two angles, shown as 0 and E; on Fig 1.6. 

0 is the azimuthal angle and P-, defined as tan"(b/a), describes the degree of 

ellipticity, and it is these two angles which are measured during an ellipsometric 

experiment and converted to two related angles, A and T by the relations: 

tan20 = -tan2TcosA (eqn. 1.5) 

cos2T = -cos2Fcos2O (eqn. 1.6) 

9 



Chapter 1 

1.2.2 Creation of Polarised light 

General Introduction 

Polarisers [9-111 come in many different configurations, but are based on four 

fundamental physical mechanisms; reflection at the Brewster angle, scattering, 

dichromism (selective absorption), and birefringence (double refraction), the 

underlying property they share is some form of asymmetry associated with the 

propagation of light through them. Any material which is completely absorbing along 

one axis while transmitting along an orthogonal axis can act as a linear polariser, two 

of the most commonly used materials being calcite and quartz. 

If a material is anisotropic but light is transmitted through both axes the 

material acts as a retarder [9-11 ]. The anisotropy results in the refractive index, n, 

being different along the two axes so when light passes through the component in the Cý 

plane of the optical axis of the crystal is transmitted faster than the component normal 

to it, and the resultant wave emerges with a phase shift between (arbitrarily) E,, and 

Ey, e. g. linearly polarised light can be changed to elliptically or circularly polarised. 

A combination of a linear polariser and retarder can be used to generate any 

polarisation state. 

One very important class of retarders is known as a quarter wave plate 

(QWP), which induces a phase difference of 45 0 between the x and y components; 

thus if the x and y components are of equal magnitude the emerging beam is 

circularly polarised. The simplest way for E,, and Ey to be of equal magnitude is to 

polarise 

10 
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Ey 

Linearly Polarised 
Incident Beam 

Quarter Wave 
Plate 

General Introduction 

Fig. 1.7. When 45 0 linearly polarised light is incident on a Quarter Wave Plate, the emerging beam is 

circularly polarised. 

the incident beam to be linearly polarised at 45 0 to the fast (or slow) axis, as shown 

in Fig. 1.7. The ability to generate circularly polarised light is important in optical 

experiments, as when incident on a polarising element, regardless of the angle of the 

element, the emerging beam will be of a constant intensity. 

11 
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Chapter I General Introduction 

1.2.3 Representation of Polarised Light and Polarising Components. 

1.2.3.1 Stokes Vectors 

Polarised light is commonly described in terms of the electric field component 

of the wave, the most general representation of that being elliptically polarised light 

where the endpoint of the vector E continuously sweeps out the path of an ellipse. 

The period over which the ellipse is traversed is equal to the period of the light wave, 

roughly 10-15 S, far too short to be detected, as no technique is capable of recording 

measurements over such a short timescale, thus alternative descriptions of 

polarisation in terms of observable parameters, i. e. irradiances, or intensities, are 

required. 

In 1852 Sir George Gabriel Stokes [121 introduced four quantities that are 

functions only of observables of the electromagnetic wave, which have now become 

known as the Stokes parameters [10,11]. These parameters were introduced by 

Stokes as a way of describing partially polarised light, a problem that had long 

troubled physicists, and although they described how the polarisation of light can be 

determined simply by measuring its intensity at four different angles, Stokes did not 

realise. this at the time, due mainly to the most sensitive intensity detector of the day 

being the eye, and it was not until the advent of photovoltaics that the full potential of 

the parameters was realised. Consider a pair of plane waves, orthogonal to each other 

propagating along the z axis and represented by the equations 

E, = Eo., cos(-r + 8, ) (eqn. 1.7a) 

Ey = Eocos(-u + 5y) (eqn. 1.7b) 

12 



Chapter I General Introduction 

Where T= cot - icz is the propagator (co is the angular frequency and ic = 21r/k), the 

subscripts x and y refer to the components in the x and y directions, EO,, and EOy are 

the maximum amplitudes and 5,, and 5y are the phases. As the field propagates, E,, 

and Ey give rise to a resultant vector, which describes a locus of points in space; the 

curve generated by these points can be derived. Equations 1.7a and b can be rewritten 

as: 

Ex 
-= cosr cosö, - sinT sinö., (eqn. 1.8a) 
Eo� 

Ey 
cos-c cos5y - sinr sin8y (eqn. 1.8b) 

Eoy 

and using simple trigonometric identities and rearranging gives: 

Ex 
sin8y - 

Ei, 
sinö� = cosu sin(öy - 5�) (eqn. 1.9a) 

Eox Eoy 

Ex 
cosöy - 

Ey 
cosb, = sinT sin(Öy - 8�) (eqn. 1.9b) 

Eo. Eoy 

Squaring each of the above equations and adding them together gives: 

y 28 
+ -ýY- -2 

E' 
-LY cos8 = sin (eqn. 1.10) 

E2E2 Eox E 
Ox Oy Oy 

where 8= 8y - 8,, , which is recognisable as the equation of an ellipse (the cross 

product showing that it is rotated about the z axis), showing the locus of points 

13 



Chapter I Gencral Introduction 

described by the electric vector of any light beam is indeed an ellipse, linear and 

circular polarised light being specialised forms of the polarisation ellipse. 

EO., EOy, and 8 are constants, however E,, and Ey are dependent on time. 

During an experiment we must therefore take an average of these parameters over the 

time of observation. The time average is represented by the symbol and 

equation 1.10 can be rewritten 

_+L_ 

(E, 2ý E;, ) 
25 

E2E2 EoxE cos6 = sin (eqn. 1.11) 
Ox Oy Oy 

Where 

1 2" 
(E., E, ) = Tlým 

fE., Eydt (eqn. 1.12) 
Tý., To 

Using equations 1.7 in 1.12, and averaging over one period of oscillation 

(i. e. T= I/f=2n/w), the average values of eqn. 1.11 can be determined to be [10,13] 

(E 2) 
=E2 (eqn. 1.13a) x? Ox 

(E 2 
'E2 

(eqn. 1.13b Y)=2 0' 

(E., E 
Y)= 

I 
EoxEoy cos8 (eqn. 1.13c) 

2 

Multiplying equation 1.11 by 4E 2 E2 and inserting the averaged values from Ox 0), 

equation 1.13 yields 

14 



Chapter I General Introduction 

422 COS6)2 6)2 EOxEo, -(2EOXEO, = (2EOxEo., sin (eqn. 1.14) 

which may be written 

(E2 2 )2 22 )2 COS5)2 6)2 
ox + Eoy - (Eox - EO), - (2EOxEoy = (2E,., E, 

y sin (eqn. 1.15) 

We can now write the quantities in parentheses as 

So =E 2 +E 2 (eqn. 1.16a) Ox Oy 

S, =E2-E2 (eqn. 1.16b) Ox Oy 

S2 = 2EO., Eoy cos5 (eqn. 1.1 6c) 

S3 = 2EO,, Eoy sin 5 (eqn 1.1 6d) 

and then express equation 1.15 as 

S2 =S2 +S2 +S2 0123 (eqn. 1.17) 

The four equations given by 1.16 are the Stokes polarisation parameters ( 121. So is 

the total intensity of the light, S, the amount of linear horizontal or vertical 

polarisation, S2 the amount of linear +45 0 or -45 
0 polarisation, and S3 the arnount of 

right or left circular polarisation within the beam. Using the complex representation 

of a wave [9,10], for convenience taken at z=0 

15 



Chapter 1 General Introduction 

E, = Eox exp[i(T + Öj] 

EY = Eoy exp[i(T + 5y)1 

(eqn. 1.1 8a) 

(eqn. 1.18b) 

it is straight forward to show the Stokes parameters can also be represented as 

So E,, E,, + E), Ey (eqn. 1.19a) 

S, E,, E., * - EYEY* (eqn 1.1 9b) 

S2 =E, Ey' + E), E, *, (eqn. 1.19c) 

S3 = i(EE* -EE: ) (eqn. 1.19d) 
yy 

and with a little more work [see for example 10] it is also possible to show that the 

Stokes parameters can be described by the angles of the polarisation ellipse: 

SO SO (eqn. 1.20a) 

S, S, cos20 cos2F, (eqn. 1.20b) 

S2 S. sin 20 cos2F (eqn. 1.20c) 

S3 S. sin 2E: (eqn. 1.20d) 

As examples of the representation of polarised light using the Stokes parameters, if 

we consider again the parameters in the form of equation 1.16, it is easy to see how 

horizontal, vertical, +45 0, 
-45 0 linear polarised light and left and right circularly 

polarised light can be described as shown in table 1.1, where Eo applies in cases 

where Eo., = EoY = Eo 

16 



Chapter I General Introduction 

Linear Horizontal 

Polarised Light 

=E2 
SO 

Ox 

S, =E 
2 

Ox 
S2 =0 

S3 =0 

Linear Vertical 

Polarised Light 

So =E 
2 
Oy 

1 =-E2 s OY 
S2 =0 

S3 =0 

Linear +45 0 Light So =2E 
2 

0 
Linear -45 0 Light So 2E2 0 

S, =0 
S, 0 

2 S2 
= 2EO 

S, 
-2E 

2 

0 
S3 =0 

S3 0 

Right Circularly So = 2E 2 
0 Left Circularly So =2E 2 

0 

Polarised light 
S] =0 Polarised Light 

S, 
=0 S S2 =0 2 

2 S3 
= 2EO 

2 S3 
= -2EO 

Table 1.1. Examples of polarisations represented by Stokes parameters. 

The four Stokes parameters are often arranged in the form of a column matrix 

and referred to as the Stokes vector, written as 

Ks 
0 

s= 
sl 

(eqn. 1.21) S2 

S3 

Frequently, the total intensity is removed outside the bracket on the right hand side of 

the equation, for example the Stokes vector for horizontal linear polarised light may 

be written as 

P 

I 

S=10 
o 

(eqn. 1.22) 

0) 

17 



Chapter I General Introduction 

and by non-nalising the intensity, can be written simply as 

s0 (eqn. 1.23) 

Q 

Table 1.2 shows the Stokes vectors written in this form for the examples in table 1.1. 

State of Polarisation Stokes Vectors State of Polarisation. Stokes Vectors 

v 0 
Horizontal Linear Linearly Polarised at 

Polarisation -450 
I 

0 0 

0 
Vertical Linear Circularly Polarised 

Polarisation Clockwise (R) 0 

0, 

0 
Linearly Polarised at 0 Circularly Polarised 

+450 Anti-clockwise (L) 0 
1 

1- 1) 

I 1 , 0) 

Table 1.2. Representations of polarisations using Stokes vectors. 

18 



Chapter I General Introduction 

1.2.3.2. The Poincard sphere 

One very useful method of describing the various states of polarised light is 

the Poincar6 Sphere. In this representation the radius of the sphere is equal to the 

total intensity of the light (So), with 20 plotted around the horizontal plane of the 

sphere, and 26 plotted vertically around the sphere, 0 and s being the azimuthal angle 

and degrees of ellipticity respectively (see section 1.2.1). The resultant sphere is 

shown in Fig. 1.8, and every point on the surface of the sphere represents a different 

polarisation state. For example, any polarisation state with s=00 will be linearly 

polarised and will lie at some point on the circumference of the sphere. Horizontally 

(X) and vertically (Y) linearly polarised states are shown on the right and left hand 

Fig. 1.8 The Poincard Sphere. 20 is plotted around the horizontal plane, and 26 around the vertical 

plane. Any state of polarisation can be represented by a point on the surface of the sphere. 
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sides of Fig. 1.8, linearly polarised light at other angles is represented by a point 

between them on the circumference. A polarisation state with 6= 45 0 will be 

circularly polarised, and is represented on the Sphere by one of the two poles 

(2s = ±90 0), right handed circularly polarised. light at the top pole and left at the 

bottom. Between the circumference and the poles the various states of elliptically 

polarised light are represented, increasing in ellipticity as the poles are approached. Cý 

Recall equations 1.20: 

so = 
so (eqn. 1.20a) 

S, = So cos 20 cos 2s (eqn. 1.20b) 

S2 =So sin 20 cos 2s (eqn. 1.20c) 

S3 
= So sin 26 (eqn. 1.20d) 

It is straightforward to verify that with So as the radius of the sphere, S1, S, ), and S3 

are the three dimensional polar coordinates of the surface position relating to the 

polarisation. state: if a point on the surface is translated onto the three axis shown in 

the centre of the sphere, Si is the distance along the x axis, S2 the distance along the y 

axis, and S3 the distance along the z axis. If we recall the description of each of the 

parameters given in section 1.2.3.1, S, describes the amount of horizontal or vertical 

linear polarisation, and in the Poincar6 sphere represents the coordinate along the x 

axis, the two extremes of this axis being 00 and 90 0 linear polarisation. The y axis 

intercepts the sphere surface at +45 0 at the front and -45 
0 if extended to the rear of 

the plane of the page, clearly representing the amount of polarisation along these 

axes, as described in the previous section. S3 = Sosin2s, which from Fig. 1.4 
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describes the elevation of the point from the circumference, describing the degree of 

ellipticity or the amount of circular polarisation. It is also clear from this 

representation that, So being the hypotenuse, by Pythagoras' theorem C. 

S2 =S2 +S2 +S2 123 

Henri Poincar6 first discussed the sphere around 1890 as a tool for 

performing polarisation calculations; though it simplified the mathematics involved, 

considerable mathematical effort was still required. The advent of matrix methods 

and computers has simplified the mathematical processes involved considerably, and 

Mueller matrices are discussed in the next section. Ironically, understanding of the 

full extent of the Poincard spheres usefulness came only after the advent of Jones and 

Mueller matrix. For further information about the sphere's properties and 

applications see [9,101 
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1.2.3.3. Mueller matrices 

H. Mueller was the first person to describe polarising components in terms of 

matrices. Although his 4x4 matrix appears to be based on the work of F. Perrin [ 14], 
C. 

and a still earlier paper by P. Soleillet [151, and Mueller himself never published his 

work on matrices, his name is still firmly attached to them. 

Imagine a beam of light is incident on a polarising element, as shown in 

Fig. 1.9. 

11 

Fig. 1.9. The interaction of a polarised beam with a polarising element. 

The incident beam can be characterised by its Stokes parameters, [SO, SIS2, S3], and 

the emergent beam can be described by [S'O, S'I, S', S'l. We now assume that the 23 

Stokes vector of the emergent beam can be expressed as a linear combination of the 

four Stokes parameters of the incident beam by the relations: 

22 
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SIO : 'ý MOOSO + MOIS) + M02S-) + M03S3 (eqn. 1.24a) 

S'l = MIOS) + MI ISI + M12S-') + MBS3 (eqn. 1.24b) 

2ý M'-IOS'-) + M21 S1+ M22S2 + M23 S3 (eqn. 1.24c) SI 

S13 ý M30S3 + M3 IS I+ M32S2 + M33S3 (eqn. 1.24d) 

Which can be written in matrix form as 

S J'*N 
0 11 MOO MOI M02 M03 so 

I st MIO Mll M12 M13 Sl 

= (eqn. 1.25) 
SI 

2 
M-10 M21 M22 M23 S2 

I 
, 
S3/ M31 M32 M03ý 

ISP 

or simply S' =MS. The 4x4 matrix M is known as the Mueller matrix, and this 

representation can be used to describe changes in polarisation state introduced by any 0 

polarising element (see (91 or (101 for derivations). Table 1.3 Shows the Mueller 

matrices for some common polarisers. 

We can show the effect a polariser has on the polarisation of a beam by 

multiplying the Stokes vector of the incident beam by the Mueller matrix of a 

polariser. Multiplying the Mueller matrix for a horizontal linear polariser with an 

arbitrary Stokes vector gives 

i10 cý so" 
S, 

(SO+S, ) 
20000 s', 2 

\lo 00 0) \IS3-1 �0) 

(eqn. 1.26) 
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Which is the Stokes vector of horizontal linear polarised light. 

State of Polarisation Mueller Matrix State of Polarisation Mueller Matrix 

-I100- -1 -1 0 0- 
Horizontal Linear I100 Vertical Linear 1 -1 100 

Polariser - Polariser - 2 0000 2 0000 
LO 000j L000 OJ 
-101 0- -10 -1 0- 

Linear Polariser at 0000 Linear Polariser at 1 0000 
+450 -450 2 010 2 -1010 

LO 00 OJ LO 00 OJ 

1000 1000 
Quarter-wave plate, 0100 Quarter-wave plate, 0100 

fast axis vertical fast axis horizontal 
000 

L O010 LO 01 OJ 
-1001 100-I 

Circular Polariser 1 0000 Circular Polariser 
1 0000 

right - left - 2 0000 2 0000 

1 L1001 L_ 1001 

Table 1.3. The Mueller Matrices for some conunon polarising elements. 
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1.2.4 Determination of the Polarisation State 

Over the years many methods of determining the polarisation state of the 

reflected beam during an ellipsometric experiment have been developed. Five of the 

most common methods [7,101 are described below, followed by the method used in 

this thesis. 

1. Stokes Method. 

Recalling that the Stokes parameters SO, S15 S2, and S3, refer to the total 

intensity, the amount of horizontal linearly polarised light, the amount of 45 ' 

linearly polarised light, and the amount of circularly polarised light, 

respectively, the Stokes relation can be written as: 

so = 1(0 0,0 1) + 1(90 1,0 1) (eqn. 1.27a) 

Sý = 1(0 1,0 1) 
- 1(90 0,0 11) (eqn. 1.27b) 

S2 = 21(45 0,0 0) 
- So (eqn. 1.27c) 

S3 = 21(45 0,90 0) - So (eqn. 1.27d) 

where the first figure in brackets refers to the polarisation setting and the 

second to the retardation angle, and I to the intensity measured with the 

polarising elements at those settings. Thus simply by measuring the intensity at 

(P, R) = (0 0,0 0), (45 0,0 0), (90 (), 0 (», and (45 0,90 0) it is possible to 

determine all four Stokes parameters. 
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2. The Null Intensity Method. 

In this method a continuously adjustable compensator is used, and altered 

until the incoming light is linearly polarised. The beam is then incident on a rotatable 

polariser, which is adjusted until a null intensity is observed, i. e. the transmission 

axis is at 90 0 to the polarisation angle of the incident linearly polarised light. The 

retardation and polariser settings used to obtain the null intensity are then used to 

calculate the polarisation of the incident beam. 

3. Fourier Transfonn Analysis 

In this method the beam is incident on a continuously rotating retarder, and 

then a fixed linear polariser. The oscillating intensity emerging from the two Cý 

elements can be represented as a truncated Fourier series which contains the Stokes 

parameters, all four of which can be determined by Fourier analysis. 

4. The Method of Kent and Lawson 

With the advent of photovoltaics, Kent and Lawson noted that a 

photomultiplier tube (PMT) could obviously replace the human eye as an intensity 

detector. They also observed that the PMT operated best under conditions of 

maximum illumination rather than null intensity, and the way to achieve this was to 

convert the incident beam to circularly rather than linearly polarised. The beam 

passed through an adjustable retarder, a rotating polariser, and was then incident on 

the PMT. By adjusting the retarder until the PMT reported a constant intensity, i. e. 

the angle of the polariser has no effect on the emerging intensity, circularly polarised 
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light was generated, and the retarder settings could be used to determine the ZD 

polarisation of the incident beam. 

In 1985, R. M. A. Azzam first described a new solid state polarisation 

detector [161, which had no moving parts and detennined all four Stokes polarisation 

parameters simultaneously. The detector has become known as a Stokesmeter, and 

consists of four non-coplanar photodiodes, from which incident light is reflected 

serially from one to the next. Each photodiode will produce an output current 

proportional to the intensity it absorbs, and by analysis of the Mueller matrices of the 

photodiodes, or by a simple calibration of the detector, these output currents can be 

i3 

zo 

Fig. 1.10. The photodiode arrangement in the Stokesmeter. The surfaces of photodetectors Do, D 1, and 

D2 are specularly reflecting, while that of D3 is totally absorbing. The four output currents io - i3 

determine the input Stokes vector S 
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converted to give the Stokes parameters of the incident light [16-18]. Having no 

moving parts, this detector is capable of a much higher time resolution than any of 

the methods described above. 

At the heart of the instrument are four planar diffused silicon diodes, labeled 

Do to D3 in Fig. IA0. Each diode has aI inch diameter, and the first three are coated 

with a half-wavelength thickness oxide layer for maximum reflectance, while the 

fourth is coated with a quarter-wave thickness for minimum reflectance. Each 

photodetector D,, generates an output current i,, (m = 0,1,2,3) that is proportional to 

the light flux that it absorbs. The output signal current of each detector is then 

converted to a voltage by an operational amplifier. 

S is the Stokes vector of the incident light, and So, SI, and S2 the Stokes 

vectors of the light reflected from the surfaces Do, D, and D-) respectively, and can be 

defined by 

So = mos (eqn. 1.28a) 

Si = MIRI(al) MoS (eqn. 1.28b) 

S2 = M2R2(CL2) MIRI(al) MoS (eqn. 1.28c) 

S. is defined with respect to p, parallel to the plane of incidence, shown in Fig. 1.10, 

and the orthogonal component s,, perpendicular to it. The effect of reflection on the 

state of polarisation. is described by the Mueller matrices M,,, and the Mueller 

rotation matrices R, and R2 account for rotations of the plane of incidence from one 

reflection to the next. 

If we assume we have imperfection- free polarising optics, the Stokes 

parameters incident on the Stokesmeter are given by 
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so so 

S 
Sl S, cos20 cos2F, 

(eqn. 1.29) 
S2 So sin 20 cos2& 
S31 So sin 2s 

The response of the Stokesmeter to the input light with Stokes vector 

S'ý- [SOý S I) S2ý S31t is given by the output current vector 

i0 /'aoo ao, a02 a. 3 
s0 

ii alo a,, a12 a, 3 
sl 

(eqn. 1.30) 
'2 a20 a2l a22 a23 S2 

'3 \, a3o a3l a32 a33J'\s3J 

or more simply 

I=AS (eqn. 1.3 1) 

where A is a real 4x4 matrix characteristic of the Stokesmeter, determined during the 

calibration procedure which measures the four photodiode outputs at four different 

polarisations, the four different polarisation. states being chosen to be as different 

from one another as possible, as described in section 2.2.2. From equation 1.31 it 

follows that 

A=1S' (eqn. 1.32) 

Where S is the 4x4 matrix whose four columns are the four Stokes vectors of the 

calibration states, and I is the 4x4 matrix of the corresponding output current vectors. 

From equation 1.31 it also follows that S=A-11, which means that after the 

measurement of A, the inverse of the 4A matrix must be determined. 
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It is possible to calculate the instrument matrix A from the arrangement and 

characteristics of the four photodiodes, however it is more practical to perform a 

calibration for a given arrangement. Using four different known polarisation states 

and monitoring the output for each photodiode is sufficient to specify A through 

eqn. 1.3 1. It should be noted that A is a function of wavelength, and must be 

determined for each wavelength used. 

The Stokesmeter has several advantages over the more traditional methods of 

deten-nining the polarisation state of a beam, as all four Stokes parameters are 

determined, and no separate polarising elements are needed. The instrument has no 

moving parts, in contrast to methods which require the rotation of optical elements, a 

process which generally limits the time resolution to seconds, and at best hundreds of 

milliseconds per point [19,4]. The time resolution possible with the Stokesmeter is 

determined by the rate at which the computer to which it is interfaced can collect and 

process the optical data, which with the current experimental set-up has a limit of 

ca. 300 ps. 
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1.3 The Key Equations of Ellipsometry 

1.3.1 The Fresnel and Drude Equations 

General Introduction 

The determination of the polarisation state is perhaps the most straightforward 

part of ellipsometry, as the mathematics necessary to relate the change in polarisation 

state undergone upon reflection to the refractive index and thickness of a film is quite 

complex. In this section a brief overview of how the parameters are related is given, z: 1 

for a more detailed description see [4,10] 

In Fig. 1.11 a beam is incident on a boundary at angle ýo, and is 

partially transmitted through the boundary at angle ý,, and partially reflected. 

ME 

Me 

Fig. 1.11. Reflection and transmission of a wave incident on a boundary. The wave is incident at angle 

ýo and refracted at angle ý1. The direction of p polarisation for the incident, reflected and transmitted 

waves are indicated. 
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Fresnel's Equations describe the reflection coefficients r, and rp in tenns of angles ýo 

and ý,, and the refractive indices no and nj, and may be written as [91 

and for the transmitted beam 

n, cosýo -no cos ý, 
(eqn. 1.33a) rP - n, cosoo +no cos 0, 

rs - 
no cos ý, - n, cos (eqn. 1.33b) 
no cos ýo + n, cos 

2no cosýo (eqn. 1.34a) 
p n, cosoo + n, coso, 

ts - 
2no cosýo (eqn. 1.34b) 

no cos ýo + n, cosý, 

These equations are valid for a film-free substrate, i. e. when the beam is incident at a 

single interface. When a beam is incident on a film-covered substrate, as shown in 

Fig. 1.12, transmission and reflection at both the ambient/film interface and 

Fig. 1.12 Refraction of a beam at a film-covered interface. After refraction through the film the beam 

is reflected by the substrate. Multiple reflections may occur within the film. 

32 



Chapter I General Introduction 

film/substrate interfaces must be considered, and multiple reflections within the film 

must also be accounted for. The result is the Drude equation [5,9,101 -- 

Rp = 
rOl. +rl2pe-'Aý 

(eqn. 1.35a) 
1+ rOlprl2pe-iAo 

rol, + r, 2se-ý'ý (eqn. 1.35b) 
1+ r0lrlle-"'ý 

R. and R, are the reflection coefficients over both interfaces, and could also be 

writtenrOl2p/s, and the subscripts 0,1, and 2 refer to the ambient(solution) phase, the 

film, and the substrate (electrode) respectively. ý3 is the angle of propagation within 

the metal phase, defined according to Snell's laws, njsinýj ý &3siný3, where &3 is the 

complex refractive index of the metal, and F43 = n3-ikj. Aý is the phase difference due 

to the thickness of the film through which the beam has to travel, and is equal to 

27rAI/X where A/ is the difference in pathlength between the beams reflected from the 

upper surface of the film and the substrate beneath. Aý is therefore the same for the s 

and p components of the beam. From Drude's equation the fundamental equation of 

ellipsometry can be derived, and may be written 

Rp 
= tan we 

iA 
= 

rolp + rUpe-"'ý 1+ r0lsrl2se-"ý 
(eqn. 1.36) 

R, 1+ r0lprl2pe-i"'ý rOls + r, 2, e-iAý 

Since Aý is related to the pathlength of the beam through the film, it is clearly related 

to the film thickness, and rol and r12 are related by Fresnels equation to no and nj, and 

nj and n2 respectively, so although equation 1.36 is far from simple to derive, or 
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indeed solve, it clearly does relate the polarisation. angles A and IF to the refractive 

index of the film, n (and k if the film is absorbing) and the film thickness. 

One reason for a resurgence in the use of ellipsometry over the past few 

decades is the advent of computers and relatively simple routines which makes 

solving equation 1.36 a great deal easier and quicker. Given the far greater number of 

variables on the right hand side of equation 1.36 it is hardly surprising that the system 

needs to be modeled. Values of n, k for the solvent are generally known, and for the 

substrate readily calculated from data for a film free surface. n, k and the thickness of 

the film are estimated, and the values of A and T that would be observed for this 

system calculated. A computer program then essentially minimises the function 

(Acale - Aexpt)2 + (Tcalc - Texpt)2 (eqn. 1.37) 

returning the values of n, k and thickness for the film which gave the best fit. The 

fitting procedure used for the data presented in this thesis is described in Section 2.3. 

1.3.2 Reflectance Measurements. 

One way to provide more experimental data during an ellipsometric 

experiment is to take reflectance measurements at the same wavelength and angle of 

incidence [5,20]. While in theory it is possible to measure the absolute intensity of 

the reflected beam, in practice this is extremely difficult to deten-nine accurately. 

Relative changes in the intensity are far more easily determined, and reflectance 

measurements are commonly used to compliment ellipsometric data. The reflectance 
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R is defined as the ratio between the intensities of the incident and reflected beams, 

and the relationships may be written 

R, = 
Irp 12 

R, = 
jr, 12 

(eqn. 1.38) 

I (-f) -I li,,, ]P,., Rp's (eqn. 1.39) 

The relative intensity is therefore clearly related to the Fresnel equations through the 

reflection coefficients, and is therefore dependent on the same parameters as A and T 

and can be of great use during the data fitting procedures. 

The Stokesmeter (section 1.2.4) determines the polarisation state of the 

reflected beam by measuring the intensity incident on a series of four photodiodes. 

The total intensity of the beam is therefore proportional to the sum of the four output 

currents, and changes in the intensity (output currents) are easily related to changes in 

reflectance as the intensity of the beam incident on the electrode is constant. Thus 

reflectance and ellipsometric measurements are recorded simultaneously, and with no 

change in the experimental setup necessary to record the extra data. 

Reflectance measurements are more sensitive to fluctuations in the intensity 

of the incident beam than A and T, which (in principle) are unaffected by intensity 

changes; it is also important to note that, unlike A and T, intensity changes are not 

necessarily surface sensitive, but may arise from the forrnation of an absorbing 

species or precipitation in the solution phase. Some care must therefore be taken to 

ensure that reflectance measurements are suitable for analysis along with the 

ellipsometric data. 
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1.4 Conducting polymers 

General Introduction 

The first report of an electronically conducting polymer was made in 1973 by 

Walatka [21], who found that polymeric (SN)x displayed metallic properties. It was 

not long thereafter before the first organic conducting polymer was discovered, [221 4D 

with the demonstration of the conducting properties of polyacetylene. Since the 

conducting properties of polyacetylenes were discovered, many organic polymers, 

including materials such as polythiophene [231, polypyrrole [23,24,25] etc. have 

been prepared as stable, electronically conducting films on electrodes via 

electropolymerisation from solution or chemical oxidation. 

While materials are normally classed as insulators, semiconductors or 

conductors, and under all conditions display only the properties of the class to which 

they were assigned, conducting polymers can be switched between an insulating and 

a conducting (or semiconducting) state, and several show electrochromism. 

Generally organic polymers are only conducting in the oxidised state, the 

removal of one or more electrons resulting in a charge carrier being formed on the 

polymer chain. Diaz et al [25] considered the residence time of such charge carriers, 

i. e. the time spent at a particular site in the polymer lattice. If this residence time were 

much shorter than the time taken for vibrations within the polymer, the carriers would 

in effect be free to move along a rigid backbone, which is essentially the form of 

conduction found in metals. If, however, the residence time is significantly longer 

than the time taken for lattice vibrations, the atoms around the charge carrier can 

relax, and the carrier is effectively stuck until the vibrations provide a favourable 

route for it to escape to the next site, resulting in a much lower conductivity. The 
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latter case is now widely accepted as being the more accurate description of the 

conduction mechanism in a majority of polymer systems, and most can be considered 

in terms of semiconductor behaviour, and thought of as having a valence and a 

conduction band [25], as shown in Fig. 1.13. The removal of one electron leads to the 

formation of a charge carrier with a single positive charge, known as a polaron, while 

the removal of a second electron results in a doubly charged charge carrier known as 

a bipolaron. The effect the removal of two successive electrons from the valence 

band, i. e. the formation of a polaron or bipolaron, has on the band energies is shown 

in Fig. 1.13, along with representations of the structure of a heterocyclic polymer 

chain in the various states of oxidation. 

Conduction 
Bands 

- e- . 

Valence 
Bands 

Polaron Bipolaron 

Fig. 1.13 Schematic representations of, from left to right, the structure and band gap energy 

of a heterocyclic polymer, a polaron and a bipolaron. a, b and c, represent the number of monomer 

units within the brackets. 
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Once the polaron or bipolaron has been formed, the extent to which the 

charge carrier is then able to move along the polymer chain determines the electronic 

conduction properties of the material. In an attempt to improve the charge transfer 

characteristics, conducting polymers formed from metal -containing organic 

monomers have been studied, and one particular polymer of interest is based around 

salicylaldehyde (Salen) monomers with a central transition metal ion. These metal 

salens are of interest due to their potential application as electrocatalysts in a variety 

of important redox reactions, and are discussed in more detail in the next section. 
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1.5 Salens 

General Introduction 

Metal bis(salicylidene)ethylenediamine (Salen) complexes (see Fig. 1.14) 

have been known for over 150 years [26). Metal salen and salen derivatives have 

long been of interest as homogeneous catalysts for a variety of redox reactions such 

as the carbonylation of methanol to dimethy1carbonate [27], dehalogenation of alkyl 

and aryl halides [28,29,30], and the epoxidation of simple olefins [31, 
. 32, . 333, -34], 

and recently attention has focused on the possibility of enantioselective syntheses 

using chiral salen derivatives, and epoxidation of olefins with up to 92 % 

enantiomeric excess has been reported using chiral Mn Salen catalysts [31,32,33]. 

The electrochemistry of metal salen complexes in solvents with a large donor 

number [35] has been extensively investigated with a variety of metals including 

Co(II) [27,28,29,361, Cu(II) [36], Ni(II) [30,36,37,381, and Mnol) [27] and the 

oxidative processes are well understood as all metal salens display a reversible M/M' 

couple. The reduced metal complexes prefer square planar coordination around the 

metal, however when oxidised the metal prefers octahedral coordination, which is 

achieved by the coordination of two solvent molecules 

©rIiI M1JT 

Fig. 1.14 A metal bis(salicylidene)ethylenediamine (Salen) complex. M is a transition metal. 
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in the axial positions. The similarity of the cyclic voltarnmograms of the complex to 

those of the corresponding free metal [39,40,41] and EPR studies of the oxidised. 

species [42,43,44,45,46] indicate the central metal to be the site of oxidation. 

The electrochemistry of these complexes in weak donor solvents is much 

more complicated and less well understood. In 1988 Goldsby first reported that Ni 

Salens could be oxidatively polymerised at the electrode surface simply by cycling a 

disk electrode in aI mmol dm -3 solution of the metal Salen in acetonitrile [401. Three 

Ni(Salen) derivatives were studied in a variety of solvents, and reversible 

voltammograms were obtained for all three Salens in strong donor solvents [35] such 

as pyridine (DN =33.1), dimethylsulphoxide (DN = 29.8) and NN- 

dimethylfonnaldehyde (DN = 26.6). In acetonitrile (DN = 14.1), in all three cases 

two distinct oxidations were observed in the potential range 0.8 - 1.2 V vs SSCE 

followed by a single reduction of lesser current intensity. An insoluble orange film 

formed on the electrode surface and an increase in current was observed with each 

scan, indicative of polymer formation. Goldsby explained this behaviour in terms of 

the solvent dependence of the site of oxidation; thus, as described above, in strong 

donor solvents the oxidation of the square planar Ni complexes results in an increase 

in coordination number as the higher oxidation state is stabilised by axial ligation of 

two solvent molecules, but the degree of stabilisation offered by this process will 

depend on the donating ability of the solvent and will not be as effective in the case 

of a weak donor solvent such as acetonitrile. Using a variety of Schiff complexes it 

has been shown that if ligand oxidations are also accessible the ultimate site of 

oxidation is determined largely by the ability of the solvent to stabilise Ni(Ill) 

through ligation [47]. The salen ligands used by Goldsby [401 were irreversibly 

oxidised at potentials ca. 200 mV higher than the oxidation potentials of the 
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corresponding Ni complexes, leading to the proposal that in weakly donating solvents 

the stabilisation of the Ni(III) state is not sufficient, resulting in ligand oxidation and 

oxidative polymerisation via a ligand radical coupling mechanism, resulting in the 

polymer structure shown in Fig. 1.15. 

Fig. 1.15. The proposed structure of a salen polymer formed by oxidative polymerisation. 

Investigation of the polymerisation mechanism has been intense but it remains a 

matter of debate, though there is much evidence to support Goldsby's assertion that 

linkages are formed between the carbons of the phenyl moieties in the position para 

to the oxygen. Dahm and co-workers estimated the number of electrons passed per 

monomer during polymerisation [481 and found three electrons were lost per 

monomer, this was suggested to be due to the reversible loss of one from the metal 

and the irreversible loss of one from each of the phenyl rings during coupling. 

Cleavage of salen polymers by removing the metal by reduction with sodium 

hydrosulphite in H2SO3 solution, followed by cleavage of the amino linkages by 

25 % H2SO4. yields the corresponding bis-salicylaldehydes, as shown in Fig 1.16, 

which have been shown to be linked by the para carbon, indicating polymerisation 

must indeed have occurred at these sites. 
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Fig 1.16. Cleavage of the polymer results in the corresponding bis-salicylaldehyde, which has been 

shown to contain a para linkage. 

Goldsby [40] and others [49] have shown that adding a substituent to the para. 

carbon yields a voltarnmogram displaying two distinct oxidations, but no evidence of 

polymerisation, though substituting other carbons on the phenyl rings still allows 

polymerisation to occur. However, Timonov has reported polymerising salens with 

the para positions of the phenyl groups blocked with either chlorine or bromine [50] 

and believes polymerisation of the films proceeds by charge transfer stacking, as 

shown in Fig. 1.17, resulting in a dense deposit with interstitial anions from the 

electrolyte countering the charge. 

C -K--- o_______I 0 

cl 

C 

Fig 1.17. Charge transfer stacking of salen monomer units. Interstitial anions from the electrolyte 

would be present to counter the charge. 
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Though most investigations support the fonnation of carbon linkages as the method 

of polymerisation, it has been proposed that charge transfer stacking may still play a 

role within these processes; Dahm and co-workers [481 have postulated that, prior to 

polymerisation, a charge transfer deposit forms on the electrode. Voltammograms 

display two oxidative waves during polymerisation, the second of which is non-nally 

attributed to oxidative coupling. Dahm held the working electrode at a potential at the 

edge of the first oxidative wave and observed the formation of a stable deposit, 

formed by the loss of less than three electrons per monomer, which gave similar 

voltarnmetric responses as the salen film during cycling. This was suggested to be a 

charge transfer stack and the first step of the polymerisation process, the subsequent 

step being the oxidative coupling of adjacent monomer units in the stack once a high 

enough potential was reached. 

The identity of the metal appears to have little effect on the polymerisation, 

however a central metal ion is clearly necessary for polymerisation to occur, as there 

are several papers in the literature which report that metal-free Salen ligands do not 

form an electroactive film, but instead result in an insulating deposit at the electrode, 

inhibiting further electrochemical response during subsequent cycles [51-56]. It also 

appears necessary that the metal be able to be oxidised, as attempts to polymerise 

[Zn(Salen)] and [Cd(Salen)], or indeed any Salen complex of a metal with only one 

oxidation state, have failed to produce a conducting polymer [55,57]. This has led to 

suggestions that the initial site of oxidation is the metal, and Goldsby suggested rapid 

intra-molecular electron exchange then resulted in the oxidation of the ligand and 

polymerisation [581. A comparison of Ni(salen), a Ni(bis(O-ketoimine)) (which does 

not polymerise), and a Ni mixed complex with one side a salen ligand and the other a 
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P-ketoimine was made. For each complex a sharp irreversible oxidation was followed 

by a broad oxidation of greatly reduced current intensity, and the potential of the first 

peak for the mixed complex lay almost exactly halfway between the potentials of the 

other two complexes. This is consistent with metal-localised rather than ligand- 

localised oxidation; were oxidation ligand-based the mixed complex would be 

expected to be oxidised at a potential closer to that of the bis(O-ketoimine), which 

displayed the lowest oxidation potential, and for the voltammogram to display 

features of both ligand systems rather than behaviour midway between the two. 

The electronic conduction mechanism of these polymers is also less than well 

understood. While the presence of the central metal atom in the film after 

polymerisation has been confirmed by elemental analysis [40,561, investigation by 

FTIR showed the bands arising from the coordination sphere around the metal C5 

displayed little difference between the monomer and polymeric systems, or indeed 

the polymer in the oxidised state [49,59]. This suggested the conduction mechanism 

does not include the metal, though as the organic chains are not conjugated, due to 

the saturated bridge in each monomer unit, it is difficult to see what forrn this 

mechanism takes. The only clear changes in the FTIR spectra can be assigned to 

stretches of the phenyl rings, again indicating polymerisation occurs by coupling of 

the phenyl moieties, and also their importance in the conduction mechanism. 

The addition of substituents at various points around the ligand have varied 

effects on the behaviour of the monomers and polymeric film, having little effect 

when around the carbon - carbon bridge [40,55,56,60], but being quite pronounced 

when on the phenyl rings [50,53,60]. The addition of a methoxy group to each 

phenyl ring has a drastic effect on the properties of the film [50,53,60]. Whereas all 
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the polymer films derived from salens with unsubstituted phenyl rings display one 

broad oxidation process, all those with methoxy groups exhibited a twofold system, 

which Audebert suggested may be due to the electron donating methoxy groups 

lowering the ligand redox potential so ligand and metal oxidations become distinct 

from one another [60], which may also explain the potential at which polymerisation 

commences being lowered by ca. 200 mV when a methoxy substituent is added 

compared to the corresponding unsubstituted salen. It had also been demonstrated 

that methoxy substituted salens display conductivity even in the dry state [53,601 of 

around 10-3 S cm-', which no other salens exhibited, including those which had fully 

conjugated ligands [40,55,56,60]. 

As far as can be ascertained from the literature, the polymerisation of salen 

complexes has never been studied by ellipsometry before, even though the technique 

is unparalleled in the investigation and characterisation of thin films. In this thesis the 

ellipsometric investigations of five related Salens (Fig. 1.18) are presented in an 

attempt to further elucidate the effects that the following: 

i) Substituents on the carbon-carbon bridge 

ii) Electron donating substituents on the phenyl rings 

iii) The identity of the central metal ion 

have on the polymerisation processes and characteristics of the completed polymers. 
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Fig. 1.18. The structure of the five Salens studied in this thesis with their abbreviated names. 
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The Stokesmeter is still a relatively new instrument, and to our knowledge the 

ellipsometer at Newcastle is the only system to use a Stokesmeter and be 

electrochemically interfaced, therefore the primary aim of this thesis was to exploit 

this new and unique ellipsometer. The electro-polymerisation of the five Salens 

shown in Fig. 1.18 provided suitable systems to investigate ellipsometrically, 

particularly with the unsurpassed time resolution permitted by the use of the 

Stokesmeter, allowing investigation of the initial polymerisation processes, and 

highly detailed measurements of potential-dependent changes within the films during 

potential cycling. 
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Chapter 2 Experimental 

2.1 Introduction 

In this chapter the experimental aspects of the work presented in this thesis 

are discussed. The ellipsometric set-up, calibration, and data fitting procedures are 

described, and the design of the ellipsometric electrochemical cell presented. The 

synthesis of the Salen monomers is described, and details of the experimental 

parameters for their electro-polymerisation and the subsequent experiments 

performed on the polymer films given. A brief introduction to FTIR is also included. 

2.2 Experimental Setup 

2.2.1 Overview 

A schematic overview of the ellipsometric system is shown in Fig. 2.1. The 

light source was a continuous wave laser, which was passed through a Glan-Taylor 

prism, which acts as a linear polariser, and a continuously adjustable retarder, 

enabling the generation of any polarisation state desired. This beam of known 

polarisation. was then incident on the working electrode, which was polished to a 

mirror fmish, and reflected to the Stokesmeter, which determined the polarisation 

state of the reflected bearn. 

Four lasers were available for use as the light source, three HeNe lasers 

(Melles Griot) with wavelengths of 632.9 nm, 594.1 nm, and 543.5 mn, and also a 

diode laser (RS Components) with a wavelength of 670 nm. The 543.5 nm and 

52 



Chapter 2 Experimental 

Laser 
Polanser 

Motors controlled 
by Falcon computer 

Ahg=ent 
Quadrant ', 

for contro=-Iýiý, 
ýE7 

CCU 

. >uosirare as Working Electrode 

Detector 
Pre-amp 

IIII 

Oxsys Potentiostat 

Atan Falcon 030 with A/D converter 

Fig. 2.1 Overview of the ellipsometric system. 
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670 nm lasers were acquired during the course of the work described in this thesis, 

consequently not all the electrochemical systems studied have been investigated at all 

of the wavelengths now available. The ellipsometer consisted of two arms, along 

which two metal bars ran, parallel to the beam path. These supported the laser, 

polariser, retarder and Stokesmeter, and are used for alignment purposes. The laser, 

polariser, and retarder were positioned on the first arm, which was stationary, the cell 

was placed at the pivot, and the second ann, upon which the Stokesmeter was 

positioned at the end furthest from the cell, was adjustable and could accommodate a 

wide range of incidence angles, though it was usually set at 60 0, which proved 

adequate for most experiments. A metal target displaying concentric circles and 

designed to sit square on the rails was positioned at various points along the two 
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arms, both in front of and behind the polariser and retarder. Prior to calibration or an 

experiment it was confirmed that the beam hit the target centrally at all points and 

entered the Stokesmeter cleanly to check the system was correctly aligned. 

The Stokesmeter contained four photodiodes arranged so that incoming light 

was serially reflected from one to the next. The potential outputs of the four 

photodiodes allowed the polarisation. of the beam incident on the Stokesmeter to be 

determined (see section 1.2.4). A partially reflecting mirror was positioned between 

the third and fourth photodiodes, which reflected ca. I% of the light to a fifth 

photodiode. This latter diode was present for alignment purposes, and consisted of 

four quadrants, and when the outputs of the four quadrants were equal the system 

was aligned. 

The outputs of the four current-to-voltage followers connected to the quadrant 

diode were monitored by a PC which was used exclusively to display the alignment 

of the system. An Oxsys electrochemical interface, utilising an Atari Falcon 

computer, was employed to record the electrochemical data, and measure the outputs 

of the four current-to-voltage followers connected to the Stokesmeter, which relate to 

the principle diodes. This computer also controlled the motors attached to the 

polariser and retarder. The data from the four principle photodiodes was stored in the 

same buffer as the measurements collected from the electrochemical cell, giving real 

time ellipsometric information, with a resolution in the sub-millisecond region, which 

was limited by the rate at which the data could be gathered by the computer, rather 

than the rate of detection. 
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2.2.2 Calibration 

During calibration, the anns of the ellipsometer were set to 1800 without the 

electrochemical cell present, such that the beam passed through the polariser and 

retarder and was directly incident on the Stokesmeter (this was also the setup for all 

of the noise measurements described in Chapter 3). In order to calibrate the system, 

four known polarisation. states were generated and the response of the four 

photodiodes recorded, generating a 4x4 matrix, A. Clearly, the best choice for the 

calibration polarisation states would be to have four states as different from one 

another as possible. These were calculated as according to the original paper by 

Azzam and co-workers [1], by using the Poincar6 sphere [2,3] (see Section 1.2.3.2). 

In this representation, each point on the surface of the sphere represents a different 

polarisation. The sphere was created by plotting 20 around ellipticity respectively, 

and the radius is So, the intensity. This powerful representation of polarisation can be 

used in a fairly straightforward manner to choose four suitable polarisation states for 

the calibration of the Stokesmeter, as four polarisations which differ to the greatest 

degree possible will describe a tetrahedron. As shown in Fig. 2.2, one of the simplest 

ways to choose points is to take one of the poles of the sphere, and three points lying 

at equal values of & (or 2c), with 0= 60 0 (20 = 120 0) between them. The chosen 

values are shown in Table 2.1, where 0 and s are the principle angle and degree of 

ellipticity, respectively, and 5 and P are the corresponding angles of retardation and 

polarisation. During calibration, the polariser and retarder were altered by the 

computer to sequentially generate the four desired states. The output of the four 

photodiodes was recorded at each of the polarisation states to generate a 4A matrix, 
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A, which essentially acts as a calibration factor for the photodiode outputs recorded 
dunng an experiment. 

Fig. 2.2. The Poincar6 Sphere. The four polarisation states used to calibrate the Stokesmeter form a 
tetrahedron on the spheres surface, indicating they are as different from one another as possible. 

E; /' 0/0 8/0 p 
45 0 90 

-45 
-10 

- 
0 

-E 
90 

E V 

10 

M 

-IF 
60 22.79 59.01 -10 -60 - 22.79 5 9,0 1 1 

Table 2.1. The four polarisation states chosen for the calibration of the Stokesmeter. 5 and P are the 

retardation and polarisation angles, respectively. 
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2.2.3 Experimental Procedure and the Electrochemical Cell. 

Experfinental 

During an electrochemical experiment, the arms of the ellipsometer were 

moved to 120 0 relative to one another, (as shown in Fig. 2.1) giving an angle of 

incidence of 60 0 between the beam and working electrode. Diagrams of the stand at 

the pivot of the ellipsometer and the electrochemical cell are shown in Figs. 2.3 and 

2.4 respectively. There are four mechanisms which allowed movement in order to 

align the system. As indicated in Fig. 2.3, the entire stand could be rotated 

horizontally, and the main part of the stand could be moved forwards or backward 

with respect to the base. Both of these mechanisms altered the position of the cell and 

electrode holder. The third and fourth mechanisms only altered the position of the 

electrode holder; two screws at the top of the electrode clamp, shown at the top of 

Figs. 2.3 and 2.4 allowed movement left and right, and tilting of the electrode 

forwards and backwards 

Figs. 2.5 and 2.6 show the electrode holder and the construction of the cell 

windows. The 0.64 cm" disk working electrode was placed in the holder from behind, 

the front polished surface lying on an O-ring to form a seal. Level with the back of 

the electrode was a second O-ring which formed a seal when the back-piece of the 

holder was screwed on and exerting pressure on it. A final O-ring surrounded the 

wire as it entered the electrode holder. The wire was insulated with a plastic coating, 

except for ca. I mm which was exposed to fonn a contact on the back surface of the 

electrode. Considerable thought was given to the design of the cell windows, shown 

in Fig. 2.6, as a system was required that would allow compensation for the small 

deviations from perpendicular associated with normal 
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Fig. 2.3 The electrochemical stand at the pivot of the ellipsometer. The cell and electrode holder can 

be adjusted as indicated by the four arrows in order to align the system. 
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Fig. 2.4 The electrochemical cell. Two arms protrude form the cell with 120 0 between them Two 
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Fig. 2.5 A schematic diagram of the working electrode holder. The disk electrode is placed into the 

holder from the rear side and a back piece securely screwed into place, the pressure exerted ensures 

the O-rings to form watertight seals and a good electrical contact between the wire and electrode. 

0 

momit 

Fig. 2.6. Schematic diagram of the cell window. PTFE bellows allow the compensation of angles up to 

10 0. The plane of the window is altered to be perpendicular to the beam path by adjustment of the 

screws pressing on the moveable disc. 
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glass-blowing precision. The design incorporated PTFE bellows, with the cell and 

windows both sealed with O-rings. By means of adjustable screws and springs, a 

range of up to 10 0 could be accommodated, more than sufficient to compensate for 

any problems in the glass-blowing. 

When aligning the system for an experiment, during the first step only the 

working electrode holder was in place. Using the four mechanisms of movement 

available for the electrode holder, the reflected beam was aligned so that it hit the 

centre of the alignment target along the length of the second arm, i. e. from the 

electrode to the Stokesmeter. Once this has been achieved, the cell was Placed about 

the electrode, and the window facing the arm of the ellipsometer with the retarder and 

polariser was adjusted until the reflection of the beam from the cell window overlay 

the incoming beam on a neutral density filter placed perpendicular to the beam path. 

This was achieved by firstly rotating the whole cell by hand, then clamping it finnly 

to prevent further movement, and further adjustment achieved using the screws 

indicated in Fig. 2.6 to adjust the plane of the window until it was perpendicular to 

the beam. The electrolyte was now introduced to the cell, and the window facing the 

Stokesmeter adjusted until the beam reflected from the electrode hit the centre, of the 

metal target along the length of the arm and so entered the Stokemeter cleanly. 
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2.3 Fitting Procedures 

Experimental 

A Pascal program, was written in-house to solve the complex equations 

involved in determining n, k and the thickness of a film from the polarisation data. 

(see section 1.3). Data could be input in the fon-n of a complete file, or manually, a 

point at a time, the latter case normally used to fit the first few points of a file prior to 

the entire file being entered. 

When entering data manually, a section at the start of the program required 

the input of various experimental variables, including the angle of incidence, the 

wavelength, the experimental values of A, T, and relative intensity, and the complex 

refractive indices of the solvent, film, and electrode. Generally data was collected 

using the bare electrode prior to the electropolymerisation of a film onto it. This 

considerably simplifies the fitting procedure as there is only one interface 

(electrolyte/electrode), and these values of A and T were readily used to calculate the 

complex refractive index and the reflectance coefficient of the electrode. The 

reflectance coefficient gave a predicted relative intensity, and the ratio of the 

predicted intensity to the arbitrary experimental value generated by the output 

currents of the Stokesmeter was then used to scale every intensity reading in the file. 

When fitting data with a film present, the modified intensity, and n and k for 

the electrode returned by this initial procedure were entered, along with all the other 

parameters mentioned above. The program then required an input of how many films 

were present, whether each was homogeneous or inhomogeneous, and if 

inhomogeneous, how many layers the film is considered to consist of In each case 

presented in this thesis only one film is present on the electrode, however both 
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Electrolyte 

Fig. 2.7. T'he structure of an electrode covered with a homogeneous polymer. n and k are constant 

throughout the polymer. 

Electrode Film ElectrolYte 

Fig. 2.8. Structure of an inhomogenous film. The model used has 10 layers of equal thickness and 

varying refractive index. The refractive index of the inner layers vary linearly between the values for 

the innermost and outermost layers. 
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homogeneous and inhomogenous Salen films were grown. In the case of a 

homogeneous film the fitting procedure was a great deal simpler as n and k of the 

film are constant throughout the thickness of the film, as shown in Fig. 2.7. In the 

case of an inhomogeneous film the values of n and k vary throughout the film. The 

simplest method of fitting an inhomogeneous film is to consider it as several 

homogeneous layers, each layer being the same thickness, with the refractive index 

varying linearly between the values of the inner and outermost layers, as shown in 

Fig. 2.8. When fitting a film in this manner the refi-active index of the outermost layer 

was fixed to some value which was inputted manually, while the overall thickness 

and the refractive index of the innermost layer are allowed to float. As the refractive 

indices of the inner layers are determined by the values of the inner and outermost 

layers, this resulted in there still only being three variables being fitted. The necessary 

assumption of the value of the outermost layers refractive index makes the fitting 

procedure less rigorous, but if the film is inhomogeneous there is little other choice. 

Once all the known parameters had been entered, the second part of the 

program consisted of a fitting routine, at the core of which was the solution to a set of 

non-linear equations: 

Aexp - Acalc :ý0 (eqn. 2.1 a) 

Texp - Tcalc ý- 0 (eqn. 2.1 b) 

R,, p - Rcalcý 0 (eqn. 2.1 c) 

In order to solve these equations an approximate starting point must be found. 

The Newton-Raphson method [4,5] is one of the most cornmon methods of 

solution, and can be described in one dimension for the solution ofj(x) =0 by 
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)r f (X, ) df 
(eqn. 2.2) X2 =X where f '(x, , f'(x, ) 

where x, is the initial guess at a solution, and X2 the better guess returned by the 

method. The formula is used iteratively and the ith iteration has the form 

f(Xi) Xi+l - "--i -fI (xi) (eqn. 2.3) 

For a one dimensional problem the method can be easily visualised, as shown 

in Fig. 2.9. If x is the root forAx) = 0, and xo the initial estimate of this root, the 

f(X) 

(x, f(x1)) 

X0 X2 

Slope f 

-Y = f(x) 

Slope f'(x, ) 

X1 

(xý, Axo» 

ly 

Fig. 2.9. An illustration of how the Newton-Raphson method is used to refine estimates ofj(x) = 0. 

tangent at point (xo, Axo)) has a gradient off '(xo). Where this tangent intercepts the 

x-axis is then taken as the new estimate, xi, and as the process is repeated xi 

approaches x. 
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The method may equally applied to a set of non-linear equations, and in this 

case the notation may be simplified by using vector symbols. If xi is a column vector 

of solutions at iteration i, and fi is a column vector containing the values of the 

functions at the values of the n variables in xi, it can be shown [41 that an 

iteration formula will now take the form 

xi+l ý xi - tiHifi (eqn. 2.4) 

where tj is a scaling factor, normally set to unity, and Hi is an nxn matrix, the form of 

which is determined by the method used. For the Newton Raphson method it is just 

the inverse Jacobian, Ji', where the O, k)h element of Ji is 

jq, k) 
= 

(df (j)) 
Iý 

ýjk) ) (eqn. 2.5) 

and Xi+i : 'ý Xi - if, fi (eqn. 2.6) 

If the initial approximation is fairly close to the solution, the Newton-Raphson 

method will converge very rapidly, however the main difficulty with this method is 

that if the initial approximation is not accurate then often convergence is not 

achieved. 

The method of steepest descent [4,5] operates by starting from a particular 

point PO, and moving a certain step distance in the direction of steepest descent to 

point PI, and repeating the process until a minimum is reached. For example, solving 
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Ax, Y) =0 Ax, Y) =0 

is clearly equivalent to minimising 

S(x 
, Y) = vxý y)]2 + wxý y)]2 

Experimental 

(eqn. 2.7) 

(eqn. 2.8) 

Beginning at an initial approximation (xo, yo), the next approximation is selected by 

X] ý Xo - tsxo Yl : ̀yo - tsy0 (eqn. 2.9) 

where S. 0 and Syo are the components of the gradient vector at (xO, yo), and the 

selection of t determines the step size. 

In the case of a set of non-linear equations, the steepest descent method may 

be represented by Eqn. 2.10 

x1+1ýx1+11V iT (eqn. 2.10) 

This does not usually lead to the optimal way of reaching the minimum, 

however it does guarantee a minimum will be reached eventually. Although the 

steepest descent method is very slow at the final stages of convergence, it is very 

robust should the initial approximation be quite a way from a solution, thus a 

cornbination of the Newton-Raphson and Steepest Descent methods proves very 

useful. The Levenberg-Marquardt algorithm [4,5] is a cross between the two 

methods, and may be written as 
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H (jTjl 
+X 

I)-' 
jT + X-IjTj 

IY 
iT 

II (eqn. 2.11) 

where jT is the transpose of Ji and ki is a numerical parameter that can be adjusted i 

manually at every iteration to increase the speed of convergence. When ki =0 the 

Newton-Raphson method is recovered; however as ki -),. co, Hi -jJ T 
, which is a 

form of the steepest descent method. Thus when fitting data, initially a very high 

value of X is chosen (e. g. 100 - 1000), and as the approximation improves, as 

measured by the sum of squares 

, 
)2 + (qf 

xp _ qfcalc)2 + C)2 
(AeNp - Acalc 

c (R,, p - 
Rcal (eqn. 2.12) 

then X is decreased, normally being reduced to unity or below as a solution is 

approached. 
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2.4 Salen Monomer Synthesis 

2.4.1 [Pd(OMeSalen)] and [Ni(OMeSalen)] 

Performed by A. Timonov and S. Vasil'eva, Pedagogical Institute, Univesity A. I. 

Herzen. St. Petersburg, Russia. 

The Salen was obtained commercially from Aldrich and the methoxy 

derivative was synthesised [6-9] by combining stoichiometric amounts of hot 

ethanolic solutions of o-vanillin (Aldrich, 97 %) and ethylenediamine (Vecton, 

98 %). The product was filtered, washed with water and cold ethanol, and dried in 

air. [Pd(OMeSalen)] was synthesised by combining stoichiometric amounts of a hot 

ethanolic solution of the ligand and an aqueous solution of K2[PdCI41 (Aldrich). The 

pH of the mixture was adjusted to 7 by the addition of triethylamine (Vecton, 98 %) 

and the mixture refluxed for 30 min. The product was filtered, washed with water and 

cold ethanol and twice re-crystallised from ethanol; its identity was confirmed by 

elemental analysis. [Ni(OMeSalen)) was prepared in a similar manner, and the 

identity of both monomers was confirmed by elemental analysis. 

2.4.2 [Ni(SaltMe)], [Ni(OMeSaltMe)] and [Ni(SaIdMe)] 

Peyformed by C Freire and M Vilas-Boas, University ofPorto, Portugal. 

The syntheses of [Ni(SaltMe)] and [Ni(SaIdMe)] were as described in literature 

(10,11]. All solvents, 2-methylpropane-2,3-diamine (for the (SaIdMe)) and the 

salicylaldehyde were obtained commercially and used as received and 2-3- 
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Dimethylbutane-2-, 3-diamine (for (SaltMe) and (OMeSaltMe)) was prepared by a 

modification of the method of Sayre [12]. The Schiff base was prepared by standard 

methods [131, in which an ethanolic solution of the diamine was added to a rapidly 

stirred ethanolic solution of salicylaldehyde ((Saldme) and (SaltMe)) or 3- 

Methoxysalicyladehyde (OMeSaltMe) and the resulting mixture was then refluxed. 

On cooling to room temperature, the yellow solid formed was filtered off, washed 

with cold ethanol and cold diethyl ether, and dried under vacuum for several hours. 

The Nickel(II) complex was also synthesised by standard procedures [13]: an 

ethanolic solution of the Schiff base was added to ethanolic nickel(II) acetate 

solutions and the resulting mixture was then refluxed. After cooling the red-brown 

microcrystalline solid was filtered off, washed with ethanol and diethyl ether, and 

dried under vacuum. The NN'-2,3-dimethylbutane-2,3-diyl- 

bis(salicylideneiminate)nickel(II) or [Ni(SaltMe)], N, N'-2-methylpropane-2,3-diyl- 

bis(salicylideiieiminate)nickel(II) or [Ni(Sa]dMe)] and the NN'-2,3-dimethylbutane- 

2,3-diyl-bis(3-methoxysalicylideneiminate)nickel(II) were recrystallised from 

acetonitrile before use, and the identity of all three salens confirmed by NMR and 

elemental analysis. 
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2.5 Polymerisation and Potential Cycling, and Stepping of Salens. 

2.5.1 [Pd(OMeSalen)] and [Ni(OMeSalen)] 

Poly[Pd(OMeSalen)] films were deposited on a highly polished Pt electrode 

having an area of 0.64 crn2. Prior to use, the working electrode was polished with an 

aqueous suspension of 0.05 ýtm alumina (Beuhler) on a master Tex (Beuhler) 

polishing pad. A Pt gauze was used as a counter electrode and all potentials are 

referred to a Ag/AgCl reference electrode. 

The films were deposited by cycling the potential of the working electrode 

between 0 and 1.2 V at 100 mV s-1 in a solution containing I mmol dM-3 

[Pd(OMeSalen)] in 0.1 mol dm -3 tetrabutylammonium tetrafluotoborate (TBAT, 

Aldrich) in acetonitrile (MeCN, HPLC grade, Aldrich). After fifteen cycles, the 

electrode was removed from solution and washed with a small amount of acetonitrile 

to remove any residual monomer. The modified electrode was immersed in 

0.1 mol dM-3 TBAT - MeCN and cycled between -0.2 V and 1.1 V at 100 mV s-1, and 

stepped from 0V to 1.1 V and back to 0V in 100 mV steps with 35s at each 

potential. 

The growth of poly[Ni(OMeSalen)] was performed in a similar manner, but 

due to the small amount of [Ni(OMeSalen)] synthesised, polymerisation had to be 

performed in a cell smaller than that used for the ellipsometer in order for a 

concentration of 1mmol dM-3 to be obtainable, so film growth could not be observed 

using the ellipsometer. Once growth was complete and the electrode rinsed it was 

transferred to a solution of the monomer free elecftolyte in the ellipsometric cell and 
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the behaviour of the modified electrode under cycling and stepping conditions 

analogous to those employed in the poly [Pd(OMeSalen)] experiments was studied. 

The ellipsometric measurements were performed with an angle of incidence 

of 60 0 and using probe wavelengths of 633 nm and 594.1 nm. The cell and 

ellipsometric setup have been described in section 2.2. 

2.5.2 [Ni(SaIdMe)], [Ni(SaltMe)], and [Ni(OMeSaltMe)] 

All three films were grown in the same manner to allow direct comparison 

between them. As with the Pd(OMeSalen), deposition was onto a highly polished Pt 

disk electrode of area 0.64 cm 2, which had been polished to a mirror finish using an 

aqueous suspension of 0.05 ýtm alumina on a Master Tex polishing pad (Beuhler). 

Deposition was perfonned by cycling the Pt working electrode between 0.0 V 

and 1.3 V at 100 mV s-1 in a solution containing 1.0 mmol dM-3 of the appropriate 

monomer and 0.1 mol dM-3 tetraethylammonium perchlorate (TEAP, Fluka, Puriss) in 

acetonitrile (HPLC Grade, Aldrich). After five cycles the electrode was removed and 

rinsed with acetonitrile before being immersed in 0.1 mol dM-3 TEAP in acetonitrile. 

The modified electrodes were cycled between 0.0 V and 1.3 V at 100 mVs-1, and 

stepped from 0V to 1.3 V and back to 0V in 100 mV steps with 35 s at each 

potential. 

The ellipsometric measurements were performed with an angle of incidence 

of 60 0 and using probe wavelengths of 670 nm, 633 nm, 594.1 nm, and 543.5 nm, 

though as some lasers were bought during the period of the study all four 

wavelengths could not be used on each of the three polymers. 
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2.6 FTIR In-Situ Spectroscopy 

Experimental 

This section is intended to be a brief introduction to the technique of Fourier 

Transform Infra-Red Spectroscopy, which has been used alongside ellipsometry in 

the investigation of [Pd(OMeSalen)] and [Ni(SaltMe)]. For a more detailed 

description of the technique see [14,15] 

Although it was long recognised that IR spectroscopy would be a useful in- 

situ tool, problems with sensitivity and solvent absorption limited systems to which it 

could be applied. The advent of FTIR instruments greatly increased the signal to 

noise ratio, as the enhanced speed at which spectra could be collected allowed a 

number of scans to be collected and averaged, taking as little as 15 ms each, and is 

also used as a difference technique; several spectra are gathered and averaged at a 

baseline potential, before the potential is then stepped to some region of interest 

where a second spectrum is collected and ratioed to the first. The signal to noise ratio 

increases as qN, where N is the number of individual scans. fn practice the spectra 

are plotted as normalised difference spectra, that is 

§7 (eqn. 2.9) 
S) (S"S,, 

R 

where S, is the reference spectrum and S, the spectrum of interest, is plotted against 

wavenumber. As a result of this data manipulation, any peaks pointing up, to 

(+AR/R), correspond to a loss of absorbing species in S,, with respect to S, , while any 

peaks pointing down, to (-AR/R), correspond to a gain of absorbing species in S,. 
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The problem of solvent absorption is overcome simply by minimising the 

solvent pathlength. A reflective working electrode is pressed against the IR 

transparent window of the electrochemical cell, trapping a thin layer of electrolyte 

between the electrode and window. The electrochemical cell is shown in Fig. 2.10. 

Reference Electrode 
Port , 

Working Electrode 
Contact \ 

Pushrod Cormector 

Teflon Seals 

Water Jacket % Working Electrode 

Fig. 2.10. The in-situ FTIR Electrochemical Cell 

The FTIR spectrometer used for the data presented in this thesis was a Bio- 

Rad FTS-40 controlled by an Oxsys Micros Electrochemical Interface, which also 

controlled the electrochemistry of the cell. The thin film mode adopted to minimise 

solvent absorptions precludes the use of this technique to study growth processes. C) 

Instead the working electrode was pulled back from the cell window while 

polymerisation was performed in an identical manner to those described in sections 

2.5.1 and 2.5.2 for Pd(OMeSalen) and Ni(SaltMe), respectively. As used in the 

ellipsometric experiments, the working electrode was a polished Pt 0.64 cm 2 disk, 

and all potentials were referenced to Ag/AgCl. In order to allow time to gather the 

spectra the potential was stepped rather than cycled, with 35 s at each potential, 

allowing the accumulation of 100 interferograms at 8 cm-1 resolution. In the case of 

Teflon Electrode Body 

Spring Connector 

Counter Electrodes 

Teflon Caps 
CaF2 Window 
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poly[Ni(SaltMe)] the potential was altered in 100 mV steps from 0 to 1.3 V, and back 

to 0 V, while poly[Pd(OMeSalen)] was stepped by the same increments but between 

0V and 1.2 V 
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3.1 Introduction 

Noise Measurements 

During the course of the work described in this thesis, the ellipsometer was 

moved to take advantage of a vacant air table; the relocation occurred after the 

investigations of [Pd(OMeSalen)], [Ni(OMeSalen)] and [Ni(SaltMe)] had been Zýl 

performed, and prior to the studies of [Ni(OMeSaltMe)] and [Ni(SaIdMe)]. The noise 

levels present in the system were insufficient to impinge on any of the Salen studies, 

both prior to and after the move, as the changes in the ellipsometric parameters 

during film growth and switching were large enough for the signal to noise ratio to be 

well within acceptable limits. However, when an attempt was made to study iron 

passivation, a process previous studies [1,2] have shown to result in only a few 

degrees change in A and less than a10 change in T, the noise levels were clearly 

unacceptable, in many cases the signal being completely unobservable, and an 

investigation of the sources of noise intrinsic and extrinsic to the system was 

undertaken, the results of which are described in this chapter. 

3.2 Results and Discussion 

All the data presented in this chapter were obtained with no electrode or cell 

present in the beam path, instead the ellipsometer anns were set at 180 0 and the 

beam passed from the laser source through the polariser and retarder, and this known 

incident polarisation state was directly incident on the (already calibrated) 

Stokesmeter. Typical examples of the data observed with the ellipsometer in this 
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Fig. 3.1. The variation of A, T and intensity over a 3.25 s time period; the data were collected with a 

45 0 linearly polarised laser beam, 632.8 nni, directly incident upon the Stokesmeter. Readings were 

taken every 325 ps, with no data averaging. 
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arrangement are shown in Fig. 3.1, and a great deal of noise is clearly present: up to C) 

ca. 10 on A, 0.3 0 on T, and I% on the intensity, peak to peak (standard deviations 

of 0.08 on A, 0.02 on T and 0.002 on the Intensity). The first step in the analysis of 

this noise was to determine if it was random or non-random, as the latter would 

clearly indicate a particular source(s) of the noise. 

If a population is random, then if N readings are repeatedly taken from it and 

their mean taken to create a new Population of means, the variance of the new 

population will be a factor of N smaller than that of the parent population, i. e. the 

standard deviation will be 1/(N)1/2th that of the parent population [3]. To establish 

whether a linear relationship existed between the standard deviation and 1/(N)112 for 

the noise observed in the ellipsometric system, the data shown in Fig. 3.1 were used 

as the parent population and various values of N employed. Using the programming 

language Pascal [4,5], a computer program was written to read in a file and request a lný 

manual input of how many rows are to be averaged (N), e. g. an input of N= 10 for a 

file of 10000 data points will return a file of 1000 points, each the average of ten 

consecutive points of the original file. Using this method with various values of N, 

the data shown in Fig. 3.2 were generated, which exhibit an almost linear relationship 

between 1/(N) 1/2 and the standard deviation, except for the values arising from the 

parent population itself (N = 1). To see if non-random shot noise was overlying a 

source of random noise, resulting in the non-linear plots, a second program was 

written to remove the spikes clearly present in A, T and in the intensity to a lesser 

extent in Fig 3.1. This program operates by taking the mean of the input file, then 

asking for acceptable upper and lower limits; any points falling outside the 
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Fig. 3.2. The relationship between the standard deviation of the data shown in Fig. I and the square 

root of the nurnber of readings averaged for each data point (N). Squares - A, Circles - T, and triangles 

- intensity 

specified range are replaced with the mean value taken at the start of the program 

(though this will of course be different from the mean of the output file if any points 

are replaced). Using this program the data in Fig. 3.1 were modified by replacing any 

point that fell outside one standard deviation either side of the mean with the mean 

value itself In this manner the data in Fig. 3.3 were generated, and analysed as 

described above for the original data. Fig. 3.4 shows the relationship between the 

standard deviation and 1/(N)112 for the modified data, for all three parameters. 

Removing the spikes from the data still does not yield a perfect linear relationship 

between 1/(N)1/2 and the standard deviation, the points arising from the parent 

populations with N=I still deviating slightly, but the data is still closer to linearity 

than that in Fig. 3.2. This indicates the source(s) of noise are very nearly random, 
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Fig. 3.3. The data in Fig. I with the shot noise removed. Any point lying further than one standard 

deviation from the mean was replaced with the mean value itself 
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Fig. 3.4. The relationship between the standard deviation and the square root of the number of 

readings averaged for each point for the data in Fig. 3.3. Squares - Delta, circles - psi, and triangles - 

intensity 

possibly with some degree of underlying patterned noise resulting in the slightly off 

linear nature of the plots in Figs. 3.2 and 3.4. 

It is interesting to note that the intensity is highly digitised even before the 

removal of any noise outside one standard deviation. This digitisation indicates the 

computer is already at maximum resolution for the intensity measurements and no 

further improvement is possible, however, this is not the case for A and T, and it 

should be possible to improve the noise levels of these two parameters. 

The extent to which vibrational noise ftom the surroundings was affecting the 

ellispometric system and the degree to which it could be minimised was assessed 

from the effect the air table had on the noise levels. To prevent the transmission of 

vibrational noise to the air table no equipment was in contact with the table at any 

point around it, and all leads to equipment on the table (laser, Stokesmeter, polariser, 
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retarder) were encased in foam, and a metal plate placed over them and screwed 

down to the air table to secure them and keep any movement to a minimum. Figs. 3.4, 

3.5 and 3.6 compare the typical noise observed with the air supply to the air table 

switched off, with the air table on at ca. 3 bar, and with the air table on at the same 

pressure and a half inflated tyre under the ellipsometer. These measurements were 

taken using a HeNe laser with a wavelength of 632.8 nm, the beam linearly polarised 

at 45 0, and the ellipsometer set at 180 0 with no sample present. With no air supply to 

the air table, the noise (peak to peak) on A is about 0.6 0, on T ýý 0.1 0, and is 1.8 % 

for the intensity. With the air table functioning at 3 bar the variation in the intensity 

decreases to approximately 1.3 %, and although the overall variation in the values of 

A and T is hardly altered, the main body of the noise is reduced but a wave with a 

period of ca. 3s becomes clear, particularly on T. Upon inserting the tyre between 

the air table and ellipsometer, the high frequency noise decreases to 0.1 0 for A, 0.03 0 

for T, 0.4 % for intensity, and the low frequency oscillation becomes a good deal 

more pronounced for A and T. The change in the intensity is so small the data has 

become digitised so no wave is visible. This clearly indicates that a great deal of the 

noise present in Fig. 3.4 is vibrational. The wave is present even in Fig. 3.6, the most 

vibrationally isolated of the three experiments. Its origin remains uncertain: it was 

present in some experiments but not others, and when present it was not seen to 

diminish during late evenings etc., suggesting it is not necessarily vibrational in 

nature. 

Raising the operating pressure of the air table had no further effect on the 

noise, indicating the vibrational noise had been minimised as far as was readily 

possible. Further to vibrational noise, the signal itself may be noisy, or electronic 
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Fig. 3.4 The typical noise observed on A, T and intensity with the air supply to the air table switched 

off and no tyre under the equipment. 24 readings were averaged to give one point every 50 ms. 
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Fig. 3.5. The typical noise observed on A, T and intensity with air table operating at a pressure of 
ca. 3 bar, and no tyre under the equipment. 24 readings were averaged to give one point every 50 ms 
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pick up could be occurring in the system after the ellipsometric readings have been 

taken by the Stokesmeter, the latter possibly being indicated by the presence of high 

frequency noise, clearest in Fig. 3.4, but also present in Figs. 3.5 and 3.6. In section 

3.2.1 the effects of changing the input signal to the Stokesmeter will be described, 

and in section 3.2.2 the extent and sources of electronic noise arising in the computer 

system after the readings have been taken will be discussed. 
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3.2.1 Signal Noise 

Noise Measurements 

Four lasers could be employed with the ellipsometric system, three HeNe 

lasers with wavelengths of 543.5,594.1, and 632.8 nm, and a diode laser operating at 

670 nm. To study whether changing the laser had any effect on the noise level 

present, data were recorded using each laser in turn, and typical data for each laser 

are shown in Figs. 3.7(a) - (d). The intensity was adjusted to give a similar reading in 

each case using a set of neutral density filters, and in all experiments the ellipsometer 

was set at 180 0, with no sample in the beam path so the beam passed through the 

neutral density filter, polariser, and then retarder before being incident on the 

Stokesmeter. 

The levels of noise displayed by the 670 nm and 632.8 nm lasers are clearly 

the lowest: 0.15 0 on A, 0.06 0 on T, and less than I% on the intensity. The 594.1 nm 

laser is a little more noisy, ca. 0.3 0 variation in A, 0.08 0 in T, and just over 0.5 % in 

intensity, but with a drift of up to 1.6 %; but by far the noisiest data is that from the 

543.5 nm laser, with a10 variation in A, 0.1 0 in T and just over I% in intensity. 

However, this variation in the noise levels is not entirely unexpected, given the 

different polarisation of each laser. The 670 nm diode laser is circularly polarised, 

and the 632.8 nm HeNe laser is linearly polarised but a quarter wavelength plate 

(QWP) calibrated for 633 nm may be attached to the front of the laser. When the 

optical axis of the QWP was positioned so that the linearly polarised light from the 

laser was incident at the correct angle, the emerging beam was circularly polarised. 

The importance of circular polarisation is that when passed through a polariser the 
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Fig. 3.7(a) Typical data gathered using the 670 mn diode laser, with the ellipsometer set at 180 0 and 

no sample present: 45 0 linearly polarised light is directly incident on the Stokesmeter, one reading 

was taken every 5 ms with no averaging of the data. 
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Fig. 3.7(b). Typical data gathered using the 632.8 nm HeNe laser with the 633 nrn quarter 

wave plate. The ellipsometer was set at 180 () with no sample present: 45 0 linearly polsrised 

light is directly incident on the Stokesmeter, one reading was taken every 5 ms with no 

averaging of the data 
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Fig. 3.7(c). Typical data gathered using the 594.1 ran HeNe laser with the 633 mn quarter 

wave plate. The ellipsometer was set at 180 0 with no sample present: 45 0 linearly polsrised 

light is directly incident on the Stokesmeter, one reading was taken every 5 ms with no 

averaging of the data. 
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Fig. 3.7(d) Typical data gathered using the 543.5 nm HeNe laser with the 546 run QWP 

attached. The ellipsometer was set at 180 0 with no sample present: 45 0 linearly polarised 

light is directly incident on the Stokesmeter, one reading was taken every 5 ms with no 

averaging of the data. 
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emergent beam will be of constant intensity regardless of the orientation of the 

polariser. The 594.1 and 543.5 nm lasers are randomly polarised, they emit linearly 

polarised photons but at random angles. If directly incident on the polariser this will 

lead to a large fluctuation in the intensity of the transmitted beam. Using a QWP, 

even one calibrated to the correct wavelength will not yield circularly polarised light 

as the photons have to pass through at a particular angle to the optical axis of the 

plate; the randomly orientated photons from the 594.1 and 543.5 nm lasers will pass 

through at random angles, emerging in various states of elliptically polarised light. 

While the addition of a QWP to produce various elliptical polarisations will reduce 

the fluctuation in intensity compared to having random linear polarisations incident 

on the polariser, a significant amount of noise in the intensity recorded is still to be 

expected (See more detailed discussion of QWP in section 1.2.2) In the case of 

Figg. 3.7(c) the QWP calibrated to 633 nm was used, and in (d) a QVvP calibrated to 

546 nm, to reduce the variation in intensity to some extent. 

Fig. 3.8 shows data for the 594.1 nm laser without the 633 nm QWP attached 

and Figs. 3.9(a) and (b) show data for the 543.5 nm laser with and without the 

633 nm QWP respectively. In Fig. 3.8 the noise on the intensity is over 2 

compared to 0.5 % with the 633 nm QVTP, and in the case of the 543.5 nm laser the 

difference is even more obvious, a4% variation in the intensity in Fig. (b), ca. 2% 

in Fig. 9(a) with the 633 nrn QWP, compared to ca. I% with the 546 QWP in 

fig. 3.7(d). The Melles Griot catalogue quotes a variation in intensity of ca. 0.1 % for 

all three of the HeNe lasers, which is considerably less than the variation observed 

even with the 632.8 nm laser and QWP. To act as a check on the intensity 
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Fig. 3.8. Data gathered with the randomly polarised 594.1 nm HeNe laser Without the 633 nm QWP. I 

reading taken every 5 ms, no data averaging. 
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Fig. 3.9(a). Data gathered at 543.5 nm using a QWP calibrated to 633 run. One reading collected every 

5 ms, no signal averaging. 
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fluctuations observed with the Stokesmeter, a photodiode tube was used as a 

secondary method of measuring the intensity. In the case of all experiments using the 

photodiode tube the intensity of the laser beam was reduced sufficiently to register on 

the scale of the photodiode meter using various neutral density filters, the beam then 

passed through the polariser and retarder to emerge linearly polarised at 45 0, and 

then passed through a beam expander to produce a beam roughly I-1.5 cm in 

diameter, as the diode was not designed to measure the beams of a few millimeters 

diameter as produced by the lasers. The photodiode was connected to a plotter, and 

the traces recorded on I nim 2 graph paper. Fig. 3.10 shows the output from the 

photodiode with no light incident on it, and Figs. 3.11 and 3.12 show traces recorded 

for the 670 mn and 632.8 nm lasers respectively; the latter with the 633 nm QWP 

attached. There is up to I mV drift during the blank run, and less then 0.1 mV 

variation on the trace itself, which can be regarded as insignificant compared to the 

experimental traces, all recorded at 0.1 or 0.2 Vcm-1. In Fig. 3.12, very little change 

in intensity is observed, the 632.8 nm laser displayed no visible fluctuation in 

intensity, while the 670 nm laser displayed ca. I% variation in the main noise (i. e. 

the short time scale variation on the trace), but up to a3% drift over the course of the 

experiment (ca. 9 min). These prolonged drifts in intensity have been observed 

sporadically with all four lasers, and with both the photodiode and the Stokesmeter. 

The origin is unknown, but as both detectors display them, it does seem likely that 

they are a real effect generated by the lasers. One concern was that the age of the 

lasers could be responsible for a decrease in the consistency in performance. The 

632.8 nm laser being the oldest of the four, a new linearly polarised 632.8 nm laser 
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Fig. 3.10 The potential output from the photodiode tube over ca. 9 min with no light incident. Each of 

the smallest squares is I mm 2 on the original trace. Scale: X: 20 s cm7l, Y. I mV cm-1 Zero for the 

potential axis shown over 4 mm in bottom right hand comer. 
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Fig. 3.11. The potential output from the photodiode tube with linearly polarised light generated by the 

670 mn laser. Each of the smallest squares is I MM2 on the original trace. Scale: X 50 s crd', Y: 

0.2 V cm-1. Zero for the potential axis shown over 20 mm in bottom right hand comer. 
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Fig. 3.12. The potential output from the photodiode tube with linearly polarised fight generated by the 

632.8 nin laser. Each of the smallest squares is 1 mm 2 
on the original trace. Scale: X: 50 s cnf', Y: 
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Fig. 3.14. The potential output from the photodiode with the Uniphase 633 nm laser and power supply. 

Each of the smallest squares is I mm2 on the original trace. Scale: X 50 s cnf', Y: 0.1 V cm-'. Zero 

for the potential axis shown over 5 mm in bottom right hand comer 
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was obtained on loan from Uniphase, which also came with a new Power supply, 

allowing comparison with the Melles Griot power supplies currently in use (which 

could also be generating noise). Fig. 3.13 shows data gathered with the new 

632.8 nm laser using the Stokesmeter, and Fig. 3.14 the trace reorded using the 

photodiode tube. Figs. 3.13 and 3.14 show that there was no detectable difference in 

the noise levels recorded when using the Melles Griot and the new Uniphase lasers, 

and continuous drifts in intensity were still observed, confirming that replacing the 

lasers with newer models would not be of any benefit to the system. As a check of 

the presence and magnitude of the intensity variation observed with the 594.1 and 

543.5 nrn randomly polarised lasers using the Stokesmeter, these lasers were also 

studied using the photodiode tube. Figs. 3.15,3.16 and 3.17 show data for the 

594.1 nm laser with the 633 mn QWP, the 543.5 nm laser without a QWP, and the 

543.5 nm laser with the 546 nm QWP respectively. In Fig. 3.15 the noise is ca. 2 to 

but with a drift of almost 25 %, though given the timescale of this experiment is 

nearly 30 mins, compared to 30 s in Fig. 3.7(c), it is not surprising that much bigger 

changes were observed. The 2% variation observed as the main noise is in close 

agreement to that observed with that recorded by the Stokesmeter, as are the 

variations in Figs. 3.16 and 3.17, ca. 5% and just over I% respectively, which 

correspond well with the variations in Figs. 3.9(b) and 7(d) of 4% and I %. As with 

Fig. 3.15, a much greater variation was observed over the period of the photodiode 

tube experiments, with jumps in intensity of up to 7 %, which were not observed 

during the much shorter timescale Stokesmeter experiments. Figs. 3.16 and 3.17 also 

show the introduction of the QWP between the laser and polariser yields a 
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-- --------- 

Fig. 3.15. The potential output from the photodiode with the 594.1 mm laser with the 633 mn QWP. 

Each of the smallest squares is I mm2 on the original trace. Scale: X: 50 s cm-1, Y: 0.2 V crd'. Zero for 

the potential axis shown over 20 mm in bottom right hand comer 
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Fig. 3.16. The potential output from the photodiode with the 543.5 run laser with no QWP. Each of the 

smallest squares is I mm2 on the original trace. Scale: X: 50 s cnf', Y: 0.05 V cm". Zero for the 
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Fig. 3.17. The potential output ftom the photodiode with the 543.5 nrn laser with the 546 nrn QVvT. 

Each of the smallest squares is I mm2 on the original trace. Scale: X: 50 s cm", Y. 0.2 V cm-1. Zero for 

the potential axis shown over 6 nun in bottom right hand comer. 
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significant improvement in the short term variation of the intensity, confirming the 

conclusions made from the data gathered with the Stokesmeter. While using QVvPs 

was expected to reduce the fluctuation in intensity, it is surprising that a reduction 

was seen in the noise on all three parameters, and often the fraction of reduction in 

noise on the intensity was of a similar value to the change in noise on A and T. This 

was unexpected, as A and IF should be detennined solely by the settings of the 

polariser and retarder, the intensity would not be expected to affect their values. 

The Stokesmeter consists of four photodiodes, arranged so that the incident 

beam is serially reflected from one to the next, and the output for each of these four 

diodes, referred to as Stokes 1,2,3 and 4, for the first to fourth photodiodes 

respectively, allows A and T to be calculated. (see section 1.2.4 for a more detailed 

description of the Stokesmeter) Though a change in the intensity will alter the outputs 

from these four diodes, it should not alter the ratio of the Stokes vectors to one 

another. Figs. 3.18(a) and (b) show the data from Figs. 3.7(d) and 3.9(b) respectively, 

analysed by taking the four Stokes vectors and dividing Stokes 2,3 and 4 by Stokes I 

in order to determine if the ratios of the four signals do remain constant. Figs. 3.7(d) 

and 3.9(b) were recorded with and without the 546 QWP respectively, the first 

displaying an almost constant intensity, while large and rapid variations are observed 

without in 3.9(b). In the case of Fig. 3.18(a) the ratios do remain constant, with the 

exception of a slight drift in value of Stokes 4/Stokes 1, but generally the ratios vary 

by less than I %. In Fig. 18(b) however, the ratios vary up to 5 %, which is clearly 

resulting in the noise observed on A and T. It would seem the fluctuation of the 

incident intensity is directly causing this effect given the clear 
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Fig. 3.18(a). The ratios of Stokes 2,3, and 4 to Stokes I for the data in Fig. 3.7(d), collected at 

543.5 nm using a QWP calibrated for 546 nm 
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at 543.5 nm without a QWP. 
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difference between Figs. 3.18(a) and (b), as this is the only difference between the 

two experiments. 

The effect of intensity fluctuations on the values of A and T recorded can be 

understood by considering the experimental setup and the manner in which the 

Stokes outputs are read. While it would be preferable to have all four inputs read 

simultaneously, this would require more hardware and expense, so not envisioning 

any problems with a very short time delay between each Stokes output being read, the 

system was instead designed to read the outputs sequentially. In the normal data 

collection mode the time elapsed between each Stokes reading is just under I ms, all 

four Stokes readings being read within a 2.9 ms period. The CW lasers used which 

are randomly polarised will generate a beam incident on the Stokesmeter of 

constantly varying intensity, so by the time Stokes 2 is read the intensity incident on 

it is different from the incident intensity ca. I ms before when Stokes I was recorded, 

and so on for each of the Stokes readings, resulting in the fluctuating ratios in 

Fig 18(b), and clearly the degree of fluctuation over a ca. 3 ins period is sufficient to 

introduce the levels of noise displayed in Fig. 9(b). The obvious and easy solution, 

though expensive, would be to replace the randomly polarised lasers with ones either 

circularly polarised, or linearly polarised with a suitably calibrated QWP. Also, it is 

planned to replace the Oxsys system which collects the electrochemical and 

ellipsometric. data with a custornised PC, in which, if at all possible, the ability for the 

simultaneous reading of all four Stokes inputs will be included. 

110 



Chapter 3 

3.2.2 Electronic Noise 

Noise Measurements 

Examination of the shielding around the Stokesmeter revealed some of the 

connections exhibited little or no conductivity. Leads are exposed outside the 

Stokesmeter casing between each of the four diodes, and from the fifth quadrant 

diode to the alignment computer. The earthed foil shielding around each of these 

sections was replaced, and the separate sections connected with copper wire, giving a 

resistance from the most remote shielded section to the earth of the main plug of less 

than 2 Q. This had no detectable effect on the noise levels recorded, and short of 

placing the entire ellipsometer in a Faraday cage it is difficult to see how the system 

could be better shielded, and other possible sources of noise were considered. 

One very noticeable effect which could not be in any way due to the light 

sources is the difference in noise between measurements taken with the normal data 

collection program, which has a maximum sampling rate of I reading every 5 ms, 

and those taken with the program written for transient measurements (one reading 

every 325 pLs). Frequently data collected by the two programs have the same basic 

level of noise, but repeated spiking is seen using the transient program, which is not rý' 

present using the normal data collection procedure, even at the maximum sampling 

rate with no signal averaging. Figs. 3.19 and 3.20 below show data collected at 

594.1 nrn using the normal and transient data collection programs respectively. Using 

the normal program for data collection, the noise on A, Y and the intensity was 0.4 0, 

0.15 0, and 1.1 % respectively, compared to the main noise recorded using the 

transient program of 0.5 0,0.2 0 and 1.1 %. However, spikes of up to 2 0,0.6 0 and 
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Fig. 3.19 The variation in A, T and intensity, recorded at 594.1 run with the 633 nni QWP, and using 

the nonnal data collection program. One reading was taken every 5 ms, with no averaging of data 

points. 
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Fig. 3.20 The variation in A, T and intensity, measured at 594.1 nm with the 633 nm QWP, using the 

transient data collection program. One reading was taken every 325 pts, with no averaging of data 

points. 
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over 6% are observed for A, T and the intensity respectively, during the transient 

measurements. It is noticeable that there is a clear change in the magnitude of the 

spikes half way through the program, this was frequently, though not always, 

observed with the transient program, suggesting there may be a problem with the 

program itself and/or the manner in which the data is collected and stored. Another 

surprising result arose from the investigation of the shielding of the four coax cables 

which carry the four Stokesmeter readings to the computer. When connecting up the 

outer shielding of the coax cable and the central signal carrying wire to an ZD 

oscilloscope to investigate any electronic pick up it was found quite clearly and ZD 

reproducibly that the extent of the noise observed on the oscilloscope was dependent 

on the screen displayed on the computer monitor, in particular a large pattern of some 

15 mV, which appeared to beat with a period of I to 2 s, was observed when the 

screen displayed the latest outputs from the Stokes meter in real time. This noise was 

not observed when the Atari computer displayed any other screen, and given the 

transient measurements were gathered with this screen displayed suggests that the 

spikes may be due to pickup, present only when the components necessary to display 

the Stokesmeter outputs in real time are being used. This supports the suggestion that 

the difference in the noise observed using the two data collection programs originates 

from the computer itself 

To investigate whether noise is being injected by the system after detection by 

the Stokesmeter, a dummy connector was used as an input into the computer. The 

electrochemical leads were connected to a dummy cell, consisting of two IM 

resistors connected in series, while a connector with the outer shield and inner wire 

shorted to give a0V input replaced each stokes input in turn with the other three 
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connected as usual, to see how cleanly the computer could read it. In Fig. 3.21(a) - 

(d) below the results for Stokes 1 to 4 are shown as each was connected to the 0V 

input and data collected using the normal program. The inputs vary by up to 8 mV. 

There is clearly a great deal of digitisation in the data, indicating the computer is 

working at the limit of its resolution. Fig. 3.22 shows the Stokes outputs for the data 

shown in Fie, 3.7(b) above, which can be seen to vary by a similar amount to the data 

collected with the shorted input. Fig. 3.7(b) shows noise on A, IF and intensity of 

ca. 0.15 0,0.04 0, and 0.5 % respectively, and these clearly represent the resolution 

limits possible with the current experimental setup. Each of the Stokes inputs was 

also monitored with the shorted input while collecting data with the transient 

program, the data for which is shown if Fig. 3.23. All four inputs when connected to 

the 0V input, displayed roughly twice the variation when data is collected with the 

transient program rather than with the normal one, and again display a number of 

spikes in the data, indicating conclusively that the spikes are generated by the 

computer. Given the current experimental setup it is difficult to see how the transient 

program can be made to operate adequately given unacceptable noise levels are being 

generated by the computer itself It is planned to replace the computer and 

electrochemical systems in the near future, as the Atari and Oxsys systems are of 

considerable age and increasing unreliability. It should be possible to create a 

computer designed solely to execute the ellipsometric and electrochemical programs, 

and thus each component can be tested for the noise levels it creates as the computer 

is constructed. 
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Fig. 3.21 (a) and (b). The variation in the Stokes readings as each Stokes input is replaced with a 

shorted 0V input, all three other leads connected as normal for each experiment. Data collected with 

the normal program, one reading taken every 5 ms, no data averaging 
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Fig. 3.21 (c) and (d). The variation in the Stokes readngs as each Stokes input is replaced with a 

shorted 0V input, all three other leads connected as normal for each experiment. Data collected with 
the normal program, one reading taken every 5 rns, no data averaging 
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Fig. 3.22(a) and (b). The variation in the Stokes readings for the data in Fig. 3.7(b). Data collected at 

63)2-8 nm using the nonnal program, one reading taken every 5 ms with no data averaging. 
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Fig. 3.22(c) and (d). The variation in the Stokes readings for the data in Fig. 3.7(b). Data collected at 

632.8 nm using the normal program, one reading taken every 5 ms with no data averaging. 
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Fig. 3.23. The variation in the Stokes readings as each Stokes input is replaced with a shorted 0V 

input, all three other leads connected as normal for each experiment. Data collected with the transient 

program, one reading taken every 325 ýAs, no data averaging 
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Fig. 3.23. The variation in the Stokes readings as each Stokes input is replaced with a shorted 0V 

input, all three other leads connected as normal for each experiment. Data collected with the transient 

program, one reading taken every 325 ps, no data averaging 
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3.3. Conclusions 

Noise Measurements 

The air table clearly reduces the vibrational noise present, and the addition of 

a half inflated tyre underneath the ellipsometer appeared to yield further 

improvements. Though vibrational noise may remain, there are no simple measures to 

reduce it further. 

The polarisation of the lasers had significant effects on the stability of the 

intensity. The randomly polarised lasers (594.1 and 543.5 nm) are unsuitable for use 

with the Stokesmeter, and the only solution is to replace them with polarised lasers. 

The fluctuating intensities also caused noise in A and T, which is due to the four 

Stokes ouptuts being measured sequentially rather than simultaneously; intensity 

changes between the readings resulting in the ratio of the Stokes readings to one 

another, and hence the reported values of A and T, fluctuating. It is planned to 

replace the Oxsys system and Atari with a dedicated PC, which ideally should have 

the capability of simultaneous measurement of the Stokes readings. 

Given the levels of noise intrinsic to the computer system, resolution no better 

than 0.15 0 on A, 0.04 0 on T and 0.5 % on intensity will be obtained. Using the 

transient program to collect data with a resolution of 325 ps resulted in a significant 

amount of shot noise not present when using the normal data collection procedure. 

This shot noise is unequivocally injected by the computer itself, and it is difficult to 

see how the transient measurements can be performed adequately with the current 

experimental setup. As it is already planned to build a dedicated PC to replace the 

Atari, a prolonged investigation of the exact source seems unnecessary. 
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Further improvements in the noise levels may result from replacing the 

mounting of the Stokesmeter. To allow the movement necessary to align the system, 

the Stokemeter is not rigidly fixed, and consequently can rock forward and 

backwards. Vibrational noise may contribute to this, but also placing the ellipsometer 

on the tyre will have destabilised it, allowing the whole system to move, and adding 

to any movement of the Stokesmeter relative to the beam. The ideal solution would 

be to replace the mounting with one that allows the same degree of adjustment for 

aligrunent as the present one, but which rigidly holds the Stokesmeter, though this is 

very difficult to design. Replacing the half inflated tyre under the ellipsometer with a 

series of rubber sheets of varying natural frequency, giving a more solid base for the 

ellipsometer to stand upon, may result in an improvement in the noise levels, and it 

may also be beneficial to move the mounting of the Stokesmeter nearer to the pivot 

of the ellipsometer, minimising the distance the bearn has to travel, and consequently 

reducing the movement of the Stokesmeter relative to the beam. 
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Chapter 4 [Ni(SaltMe)] and [Ni(SaIdMe)] 

4.1 Introduction. 

In the twelve years since the polymerisation of Ni Salen complexes was first 

reported [1,2], the electropolymerisation of metal Salens has been the subject of 

intensive investigation [see for example 3-9]. Long known for their properties as 

homogeneous catalysts [10-151, the discovery that they could be directly electro- 

polymerised raised the possibility of fabricating heterogenous catalysts from 

electrogenerated Salen films. The properties of monomers and polymers have been 

investigated for a number of Salen derivatives with a variety of central metals. [5- 

8,17,18]. While altering the central metal appears to have little effect on the 

conductivity of the resultant polymer films [5,16], the substituents on the phenyl 

rings and carbon - carbon bridge between the two halves of the ligand can have 

profound effects on the structure and nature of the film [4-6,8,161. The behaviour of 

these Salen films has never before been investigated with eltipsometry, despite the 

ability of the technique to produce significant insights into the nature and 

electrochemical behaviour of such conducting polymer films during growth and 

cycling. In collaboration with Dr. Cristina Freire and Dr. Miguel Vilas-Boas, who 

synthesised the Salen complexes described in the next two chapters, the SaltMe 

(studied in collaboration with Mr. D. Earley) and SaldMe complexes shown below in 

Fig. 4.1 were electropolymerised. The growth and potential cycling of the resultant 

films was monitored by ellipsometry to investigate the effect of altering the bridge 

substituents. The poly[Ni(SaltMe)] [4] modified electrode was studied using FTIR 

(in collaboration with Dr. Miguel Vilas-Boas), and these results are also discussed in 

light of the conclusions drawn from ellipsometry. A methoxy substituted tetramethyl 

Salen was also studied, and is discussed in chapter six. This has lead to the repetition 
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of some of the data for the tetramethyl Salen from this chapter, but was felt necessary 

for reasons of clarity in the comparison of the two complexes. 

Ni 
cc 

'DO 
Ni 

Fig 4.1. The structure of (a) N, N'-2,3-dimethylpropane-2,3-diyl-bis(salicylideneiminate)nickelol) or 

Ni(SaltMe), and (b) NN'-2-methylpropane-2,3-diyl-bis(saticylideneiminate)nickel(II) or Ni(SaIdMe). 

4.2 Results and Discussion 

4.2.1 Experimental Data 

4.2-1.1 Experimental data for the growth of the polymer films 

The optical data gathered at 632.8 nm and the current passed during the five 

cycles of growth of poly [Ni(SaltMe)] are shown in Fig. 4.2 (a)-(d). The qualitative 

behavior of each parameter remains the same over all five cycles, A and the intensity 

(see Figs. 4.2(b) and (d)) show a steady decrease in value with each successive cycle 

while T steadily increases (Fig. 4.2(b)). During the first anodic sweep none of the 

optical parameters alters before ca. 1.0 V. Clearly surface film formation is initiated 

only after this point as A and Y are surface sensitive. There appears to be some 

charge passed before 1.0 V as a small wave is seen between ca. 0.6 and 0.9 V, this 

does not result in the formation of any deposit as it occurs prior to any changes in the 
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Fig. 4.2 The current passed (a) and the variation in A (b) during the growth of poly[Ni(SaltMe)] as a 

function of potential. The film was grown for 5 cycles between 0 and 1.3 V vs Ag/Ag' at 100 mV s-I 

on a Pt disk (0.64 cm)working electrode immersed in I mmol dm3 of the Salen monomer in 

0.1 mol dM-3 TEAPIMeCN 
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Fig. 4.2. The behaviour of Y (c) and the intensity (d) during the growth of poly[Ni(SaltMe)]. 

Conditions as for Fig. 4.2(a) 
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Fig. 4.3 The current passed (a) and the behaviour of A (b) during the growth of poly[Ni(SaIdMe)). The 

conditions were the same as for Fig 4.2(a). 
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Fig. 4.3 The behaviour of IP (c) and the intensity (d) during the growth of poly[Ni(SaIdMe)]. 

Conditions were as for Fig. 4.2(a). 
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parameters, and can be assigned to a solution oxidation. A second oxidation process 

occurs between ca. 1.0 and 1.3 V which clearly does result in the fon-nation of a 

polymer deposit as the ellipsometric parameters are seen to alter markedly, A 

showing a sharp decrease and Ya slight increase in value. During the second anodic C. 

sweep the optical data start to alter at a much lower potential, from ca. 0.4 V to 

0.95 VA increases slightly while Y and the intensity show a slight decrease. The 

changes, not being present during the first sweep, can be assigned to changes within ZD Cý 

the polymer film formed during the previous cycle, and as a shoulder on the main 

anodic peak is seen over this potential range it is clear the polymer film is being 

oxidised. There appear to be at least two separate processes occurring, only the 

second of which leads to polymerisation. The corresponding data for the five cycles 

of growth of the poly [Ni(S aldMe)] film are shown in Fig. 4.3 (a)-(d). There is clearly 

a great deal of similarity between the two sets of data, though the onset of 

polymerisation of the SaldMe film occurs at slightly lower potentials, ca. 0.95 V 

compared to 1.0 V for poly[Ni(SaltMe)] and in this case there is no significant charge 

passed on the first anodic sweep before film formation commences. On subsequent 

cycles, as with the poly[Ni(SaltMe)], a shoulder appears on the main oxidative peak 

at ca. 0.4-0.9 V, over which range changes in the ellipsometric parameters also occur 

which, as before, are due to oxidation of the polymer film. 

4.2.1.2 Experimental data for potential cycling of the modified electrodes 

The data for the potential cycling of the poly[Ni(SaIdMe)] and 

poly[Ni(SaltMe)] films after growth in monomer free electrolyte are shown in 
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Fig. 4.4 The variation in the current and A (a), T, and intensity (b) during potential cycling of the 

modified poly[Ni(Sa]dMe)] Pt disk electrode (0.64 cm. 2) scan rate at 100 mV s-, 0.1 mol dM, 3 TEAP 

in MeCN. 
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Fig. 4.5 The variation in the current and A (a), T, and intensity (b) during potential cycling of the 

modified poly[Ni(SaltMe)) Pt disk electrode (0.64 CM2) scan rate at 100 mV s", 0.1 mol dM-3 TEAP in 

MeCN. 
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Figs. 4.4 and 4.5 resPectively. The CVs and the qualitative behaviour of the 

ellipsometric parameters are very similar for the two films. In addition the cyclic 

voltammograms for growth and cycling are similar, still indicating the presence of 

two separate oxidative processes, one from ca. 0.4-0.9 V, causing in both films a 

slight increase in A, a large decrease in T and a decrease in intensity; and a second 

between ca. 0.9 to 1.3 V, corresponding to a steeper decrease in the intensity, an 

increase in the value of T and a sharp decrease in A. There do, however, appear to be 

some differences in behaviour; the peak between 0.4 and 0.9 V is much more 

pronounced for poly[Ni(SaltMe)], and there appears to be a 100 mV discrepancy 

between the oxidation process of the films, the main anodic peaks occurring at 

0.95 V and 1.05 V, and the ellipsometric parameters beginning to alter at 0.6 V and zn 

0.7 V for poly[Ni(SaltdMe)] and poly [Ni(Sal dMe)] respectively 

4.2.1.3 Potential Stepping of poly[Ni(SaIdMe)] 

Potential stepping experiments were performed on the poly[Ni(SaIdMe)] 

modified electrode to see how the film responded on an extended time scale. 100 mV 

potential steps were used, stepping from 0.4 V to 1.3 V and back to 0.3 V, with the 

film held at each potential for 35 s. The ellipsometric data shown in Fig. 4.6 bear 

many similarities to the data for potential cycling in Fig. 4.4, A showing a slight 

increase between 0.4 and 0.8 V before decreasing strongly between 0.8 and 1.3 V, T 

decreases between 0.4 and 0.8 V then increases between 0.8 and 1.3 V, and the 

intensity decreases throughout out the oxidation of the film. It is interesting that the 

data is qualitatively so similar for the cycling and stepping experiments, especially 
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100 rnV, with 35s at each potential. 
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considering the film is clearly still evolving after '15 s at higher potentials, which 

would lead us to expect differences in the values of the parameters at the anodic limit 

of the experiments, which is not the case. The cumulative charge passed during the 

cycling of the poly [Ni(SaIdMe)] (Fig. 4.4) and during stepping has been plotted in 

Fig. 4.7(a), and a comparison of the cumulative charge passed during the cycling of 

poly[Ni(SaltMe)] (Fig. 4.5) is shown in Fig. 4.7(b). Stepping experiments were 

perfon-ned on a poly [Ni(SaltMe)] modified electrode during the FTIR experiments, 

and again good agreement was found between the stepping and cycling of the film, 

however the film grown for investigation by FTIR was significantly thicker than the 

one grown for investigation by ellipsometry, and is discussed in section 4.2.3. 

It is clear in all three experiments that the charge passed during the anodic 

sweep is not completely regained over the course of the cathodic sweep, this is 

known as charge trapping, and has been widely reported for various conducting 

polymers [19-23], and has been reported for poly[Ni(SaltMe)] [4]. Charge trapping is 

generally attributed to structural or confon-national changes which limit polymer Cý 

chain movement and/or the ingress or egress of charge compensating ions, causing 

regions of the polymer to remain oxidised even at the cathodic limit [4,20,23,24]. 

This can be due to a permanent chemical modification [20,231; however, in this case 

it is clearly not a permanent over-oxidation of the polymer, as holding the film at the 

cathodic limit results in the recovery of the remaining charge [4,24]. There is clearly 

little difference in the extent of charge trapping during cycling of the two electrodes, 

the poly[Ni(SaltMe)] passing and retaining slightly more charge. During stepping of 

poly[Ni(SaIdMe)] more charge is trapped than during cycling, though given the time 

scale of the stepping experiments it is perhaps surprising the difference is not larger. 
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Fig. 4.7 (a)The cumulative charge passed during stepping (squares) and cycling (circles) of 

poly[Ni(SaIdMe)]. (shown in Figs 4.6 and 4.4 respectively). (b) The cumulative charge passed during 

the cycling of poly[Ni(saldMe)] (squares) and poly[Ni(SaItMe)] (circles) (Figs. 4.4 and 4.5 

respectively). 
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Though a greater amount of charo,,, e is trapped during potential stepping of the 

poly [Ni(SaIdMe)] film, the difference in behaviour due to the longer timescale of 

oxidation during stepping is clearly insufficient to cause the ellipsometric parameters 

to alter noticeably from the behaviour observed during cycling.. 

4.2.2 Fitted Data 

4.2.2.1 Fitted data for the growth of the polymer films 

The process of fitting the data to a model proved relatively easy; in both 

cases, all five cycles of growth and the subsequent cycling fitted to a simple 

homogeneous model. The fitted data for the cycling of both films is shown in 

Figs. 4.8 and 4.9. The qualitative behaviour of both films is the same: n, k and the 

thickness are stationary between ca. 0 and 0.4 V; between ca. 0.4 and 0.9 Vk is 

stationary, n decreases and the thickness increases; above 0.9 Vn and k show a 

marked increase, while the thickness decreases by ca. 10 - 20 nm. During the growth 

of poly[Ni(SaIdMe)], the thickness hardly alters between cycles while n and k show 

marked increases with each scan, suggesting that the growth process occurs by z: l 

consolidation. The first scan clearly results in the deposition of a very diffuse layer of 

film which is mainly solvent as n and k differ very little from those of acetonitrile 

(1.344,0) [251, on subsequent scans, n and k increase as polymerisation results in the 

film becoming denser and containing less solvent though the overall thickness 

changes very little. As polymerisation progresses it can be seen that k does not return 

to zero when the film is reduced, but increases with each cycle; this residual 

absorbance indicates the film is 
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Fig. 4.9 Growth of poly[Ni(SaltMe)]. The data gathered at 632.8 mn was fitted to a homogeneous 

model to give the behaviour of n, k, and thickness shown. Conditions as in Fig. 4.2. 
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not fully reduced at the cathodic limit, in agreement with the charge trapping 

hypothesis discussed in the previous section. 

Growth of the poly[Ni(SaltMe)] film would appear to progress by a similar 

mechanism as that of the poly [Ni(S aldMe)] film for at least the first three cycles, 

during which there are again marked increases in n and k but little change in the 

thickness. However in the case of this film steady increases in film thickness were 

observed during the fourth and fifth cycles while n and k are almost stationary, 

suggesting growth has reached a stage where the deposited layer is of the same 

composition as the underlying film. 

The growth and cycling of poly[Ni(Sa]tMe)] has also been investigated using 

EQCM and probe beam deflection (PBD) by Freire and co-workers [241. Although 

film growth was limited to the potential range 0 to 1.1 V vs Ag/Ag+ for finer control 

over polymerisation, which would be expected to yield a significantly thinner film, 

the changes observed in the mass correspond well to the changes in thickness 

proposed by the homogeneous model used in this work. During the first 

polynierisation scan, the mass started to increase at 0.95 V, and continued to increase 

until 0.9 V on the return sweep. On subsequent scans the mass starts to increase at 

0.4 V, a steep increase was observed between 0.9 and 1.1 V, and continued to display 

a slight increase until 0.9 V on the return sweep. These results lend a great deal of 

credibility to the homogeneous model proposed from the ellipsometric data. A slight 

contraction in thickness is predicted by the ellipsometric model between 1.0 and 

1.3 V, which is not shown by the EQCM data. However as in the EQCM study, 

polymerisation was performed with an anodic limit of 1.1 V, so any contraction 

would have occurred to a much lesser extent than in the ellipsometric study with an 

anodic limit of 1.3 V. As yet 
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Fig. 4.10. Potential cycling of the Poly[Ni(SaIdMe)] electrode in 0.1 mol dm -3 TEAP in MeCN at 

100 mV s-1. The data gathered at 632.8 rim in Fig. 4.3 were fitted to a homogeneous model. 
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the growth and cycling of poly[Ni(SaIdMe)] has not been investigated with EQCM, 
I- 

though is planned for the near future. 

4.2.2.2 Fitted data for potential cycling and stepping of the modified electrodes 

Figs. 4.10 and 4.11 show the fitted data for the potential cycling of the two as- 

grown films in monomer free electrolyte, and although growth of the two films 

appeared very similar, during the cycling marked differences were observed. One C) 

clear difference was the swelling of poly[Ni(SaltMe)] by about 13 nin, a ca. 14 % 

increase in thickness, between the last point recorded for film growth and the first 

point of cycling. The uptake of solvent by polymers at this point is not uncommon, ZZ) 

often due to incomplete reduction at the end of the final cycle of growth resulting in 

electrolyte entering the film to compensate the charge. The electrolyte drags solvent 0 

with it causing the film to swell, which can easily occur in the time between the final 

growth data being gathered and the electrode being removed ftom the cell for the 

electrolyte to be replaced, and also between it being immersed in the monomer ftee D 

electrolyte and the start of potential cycling; however, it is interesting to note that 

poly[Ni(SaIdMe)] shows no similar increase, the film thickness being almost 

identical at the last point of growth and first of potential cycling. 

During potential cycling, Poly[Ni(SaIdMe)] shows very similar behaviour to 

that displayed during growth with three potential regions of behaviour being clearly 

visible: in the range 0-0.4 V the film is in the neutral form and all the parameters 

remain stationary; between ca. 0.4 - 0.95 Vk shows a very slight increase, n 

decreases strongly and the thickness increases strongly; finally, over the range 

ca. 0.95-1.3 V, k shows a rapid increase, na clear increase and the thickness 
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decreases slightly, which is exactly what was observed during growth. 

Poly[Ni(SaltMe)] displays similar behaviour at potentials lower than ca. 0.95 V but 

at higher potentials, though k rises in a similar manner, the thickness and n are almost 

stationary. In the case of the poly [Ni(S a]dMe)] film two processes are occurring, the 

first between ca. 0.4 and 0.95 V and the second between ca. 0.95 - 1.3 V, though 

with the poly[Ni(SaltMe)] the behaviour between 0.4 and 0.95 V is the same as the 

dimethyl counterpart, the second process at higher potentials is absent. 

For an optically absorbing film, the values of n and k are related to each other 

by the Kramers-Kronig dispersion relations [261: 

12 P` zcy(z) 
CC((O) 

f 
-ý- - -` -, 

dz (Eqn. 4.1 (a)) 
7C 0 

[Z 2_ 
0) 

2] 

2co 0 la(z) 
- 11 

cr«0) =-i (Eqii. 4. l(b) [(ýO 2_ Z2 

where a= n2- k2, a= 2nk, co is the frequency of the probing beam, za 

dummy variable, and P indicates the principle value of the integral is required. 

Equations 4.1 (a) and (b) show that strong absorptions to lower energies (longer 

wavelengths) of the probe wavelength (z<co) lead to an decrease in the value of n, 

whereas the reverse is true for absorptions at higher energies. Hence the decrease in n 

between 0.4 and 0.95 V is well understood [27,28,291 and can be assigned to a strong 

absorption occurring in the near-IR due to the generation of charge carriers. 

As the film is oxidised, solvent and electrolyte penetrate the chains to 

compensate the charge, leading to the swelling of the film observed. As with the 

growth, EQCM studies of the cycling of poly [N i(S altMe)] [24] show an excellent 
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correlation between the increase in mass observed upon oxidation and the variation in 

thickness predicted by ellipsome-try. PBD experiments indicate electroneutrality of 

the polymer during oxidation is maintained primarily by the ingress Of C104-, which 

coincides with a significant uptake of solvent. The ingress of solvent in itself will 

lower n, but refraction calculations showed that this cannot account for the whole 

extent of the change in value, and FTIR experiments clearly show absorption bands 

forming in the near-IR over this potential region. Cý 

With regard to the increase in n observed near the anodic limit for 

poly[Ni(SaIdMe)], the Kramers-Kronig relations above describe how absorptions at 

lower wavelengths will cause an increase in the value of n at the probe wavelength, 

suggesting the increase seen at potentials greater than 0.95 V in poly[Ni(SaIdMe)] 

may be assigned to an absorption in the UV region, the most likely cause of which 

would be charge transfer between the oxidised Ni centres of the monomer units and 

either the phenyl rings or Ni ions of other monomers, resulting in a charge transfer 

stack. The role of charge transfer in these polymers has been debated [7,30], and it 

has been suggested that polymerisation occurs solely by the charge transfer stacking 

of monomer units to form a deposit [30], as shown in Fig. 4.12; however, the 

extensive and i-evei-sible swelling that occurs upon oxidation would seem to be 

conclusive evidence of the presence of carbon - carbon linkages between monomer 

units. It has also been postulated that a charge transfer stacked deposit is fonned as a 

precursor to polymerisation [7]; however, the ellipsometric data clearly show the 

polymer films to consist primarily of solvent, as polymerisation is initiated which 

precludes the presence of a dense stacked deposit, though in the case of Ni(SaltMe) 

there is some charge passed before polymerisation which may be due to the formation 

of stacked oligorners in solution which then nucleate on the surface at the onset of 
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film formation. Although there is no evidence of a significant amount of charge ZD 

transfer stacking prior to polymerisation, if it were to occur near the anodic limit in 

the poly[Ni(SaIdMe)] film it would account for the absorption in the UV region, 

which was suggested to explain the increase in n observed between 0.95 and 1.3 V 

(Fig. 4.10), and the ordering of monomer units into stacks could also account for the 

for the contraction of the film observed over the same potential range. The UV-vis 

spectrum of poly[Ni(SaIdMe)) has been recorded [311, and is very similar to that of 

poly[Ni(SaltMe)l, it is difficult to detennine any difference between the spectra in the 

UV region, though as a substantial part of the increase in n will have arisen from the 

egress of solvent, it is to be expected that any differences in the spectra would be 

small. 

Fig. 4.12. Charge transfer stacking of Salen monomer units. Electron density from the phenyl rings is 

donated to oxidised metal centres to compensate the charge. This may also be possible between 

oxidised and neutral Ni centres. 
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Having provided a theory for the behaviour of the poly[Ni(Sa]dMe)] film it 

remains to be understood why contraction does not occur in poly[Ni(SaltMe)] also. It 

is possible to estimate the amount of charge per monomer unit in the oxidised 

polymer using the method first described for poly[Ni(Salen)] [3]. During 

polymerisation, each monomer unit will lose two electrons and two protons, one of 

each from each phenyl ring, and during oxidation the extent of doping per monomer 

is described as y electrons per phenyl ring and z electrons per metal site. This results 

in the ratio of the charge passed during growth to that passed during cycling being 

(2+2y+z)1(2y+z). Experimentally this ratio was found to be 3.05 for poly [Ni(S altMe)] 

[32], which, if oxidation is solely metal or solely ligand based, equates to either z= 

0.96 or y=0.48 respectively. In either case, or if both metal and ligand are partially 

oxidised, there is ca. I charge per monomer unit. Despite the doping level being 0.96 

per monomer unit, FTIR, UV-vis and EPR provided substantial evidence that the 

oxidation was ligand. based [32]. Using the same analysis for poly[Ni(SaIdMe)] lead 

to very different results. The ratio of charge passed was found to be 4.23, which 

corresponds to a doping level of y=0.3 1, or 2 positive charges delocalised over 3 

monomer units. This may in part explain why the polymer contracts, as 3 monomers 

must become planar to delocalise the charge, resulting in a much greater degree of 

order than is imposed on poly[Ni(SaltMe)]. The value of y=0.31 is exactly the value 

obtained for poly[Ni(Salen)] [3], however this has never been studied by ellipsometry 

due to problems with the stability of this polymer. If it were possible to gather any 

data on poly[Ni(Salen)), it would be interesting to see if the same contraction was 

present as with poly[Ni(SaIdMe)). 

The ease with which electrolyte can enter the films may also be a reason for 

the difference in behaviour of the two as poly[Ni(SaltMe)] swells by ca. 25 % of its 
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reduced thickness compared to only a ca. 8% increase in thickness of 

poly[Ni(SaIdMe)] before it starts to contract. Although previous studies have failed 

to identify the redox couple unambiguously, [2,5,7,11,16,33,34,35], given the 

prediction the two positive charges are delocalised over three monomer units, it is 

likely that both the ligand and the metal centre, are partially oxidised: Salens are not 

completely conjugated, in order to achieve such extensive delocalisation either the 

saturated carbon-carbon bridge or the central metal ion will have to bear part of the 

charge, the metal seeming the more likely. Assuming partial oxidation of the Ni 

centres, coordination of solvent molecules to the axial positions of the metal may act 

as a stabilisation mechanism for the partial charge. In the case of poly [N i(S altMe)], 

solvent molecules are clearly very easily able to enter the film, however with 

poly[Ni(SaIdMe)] significantly less solvent penetrates the film which may leave 

charge transfer as the only route for the Ni centres to become six coordinate. 

Certainly Ni(SaIdMe) would be expected to stack better than Ni(SaltMe) being a 

slightly less bulky molecule; in the dry state Ni(SaIdMe) has a unit cell volume 90 % 

of that of Ni(SaltMe) (36], which not only makes it more able to stack, but upon 

oxidation may lead to a denser film being formed initially which would account for 
I- 

the lower amount of solvent taken up. The crystallography [36] also showed that one 

methyl group in [Ni(SaIdMe)] is orientated perpendicular to the plane of the ligand, 

while two methyl groups in [Ni(SaltMe)] are orientated perpendicular to the plane 

and in opposite directions. With the methyl groups orientated at this angle, the 

SaltMe has a clear disadvantage when attempting to stack. The swelling of 

poly [Ni(S altMe)] between the end of growth and the start of the potential cycling 

may play a part in the difference in behaviour of the two films. Though not 

uncommon, 14 % is a surprisingly large increase and may be the result of a structural 
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alteration as yet not understood, which could cause the film to be so easily penetrated 

by electrolyte. Further support for the uptake of solvent being a pivotal factor comes 

from potential stepping experiments performed with the poly[Ni(SaIdMe)] in which 

no contraction of the film was observed. The fitted data for the stepping is shown in 

Fig. 4.13. Although n still increases between 1.0 and 1.3 V, this is only about half of 

the increase in value observed during cycling, indicating charge transfer stacking is 

present, but the extent to which it occurs is lessened considerably. Instead of 

contracting, as observed during cycling, the thickness is held almost stationary 

between 1.0 and 1.3) V by the charge transfer stacking and the ingress of solvent 

roughly balancing one another. The film swells by ca. 12 % of the neutral thickness 

during stepping, compared to an 8% increase during cycling, suggesting the scan rate 

of the CV is too fast for sufficient solvent to ingress into the film leading to a 

significant amount of charge transfer stacking as the (partially) oxidised Ni centres 

seek to become 6 coordinate, given a slower rate of potential increase the solvent can 

ingress sufficiently to prevent extensive charge transfer from occurring. 
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Fig. 4.13. Potential stepping of poly[Ni(SaIdMe)). 100 mV steps were performed with 35 s at each 

potential. Data gathered at 632.8 nrn were fitted to a homogeneous model to generate the behaviour of 

n, k and thickness shown above. 
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4.2.3 Supporting FTIR data for poly[Ni(SaltMe)] 

[Ni(SaltMe)] and [Ni(SaIdMe)] 

The investigation of the charge transport processes in poly[Ni(SaIdMe)] using 

in-situ FTIR is planned; however data for poly [Ni(S altMe)] has already been 

gathered and analysed. As described in the experimental chapter, the FTIR 

experiments were performed by stepping the potential of the working electrode rather 

than cycling, and spectra collected at each potential. Fig. 4.14 shows the cumulative 

charge passed during potential cycling (squares) of the film, and stepping (circles) 

during an FTIR experiment using the same film. There is clearly good agreement 

between the two sets of data, and both clearly show charge trapping by the polymer, 

as mentioned earlier in the chapter. It is interesting such good agreement between the 

sets of data is observed, particularly with regard to the extent of charge trapping, 

given the 

Potential (V) vs Ag/Ag+ 

Fig. 4.14. The cumulative charge passed during cyclic voltammetry at 100 mV s-I (squares) and 

stepping with 35 s at each potential during an FTIR experiment (circles). Both experiments performed 

in 0.1 mol dni -3 TEAP in MeCN. 
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considerably longer time scale of the FTIR experiment, i. e. 35 s per data point, 

compared to the 100 mV s-1 scan rate employed in the voltarnmetric experiments. 

This charge trapping is once again a reversible process, as demonstrated by holding 

the polymer ca. 100 s at 0.0 V which returns it to a completely neutral state. Fig. 4.15 

shows the absolute (i. e. non-nalised to the bare Pt electrode in MeCN/0.1 mol dM-3 

TEAP) in-situ FTIR spectra of (i) the monomer and (1i) the polymer at 0.0 V. 

Between 1300 and 1550 cm-1 the monomer spectrum shows a broad loss feature, 

attributable to acetonitrile and to incomplete nulling of the solvent features, although 

some gain features in this region are still visible. The bands at 1606,1534 and Cý 

1328 cm-1 may be assigned to the C=N stretching vibration, and vibrations of the 

cbelate ring [3,37], and clearly occur at the same frequencies in the monomer and 

0.1 

0.0 

Abs. 

-0.1 

-0.2 

1000 1100 1200 1300 1400 1500 1600 1700 1800 

Wavenumber / cm-1 

Fig. 4.15. Absolute in situ FTIR reflectance spectra 8 cm-1 resolution, 100 co-added and averaged 

scans, 40 kHz detector speed, in 0.1 mol dm-3 TEAP/MeCN of (i) I nunol dM, 3 [Ni(SaltMe)] and (ii) 

the poly[Ni(SaltMe)] modified electrode at 0.0 V. 
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polymer, suggesting the coordination sphere of the nickel centre is unaffected by the 

polymerisation process. A number of other weak gain features can still be seen 

between 1300 and 1500 cm-1 in the spectrum of the monomer, which is the region in 

which phenyl ring vibrations would be expected to absorb. The differences in this 

region between the spectra for polymer and monomer suggest polymerisation occurs 

a) 0.0 - 

-0.2-0 

-0.4 Abs. 

-0.6 - 

-0.8 

-1.0 

1000 
b) 0.0 - 

-0.1 
Abs. 

-0.2 

-0.3 r 
1000 1100 1200 1300 1400 1500 1600 1700 

Wavenumber / cm -' 

Fig. 4.16. Absolute reflectance spectra, conditions as in Fig. 4.15, spectra gathered at 0.1 V intervals: 

a) full range spectrum from 0.3 V i) to 1.3 V xi) normalised to 0 V, b) 1000- 1700 cm-' spectral region 

of a). 
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at the phenyl rings, as has been observed even more clearly for poly[Ni(Salen)] [3]. 

Figs. 4.16(a) and (b) show absolute spectra taken during the oxidation of the polymer 

in 0.10 V steps from 0.3 to 1.3 V. Above ca. 1700 cm-1 a broad electronic absorption 

grows, resulting from the generation of charge carriers in the polymer on oxidation. 

The growth of a strong optical absorption in the near-IR region as oxidation occurs 

was predicted from the ellipsometry (see Fig. 4.11) to explain the sharp decrease seen 

in n at 632.8 nm. Fig. 4.16(b) shows the IRAV region, which includes frequencies at 

which characteristic phenyt vibrations are expected to absorb, again indicating 

significant ligand involvement. 
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4.3 Conclusions 

Polymerisation of both Ni(SaltMe) and Ni(SaIdMe) does not occur until 

ca. 0.95 V, and proceeds by a consolidation process in both cases to yield 

homogenous films ca. 100 nm in thickness. The only significant difference in the 

growth of theses two films appears to be the clear increase in thickness 

poly[Ni(SaltMe)] displays during the last two cycles of growth as the film next to the 

electrode becomes sufficiently dense for new layers of polymer to be deposited on 

top of it, whereas growth occurs by consolidation throughout all five cycles for 

poly[Ni(SaIdMe)]. 

During potential cycling after growth the behaviour of poly [Ni(S aldMe)] is 

the same as that observed during growth, though poly[Ni(SaltMe)], while showing 

the first oxidation process, no longer exhibits an increase in n or a contraction of the 

film above 0.95 V. This contraction appears to be due to the occurrence of charge 

transfer stacking, which would generate a UV absorption, accounting for the increase 

in n observed over the same potential range. 

During stepping experiments the contraction of the poly[Ni(SaIdMe)] film at 

higher potentials is absent, strongly suggesting the presence of charge transfer is due 

to the ability of solvent to penetrate the film and coordinate axially with the oxidised 

metal centres of the monomer units. 
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Chapter 5 

5.1 Introduction 

ome OMe 

[Ni(OMeSaltMe)] 

Further to experiments looking at the effect of altering substituents on the 

bridging carbons, altering the groups on the phenyl rings has also been shown to have 

a profound effect upon the nature of the monomer and the polymer film formed by its 

electro-oxidation, as has been demonstrated for methoxy substituted Salens of Cu [1], 

Co [31, and Ni [2,3,4]. Salens with methoxy substituents on the phenyl rings have 

been found to be more conductive in electrolyte solution than non-substituted Salens, 

and in all cases described in the literature display a redox potential ca. 200 mV lower 

than their homologues [1-4]. Unlike non-substituted Salens, those with a methoxy Cý 

substituent also display conductivity in the dry state of ca. 10-3 S CM-1 [1,31, a figure 

which appears to be independent of the identity of the central metal ion [3]. 

In this chapter, the growth and cycling of a Nickel methoxy tetramethyl Cý 

Salen, Ni(MeOSaltMe), (see Fig. 5.1) is described and compared with the behaviour 

of Ni(SaltMe) discussed in the previous chapter, (also see Fig. 5.1). 

(b) 

N IN N= 

Ni Ni 
01: 70 ý 

--- 
-0 

9 

Fig. 5.1. The structure of (a) N, N'-2,3-dimetbylpropane-2,3-diyl-bis(3- 

methox3, salicylideneiminate)nickel(II), or [Ni(OMeSaltMe)], and (b) [Ni(SaltMe)] 
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5.2 Results and Discussion 

5.2.1 Experimental data 

5.2.1.1 Growth of Poly[Ni(OMeSaltMe)] 

[Ni(OMeSaltMe)] 

Polymerisation was performed in same manner as for poly [Ni(S altMe)], a Pt 

workinc, electrode was cycled five times between 0 and 1.3 V vs Ag/A "- in a ZD 9 

I mmol dM-3 solution of the monomer and 0.1 mol dM-3 TEAP in acetonitrile. The 

ellipsometric data for poly[Ni(OMeSaltMe)] are shown in Fig. 5.2 with the data for 

poly[Ni(SaltMe)] reproduced in Fig 5.3 for com arison. The data for the two films zn 
p 

clearly differ in many aspects over the course of growth. Delta shows similar 

behaviour for the first three cycles of growth, showing a slight increase in value 

between ca. 0.4 and 0.8 V and then a marked decrease in value at higher potential 

during the anodic sweep and decreasing in value with each subsequent cycle, but 

cycle four (and particularly cycle five) of growth for poly[Ni(OMeSa]tMe)] show 

delta for the oxidised film increasing with each cycle, and during the cathodic sweep 

between 1.3 and 1.0 V on cycle five delta continues to increase. Psi displays similar 

qualitative behaviour during the growth of the two films, remaining stationary up to 

ca. 0.6 V, decreasing slightly between ca. 0.6 and 0.8 V, and increasing strongly 

during remainder of the anodic excursion, however the extent of this increase is 
I 

markedly different, ca. 4 degrees for poly[Ni(SaltMe)] but up to 35 degrees for 

poly[Ni(OMeSaltMe)]. The behaviour of the relative intensity is very similar for the 

two films, displaying a slight decrease between 0.4 - 0.8 V then decreasing strongly 

at higher potentials, and steadily decreasing with each cycle indicating that both films 
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Fig. 5.2. The current passed (a) and the behaviour of delta (b) during the grovAh of 

poly[Ni(OMeSaltMe)]. The film was grown for five cycles (cycle number shown at anodic limit) 

between 0 and 1.3 V at 100 mV s-1 in 0.1 mol dM-3 TEAP and I mmol dM-3 of the monomer in MeCN. 
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Fig. 5.2. The behaviour of psi (c) and intensity (d) during the growth of poly[Ni(OMeSaltMe)]. The 

film was grown for five cycles between 0 and 1.3 V at 100 mV s-1 in 0.1 mol dM-3 TEAP and 

I mmol dM-3 of the monomer in MeCN. 
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Fig. 5.3. The current passed (a) and the behaviour of delta (b) during the growth of poly[Ni(SaltMe)]. 

The film was grown for five cycles between 0 and 1.3 V at 100 mV s-1 in 0.1 mol dM-3 TEAP and 

I mmol dM-3 of the monomer in MeCN. 
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Fig. 5.3. The behaviour of psi (c) and the intensity (d) during the growth of poly[Ni(OMeSaltMe)]. 

The film was grown for five cycles between 0 and 1.3 V at 100 mV s-' in 0.1 mol dM-3 TEAP and 

I mniol dm -3 of the monomer in MeCN. 
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absorb at 632.6 nm, even to some extent in the reduced state. The CVs are also 

markedly different, with a new peak present at ca. 0.8 V during the polymerisation of 

Ni(OMeSaltMe) as described in the literature [1-4], compared to the single peak 

displayed during the fon-nation of poly[Ni(SaltMe)]. An obvious suggestion would be 

the presence of the methoxy groups on the ligand alters the metal and ligand band 

energies and separates the two oxidation processes. Studies of methoxy Salens have 

found the redox potential to be 200 mV lower than that of the relevant homologues 

[2,3,4], a figure which appears not to depend on the identity of the central metal. In 

Fig. 5.2 polymerisation of Ni(OMeSaltMe) can be seen to occur ca. 200 mV earlier 

than Ni(SaltMe) as delta and psi start to alter at ca. 0.8 V on the first oxidative scan, 

corresponding to first oxidative wave, instead of at 1 .0V 
for Ni(SaltMe). This would 

again sug est the presence of the methoxy groups has an effect on the band energies, Z'S 

raising the HOMO and making oxidation easier. 

5.2.1.2 ElliPsometric data for potential cycling of the modified electrodes. 

The data for cycling after growth are shown in Fi gs. 5.4 and 5.5 for 

poly[Ni(OMeSaltMe)] and poly[Ni(SaltMe)]. The two anodic peaks displayed in the 

CV of polymerisation of poly[Ni(OMeSaltMe)] no longer appear, and a single anodic 

wave at ca. 0.9 V is now the main peak, preceded by a broad wave between ca. 0.2 

and 0.7 V, which would appear to correspond to the shoulder for poly(Ni(SaltMe)] 

between ca. 0.4 and 0.9 V, given the 200 mV difference in the onset of 

polymerisation observed above. While the ellipsometric data for the potential cycling 
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poly[Ni(OMeSa]tMe)). The film was cycled at 100 mV s-1 in 0.1 mol drn -3 TEAP in MeCN. 

167 

#"X n-A -/A -f-"l 



Chapter 5 

0. 

0. 

r. 

Zi 

-0. 

-0. 

4: 

CAI 

7ý 

3 

35 

30 

25 

15 

10 

05 

.3 

.2 

. 1CD 

w-. 

(D 

CD 
Z 

.8k! 
ý, 

-ý 0.7 
1.4 

Fig. 5.5 The current passed and behaviour of delta (a), psi and intensity (b) during potential cycling of 

poly[Ni(SaltMe)]. The film was cycled at 100 mV s-1 in 0.1 mol drjf3 TEAP in MeCN. 

[Ni(OMeSaltMe)] 

168 

U. U U. 11. U. 14 U. 0 U. zs I. U 1 1.4 

Potential (V) vs A pr/AcyCl 

V. v V.., Q V. -r V. %, %J. u IL. V 

Potential (V) vs Ag/AgCI 



Chapter 5 [Ni(OMeSaltMe)] 

of poly[Ni(SaltMe)] display little difference from that recorded during the growth, 

the intensity and delta decreasing strongly with oxidation, and psi decreasing between 

ca. 0.5 and 1.0 V then strongly increasing at higher potentials, however the data for 

poly [Ni(OMeS altMe)] are markedly different from that recorded during growth. 

Between 0 and ca. 0.8 V psi is stationary, and delta and the intensity show a slight 

decrease, between 0.8-1.0 V psi and delta strongly increase, the intensity strongly 

decreases, and between 1.0-1.3 V psi shows a strong decrease not seen during 

growth, whilst delta and intensity were almost stationary. 

5.2.1.3 Potential stepping of Poly[Ni(OMeSaltMe)] 

To assess the effect of a slower potential sweep rate the 

poly[Ni(OMeSaltMe)] modified electrode was also investigated under potential 

stepping conditions. The potential was ramped from 0 to 1.3 V and down again in 

100 mV steps taking 35 s at each potential, and the ellipsometric data are shown in 

Fig. 5.6. The behaviour of delta and the relative intensity is very similar both 

qualitatively and quantitatively to that observed during potential cycling in Fig. 5.4; 

between 0.4 and 0.8 V delta decreases by ca. 15 0 and the intensity decreases slightly, 

between 0.9 and 1.1 V delta displays a sharp increase to a maximum value of ca. 

60 0, and the intensity decreases from ca. 0.2 to 0.025, and both parameters remain 

almost stationary at higher potentials. Psi starts to show a slight increase fi-om 0.5 V, 

about 300 mV earlier than during cycling, increases sharply in value between 0.9 and 

1.0 V to reach a maximum value of ca. 70 0 as observed during cycling, then a sharp 
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decrease, the minimum value being ca. 46 0 compared to ca. 57 degrees during 

cycling. All three parameters had almost returned to their original values by the end 

of the experiment, and the slower rate of potential change has little effect on their Z! D 

behavior, which is surprising given that, during stepping, the film is still quite clearly 

still evolving after 35 s at higher potentials. Fig. 5.7 shows the cumulative charge 

passed during the cycling and stepping experiments shown in Figs. 5.4 and 5.6, and it 

can be seen that the two track one another almost exactly. During stepping, the tý 

amount of charge passed and extent of charge trapping [5,6] are slightly greater than 

during cycling, but given the difference in timescale, the traces are surprisingly alike 

and support the ellipsometric data in showing no significant difference in the Cý 

behaviour of the film during the two experiments. 

5.2.2 Fitted Data 

5.2.2.1 Fitted data for the growth of the polymer films. 

As discussed in the previous chapter, the poly [Ni(S altMe)] data fitted easily 

to a simple homogeneous model during both growth and potential cycling. The 
I 

modeling of poly [Ni(OMe S altMe)] proved much more difficult, the first three cycles 

of arowth fitting to a homogeneous model, but the remainder of the growth and 0 

subsequent experiments could only be fitted to an inhomogeneous model, with the 

film being much more compact next to the electrode than at the electrolyte/film 

interface. In order to achieve this, the film was considered to consist of ten layers of 

equal thickness, (as shown in Fig. 2.8, section 2.3), within themselves homogeneous. 

The complex refractive index of the outermost layer is fixed at a suitable value, in 

171 



Chapter 5 

4. ' 
4. ( 

3. ý 

3. ( 

2. ' 

2. ( 

;=0.1 
0.1 

-0. ý 

[Ni(OMeSaltMe)] 

Fig. 5.7. The cumulative charge passed during potential cycling (circles) and stepping (squares) of 

poly[Ni(OMeSaltMe)]. Conditions as in Figs. 5.4 and 5.6 respectively. 

this case approximately that of the solvent, while the refractive index of the 

innermost layer and the overall thickness are allowed to float during the fitting 

process. The values of n and k for the inner layers of the film vary linearly between 

the values of the inner and outer film. The data for n, k and film thickness for the first 

3 cycles fitted to a homogeneous model are shown in Fig. 5.8, and the behaviour of n 

and k for the innennost film and the overall film thickness for the third to fifth cycles 

fitted to an inhomogeneous model are shown in Fig. 5.9. The data for the 

homogenous poly[Ni(SaltMe)] film is shown again in Fig. 5.10 for comparison. The 

qualitative behaviour of the poly[Ni(OMeSaltMe)] film once it had become 

inhomogeneous was the same regardless of the choice of n and k for the outermost 
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fitted to a homogeneous model. 
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Fig. 5.9. The current passed (a) and behaviour of the real part of the refractive index, n, (b) during the 

last three cycles of growth of poly[Ni(OMeSaltMe)). Data gathered at 632.8 nni in Fig. 5.2 has been 

fitted to an inhomogeneous model. 
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layer within reasonable limits, indicating the model accurately describes the film, 

though data at many more wavelengths would be needed for a precise model. 

It can be clearly seen from Figs 5.8,5.9 and 5.10 that the transition of the 

poly [Ni (OMeS aItMe)] film from homogeneous to inhomogeneous has little effcct on 

the behavior of n, k, and the thickness and that the qualitative behaviour of the 

parameters during growth is similar to that of the poly[Ni(SaltMe)]; during all five 

cycles of growth and with both models used, the three parameters for 

poly [Ni(OMeSaltMe)] show four potential regions of behaviour: between 0 and 

0.4 V the film is in the neutral state and the parameters are stationary; 0.4-0.8 Vn 

shows a marked decrease, k and the thickness a slight increase; 0.8-1.1 V all three 

parameters show a strong increase, and between 1.1-1.3 V n, k and the thickness are 

stationary. 

The behaviour of the parameters for the mo films from cycle to cycle differs, 

the poly[Ni(Sa]tMe)] shows clear increases in the values of n and k with each cycle 

while the thickness varies very little over the entire growth process, particularly 

during the early cycles, suggesting a process of consolidation as discussed in the 

previous chapter. In contrast, the poly[Ni(OMeSaltMe)] filin shows little change in 

the values of n and k over the five cYcles but the thickliess shows a marked increase 

with each subsequent cycle, even during the first three cycles when the film is still 

homogeneous, indicating from the outset the mechanism of growth for this filin 

differs from that of poly[Ni(SaltMe)]. The changes in thickness with each cycle 

indicate that, rather than a process of consolidation, the film grows by the deposition 

of a new layer with each potential cycle. As n and k alter very little while the film is 

homogeneous it is not unreasonable to conclude that each deposited layer is of a 

similar composition to the last. As the film becomes inhornogeneous the outer layers 
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must become more diffuse and contain a higher percentage of solvent, so the layers 

deposited are likely to differ fi-orn the filin already present undemeath, confirmed by 

the success of the model which holds the values of n and k of the outermost layer to 

those of the solvent, while n and k of the innermost layer shown in Fig. 5.9 alter very 

little from the homogenous film, as would be expected. 

As discussed in the previous chapter, the data for poly[Ni(SaIdMe), ] and 

poly [N i(S altMe)] show no indication of a charge transfer stacked precursor to 

polymerisation, as was proposed by Dahm et a/ (7]. The data for 

poly[Ni(OMeSaltMe)] also show n and k at the onset of growth to be very close to 

the values of the solvent (1.344,0), indicating the initial deposition process results in 

a polymer film which at this stage consists almost entirely of solvent rather than a 

dense deposit. 

During the final cycle of growth, the behaviour of the two filins is 

quantitatively very different. n exhibits similar values for the two films, ca. 1.5- 

1.55 at 1.3 V during the final cycle and ca. 1.45-1.5 at the end of the final sweep. In 

contrast, k at 1.3 V during the final cycle is over twice as large for 

poly[INi(OMeSaltMe)] as for poly [Ni (SaltMe)], ca. 0.28 and 0.121 respectively, 

though by the end of the last sweep both have attained values of approximately 0.05. 

The most obvious difference is in the variation in thicimess, poly [Ni(ON4eS altMe)] is 

over 3 times the thickness of the poly[Nii(SaltMe)] film in the neutral state at the end 

of growth, ca. 300 nm compared to less than 100 nrn. The inhornogeneous model 

indicates poly[Ni(OMeSa]tMe)] contains a large amount of solvent, especially in the 

outer layers, which may explain at least to some extent the difference in thickness 

observed, also the charge passed during growth is 13 % greater than for 

poly[Ni(OMeSaltMe)], so assuming the oxidation processes are sufficiently alike this 
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would also substantiate a thicker film. As mentioned above, the choice ofreffiactiNe 

index for the outermost layer of the inhornogeneous f ilm during the model ing process 

had no effect on the qualitative behaviour of the film., and had little effect on the 

value of the thickness, consistently producing a film approximately three times as 

thick as poly [Ni(SaItMe)]. Data would be needed at a great many more wavelengths 

for a precise assessment of the thickness which is not possible at the moment Nvith the 

current experimental set up, however data was collected for the growth and cycling 

during repeat experiments at two other wavelengths, 594.1 nm and 670 rim. Z: ) 

Modeling returned values of 317 nm and 325 nm for the thickness, which are in close 

agreement with the value of 280 nm obtained with the data presented. This indicated 

a substantially thicker film than the poly[Ni(SaltMe)] counterpart, and lent a great 

deal of confidence to this model. 

5.2.2.2 Potential Cycling of the Modified Electrodes 

The behaviour of the poly[Ni(SaltMe)] and poly[Ni(OMeSa]tMe)] films 

during potential cycling, shown hi Figs. 5.11 and 5.12, can be seen to be markedly Z: ) 

different in the oxidised region, though similar in the reduced region given the Cý 

200 mV difference in the onset of polymerisation observed above. Between 0V and 

ca. 0.4 V in the case of poly[Ni(SaltMe)] and 0.2 V for poly [Ni(OMeS altMe)] the 

films are neutral and all three parameters are stationary; between 0.4-1.0 V and 0.2- 

0.8 V for the SaltMe and OMeSaItMe films respectively n displays a strong decrease, 
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the thickness increases strongly, and k is stationary for poly[Ni(ONMeSaltMe)] bUt 

shows a slight increase for poly[Ni(SaltMe)], indicating the first oxidatimi process is 

of the same origin for both films, however between 0.8 and 1.1 Va secondary 

process occurs in the poly[NTi(OMeSaltMe)] which is absent in poly[Ni(SallMe)] mid 

is characterised by a steep decrease in the thickness, the film becoming thinner in the 

oxidised state than the neutral forrn. Such marked decreases in thickness during 

oxidation are known to occur with other conducting polymers, for example 

polypyrrole films contract by ca. 30 % of their neutral thickness upon oxidation, 

which is assigned to the expulsion of solvent (and cations) and some form of 

electrostriction process [5]. The contraction of poly[Ni(OMeSaltMe)] is accompanied 

by a sharp increase in n not seen in poly[Ni(saltMe)], and an increase in k 

qualitatively similar in both films, but the value for poIy[Ni(OMeSaltMe)j at 1.3 V 

being ca. three times the value of k for poly [Ni(SaltMe)]. Between 1.1 and 1.3 V the 

parameters are stationary for both films. 

In the previous chapter similar behaviour was obsei-ved for poly[Ni(SaIdMe)] 

in the oxidised region, though not to the sarne extent as for poly[Ni(OMeSaltMe)], 

which was explained by the presence of charic::, )e transfer stacking in the oxidised filin 

generating an absorbance in the UV which would cause the value of n at longer 

wavelengths such as those used to probe the system to rise, and may also offer an 

explanation of the contraction observed for poly [Ni(OMeS altMe)]. In the case of 

poly [Ni(SaIdMe)], the occurrence of charge transfer stacking vvas attributed to the 

inability of the solvent to penetrate the film in sufficient quantity to coordinate axially 

with partially oxidised Ni centres, causing them to resort to charge transfer with other 

monomer units to achieve octahedral coordination. In the case of 
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Fig. 5.13. The cumulative charge passed during potential cYcling of poly[Ni(MeSaltMe)] (circles) C, 

and poly[Ni(SaltMe)] (squares). Conditions as in Figs. 5.4 and 5.5 respecti-vely. 

poly [Ni(OMeS altMe)], a lack of solvent is unlikely as the outer layers in particular 

mainly consist of acetonitrile, also the extent to which it swells prior to contracting is 

ca. 24 % of its neutral thickness, almost the same as poly[Ni(SaliMe)], instead the 

same stacking process may be occurring but due to electronic rather than steric 

effects. From comparison of the cyclic voltammograms for the growth of 

poly[Ni(OMeSaltMe)] and poly[Ni(SaltMe)], it is clear the addition of the methoxy 

group has an effect on the relative band energies of the metal and ligand, apparently 

separating the oxidation processes of the two, and possibly altering the site and extent 

of oxidation. The extent of oxidation of the Ni centres can be approximated fi-orn the 

value of k, the absorption oectin-ing at 632.8 nin arising from ligand to metal charge 

transfer within the monomer units. The much larger value of k for oxidised 
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poly [N i(OMe S altMe)] than for poly [Ni(S aItMe)] suggests the extent of oxidation on 

the metal centres is significantly greater, leading to the possibility of'extensive cliaroc Z-- 

transfer stacking which may explain the massive decrease in thickness and strom, UV 

absorptions. It is unlikely k is larger simply because a greater number of Ni centres 

are accessible for oxidation, as the cumulative chai-,, e passed for the tw'o films during 

potential cycling is very similar, as shown in Fig. 5.13. The maximum charge stored 

by poly[Ni(OMeSaltMe)] is ca. 15 % higher than that of poly [N i(Sa ItMe)], 

corresponding very closely to the 13 % more charge passed during polymerisation, 

suggesting that it is the extent of oxidation of the Ni centres which is higher in 

poly [Ni (OMe S altMe)] rather than the density of Ni sites. In either case, it would 

appear charge transfer stacking is the preferred route to obtainingg octahedral 

coordination for the oxidised metal centres, as opposed to solvent coordination in the 

case of poly[Ni(SaltMe)]. Using the same analysis [81 as described in the previous 

chapter, the doping level of poly[Ni(OMeSaltMe)] was estimated. The ratio of charge 

passed during polymerisation and redox switching is assurned to be equal to 

(2+2y+z)1(2y+z), where y and z are the doping levels of each phenyl ring and the 

metal respectively. This yielded a dopant level of 0.62 per monomer unit, very similar 

to the value of poly [Ni (S aldMe)], which, given the difference in behaviour, may 

indicate that though the dopant level is similar the distribution of the charge is 

different and the Ni centre bears more of the positive charge in 

poly [Ni (OMeS altMe)] than in poly [Ni(S altMe)] or poly [Ni (S aIdMe)], hence the 

much greater tendency of the fon-ner to forin charge transfer stacks. 
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5.2.2.3 Stepping of Poly[Ni(OMeSaltMe)] 

[Ni(OMeSalt, Me)j 

The fitted data for the potential stepping experiments Oil 

poly[Ni(OMeSaltMe)] are shown in Fig. 5.14. When compared with the data fi-om 

cycling, k shows very similar behaviour, reaching a slightly higher value at the anodic 

limit during the stepping. The decrease in the value of n during the early stages of 

oxidation is much smaller during potential stepping then cycling, and at C) 1.3 V the 

maximum value of ca. 1.6 is clearly higher than the corresponding value during 

cycling of ca. 1.5. The thickness does not tý, increase during the early stages of 

oxidation as seen in the cycling, though contraction occurs to a similar extent over 

the sarne potential range of ca. 0.7-1.0 V, however at higher potentials the thickness 

is almost stationary during cycling, but during stepping an increase of ca. 15 nm I 

occurs before decreasing over the same range during the return steps. During the 

early stages of oxidation during stepping it appears some charge transfer is occurring, 

limiting the amount by which P7 decreases and balancing- the influx of solvent to keep ZI5 

the film thickness almost constant. At higher potentials the extent of oxidation 

becomes greater and extensive charge transfer is required to stabilise the oxidised 

centres, resulting in the decrease in n and thickness, and beMleen ca. I -I and 1.3 V, 

while the thickness is almost stationary during cycling some solvent appears to seep 

into the outer layers, having little effect on n and k- of the inner layers. 

That contraction still occurs even over this longer time scale indicates that 

charge transfer is the preferred route for NTi centres to become six coordinate, 
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presumably offering greater stabilisation than the coordination of solvent. Undet- the 

same circumstances poly[Ni(SaIdMe)] showed no contraction, suggesting at longer 

time scales when enough solvent could enter the film this was sufficient to stabilise 

the partially oxidised Ni centres, and the contraction at higher scan i-ates was due lo 

steric effects limiting the ingress of solvent. This is clearly not the case witli 

poly [N i (OMeS altMe)], in which a greater amount of charge appears to reside on the L- 

Ni, causing charge transfer stacking to occur even at low potential scan rates. 

189 



Chapter 5 

5.3 Conclusions 

[Ni(OMeSa]tMe)] 

The addition of a methoxy group to phenyl rings of the ligands has a profomid 

effect on the electrochemical and structural properties of poly[Ni(Salen). ] films. From 

the electrochemical data it is clear that the onset of polymerisation and the potential 

of the redox couple during cycling are 200 mV lower than in the Corresponding 

Ni[SaItMe] film, and the addition of the methoxy groups has altered the level of the 4: ) 

ligand and/or metal HOMOs and resulted in the splitting of the two oxidation 

processes so two clear anodic peaks are visible during polyrnerisation. I 

The ellipsometric data fit only to an inhoinogeneous film from the third cycle 

of growth onwards, including during subsequent experiments, which indicates the 

outer layers are very diffuse, consisting almost entirely of solvent, with the film more t: l 

compact next to the electrode. The film is much thicker than the poly[Ni(SaltMe)] 

grown under the same conditions, though during oxidation under,, oes a marked 

contraction, resulting in a thinner film at the anodic limit than in the reduced state. It 

is suggested this is the result of charge transfer stacking to stabilise the Ni centres, 

oxidised to a greater degree than in poly [Ni(SaltMe)], for which there is considerable 

evidence for ligand based oxidation processes. 
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6A Introduction 

[Pd(OMeSalen)] and [Ni(OMeSalen)] 

The electropolymerisation of complexes derived from salicylaidehydes. and 

their derivatives has been of much interest since it was first observed in 1988 [1-3], 

and the electroactive polymer films of a variety of salens have been intensively 

investigated. [4-15]. Much work has focused on salen complexes containing first row 

transition metals; however, instability of these films led to the investigation of other 

metal salens and functionalised ligands. Timonov began investigatiii(y salens of 

second row transition metals (Rh & Pd) in 1987 [13,151 and found them to be much 

more stable than their first row metal counterparts, This chapter describes work done 

to characterise [Pd(OMeSalen)], shown in Fig. 6.1, and its Ni counterpart (both 

synthesised by Timonov's group) using ellipsornetry to investigate the grov, -th of 

poly [M(OMeSal en)], and ellipsometry and in-situ FTIR (perfon-ned by Jintana 

Eameainn), to study the behaviour of the modified electrodes during potential cycling, 

N N- 

Pd 

OMe OMe 

Fig. 6.1. The structure of N. N'-ethylene-bis(3-nictliox), salicylideiiiiiiiato)Palladium(II) or 

Pd(OMeSalcn). 

192 



Chapter 6 

6.2. Results and Discussion 

6.2.1 Experimental Data 

[Pd(OMeSalen)] and INi(OMeSaleri)l 

6.2.1.1 Growth of the Growth of poly [Pd(OMeS aI en)) 

The current passed during the fifteen cycles of growth is shown in Ficy. 6.2. 
Z- 

The CVs clearly show an increase in the charge passed on each cycle, indicative of 

the growth of a polymer film. Two oxidative waves are observed, the first at ca. 0.4 - 

0.8 V and the second ca. 0.9 - 1.2 V. Figs. 6.3(a)-(d) show the current passed and the 

ellipsometric parameters at 632.8 nrn for the first three cycles of grow1h. The 

ellipsometric parameters are all constant until approximately 0.9 V during the first 

sweep, however it is clear that significant charge is passed before this 

1. ( 

OJ 

? -lý 0. ( 

0. i 
1) 0. ( tý 
--j - 0. ý 

Fig. 6.2. CYclic Voltarnmograms showing the anodic polymerisation of 1. rnmol dlll-3 

[Pd(ON4eSalen)] in 0.1 mol dm-' TBAT-MeCN at a 0.64 cm2 Pt disk electrode during potential cycling 

between 0 and 1.2 V vs Ag/Ag4 at 100 rnV s-1. 
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[Pd(OMeSalen)] and I-Ni(OMeSalenfl 

Fig. 63. (a) The first three cyclic voltammograrris collected during the groNvth of 

poly[Pd(OMeSalen)], and (b), the corresponding variation of A recorded at 632.8 nni. Conditions as in 

Fig. 6.2. 
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(d) 

Fig. 6.3. (c) The relative intensity and (d) the variation of T recorded at 632.8 11111 during the first three 

cyclic vollammograrns collected during the groAqli of poly [Pd(OMeSalen)]. Conditions as in Fig. 6.2. 

195 

V. V V. /- V. It V. V U. 0 I Aj 

Potential (V) vs Ag/AgCl 

V. V vlý W. ý V. %j V. 0 I. V I. L 

Potential (V) vs Ag/AgCl 



Chapter 6 [Pd(OMeSalen)] and [Ni(OMcSalcn)*j 

point. Evidently this process, whatever its origin, has no effect on delta and psi mid is 

therefore occurring in solution only, though the intensity data show any species 

forming in the solution have very little or no absorption at 632.8 jim. Beyond 0.9 V 

on the first sweep, significant changes are seen in all three ellipsometric parameters 

corresponding to the onset of the second oxidative wave, which can clearly be 

assigned to the onset of polymerisation. 

During subsequent cycles the first oxidative , A, ave becomes more pronounced 

and the ellipsometric parameters begin to alter at ca. 0.3 V, corresponding to the 

onset of the first peak. The behaviour of the ellipsometric parameters differs during L, 

the two oxidative waves, A showing a slight increase in value during the first peak 

before a decrease during the second, while T and the intensity show a much less 

pronounced decrease in value between 0.3 and 0.9 V than during the second wave. 

There appear to be two distinct oxidation processes occurring, only the second of 

which leads to polymerisation. The current passed between ca. 0.3 and 0.9 V during 

the first anodic sweep is due to a solution oxidation, as mentioned above, however 

subsequent scans show a more pronounced wave and changes in the ellipsornetric 

parameters in this region, indicating that though further solution oxidation may be Cý 

occurring, the current passed is at least in part due to a surface process, likely to be 

oxidation of the polymer film already deposited in previous cycles 

Fig. 6.4 shows the ellipsometric parameters for all fifteen cycles of growth. 

Both A and T decrease in value over the first three cycles, before showing an 

increase in value with each of the subsequent scans suggesting a possible change in C, 

the properties of the film and/or the mechanism of deposition. The intensity steadily 

decreases with each of the fifteen cycles indicating the filin absorbs at 632.8 nin . 
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Fig. 6.4. The variation in A, 'P and relative intensity during all 15 cycles of tile growill of 

poly(Pd(OMeSalen)]. Conditions as in Fig. 6.2. 
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Chapter 6 [Pd(OMeSalen)] and [NI(OMcSalorl)] 

6.2.1.2 Potential Cycling of the Modified Electrode 

The current and optical data for the potential cycling of the filin in monomer- 

free electrolyte are shown in Fig. 6.5 (a) and (b). The behaviour of the ellipsometric C 

parameters is very similar to that observed during the last cycle of growth, however 

the CV is markedly different, the second oxidative peak is much smaller than during 

the growth, the peak current being ca. 0.5 mA compared to ca. 0.8 niA at the same 

potential during growth. In contrast the first oxidative wave has a slightly higher peak 

current, ca. 7.5 mA, ca. I mA larger than during growth, this would support our Z-- 

initial assignment of the two peaks as the first being clue to oxidation of the polymer 

film while the second is primarily due to oxidative polyrnerisation, though clearly 

there is a second oxidation process occurring in the film as the peak is still present 

during the potential cycling. 
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Fig. 6.5. The variation of A (a), T and relative intensity (b) during tile first cyclic voltainmogram of 

the polymer coated electrode after the completion of growth. The film was cycled at 100 mV s-' in Z5 

0.1 mol dM, 3 TBAT/MeCN 

[Pd(OMeSalen)] and [Ni(OMeSalen)l 
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6.2.1.31 Potential Stepping of Modified Electrode Z> 

Potential stepping experiments were performed for comparison with the 

cyclic voltammograms and FTIR data, the optical data is presented in Figs. 6.6 (a) 

and (b). While it is clear that in the potential range ca. 0.4 - 1.1 - 0.8 V the film is still 

evolving 35 s after the potential step, the values reached at the miodic limit, 1.1 V, 

are similar to those obtained during the much faster potential changes while cycling: 

the maximum value of Psi is ca. I degree higher than during cycling, Delta is 

C2 degrees lower and the intensity drops to ca. 0.06 during stepping compared to a- Z: ) 113 

ca. 0.03 when cycling. Despite the small changes in value at the anodic Innit, the 

optical parameters clearly do not return to their original values at the end of the I- 

potential stepping. in contrast to what was observed during cycling. Delta and Psi are 

close to their original values but the intensity is significantly lower, possibly 

indicating chargc trappinZg, within the film, which is supported by the coulombic data 

fi-om the cycling experiments, which show up to 30 % of the charore passed during 

the anodic sweep is uncompensated at -0.2 V on the cathodic sweep. 
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Fig. 6.6. Vuiation of A (a), T and the relative intensity (b)during potential stepping of the film. The 

steps Nvere 100 mV and the film was held at each potential for '35 s. 
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6.2.2 Fitted data 

6.2.2.1 Growth of poly[Pd(OMeSalen)] 

[Pd(OMeSalen)] and [NJ(OMeSaJen)j 

The fitting of the ellipsometric data proved quite arduous, the first three 

cycles of groA4h fitting relatively easily to a simple homogeneous model, but the 

subsequent cycles fitting only to an inhomogenous model. 

The variation of n, k, and the thickness for the first three cycles fitted to a 

homogeneous model are shown in Fig. 6.7 (a)-(d). Growth is initiated by tiucleation 

onto the surface by strands of up to 40 nrn in length, or shorter strands which rapidly 

grow to this length, to forni a film which clearly consists mainly of solvent at this 

point, the values of n and k being very close to those of the acetonitrile (1.344,0). 

Dahm and co-workers have postulated that polymerisation of poly[Ni(Salen)] is 

initiated by the formation of a charge transfer stacked deposit [51, as discussed in the 

introduction, however this is not consistent with the ellipsometric data presented here 

which clearly indicate the film is very diffuse during the early stages of formation. 1-1 

As the potential is swept up during the first scan, k- rapidly increases to 0.06, n 

to 1.37 and the thickness to 60 nin. On the reverse scan, k rapidly returns to a low 

value but ii continues to rise to 1.5 1, and by the end of the third cycle it reaches 1.56. 

These are quite high values and suggest a significant exaltation due to electron 

delocalisation [16]. Fig. 6.8 shows the variation of n, k and the thickness during 

the last five cycles of growth with the data having been fitted to an inhomogeneous 

model, identical to that described in the experimental chapter (section 2.3) and was 

also used to fit tile poly[NTi(OMeSa]tMe)] in the previous chapter (section 5.2.2.1) . 

'File film was considered to consist of ten layers of equal thickness, each layer within 
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[Pd(OMeSalen)] and [Ni(OMeSaleii)] 

Yig. 6.7 (a)'Yhe current passed during the first three cycles of polyrnerisation on a Pt disk electrode at 

10() )IV s-'. (b) The variation of the real part of the refractive index, n, from data gathered at 632.8 jim 

fitted to a homogeneous model. 
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Fig, 6.7 The variation of the imaginary part of the refractive index. k. (c) and film thickness (d) during 

the first three cycles of polyrnerisation from data gathered at 6332.8 nrn filled to a hoillogeneous model. 
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Fig. 6.8. The last five cycles of growth fitted to an inhoinogeneous model as described in the text. The 

film Nvas grown for a total of fifteen cycles between 0 and 1.2 V vs Ag/Ag4 at 100 niV in 

0.1 mol dm" TBATin MeCN with I mmol dni -3 I'd(OnieSalen) 
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itself being homogeneous. The innermost layer next to the electrode contakis the 

smallest amount of solvent and is the most compact, the film becoming iiiorc (fifilise 

and containing more solvent with each layer away from the electrode. The coniplex 

refractive index, i. e. n and k, was fixed for the outermost layer to be equal to that of' 

the solvent (acetonitrile, 1.344,0) while n and k of the innermost layer and the 

overall thickness of the film were allowed to float during the fittuig procedure, Tlie 

values of n and k for the inner layers vary linearly between the values ofthe mnermid 

outermost layers. A more detailed model is not possible without data froni a nuniher 

more wavelengths, however the behaviour of the film was qualitatively the saine 

regardless of the exact choice of values for n and k of the outermost layer. so the 

model would appear, at least qualitatively, to be very reliable. 

Over the course of the film growth, both homogeneous and inhomogenous. k Z" 

steadily increases with each subsequent cycle even when the film is in its neutral 

form, most likely due to incomplete reduction of the film in later cycles. In later 

cycles the value of n continues to increase with each cycle for the film In the neutral 

state, however the decrease that occurs upon oxidation is a great deal more marked in CD 

later cycles than for the early scans, this is due to the appearance of a strong 

absorption in the near IR region, confirmed by our IR studies (see section 2.5) and 

frequently observed in previous studies [17-19). The thickness shows very fitile 

change during the last five cycles of polymerisation, in contrast to marked changes 

over the course of the first three, suggesting that the first stages of polymerisation 

result in both increasing thickness of the polymer network and conisolidation within it 

(indicated by n and k changing with each cycle), while in the later stages of 0 -- 

polymerisation only consolidation is occurring, as n and k continue to increase but the 
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thickness remains stationary. It is interesting to note that., as the n and k values showii 

in Fig 6.8 relate to the innermost part of the film., i. e. that next to the electrode, afict- 

fifteen cycles of growth consolidation is still able to occur ill tile 11jost Compzict part 

of the film. 

6.2.2.2 Potential Cycling of the Modified Electrode 

The film clearly remains inhomogenous after growth and the data was Filled 

in the same manner as that for the growth. The values of n and k fior the innennost 

layer of the filin and the overall thick-ness during potential cycling are show? n in 

Fig. 6.9 (a)&(b). There appear to be four distinct potential regions. a reduced region 

below 0.3 V, a region from 0.3 to ca. 0.7 V in which n falls rapidly and k rises 

rapidly and the thickness increases steadily, frorn 0.7 to ca. 0.95 V the rate of change 

of all three parameters is less, and a region between 0.95 and 1 .1V in which ii Ialls 

rapidly again, the thickness increases markedJy but k changes very little. The increase 

in thickness is in contrast to the massive contraction observed of the InhomogenCOLIS 

poly [N i (OMeS altMe)], discussed in flie previous chapter, and is much h1gher than 

might have been expected, swelling to almost a factor of t-Nvo at the highest potential 

reached. The quantitative behaviour of the film was unaltered by the exact choice of 

value for the outer refractive index, as reasonable values for the optical parameters 

showed n decreasing strongly while k and the thickness show a large increase with 

increasing potential. The increase in the thickness can be explained by the influx of 

solvent as electrolyte floods into the oxidised film to compensate the charge, 

dragging solvent with it. As with the Ni Salens described in earlier cliapters, the 
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extent of the increase, in this case the film almost doubles in thicktiess at the atiodic 

limit, indicates carbon linkages between monomer units injist be formcd during 

polymerisation, or the film would simply dissipate into solution, whereas tile cN. Icliný, 

shows any oxidation processes are clearly reversible, the original values, of n, k atid 

the thickness being obtained at the end of the cycle. The large increase shovvn by k 

can be explained by the film becoming more absorbing at the probe waveleiiiali, and 

to some extent this can be seen by eye, the golden yellow film becoming increasingly 
Z- 

green and darker with potential. The decrease in n is due to the film becoming 

strongly absorbing in the near-IR as it is oxidised (see section 2.5), this absorhance 

having the effect of reducing the value of the refractive index at the probe 

wavelength. 

6.2.2.3 Potential Stepping of the Modified Electrode 

The fitted data for the potential stepping experiments is presented in 

Fig. 6.10. There is a sudden increase in thickness at LI V which is njuch 11jore 

pronounced than the increase seen during cyclic voltamnieti-y, though the maximum I 

thickness reached is approximately the same. At intermediate potentials the relaxation 

time of the film is of the order of a few seconds, however upon stepping to 1.0 and 

1.1 V the film is still evolving after 35 s. Upon returning to 0V the original values 

are not regained, the thickness being ca. 15 nm greater and k being 0.004 higher, 

though n is almost unchanged, this is in agrcement with the coulombic daui for the 

cycling which suggest the film is not fully reduced. The four regions of behaviour C- 

described for the cyclic voltammograrns are also in evidence during the stepping, a 

reduced region below 0.3 V, a region between 0.4 and 0.7 V in which n decreases 
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strongly and k- increases strongly, a region 0.7 - 0.9 V in which the rate of change of n 

and k is less rapid and the thickness increases, and a final region 1.0 - 1.1 v in which 

the thickness increases rapidly, n decreases strongly and k is almost stationary. 

6.2.3 Data collected at 594.1 nm - poly[Pd(OMeSalen)] Filin 2 

As an important check of the validity of the model, data were also gathered Z1- 

using a laser of 594.1 nni wavelength. A second film was grown and the data 

collected at 594.1 nm was compared to the data gathered at 632.8 nni for film 1. The 

cyclic voltammograms during the growth of film 2, shown in Fig. 6.11, and 

behaviour of the ellipsometric parameters mirrored the data gathered at 6322.8 nin for 

0.4 

+-ä 0.: 

tz 0. ( 

_O.: 

-O. z 

Fig. 6.11. The growth of poly[Pd(OMeSalen)] film 2. The electrochemical conditions as in Fig. 6.2, 

the ellipsomtric parameters were measured at 594.1 nrn during growtb and cycling. 
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film 1. Again the film could only be fitted to an inhomogeneolls model for all cwcpt 

the very first steps of growth, however the thickness generated from the dala %vas 

substantially lower than that for film 1. The ratio of the charge passed (Itintig the C-1 

growth of the two films corresponds closely to the ratio of the thickriesses, the total 

charge passed during growth being 10.12 mC and 7.33 mC, and the th*ck-nesses ol Z-ý I 

the films after growth is completed ca. 270 nm and 185 nm for Films I ul(i 2 

respectively. The charge passed during the growth of film 2 is 73 % ofthat passed Im 

film 1, and the final thickness is 68 % of film 1, so the validity of the illodel seeiiis to 

be confinned, and uncontrollable variability in experimental conditions the most 

likely source of the difference. Due to the large volume of tile ellipsometric cell there 

was only enough Pd(OMeSalen) to make up one monomer solution, and given there 

were over two weeks between the growths of the two films, changes in the niononicr 

solution as it aged seem the most likely cause. The CV after cycling shown in 

I Jim I Figs. 6.12 (a) and (b) can be seen to differ from the correspondijig one fo - f- 

above (Fig. 6.9), the peak at 0.4 V being not so pronounced and the slight hump at 

ca. 0.7 V has now become the main anodic peak. None of the films gro%vn betxeen 

-clissed, the studies of films I and 2 are directly comparable with either of the tNN, o dig 

though a thinner film was grown (10 cycles, 0-1.2 V) and the CV of this film 

appears to be a hybrid of the two presented, the peaks at ca. 0.4 and 0.9 V being 

roughly the same height, suggesting there was indeed some continuing degi-adation of 

the monorner solution, possibly due to the uptake of water. 

Despite the differing CVs, the qualitative behaviour of the film remains 

unaltered. The thickness, n, and k start to alter at ca. 0.3 V for both films even though 

the first peak is much less pronounced in the case of film 2, though at higher 
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potentials differences between the films become clear. The changes in n are very Zý, 

similar both quantitatively and qualitatively, though k shows an increase in valtie 

similar to that observed for the first film, but to a lesser extent, rising to a maximum 

value of ca. 0.12 compared to 0.18 at 1.1 V. The thickness increases in a similar 

manner to the first film, though again to a lesser extent, the increase being of the 

order of 30 % of the reduced film thickness in comparison with over 60 % for the 

film probed at 632.8 nm. The first film had increased by ca. 30 % of its reduced 

thickness at just over 0.8 V, this is just before the fourth region of oxidatim 

described above, suggesting the final oxidation process of the sweep is not happening 

in the second film, or at least not to the same extent, as it is clear that the peak at 

1.1 V is not as pronounced in the CV of the filin 2. It is interesting to note that the I 

CV after growth of the film 2 resembles the CVs recorded during growth far more 

closely than that of film 1. Fig. 6.13 shows the last cycle of growth overlaid on the 

first cycle after growth was completed for the two films. As discussed above, the first 

broad wave during growth was assigned to oxidation of polymer already deposited, 

and the second sharper peak to ffirther oxidative polymerisation, therefore the first 

wave would be expected to be almost unchanged between growth and c cling. While Iz y 

this is the case for film 2, film I shows a pronounced peak at 0.4 V at the beginning 

of the broad wave. The presence of the peak at 0.4 V was observed for other films 

grown as checks on reproducibility, and the peak appears to diminish as the monomer 

solution ages, indicating some of the differences obsened between films I and 2 may 

be due to changes in the monomer solution with time. 
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6.2.4 Characterisation of poly [Ni(OMeSalen)] 

[Pd(OMeSalen)] and [Ni(OMeSalen)] 

The corresponding Ni complex was also synthesised and investigated. The 

ellipsometric cell is relatively large, and there was insufficient Ni(OMeSalen) to zn 

make the necessary 250 ml I mrnol dm-3 monomer solution to study polymerisation. 

It was however still possible to study the cycling of the modified electrode in 

monomer free electrolyte: polymerisation was performed in a smaller cell and the 

electrode then transferred to the ellipsometric cell and immersed in 0.1 mol dM-3 

TBAT in MeCN. 

Fig. 6.14 shows the CVs recorded during growth of the poly[Ni(OMeSalen)] C) 

film, which can be seen to differ from the cyclic voltammograrns for 

poly [Pd (OMeS a] en)] in a number of ways (see Fig 6.2). During the grow-th of 

OJ 
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Z., 0. ( 

ý) -0. ý 

_O. ( 

-0J 

Fig. 6.14. Growth of poly[Ni(OMeSalen)]. A Pt disk electrode was cycled at 100 mV s" in 

I mmol drn -3 [Ni(OMeSalen)) with 0.1 mol dlll-3 TBAT/N4eCN 
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poly[Pd(OMeSalen)] a broad wave was observed between 0.4 and 0.9 V, the Peak 

current being reached at ca. 0.7 V, before a second oxidative wave between 1.0 and 

1.2 V, with the current still increasing at the anodic limit. In contrast during the 

growth of poly[Ni(OMeSalen)] a broad shoulder is observed from 0.3 - 0.7 V, a peak 

at 0.8 - 0.9 V before a second wave from 1.0 - 1.2 V, but with the peak current 

reached before the anodic limit. As mentioned, there is no ellipsometric data for the 

growth, but the sharp increase in the current at ca. 0.9 V on the first anodic sweep 

would suggest the second peak between 1.0 and 1.2 V is due to oxidative 

polymerisation, as seen with poly [Pd (OMeS al en)]. The shape of the peak between 

0.3 and 0.9 V is markedly different from the same region for poly[Pd(OMeSalen)], 

but is likely to be again due to oxidation of the polymer already deposited as the 

broad shoulder and sharp, peak are features also of the cyclic voltammograms 

recorded after growth, shown in Fig. 6.15. The CVs of the poly[Ni(OMeSalen)] 

modified electrode in Fig. 6.15 and the Pd counterpart (Fig. 6.5) both have an 

oxidative wave between 0.3 and 0.9 V, but the fomi it takes is markedly different, a 

sharp peak at 0.4 V for poly[Pd(OMeSalen)] compared to a broad shoulder up to ca 

0.75 V and a clear peak at ca. 0.85 V displayed by poly [N i(OMeSa len)]. The 

behaviour of the ellipsornetric parameters is verý, similar for the two films, but T and 

the intensity show a much less marked change between 0.4 and 0.8 V than for 

poly [Pd(OMeSalen)], and increase more steeply between 0.8 - 0.9 V, corresponding 

to the oxidative wave, suggesting the same processes occurring in the two films with 

the peak at 0.4 V in the Pd film masking the smaller changes seen around this 

potential in the Ni film. 
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In order to fit the data for the cycling of poly [N i(OMeS alen)] without the aid 

of ellipsometric data for the growth or the bare electrode, the final point of the cycle 

was considered; values for n, k, and the thickness were entered manually and the 

program returned values of A, T and intensity. These returned values were compared 

with those obtained experimentally, and adjusted until the values of A and IF returned 

matched those observed, and the returned value of intensity was used with the 

observed value to scale all the intensities (a process normally done using the data for 

the bare electrode, see section 2.3). The film was fitted to an inhomogeneous model 

identical to that used for poly[Pd(OMeSalen)], and in fact the film could not be fitted 

to a hornogeneous model. The entire file for the cycling of poly[Ni(OMeSalen)) was 

then fitted in the usual manner, and the fitted data is shown in Fig. 6.16. The data for 

the Pd and Ni films are strikingly similar (see also Fig. 6.9), though a slightly greater I 

amount of hysteresis is obsened in all three parameters for poly[Ni(OMeSalen)]. The 

quantitative behaviour of the thickness is very similar for the two films, while the 

values of n and k for poly[Pd(OMeSalen)] are slightly higber than for 

poly[Ni(OMeSalen)) over the entire cycle. 

Although it would be a little perilous to try and draw any conclusions from 

the fitted poly[Ni(OMeSalen)] figures given the lack of any data from the bare 

electrode, it is certainly interesting that with no assumptions from the fitting of the Pd 

polymer affecting the fitting procedure used for poly [Nli(OMeSalen)], the behaviour 

of poly [Pd(OMeS alen)] and poly[Ni(OMeSalen)] is so similar. This certainly lends a 

great deal of credence to the model of a highly inhomogeneous film which swells by z! ) 

up to 50 % of its thickness upon oxidation. 
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6.2.5 Supporting FTIR data. 

Figs. 6.17 (a) and (b) below show the in-situ FTIR spectra collected during tile 

oxidation of poly[Pd(OMeSalen)], with an upper lirnit of 1.2 V. Fig 6.15(a) shows 

the complete spectral range, and Fig. 6.1 7(b) the range from 1000 to 1800 cm- 1, all 

spectra are normalised to the reference taken at 0.2 V. 
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Fig. 6.17. In situ FTIR spectra of a poly[Pd(OMeSalen)] film on a 0.64 cm2 Pt electrode in 

0.1 mol dm-3 TBAT/MeCN taken during an experiment in which the potential of the electrode was 

stepped from 0.2 V to 1.2 V in 100 rnV steps with spectra (I )-(x) being collected at each step: (a) the 

full spectral range, (b) the IRAV region fi-orn 1000 cm-1 to 1800 cm- I. 
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Fig. 6.18 shows a plot of the area under the spectral region between 1050 and 

1700 cm-1 as a function of potential. Figs. 6.17(a) and (b) show that the FTIR 

response is very complex, and Fig. 6.18 confirms the conclusions of the ellipsometric CI 

data that there are four potential regions, corresponding roughly to the potentials 

identified from the ellipsometry: a reduced region belo-w 0.3 V, a rapid change in the 

parameters of the film between 0.3 and 0.7 V, between 0.7 and 0.9 V smaller changes 

were seen in the ellipsometric parameters, and the % area can be seen to be almost 

stationary, then between 0.9 V and 1.2 V the ellipsornetric parameters displayed large 

changes again, and this corresponds to a decrease in the % area of the IRAV bands, 

again suggesting the presence of four different charge carriers as the film is oxidised, 

though, even with the FTIR data, it is still not possibly to identify them. 

Figs. 6.19 (a) - (d) show the spectra in more detail. In the region 0.3 to 0.6 V tý C, 

(still referenced to the spectrum at 0.2 V) there is a clear gain of an electronic C, 

absorption in the near IR region between ca. 4000 and 5400 cm-1, superimposed on 

which are losses due to C-H and C-=N stretches of acetonitrile. There are two bands 
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Fig. 6.18. Plot of the area under the IRAV region in Fig. 6.15(b) as a function of potential 
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at 2250 and 2290 cm-1, due to the v(C-=N) fundamental and a combination band 

involving CH3 torsion respectively, the ratio of which is known froin previous work 

[20,211 to be very sensitive to the environment of the acetonitrile: in pure liquid the 

ratio is 3.2, but increases for acetonitrile coordinated inside polymer films. The ratio 

for the two peaks in Fig. 6.19(a) is 3.4, suggesting that the acetonitrile loss 4n 

corresponds to uncoordinated solvent, which is easily understood in terrns of the 

expansion of the film displacing solvent from the thin layer. This corresponds well 

with the ellipsometry, which indicated that the film began swelling at ca. 0.3 V and 
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expanded by almost 40 nm between 0.2 and 0.6 V (see Fig. 6.9(a)) Losses are also 

seen near 1040 and 1060 cm-1 that can be attributed to BF4-. In the spectral range tý 

from 1000 to 1600cm-1 there is a series of gains which are similar in nature to those 

frequently observed in conducting polymer films: they arise frorn an electronic zD 

enhancement due to the excitation of certain skeletal modes which can facilitate 

carrier hopping along the polymer backbone, and hence lead to large values of the 

transition dipole moment. This enhancement is terined the IRAV effect [20 and 22 

and references therein). The fact that the enhancement is seen below 1600 cm. -1 is 

strong evidence that the carriers are delocalised over the phenyl rings of the polymer. tn 

Strong support for this is that the two most intense features in this region are found at 

1254 and I 100 cin-', which can be assigned to the C-0-C symmetric and asymmetric 

stretches of the Me-O-Aryl unit [23]. 

In the potential region bet-, veen 0.6 and 0.8 V (Fig. 6.19 (b), now referenced 

to the spectrum at 0.6 V) there is continuing loss of acetonitrile, and the near IR 

electronic absorption continues to increase, as expected from the ellIpsometric data. 

In the potential region from 0.9 to 1.1 V (Fig. 6.19(c)) now referenced to the 

spectrum at 0.8 V), the loss of the mid-IR electronic band is now clear, superimposed 

upon the continuing gain of the near-IR electronic band, the latter having a 

substantial effect on n. There is now a gain in the acetonitrile C=-N region, with the 

ratio of the two bands close to 5.6, which is typical of coordinated acetonitrile, 

though the ratio decreases to 3.1 :I at 1.2 V (see Fig. 6.19(d)), where a loss of free 
Cý 

acetonitrile is apparent as the previous gain in coordinated solvent is offset by 

expansion of the Film. 

A study of Ni(Salen) by i77-situ FTIR/UV-vis and ex-silu EPR [81 also 

concluded polyrnerisation proceeded via a ligand based mechanism, having found, as 
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with this study, that the clearest changes between the monomer and polymer spectra 

are due to the phenyl rings rather than the coordination sphere around the metal. 

Audebert et al. [10-12] have previously found the identity of the metal had little 

effect on the conductivity of Salen films, and hence suggested the redox processes 

were ligand based. Fig. 6.20 shows the overlapping spectra of poly[Pd(OMeSalen)] 

and poly [Ni(OMeSalen)], both taken at 0.6 V. They are clearly remarkably similar, 

again suggesting that the metal plays very little role in the char e conduction M9 

mechanism. For further discussion of the FTIR data of poly [Pd(OMeSalen)] and 

poly [Ni(OMeSalen)] see [241. 
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Fig. 6.20. The spectra of (i) [Pd(OMeSalen)] and (ii) [Ni(MeSalen)] both taken at 0.6 V and 

nornialised to the reference taken at 0.2 V for each film. 
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6.3. Conclusions 

The ellipsometric data unequivocally indicate that surface film fomiation does 

not occur until the potential reaches 0.9 V, though clearly charge is passed before this 

point. One possibility, consistent with the evidence gathered by Timonov and co- 

workers is that oligomers containing stacked metal. complexes forrn in solution prior C5 

to the main polymerisation process above 0.9 V for which they are the key 

intermediates, there is however no evidence of a stacked deposit being formed on the 

electrode as suggested by Dahm and Audebert. There is strong evidence that only the 

second oxidation process during anodic sweeps leads to growth of the polymer film., 

the steady increase in thickness between 0.3 and 0.7 V being due to the influx of 

solvent and electrolyte as a charge compensation mechanism for the oxidised Z-1 

polymer chains which continues at higher potentials as further polymerisation occurs. 

The IR spectra seem to indicate the presence of at least two different types of 

charge carrier, one of which disappears at higher potentials. One hypothesis is that in 

the reduced forrn the film is compact and relatively free of solvent. In this situation 

charge stacking between monomer units may occur and in the earlY stages of 

oxidation charge carriers could hop between chains from one planar group to another. 

Conduction in the oxidised form of the polymer would appear to be limited to along 

the polyrner chains, charge carriers would find it almost impossible to hop between 

monomer units by virtue of the shear volume of solvent present in the oxidised form 

of the polymer as the positively charged chains repel one another and solvent floods 

in with the electrolyte to compensate the charge. Given that the swelling of the film 

upon oxidation appears to be a completely reversible process, the formation of 
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carbon-carbon linkages between aýjacent monomers appears to be a certainty as 

without some form of linkage other than metal - metal charge transfer the outer layer 

of the film would dissipate into solution upon such drastic swelling. As to the site of 

oxidation for the two processes, this remains a matter of controversy. Certaiiily FTIR 

evidence suggests the first process is mainly ligand based, however the second 

process is more difficult to assign and while it appears to be mainly ligand based, 

there may be considerable overlapping, of the metal and ligand orbitals and both may 

be partially oxidi-sed. 
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Chapter 7 

7.1 Introduction 

Conclusions and Further Work 

In this chapter the main conclusions of this thesis are surnmarised and, where 

appropriate, future work suggested. 

7.2 Conclusions on the Sources and Reduction of Noise 

7.2.1 Conclusions on the Sources of Noise within the Ellipsometric System 

Two of the four lasers used in the ellipsornetric system are randomly 

polarised, i. e. emit linearly polarised photons at random angles. When passed through 

the polarising components of the ellipsorneter this yields a beam of fluctuating 

intensity. The relative intensity recorded with the ellipsometric angles displayed 

significantly more noise than that recorded for the linearly or circularly polarised 

lasers and, as would be expected, was clearly reduced by the addition of a quarter 

wave plate between the laser and polarising components. 

A and T should be independent of any changes in intensity, however this was 

clearly not the case. This was due to the experimental set-up, in which the outputs of 

the four photodiodes within the Stokesmeter are recorded sequentially rather than 

simultaneously. 

The computer recording the electrochemical and ellipsometric data is also 

introducing noise. Using the transient program to collect data resulted in a significant 

amount of shot noise that is not present when using the normal data collection 

procedure. ']'his shot noise is unequivocally injected by the computer itself. 
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7.2.2 Improvements to the Ellipsometric System. 

Conclusions and Further Work 

It is planned to build a dedicated PC to replace the Atari. As this will be built 

specifically for the ellipsometer, at each stage of construction it should be possible to 0 

test for any potential problems, and exclude the shot noise present during transient 

measurements. It should also be possible to sample the four Stokesmeter outputs 

simultaneously. 

With regard to the noise arising from the randomly polarised lasers, the on]), 

viable option is to replace them with ones of a constant polarisation, though sampling 

the Stokesmeter outputs simultaneously would reduce the noise on A and Y 

considerably. 

Further improvernents in the noise levels may result from replacing the 

mounting of the Stokesmeter, as the cuiTent mount is very flexible, though designing 

a rigid mount which also allows the necessary movement for aligning the system is 

no small task. It may also be beneficial to move the mounting of the Stokesmeter 

nearer to the pivot of the ellipsorneter, minimising the distance the bearn has to travel, 

and consequently reducing the moven-ient of the Stokesi-neter relative to the beam. 
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7.3 Conclusions from the Investigation of Poly[Salens] 

From the polymerisation of Ni(SaIdMe) and Ni(SaltMe) it is clear even 

relatively 111inor structural alterations created well away fi-om the site of 

polymerisation can have marked effects on the characteristics of the polymer film 

produced. Both materials displayed similar behaviour duriTIg polymensation, 

producing homogeneous fifins of a sirnilar thickness by a mechanism of 

consolidation. During potential cycling, differences in behaviour Avere observed 1: 1 

above 0.95 V with 17, k and the thickness remaining almost stationary for C) 

poly[Ni(SaltMe)], while a marked contraction was observed for poly[Ni(Sa]dMe)] 

and n displayed an increase in value. During the much slower process of potential 

stepping, no decrease in thickness was observed at higher potentials, and only a very 

small increase in n, indicating that these processes are connected with the mechanism 

of charge compensation when the film is oxidised. It was suogested that, during the 

rapid change in potential during cycling, insufficient solvent can enter the film, and 

charge transfer stacking occurs to compensate the charge on the partially oxidised Ni 

centres, while during the stepping experiments, the much slower rate of potential 

change allows sufficient solvent to enter the film and hence no contraction is 

observed. 

The investigation of [Ni(OMeSaItN4e)] dernonstrated that the addition of 

electron -donating substituents on the pbenyl rinp had an even greater effect on the 

characteristics of the polymer film produced than structural changes on the carbon- 

carbon bridge. From the start of the growth process differences were clear between 

[Ni(OMeSa]tMe)] and [Ni(SaltMe)]: while the first three cycles of gro,. Ntli of 
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poly [Ni(OMe S altMe)] produced a homogeneous film., each cycle produced a clear 

increase in thickness, rather than progressing by consolidation, as observed for 

poly[Ni(SaltMe)]. Beyond the third cycle of growth, poly[Ni(ON4eSaltMe)] became 

inhomogeneous, being very dense next to the electrode and becoming more diffuse 

and containing a higher percentage of solvent as the film/solvent interface is 

approached. During oxidation of the polymer., a massive contraction was observed 

above 0.85 V and n was seen to increase markedly. This again is consistent with 

charge transfer stacking; however, this bellaviour is rePeated in the stepping 

experiments suggesting it does not occur only because of dynamic considerations, but 

is the preferred mechanism of charge stabilisation. The values of k observed for 

poly [N i(OMeS altM e)] were significantly higher than for poly[. Ni(Sa]tMe)], 

suggesting the degree of oxidation on the Ni centre is greater and a greater degree of I Z: ) 

charge compensation is necessary. The sarne process was occuiTing In both 

poly[Ni(SaIdMe)] and poly [N i(OMeS altMe)], however, in the former case, the 

solvent can provide adequate charge compensation if given eiiough time for sufficient 

solvent to enter, in the latter case, the greater extent of oxidation on the Ni centre 

results in charge transfer stacking being necessary for sufficient charge "n 

compensation. 

The investigation of poly [Pd(OMeSalen)] also yielded an inhornogeneous C5 

film, a characteristic clearly the result of the electron donating -OMe substituent. 

Upon oxidation the film swelled reversibly to almost twice its thickness in the neutral 

state, due to the influx of solvent to compensate the charge on the polymer chains. 

Poly [Ni(OMeSalen)] was also investigated, and though less stable than its Pd 

counterpart, still mirrored the inhomogeneous behaviour obsetwed. The increase in 

thickness (and k) upon oxidation, and the decrease in n were not linear with potential, 
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and appeared to display four potential dependent regions of behaviour, which may be 

due to confon-national changes or changes in the structure of the charge carrier. The 

IR spectra seem to indicate the presence of at least two different types of charge 

carrier, one of which disappears at higher potentials. 

Given that the swelling (and subsequent contraction in sorne cases) of all the 

films upon oxidation appear to be completely reversible processes, the formation of 

carbon-carbon linkages between adjacent monomers appears to be extremely likely 

as, without some form of linkage other than metal - metal charge transfer, the outer 

layer of the film would dissipate into solution upon such drastic swelling. The site of 

oxidation remains a matter of controversy, though much evidence suggests partial 

oxidation of both the ligand and metal. 

7.4 Possible Further Systems to Investigate 

The main aim of this project was to exploit the ultra-East electrochemical 

ellipsometer, and in order to do this more fully a variety of systems could be studied. 

Ellipsometry is not just useful for the study of conducting polymers, but is an 

unparalleled technique for the characterisation of any thin film, i. e. any system which 

results in deposition at the working electrode can be studied. In order to exploit the 

ellipsometer to the full, systerns which would benefit from the higher tirne resolution 

possible with the use of the Stokesmeter would be ideal. 

One such systern would be the passivation of iron, which has been studied 

with ellipsometry in the past [1], but never with the time resolution now possible. 

Past studies [1,2] have indicated that passivation in carbonate buffer is a two step 
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process, a layer of ferrous hydroxide or ferrous carbonate fonning first, then at higher 

potentials further oxidation occurs, yielding an inner mixed valence film, and an 

outer film containing only ferric species. Dissolution of the film during reduction 

appears to commence with the outer layer, although there is evidence that the inner 

layer dissolves throughout the reduction process, not only once the outer layer has 

been stripped. Both passivation and depassivation occur over a millisecond timescale, 

and the sampling time of 200 ms used in [I] Nvas inadequate to obscrve detailed 

changes. With the current experimental setup resolution of 5 ins is possible using the 

ordinary data collection programs, and 325 ýts using the transient collection method. 

However, preliminary experiments were unsuccessful due to the noise present, 

typical data is shown in Fig. 7.1. It would be beneficial to the understanding of this 

system to study film formation and dissolution at the higher time resolution of which 

the Stokesmeter is capable. This is not possible with the cutTent experimental set-up, 

however with the reduction in noise anticipated by replacing the Atari with a 

dedicated PC, it may well be possible to return to this system and investigate it 

further. 

Another system which may benefit from fast-ellipsometric investigation is the 

electrodeposition of semiconductor thin films, such as CdSe, CdTe, ZiiSe wid ZnTe. 

The growing use of these semiconductors in photovoltaic devices has lead to the 

search for efficient low cost production methods, and electrodeposition appears a 

suitable candidate. Little is kliown about the mechanistic aspects of such depositions 

[3], or the effects that varying the experimental conditions has on the nature of the 

films deposited, and ellipsornetry would be an ideal too] with which to probe these 

effects. 
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Fig. 7.1. Typical data for the passivation of iron. An iron disk electrode was stepped frorn the rest 

potential (-1.22 V) to -1.39 V to clean the surface of any residual oxide., then to a passivation potential 

(0.3 V), before returning to the rest potential. 
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These are just two possible systems which have already been considered for 

investigation with the Stokesmeter based ellipsometer. As stated above, any system 

involving the fonnation of a thin film of any kind can be investigated with 

ellipsometry, and with the time resolution already available, and especially with that 

potentially available, the Newcastle instrument is an exceptionally powerful too]. 
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