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Abstract

The field of nanoscience is a rapidly expanding area of research with numerous 
applications for technology. The development of this field has been largely helped by 
the invention of the atomic force microscope, as well as other surface analytical 
techniques such as photoelectron spectroscopy. The studies described in this thesis 
cover a varied range of topics. These include polymeric systems, carbon nanotube 
and an organostannoxane cluster system. The common theme within these studies is 
in improving understanding of the fundamental processes that may occur in the self 
assembly of these systems on substrates.

Chapter 1 is an introductory chapter in that the basic concepts regarding the field of 
nanotechnology are introduced. In Chapter 2 the important analytical probes used in 
this thesis are described i.e. atomic force microscopy and photoelectron 
spectroscopy.

The ‘parent’ complex of the systems explored in Chapter 3 and Chapter 4, 
[Ru(bpy)3]2+, is introduced in Chapter 3. This is followed by an exploration of the 
self-assembly and the morphology observed for the redox polymer 
[Ru(bpy)2PVPioCl]Cl on a Si02/Si(l 11) substrate. The electronic structure of this 
polymer is also described using synchrotron radiation photoemission.

Chapter 4 describes the modification of multi-wall carbon nanotubes with the 
inorganic ruthenium complex [&zs-(2,2 ’-bipyridine)-(4,4’-dicarboxy-2,2’-bipyridine) 
ruthenium (II)]. The resulting assembly is characterised using spectroscopic and 
atomic force microscopy techniques. An introduction to carbon nanotubes with a 
discussion on some of their potential applications is also given.

In Chapter 5 atomic force microscopy imaging with subsequent statistical 
crystallographic analysis is used to investigate the morphology observed when an 
organostannoxane cluster is deposited onto a S i02/S i(lll) substrate. Advanced 
image analysis techniques based on Minkowski functionals is also used to provide a 
detailed quantitative analysis of the morphology of the organostannoxane overlayers. 
Variations in both the surface roughness and the in-plane correlation length are 
followed as a function of annealing time in order to probe the surface dewetting 
dynamics. The solid state electronic structure of the cluster is described using 
synchrotron radiation photoemission and resonant photoemission.

Finally, in Chapter 6 the results of the work undertaken are summarised with 
suggestions on further possible research directions.
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C h a p t e r  1

I n t r o d u c t i o n

In this chapter, an introduction to the concepts o f  nanotechnology> is given fo llow ed  

by a description o f  som e o f  its historical origins. No attem pt to include the whole o f  

this area is m ade; rather areas relevant to the studies p resen ted  in the remaining 

chapters w ill be introduced. The motivation and layout o f  the thesis are also given.

" I m a g i n a t i o n  i s  t h e  t r u e  m a g i c  c a r p e t "  

N o r m a n  V i n c e n t  P e a l e
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1.1 N a n o s c ie n c e  

Introduction

The 20th century is generally regarded as the era o f  the silicon revolution and o f  

m icro-scale electronics, whereas the 21st century is becom ing known as the “nano

age”. The scientific field o f  research designated by many as ‘nanoscience’ or 

‘nanotechnology’ is one o f  the largest and fastest growing areas o f  scientific and 

commercial interest. ‘N anoscience’ is a term used to describe studies o f  physical 

phenomena on the length scale o f  l-100nm  and concerning the properties o f  objects 

containing a countable number o f  atoms or m olecules, as opposed to infinitely 

extended solids or individual atoms and m olecules [1]. Nanostructured objects 

constitute a bridge between single m olecules and bulk systems. Individual 

nanostructures involve nanotubes, nanowires, nanoparticles, clusters and quantum 

dots, w hile collections o f  nanostructures involve arrays, assem blies and superlattices. 

‘N anotechnology’ is the term used to describe all activities concerned with the 

nanoscience o f  atoms and m olecules which have applications in the real world.

The nanotechnology revolution was first proposed in 1959 when Richard P. 

Feynman gave his w ell known lecture ‘T here’s  p len ty  o f  room at the bottom ’ [2], His 

presentation stated that there is no fundamental r eason w hy devices should not be 

built atom-by-atom, m olecule-by-m olecule. This effectively m oved the idea o f  

nanoscience from ‘science-fiction’ to ‘science-fact’. The concept o f  assembling 

devices from individually positioned atoms and m olecules has since com e to be 

known as the ‘bottom -up’ approach to fabrication as opposed to the ‘top-down’ 

approach. The top-down approach exploits the ability to realize smaller and smaller 

structures using lithography and related techniques for the construction o f  electronic 

components and micro electromechanical system s (M EM s) [3]. The bottom-up 

approach builds nanodevices and/or nanomachines starting from molecular building
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blocks instead o f  carving lithographically bigger pieces o f  matter into smaller and 

smaller chunks. Feynman postulated that nanoscale engineering would require the 

developm ent o f  com plex instrumentation that would act as our ‘eyes’ and ‘fingers’ in  

the nanoworld. A  spectrum o f  scientific and technical instrumentation is now well 

established.

meter
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F i g u r e  1 . 1  S p a t i a l  r e s o l u t i o n  o f  s o m e  m i c r o s c o p i a l  t e c h n i q u e s

Up to the early 1980’s, information on the sub-micrometer scale length was 

accessible using only indirect techniques such as electron or x-ray diffraction or with 

electron m icroscopies that required a vacuum environment. However, Binnig and 

Rohrer opened up the door to the bottom-up approach with the invention o f  the 

scanning tunnelling m icroscope (STM ) in 1982 [4], Their project aimed at 

developing a m icroscopical technique able to generate real-space images o f  a surface 

with a resolution on the nanometre scale. This discovery represented also a big 

improvement for the developm ent o f  miniaturised electronic devices. A  family o f  

related scanning probe instruments was developed in the decade following the
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invention o f  the STM. With each new scanning probe technique came a new method 

o f  investigating material properties at the nano-level.

With the STM, it is not only possible to image atoms or molecules at, or 

adsorbed on a surface, but by careful control o f tip-surface interactions, individual 

adsorbates may be controllably positioned. The first demonstration o f  controllable 

manipulation o f  atoms was achieved in 1990 by Eigler and Schweizer [5], who 

positioned over thirty xenon atoms on a surface to spell ‘IBM’. In other experiments, 

nanometer-scale mounds o f  material (typically gold) have been deposited in a 

controlled manner through electric field-induced evaporation with an STM tip [6]. 

Magnetic properties o f  a sample have been modified with near-atomic precision [7], 

individual atoms have been selectively desorbed from surfaces [8], and charge has 

been stored on nitride-on-silicon samples on a nanometre scale [9].

- j \ h  J V  j V  J \  /V " /V   ̂ .itf 'y
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] \  j \  A  A  

v  v  j v  ¡ \  / *  / V  / v

F i g u r e  1 .2  A  S T M  c o n s t r u c t e d  s t r u c tu r e :  I n d i v i d u a l  X e  a t o m s  p o s i t i o n e d  o n  a  Ni s u r fa c e  a t  a  

t e m p e r a t u r e  o f  4 K  to  f o r m  th e  I B M  lo g o  [ 5 ] ,

Another related technique, dip-pen nanolithography (DPN) developed by the group 

o f  Mirkin [10] is a powerful nanopatteming technique which allows molecules to be 

placed on a surface via a solvent meniscus by directly writing molecular inks from a 

coated atomic force microscopy (AFM) tip to a substrate o f  interest.
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AFM tip

F i g u r e  1 .3  D i p - P e n  N a n o l i t h o g r a p h y ;  a  t e c h n iq u e  a l l o w i n g  th e  d e l i v e r y  o f  m o l e c u l e s  to  a  s u i t a b l e  

s u b s t r a t e  f r o m  a  s o l v e n t  m e n i s c u s  b y  d i r e c t l y  w r i t i n g  m o l e c u l a r  i n k s  f r o m  a  c o a t e d  a to m ic  f o r c e

m i c r o s c o p e  t i p  [ 1 0 ] .

The merging o f  chemical, physical and biological knowledge has resulted in the 

extension o f  a number o f  macroscopic concepts to the nanoworld and in the design 

and creation o f  devices and machines that operate via electron and/or nuclear 

rearrangements [11]. After a period o f  three decades, Feynman’s foresight was 

becoming reality.

1.1.1 Electronic Properties

Miniaturisation in microelectronics is moving from microscale to nanoscale devices. 

There is now more o f  a requirement to understand the physical and electronic 

properties o f matter on this scale [12]. The fabrication and analysis o f  nanoscale 

structures are important aims within the field o f  nanotechnology, as is the linking o f  

the nanoscopic and macroscopic dimensions. This remorseless drive to 

miniaturisation is rapidly approaching the ‘quantum wall’ where bulk properties 

become less certain and quantum properties ‘kick in’[13]. The property o f  a bulk 

material is largely determined by the types o f the constituent chemical elements and

- 5 -
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the nature o f  the chemical bonds that ‘hold’ the atoms and m olecules together to 

form the material. However, this ‘conventional w isdom ’ no longer holds in the 

nanometre regim e in which, in addition to the chemical bonds, the size, 

dimensionality, and shape also play important roles in determining the properties o f  

the materials, especially the electronic, magnetic, and optical properties. These 

properties are strongly size-dependent. Confining electrons to such small geometries 

gives rise to ‘particle in a b ox’ type energy levels where the size reduction influences 

the electronic behaviour. Depending on their relative sizes in different spatial 

directions, materials m ay be divided into categories o f  different dimensionality 

ranging from three-dimensional to two-dimensional, one-dim ensional and zero

dimensional.

F i g u r e  1 . 4  Schematic illustrations o f  materials o f  different dimensionality ranging from  OD to 3D

In a bulk three-dimensional (3D) metal for example, the electrons can m ove in three 

dimensions, however, i f  the metal is made thinner and thinner until the electrons 

could only m ove in two dimensions (2D), then this quantum confinement is called a 

‘quantum w e ll’. Continued reduction to one dimension (ID ) leads to a ‘quantum 

w ire’ and zero dim ensions (OD) to a ‘quantum dot’. In three dimensions the band 

structure o f  the bulk solid  originates from large numbers o f  electrons available for 

conduction. A s the size o f  the solid decreases, the energy levels becom e further apart 

so individual atoms have w ell separated energy levels.

3 D

qm
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F i g u r e  1.5 The relationship between the structure dimension and the density o f  states [14]. A 3D solid

has a (density o f  state) D O S with a smooth y/~E dependence. In a 2D case the DOS is a step-wise

distribution and in a ID  a \ ] E  dependence gives singularities at the band edges. In OD the energy 

states are represented as discrete delta-functions.

The production o f  individual nanostructures is crucial to nanotechnology in order to 

form basic components that may be combined into more com plex devices. However, 

it doesn’t make sense to fabricate a nanoscale material that is com plex yet does 

nothing when its environment is changed. It has to be a functional material. This 

realisation o f  m olecule-based miniature devices with advanced functions requires the 

development o f  new  and efficient approaches for combining molecular building 

blocks into desired functional structures, ideally with these structures supported on 

suitable substrates [15,16,17].
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1.1.2 Device Applications

One example o f a method o f  forming nanostructures is based on the phenomenon o f  

self-assembly. In this technique, the many nanostructures form spontaneously due to 

interactions between constituent parts o f  the self-assembling system. It requires very 

precise tailoring o f  the interactions o f  the systems such that the desired structures are 

formed. A widely used application o f  the self-assembly process in surface science is 

that o f  the self-assembled monolayer (SAM), which consist o f  a monolayer o f  a 

particular type o f  molecule. The interactions between the molecules cause the 

monolayer to adopt a specific morphology. Self-assembly is not limited to complete 

monolayers. At sub-monolayer coverage interactions between adsorbates may lead to 

the formation o f  large quantities o f self-assembled nanostructures [18].

F i g u r e  1 .6  S e l f - a s s e m b l y  o c c u r s  s p o n t a n e o u s l y  a s  m o l e c u l e s  w i t h  a  s p e c i a l l y  c h o s e n  e n d  g r o u p  

( y e l lo w )  a t t a c h  t h e m s e l v e s  t o  a  s u b s t r a t e  m a te r ia l .  T y p ic a l l y  th e  m o le c u l e s  d o  n o t  e n d  u p  

p e r p e n d i c u l a r  t o  t h e  s u b s t r a t e  [ 1 9 ] ,

Moore’s law indicates that the performance o f  semiconductor devices doubles every 

18 months [20]. This observation has been valid for three decades and for it to 

continue to apply, transistor sizes will have to shrink to the molecular scale. An 

important area o f  research is molecular electronics, for which molecules that are 

quantum electronic devices are designed and synthesised using the batch processes o f
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chemistry and then assembled into useful circuits through the process o f  self

organisation and self-alignment. This bottom-up approach is w idely regarded as a 

viable alternative approach towards the further miniaturisation o f  devices.

M olecular scale electronics is a field emerging around the premise that it is 

possible to build individual m olecules that can perform functions identical or 

analogous to those o f  the transistors, diodes, conductors and other key components o f  

microcircuits. The idea com es from a farsighted paper by Aviram and Ratner 

predicting that single m olecules with a donor-spacer-acceptor structure would have 

rectifying properties w hen placed between two electrodes [21]. If molecular 

electronics achieves the ultimate goal o f  using individual m olecules as switches and 

for example, carbon nanotubes as the wires in the circuit, non-volatile memories with 

one m illion tim es the bit area density o f  today’s DRAM s (dynamic random access 

memory) could be anticipated.

In 1999 researchers at UCLA experimentally demonstrated an electronically 

addressable molecular switch that operates in a totally  ‘dry’ environment [22], As 

illustrated in Figure 1.7, logic gates were fabricated from an array o f  configurable 

molecular switches, each consisting o f  a monolayer o f  electrochem ically active 

rotaxane m olecules sandwiched between metal electrodes [17]. M olecular transistors 

could be the building blocks o f  electronics on the nanometre scale. Rotaxane 

conducts v ia resonant tunnelling through unoccupied molecular orbitals when it is in 

its reduced chem ical state (switch closed), but it is a tunnelling barrier in its oxidised 

state (sw itch open). The switch can be closed electronically in a solid-state circuit by 

applying the appropriate voltage across the m olecule [23,24],

- 9 -
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Sw itch  o ff Sw itch  on

F i g u r e  1 . 7  M o l e c u l a r  t r a n s i s t o r  ‘R o t a x a n e ' [ 1 7 ] .

The ‘rotaxane nanotransistor’ is just one example. Extensive research efforts have 

been directed over the last years to the organisation o f  miniaturised devices on  

m onolayer-functionalised surfaces [25], Photolithographic and lithographic 

patterning o f  m onolayers led to the selective microstructured association o f  

biomaterials such as oligonucleotides [26], antibodies [27], and cells [28], onto metal 

surfaces. Thin metal film s [29,30], and especially  metal island films [31,32], have 

attracted considerable interest in v iew  o f  their unique optical properties (33], and the 

enhanced photophysical phenomena exhibited by adsórbales on  these film s, such as 

surface enhanced Raman scattering [34], absorption and lum inescence [35], and 

surface-plasmon resonance [36], The developm ent o f  integrated nanostructured 

interfaces has recently becom e an increasingly active area o f  research both from the 

fundamental interest and the perspective o f  a  wide range o f  innovative applications 

in catalysis, sensor science, non-linear optics, and molecular electronics [37], With 

the discovery o f  carbon nanotubes [38], sheets o f  graphite wrapped to form 

m olecular tubes, nanotechnology has taken considerable steps forward. The 

combination o f  scanning probe microscopy (SPM ) and nanotubes has resulted in the 

creation o f  molecular devices such as a  nanotube transistor [39],



Chapter 1

1.2 Surface A nalysis

The difficulties o f  producing and maintaining a clean, uncontaminated surface 

limited s urface sc ience t o t he s tudy o f  ‘ real’ s urfaces i n t he e arly p art o f  t he 2 0th 

century [40], However, many important discoveries in surface science were still 

made in this period, such as the photoelectric which was rationalised by Einstein 

[41], Photoelectron spectroscopy (PES), based on his explanation has become an 

important tool to study the electronic structure o f  atoms and m olecules, since its first 

introduction in  th e  1 960s [42]. Constantly im proving experimental techniques and 

availability o f  high flux dedicated photon sources (synchrotron storage rings) have 

advanced PES. It has evolved from the study o f  the total photo-absorption spectra o f  

gaseous samples [37], to high resolution angle-resolved differential measurements, 

which allow one to investigate not only the main electronic transitions but also 

different decay channels, giving thus an insight into electron-electron correlation in 

atoms and m olecules, as w ell as nuclei dynamics, and vibrational structures o f  

m olecules.

Surface science approaches to molecular interactions with metallic and non- 

m etallic surfaces have rested on electrochemical methods (voltammetry, 

electrochemical impedance spectroscopy, capacitance measurements), spectroscopy 

(PES, fluorescence, surface plasmon, reflection spectroscopy and ellipsometry, 

surface-enhanced Raman spectroscopy), adsorption isotherms and piezoelectric 

techniques (quartz microbalance and cantilever sensor techniques). In recent years as 

mentioned already, these approached have been combined with scanning probe 

m icroscopy instruments and scanning tunnelling m icroscopy. The atomic force 

m icroscope (AFM ) was invented in 1986 by Binnig, Quate and Gerber [43] to extend 

scanning probe investigations to include non-conducting samples.

- 11 -



Chapter I

1.3 T hesis M otivation

Many o f  the important properties o f  materials depend critically on the structure o f  

their surfaces and how these surfaces interact with their environment. In recent years 

considerable effort has been expended to studying the interaction o f  a range o f  small 

organic m olecules with atomically clean, reconstructed silicon surfaces under ultra- 

high vacuum (UH Y) conditions. In this thesis however, research w ill be presented 

motivated by the need to develop an understanding o f  the behaviour o f  specific 

polymer- and organometallic molecular-assemblies on solid surfaces deposited from  

solution. This is important in fundamental respects, for many applications necessitate 

an understanding o f  the self-organisation, interactions, and m orphology o f  molecular 

and polymeric system s deposited from solution. A lso, to exploit surface-scale 

phenomena in devices, there must be a better understanding o f  the chemical and 

physical interactions that occur on, and arc unique to, this size scale.

Three different types o f  molecular system s are investigated:

i). Redox polymers o f  the type [M(bpy)2(PVP)nCl]Cl where M  is ruthenium or 

osmium , bpy is 2 ,2 ’-bipyridine and PVP is poly(4-vinyl)pyridine are 

investigated in Chapter 3. The pursuit o f  a complete understanding o f  these 

polym er system s and their applications has been ongoing for many years. 

There have been extensive electrochemical studies on these systems [44-48], 

but little non-electrode based surface studies and photoem ission studies. 

Chapter 3 in som e fashion was therefore motivated by the need to obtain 

more information about the structure o f  thin layers o f  such materials.

ii). Chapter 4 conccm s itse lf with the systematic approach to the 

functionalisation o f  m ulti-walled carbon nanotubes with a ruthenium 

poly(pyridyl) based com plex. The synthesis, spectroscopic and scanning

- 1 2 -
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probe m icroscopy characterisation o f  the functionalised com plex will be 

described.

iii). A n organometallic cluster comprised o f  six ferrocene units connected to a 

stannoxane central core [B u S n (0)0C (0)F c]6  (Fc is ferrocenyl) is examined 

in Chapter 5.

Photoem ission spectroscopy is a common theme throughout this thesis and reflects 

the increasingly important role high resolution techniques have in m odem  material 

characterisation. The atomic force m icroscopy technique plays a pivotal role in this 

work as it allows the mechanical properties o f  both conducting and insulating 

samples to be investigated.

1.4 T hesis L ayout

The thesis has three main experimental chapters (3-5), which were written to be 

somewhat ‘stand alone’. However, a central theme o f  this thesis is the application o f  

AFM  and PES as probes. Prior to the experimental chapters, Chapter 1 has given an 

introduction to the area o f  nanoscience, and a background to the development o f  the 

m ost relevant surface analytical techniques used in nanoscience.

In Chapter 2, the background theory o f  the primary techniques used 

throughout this thesis w ill be discussed. W hile several experimental techniques are 

used, the m ost relevant have been:

i). Atom ic force m icroscopy, used in studies ranging from relatively simple 

visualisation o f  m orphology to more advanced examination o f  structures and 

properties on the nanometre scale.

ii). Photoem ission spectroscopy, used to investigate the solid state electronic 

structures o f  a redox polymer and an organometallic m olecule used in this 

work.

- 13 -
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Chapter 3 w ill describe the synthesis and characterisation o f  a range o f  polymers 

containing poly(pyridyl) com plexes o f  ruthenium11 and osm ium 11. The main part o f  

this chapter is the surface analysis o f  the polymers on native oxide covered silicon  

substrates. This analysis serves as an introduction to AFM  imaging, and w ill describe 

the m orphology o f  the polymeric systems deposited from solution. PES will then be 

used to analyse the solid state core level and valence band electronic states o f  one o f  

the ruthenium polymers.

In Chapter 4 the covalent attachment o f  an inorganic ruthenium complex to 

amino-functionalised multi-walled carbon nanotubes w ill be described. 

Characterisation o f  the resulting complex w ill be discussed using spectroscopic 

methods and AFM  imaging.

Chapter 5 w ill present an extensive study o f  an organometallic molecule. This 

m olecule was first reported by Chandrasekhar at al., thus the synthesis and 

characterisation w  ill o nly be b riefly d escribed [ 49]. T he r emainder o f  t his c hapter 

w ill focus on the studies o f  the self-organisation, interactions and m orphology o f  the 

m olecule when deposited on a solid substrate from solution. Having previously 

introduced analysis using AFM  and PES methods in studies o f  the polymeric systems 

in chapter 3, both techniques are extensively used in this section o f  the work. AFM  

studies that w ill be described range from visualisation o f  m orphology to a more in- 

depth examination that w ill include annealing experiments, statistical 

crystallographic analysis, and electrical contact measurements o f  the surface. The 

solid state electronic structure o f  the m olecule w ill be described using PES and 

RESPES. The emphasis throughout w ill be on surface structural properties. Chapter

6 w ill bring the thesis to a close by discussing som e o f  the conclusions o f  the 

experimental results and recommendations for future work w ill be given.
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Chapter 2 

Review of Experimental Techniques

Chapter 2  serves as an introduction to the theories behind the main experim ental 

techniques used in this thesis: atom ic fo rce  m icroscopy and photoelectron  

spectroscopy. Both techniques are described  in detail and a description o f  the 

com m ercial instruments used is also given.

" I  n o t  o n l y  u s e  a l l  t h e  b r a i n s  I  h a v e ,  b u t  a l l  I  c a n  b o r r o w  "

W o o d r o w  W i l s o n
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2.1 Scanning Probe Microscopy 

Introduction

Scanning probe m icroscopic techniques describe collectively a range o f  closely  

related im aging techniques that are used in a broad class o f  surface science 

instruments. These instruments have introduced a new approach in the investigation 

o f  conducting, semiconducting and insulating surfaces. SPM s are based on a few  

common principles:

i) An atom ically sharp probe (tip) interacts with the sample surface.

ii) The tip probes local physical properties o f  the sample. The tip-sample 

interaction is very sensitive to small changes in the tip-sample distance.

iii) A piezoelectric circuit allows displacements o f  the tip and/or the sample in 

the x, y, and z directions to be performed, with a precision o f  a fraction o f  

an Angstrom.

iv) A  feedback system  controls the distance between the tip and the sample.

SPMs exhibit high vertical and lateral resolution with the possibility to measure at 

solid-liquid interfaces, i.e. at surfaces in their local environment. One o f  the main 

advantages o f  SPM s is the ability to investigate a sample outside o f  a vacuum, i.e. in 

air or in solution. Dynam ic processes that m ay occur on a time scale that ranges from 

a few  m illiseconds to several days m ay also be visualised. The SPM is composed o f  

three parts: the probe; the scanning system; and the system that detects the 

interaction. The last two may be controlled by a personal computer or a workstation 

through an analog/digital converter and a Digital Signal Processing (DSP) card.

In all SPM s, a piezoelectric scanner is used as an extrem ely fine positioning 

stage to either m ove the probe over the sample or the sample under the probe. 

Piezoelectric materials are ceramics that change dimensions in response to an applied

- 2 0 -
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voltage. Piezoelectric scanners m ay be designed to m ove in x, y  and z by expanding 

in som e directions and contracting in others. They are usually fabricated from lead 

zirconium tilanate with various dopants added to create specific material properties. 

The result is a polycrystalline solid. Each o f  the crystals in a piezoelectric material 

has its own electric dipole moment. These dipole moments are the basis o f  the 

scanners’ ability  to  m o v e  in  response to  an applied voltage. Figure 2 .1 shows the  

scanner piezoelectric tube [1], Electrodes are attached to the outside o f  the tube, 

segmenting it electrically into vertical quarters, for +x, +y, -x, -y  travel. The inside o f  

the tube is connected to the ground. To m ove the tube in a z-direction some voltage 

with respect to the ground is applied to all four quadrants. Piezoelectric scanners are 

critical elem ents in all SPM s, valued for their sub-angstrom resolution, their 

compactness and their high-speed response.

The SPM electronics drive the scanner in a type o f  raster pattern as shown in 

Figure 2.2 [1], SPM data are collected in only one direction -  com m only called the 

fast-scan direction -  to m inim ise line-to-line registration errors that result from 

scanner hysteresis. W hile the scanner is m oving across a scan line, the image data are 

sampled digitally at equally spaced intervals. The data recorded are the tip-sample 

interaction that varies from SPM  to SPM. The scan length o f  the image m ay span 

from tens o f  Angstroms to over lOOmicrons. The image is usually a square grid o f  

measurements (data points). To investigate the m orphology o f  the inorganic polymer 

thin film s and organometallic cluster o f  interest in this thesis, atomic force 

m icroscopy is the SPM  tool o f  choice. A s the scanning tunnelling microscope (STM) 

was the first in the fam ily o f  SPM instruments to be invented [2], it is also described 

briefly as an introduction to the origins o f  SPM techniques. Table 2.1 shows the main 

SPM  techniques
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F i g u r e  2 . 1  T h e  S c a n n e r  T u b e  [ 1 ] ,

Slow- scan 
direction

Start
Fast-scan direction

’Step ‘ 
Size

.Finish

Figure 2.2 Scanner motion during data acquisition [1]
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SPM  Technique Physical Interaction  
Tip -  Sample

T ype o f Samples

STM
S cann ing  T u n n e llin g  

M ic ro sco p y  [2]

E lec tro n  tunnelling C onducto rs ,
S em iconducto rs

AFM
A tom ic  F o rce  

M ic ro sco p y  [3]

F orces C onducto rs , S em iconducto rs, 
In su la to rs

M FM
M agnetic  F orce  
M ic ro sco p y  [4]

M agnetic  forces F erro m ag e tic  m ateria ls

SECM
S cann ing  E lec tro ch em ica l 

M ic ro sco p y  [5]

Io n  tran sfe r C onducto rs , S em iconductors, 
In su la to rs, adsorbates 
and  b io lo g ica l film s

SNO M
S cann ing  N ea r-fie ld  

O p tica l M ic ro sco p y  [6]

O ptical p ropertie s  u n d er 
the d iffrac tion  lim it

C onducto rs , Sem iconducto rs, 
In su la to rs , adso rbates 
an d  b io lo g ica l film s

SNTM
S cann ing  N ea r-fie ld  

T h erm a l M ic ro sco p y  [7]

H ea t transfer C onducto rs , S em iconducto rs, 
In su la to rs, adsorbates 
and  b io lo g ica l film s

T a b l e  2 . 1  Main Scanning Probe Microscopy techniques. They differ by virtue o f  the type o f  physical 

property that governs the interacting tip-sample.

2.2 Scanning Tunnelling Microscopy 

The F irst S P M  Technique

The STM was invented by Binning, Rohrer et a t ,  in 1982 [2,8], for which they were 

subsequently awarded the N obel Prize for Physics in 1986. It was the first instrument 

to g enerate real-space i m ages o f  s urfaces w  ith atomic r esolution. In 1 ess t han t wo  

decades this invention has revolutionised nanometre-scale measurement and analysis. 

The STM technique involves an atomically sharp metal tip and a conducting sample 

that is to be investigated. It em ploys the principle o f  quantum mechanical tunnelling: 

i f  two conducting surfaces are positioned sufficiently close together, it is possible for 

electrons to tunnel through the potential barrier between them. The STM provides an 

image o f  the tunnelling current in a plane across a conductive sample, which, in a 

first approximation, corresponds to a topographical map o f  the sample. More
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accurately the tunnelling current images give evidence o f  the electronic density o f  

states (LDOS) at the surfaces [9,10], STMs may in fact sense the density o f  filled  or 

unfilled electron states near the Fermi surface, w ithin an energy range determined by 

bias voltage [11].

F i g u r e  2 . 3  S c h e m a t i c  o f  a  S T M .  P i e z o e l e c t r i c  e l e m e n t s  P x  a n d  P y s c a n  t h e  m e t a l  t i p  o v e r  t h e  s u r f a c e .  

T h e  c o n t r o l  u n i t  m o d u l a t e s  t h e  v o l t a g e  a p p l i e d  t h e  z - p i e z o  t o  m a i n t a i n  a  c o n s t a n t  t u n n e l  c u r r e n t ,  I T, 

f o r  a  g i v e n  s a m p l e  b i a s  V r. D a s h e d  b l a c k  l i n e  i n d i c a t e s  p a t h  o f  t ip ,  w h i l s t  t r a v e r s i n g  a  s t e p  e d g e  ( A ) ,  

a n d  a  r e g i o n  w i t h  l o w e r  w o r k  f u n c t i o n  ( B  a n d  C )  [ 1 2 ] .

A schematic o f  the basic operation o f  the STM is shown in Figure 2.3. An atomically 

sharp metal tip, typically tungsten, gold or an alloy o f  platinum and iridium, is 

scanned across a surface by two piezoelectric elem ents aligned parallel to the surface 

(Px and Py). A  third piezoelectric element (Pz), mounted perpendicular to the 

surface, controls the vertical position o f  the tip. A  bias is applied to the sample 

relative to the tip, causing a tunnel current to flow . In the m ost comm on m odes o f  

operation, constant current m ode, the Z height is adjusted by a feedback system  to 

maintain a constant tunnel current while the tip is raster scanned over the surface. By
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recording the voltage applied to the Z-piezo, a topographic image is produced. STM  

m ay p rovide 1 ocal i nformation w  ith atom ic r esolution i n r eal-space. A  n i ndividual 

atom can be probed and non-periodic features on the surface analysed.

2.3 A tom ic Force M icroscopy  

Introduction

W hile STM is capable o f  resolving individual atoms on conducting surfaces, it may 

not be used on insulating surfaces. Besides repulsive contact forces, both attractive 

and repulsive non-contact forces (electrostatic, magnetostatic and Van der Waals) 

may influence the tip far beyond typical STM tip-sample separations. The related 

technique o f  scanning force m icroscopy (SFM ) was developed to address this. 

U tilising a range o f  different probes, SFM has becom e one o f  the most w idely used 

SPM techniques. As already mentioned atomic force m icroscopy (AFM ) is the SPM  

tool used throughout the research described in this thesis

Atom ic force m icroscopy (AFM) utilises the force between an atomically 

sharp tip (with a terminal radius often less than 100 Angstrom) and a sample surface, 

as opposed to the tunnel current measured in STM. There are three main types o f  

AFM  im aging mode: contact mode (CM), non-contact m ode (NCM ) and tapping 

m ode (TM), which differ by the nature o f  the forces between the tip and surface. A 

schematic diagram o f  the operation o f  an AFM  is shown in Figure 2.4. The tip is 

located at the free end o f  a cantilever that is 100 to 200(im  long. Forces between the 

tip and the sample surface cause the cantilever to bend or deflect. A  detector 

measures the cantilever deflection either as the tip is scanned over the sample or the 

sample is scanned under the tip. The measured cantilever deflection allows a 

computer to generate a map o f  surface topography. Each method has its advantages 

and disadvantages depending on the nature o f  the sample under investigation.
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Silicon C antilever

H eight Data:
z-axis position m onitored 
by input voltage to piezo 
tube scanner

Piezo driver vibrates 
cantilever at 
resonance frequency

Silicon Tip

% i ~ ^

Sam ple Surface

Four quadrant 
photo diode detector

A m plitude Data: 
output signal m easuring 
RM S value o f  laser y-axis 
position on detector xyz Scanning 

Piezo Tube

F i g u r e  2 . 4  S c h e m a t i c  d i a g r a m  o f  a n  a t o m i c  f o r c e  m i c r o s c o p e .

2.3.1 Interaction Forces in Atomic Force Microscopy

A s the AFM  tip approaches the sample it experiences an interaction with the surface. 

The extent o f  this interaction is governed by the shape o f  the Van der Waals (VdW) 

force curve as shown in Figure 2.5 [1], The interaction forces in the AFM  are often 

quite com plex due to several factors:

i) Even i f  the tip apex should be mono-atom ic, the number o f  atoms from the 

tip involved in the interaction is not one, due to the contribution o f  rather 

long-range forces.

ii) The forces are dependent on the environment (gas, liquid or vacuum).

iii) The scan is a dynamic process, which means that velocity dependent forces 

need to be considered.



iv) The tip m ay deform the sample.

It is important to distinguish the type o f  forces b etween the tip and the sample in 

order to separate the contributions and correctly interpret the experimental results 

[13]. At a first approximation, the forces contributing to the deflection o f  an AFM  

cantilever m ay be considered the attractive Van der Waals forces, and the repulsive 

forces. These contributions form the basis o f  the Lennard -Jones potential [12]. The 

interatomic force betw een point-like objects or atoms is usually described by this 

potential:

_____  _________ ________  ______ ___________ ________ Chapter 2

U {r ) = - U 0 ro ro

\  * /
(2.1)

where z  equals the distance between atoms, U 0 and r0 are the energy and the

distance between atoms in equilibrium, respectively.

Interatomic force interactions change their character from attractive to 

repulsive when the distance becom es smaller than r0 . W hen the outermost atoms o f

the probing tip com e close to the atoms o f  a sample, an overlap o f  electronic charge 

clouds causes the appearance o f  a strong repulsive force, and that force is 

proportional to the total electron density. D ispersive long-range forces are 

responsible for the attractive part o f  the Lennard-Jones potential. The main 

interaction forces betw een tip and surface o f  m ost relevance m ay be divided into two 

categories: long-range and short-range forces.

2.3.1.1 L on g  R an ge F orces

i) Van der Waals:

VdW  forces exist between every type o f  atom or m olecule. VdW  interactions arise 

from dipolar interactions, and are always present between the tip and the surface. The

- 2 7 -
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range o f  VdW  interactions extend for hundreds o f  Angstroms and are the dominant 

forces in AFM. The strengths o f  VdW  interactions do not usually follow  a simple

• i 2 7power law with regard to tip to sample distance (d), changing from d' to d' 

depending on a given situation [14,15],

ii) E lectrostatic.

These forces are due to Coulombic interactions. In AFM, they m ay occur between an 

electrically charged tip and a charged area o f  an insulating surface. They are 

important in the range from one to thousands o f  Angstroms (i.e. long-ranged). They 

are useful in the monitoring o f  surface dielectric properties.

iii) C apillary Forces:

The curvature at the contact between the tip and the sample causes the condensation 

o f  vapour from the ambient, including water from air. A lso surfaces exposed to an air 

environment are typically coated by a layer o f  water, w hose thickness depends on the 

relative hum idity o f  the atmosphere and on the physical-chem ical nature o f  the 

object. It results in strong attractive capillary forces (about 10’8N ) that hold the tip in 

contact with the surface.

2.3 .1 .2  S h ort R an ge  F orces

i) Repulsive forces:

These forces are proportional to  1 /rn w ith  n > 8 . T h e interatomic repulsion forces 

have two origins. Firstly, the repulsion between nuclei, the overlap o f  two electronic 

clouds g iv es  r ise  to  an incom plete screening o f  the nuclear charges and generates 

coulom bic repulsions, s econdly, P auli repulsion. A ccording to  th e  P auli Exclusion 

principle, two electrons with the same spin cannot occupy the same orbital. Thus the

- 2 8 -
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electrons m ay only overlap when the energy o f  one electron is increased, which 

causes a repulsive interaction.

ii) F orces o f  covalent bonds:

They originate from the overlap o f  the wavefunctions o f  two or more atoms. In this 

case, t he d ensity o f  e lectron c harges i s c oncentrated b etween t he t w o n uclei. T his 

force decreases abruptly for separations over a few  Angstrom.

iii) M etallic  adhesion:

They derive from the interaction between strongly delocalised electronic clouds, 

which cause strong interactions that decay exponentially with distance. They are 

important when two metallic surfaces approach to the extent that the electronic 

wavefunctions overlap [16].

iv) Friction:

During the scan there is a force component parallel to the surface, since the tip is not 

always oriented exactly perpendicular to the surface. This friction tends to twist the 

cantilever, and since the torsion angle depends on the com position o f  the surface, the 

measurement o f  the twist provides chemical information [17]. It was also shown that 

this kind o f  friction force m ay be detected on an atomic scale [18].

- 2 9 -
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F i g u r e  2 . 5  T h e  s i g n  a n d  m a g n i t u d e  o f  t h e  V a n  d e r  W a a l s  f o r c e  b e t w e e n  t i p  a n d  s a m p l e  i s  d e p e n d e n t

o n  t h e  t i p  s a m p l e  s e p a r a t i o n  [ 1 ] .

Two distance regim es are highlighted in Figure 2.5: a) the contact regime; and b) the 

non-contact regime. In the contact regime, the cantilever is held less than a few  

angstroms from the sample surface, and the interatomic force between the cantilever 

and the sample is repulsive. In the non-contact regime, the cantilever is held on the 

order o f  tens to hundreds o f  angstrom from the sample surface, and the interatomic 

force between the cantilever and sample is attractive (largely a result o f  the long- 

range Van der W aals interactions). Both contact and non-contact imaging techniques 

are described in detail in the follow ing sections.

- 3 0 -
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2.3.2 C on tact-M ode A F M

In contact-mode AFM, a constant deflection o f  the cantilever is maintained by a 

feedback loop controlling the z-piezoelectric element. The cantilever is raster 

scanned across the surface and the voltage applied to the z-piezo is stored to form an 

image. The im age represents a surface o f  constant force. The tip-sample distance is 

such that the tip-sample interaction is predominately repulsive and is caused by 

Coulombic interaction (i.e. the tip is in physical contact w ith the surface). Problems 

arise with contact m ode because o f  excessive tracking forces applied by the probe to 

the sample. In ambient conditions, a contamination layer o f  water vapour and 

nitrogen exist in the outer layer o f  samples. When the probe touches this 

contamination layer, a m eniscus forms and the cantilever is pulled by surface tension 

toward the sample surface. In addition, many samples, such as insulators and 

semiconductors, m ay trap electrostatic charge and this charge m ay contribute to 

additional substantial attractive forces between the probe and the sample. This 

problem is illustrated in Figure 2.6 [19]. The effects m ay be reduced by minimising 

the tracking force o f  the probe on the sample, but there are practical limits to the 

magnitude o f  the force that may be controlled by the user during AFM  operation.

F i g u r e  2 . 6  T h e  f o r m a t i o n  o f  t h e  m e n i s c u s  b e t w e e n  t h e  t i p  a n d  s u r f a c e  c o n t a m i n a t i o n  c o u p l e d  w i th  

s a m p l e  c h a r g i n g  in  i n s u l a t o r  a n d  s e m i c o n d u c t o r  s a m p l e s  c o m b i n e  t o  e x e r t  a n  a t t r a c t i v e  f o r c e  o n  th e

t i p  t o w a r d  t h e  s a m p l e  s u r f a c e  [ 2 0 ] ,

- 3 1  -
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2.3.3 N on -C on tact M ode  A F M

Alternative m odes o f  AFM  operation have been invented where the cantilever 

vibrates near the surface o f  a sample. These m odes are necessary for a number o f  

reasons: in order to overcom e the problem o f  the friction component during scanning 

in contact mode; to m inim ise the forces exerted from the tip on the sample; and the 

effect o f  the capillary forces. Collectively termed vibrating m odes, these m odes are 

non-contact and tapping mode AFM. In NC-AFM , a stiff cantilever vibrates near its 

resonant frequency with an amplitude o f  a few  tens o f  an Angstrom. The tip 

oscillates near the surface. A s the tip is brought close to the sample, the system  

monitors the change in resonant frequency or vibrational amplitude o f  the cantilever 

through the use o f  feedback signals which m ove the scanner up and down. Changes 

in the resonant frequency o f  the cantilever m ay be used as a measure o f  changes in 

the force gradient w hich reflect changes in the tip-sample-spacing or topography. In 

NC-AFM , the cantilever is set into oscillation near the sample surface but does not 

touch it. The spacing between the tip and surface is on the order o f  10 to 100 

Angstroms as shown in the Van der Waals force curve [1] in Figure 2.5. The total

• 19
force between the tip and sample is low, typically 1 O' N , and allows the study o f  

soft, fragile or elastic samples.

Problems arise with non-contact m ode in trying to follow  the sample 

topography w hen water exists on the surface. AFM  operating in contact mode will 

penetrate the liquid layer to image the underlying surface whereas NC-AFM  will 

im age the surface o f  the liquid layer. The problem is illustrated in Figure 2.7 [20]. In 

order to achieve high resolution (vertical) in NC-AFM , it is necessary to measure 

force gradients from Van der Waals forces which m ay extend only a nanometre from 

the sample surface. Generally, the fluid contamination layer is substantially thicker 

than the range o f  the Van der Waals force gradients and therefore, attempts to image
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the true surface fail as the oscillating probe becom es trapped in the fluid layer or 

hovers beyond the effective range o f  the forces it attempts to measure.

F i g u r e  2 .7  T h e  r e l a t i v e l y  s m a l l  t i p - s a m p l e  i n t e r a c t i o n  o f  n o n - c o n t a c t  m o d e  A F M  a l l o w s  s o f t  s a m p l e s  

to  b e  i m a g e d  n o n - i n v a s i v e l y  b u t  is  n o t  s t r o n g  e n o u g h  to  i m a g e  ' t h r o u g h  ’ a d s o r b e d  c o n t a m i n a t i o n  o r  

w a t e r  d r o p l e t s .  I n  c o n t a c t  m o d e  A F M  t h e  t i p  m a i n t a i n s  c o n t a c t  w i t h  t h e  s u r f a c e  a n d  i m a g e s  t h e  

s a m p l e  s u r f a c e .  I n  t a p p i n g  m o d e  A F M  t h e  w a t e r  l a y e r  i s  a l s o  p e n e t r a t e d .  [ 2 0 ] ,

2.3 .4  Tapping M ode A F M

Tapping m ode AFM  is similar to NC-AFM  except that the vibrating cantilever tip is 

brought closer to the sample so that the tip just taps or hits the surface [20], The tip is 

positioned ~  50 Angstroms from the surface and is driven into oscillation close to its 

natural resonant frequency. Variations in the Van der W aals forces produce force 

gradients that change both this resonant frequency and the amplitude o f  oscillation. 

The effective spring constant o f  the cantilever, k „ , is m odified according to:eJJ

Kff = k 0 - F '  (2.2)

F' =  8Fz / 5z is the force gradient and kQ is the spring constant o f  the cantilever 

without the presence o f  the force gradient. The resonance frequency, a>, o f  the 

cantilever is given by:

- 3 3  -
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a  = =  (O r (2.3)

where m is the effective mass and coQ is the natural resonant frequency. A  force

gradient w ill consequently shift the frequency o f  the cantilever. The oscillating tip is 

rastered across the sample surface line by line. The feedback loop maintains constant 

oscillation amplitude and produces an image o f  constant force gradients. TM-AFM is 

less likely to damage the surface like CM-AFM as it eliminates lateral forces during 

scanning and it m ay produce a greater resolution than NC-AFM .

F i g u r e  2 . 8  N o n - c o n t a c t  a n d  t a p p i n g  m o d e s  o f  A F M  o p e r a t i o n .  C a n t i l e v e r  i s  d r i v e n  a t  a  f r e q u e n c y  

®drive■ W i t h  n o  f o r c e  g r a d i e n t  t h e  c a n t i l e v e r  o s c i l l a t e s  w i t h  a n  a m p l i t u d e  m a r k e d  b y  t h e  l e t t e r  " a  I n  

t h e  p r e s e n c e  o f  a  f o r c e  g r a d i e n t ,  t h e  r e s o n a n c e  p e a k  s h i f t s ,  r e s u l t i n g  in  a  c h a n g e  in  c a n t i l e v e r

o s c i l l a t i o n  a m p l i t u d e ,  m a r k e d  " b

2 .3 .5  C om m ercia l A F M  D escription

The two AFM  system s used for the experiments detailed in this thesis are a Digital 

Instruments (DI) M ultimode and a DI Nanoscope Ilia. Both allow contact mode, 

non-contact m ode and tapping mode imaging. Laser alignment is performed

- 3 4 -
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manually, and cantilever tuning and drive frequency selection is automatically 

performed by the DI software on both instruments. The cantilevers used are made o f  

silicon, have a triangular pyramid shape and a tip radius < lOnm, force constant o f  

25-60 N /m  and a resonant frequency o f  150-190 kHz. A  schematic and seam ing  

electron m icroscope image o f  a cantilever is shown in Figure 2.9 [21],

F i g u r e  2 . 9  I n s e t :  S E M  i m a g e  o f  t a p p i n g - m o d e  s i l i c o n  c a n t i l e v e r .  T o p :  T h e  t h i c k n e s s  o f  t h e  e n t i r e  c h i p  

i s  0 .4 m m .  I  i s  t h e  c a n t i l e v e r  l e n g t h  a n d  i s  ~  1 2 5 /.m i. W  i s  t h e  c a n t i l e v e r  w i d t h  a n d  is  ~  3 5 / j m  [ 2 1 ] ,
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F i g u r e  2 . 1 0  ( a )  D i g i t a l  I n s t r u m e n t s  A F M P C  w o r k s t a t i o n  a n d  M u l t im o d e  S y s t e m

Photodiode adjustment
knob T

Laser y-axis Laser x-axis
adjust

Cantilever with tip

Head x-axis stage adjust
Head y-axis stage adjust

Figure 2.10 (b) Digital Instruments Multimode Close up of head.
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2.3.6 AFM Data Presentation

There are two formats in which the data w ill be presented: height data and amplitude 

data.

i) Height Data.

The vertical position o f  the probe tip is monitored by noting changes in the length 

scale o f  the z-axis on the xyz scanning piezo tube. Input voltage to the scanning 

piezo tube is proportional to the change in the length o f  the tube. The change in the 

z-axis is plotted as a topographical map o f  the sample surface. Height data is a good 

measure o f  the height o f  surface features but does not show distinct edges o f  these 

features.

ii) Amplitude Data.

The amplitude o f  the cantilever is monitored by  the photodiode detector. The root- 

mean-square (RrmS) value o f  the laser signal on the y-axis o f  the detector is recorded 

for each o f  the 512 segments on a g iven  raster o f  the probe tip. These values are 

plotted as an amplitude map o f  the sample surface. Am plitude images tend to show  

edges o f  surface features well.

In addition to the surface topography, the current line being scanned m ay be viewed  

in scope m ode where the trace and the retrace o f  the line scan may be superimposed 

to gauge the stability o f  the scan (i.e. how w ell the tip is tracking the surface), and 

also to optim ise the feedback controls. The sensitivity o f  the amplitude mode to 

sharp features is evident in Figure 2.11. This shows the scope modes o f  the height 

and the amplitude data o f  a tapping mode image. There is a large signal associated 

with the local trace/retrace disagreement at the edges in amplitude m ode compared to

- 3 7 -



Chapter 2

height mode. In this case the amplitude data scale has been set to an extremely 

sensitive value to emphasise the difference in the scope modes.

Left Trace
49.97 Hs/aiu

finplitude 
2.00 mU/Jìu

Right Trace
49.0? ns/dlv

Ilei fjht 
7.SO nn/Jlu

F i g u r e  2 .1 1  L in e  s c a n  t r a c e  ( y e l l o w  l in e )  a n d  r e t r a c e  ( w h i t e  t i n e )  f o r  ( to p )  h e i g h t  m o d e  a n d  ( b o t to m )  

a m p l i t u d e  m o d e .  T h e  a g r e e m e n t  b e t w e e n  th e  t r a c e  a n d  r e t r a c e  a l l o w s  th e  f e e d b a c k  c o r r e c t i o n s  to  b e

o p t i m i s e d f o r  th e  s a m p l e  te r r a in .

Figure 2.12 shows height data images representing different types o f  common image 

artefacts. Every data point in an image represents a spatial convolution o f  the shape 

o f  the tip and the shape o f  the feature imaged. The smaller the radius o f curvature o f  

the tip (i.e. the sharper the tip), the smaller the feature that may be resolved. Thus, 

when the feature is sharper than the tip the image will be dominated by the shape o f  

the tip. This imaging phenomenon known as ‘tip-imaging’ is recognised by a 

particular shape that is repeated throughout an image. The shape may be different 

sizes as the tip is convolved with features o f  different sizes, but it always maintains 

the same orientation. This is evident in Figure 2.12. The accumulation o f debris on 

the end o f  the tip may also dull the tip and result in image distortion. Loose debris on 

the sample surface may cause loss o f  image resolution and produce streaking in the 

image. The loss o f  resolution is due to the build up o f  contamination on the tip when
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scanning from bottom to top, or vice-versa. For example, small elongated features 

become represented as larger rounded features, until the debris detaches from the tip. 

Another complication is that the tip sometimes changes shape while scanning. For 

instance, if  a small piece o f  Si is broken o ff the tip, changing its shape, this changes 

the apparent shape o f  the features on the surface.

Typically, images contain artefacts due to the condition o f the tip or from 

ambient perturbations. The scan image is also susceptible to scan instabilities such as 

high frequency noise, tip jumps, tip lift-offs, drift and scanner hysteresis. Optimising 

scan parameters such as scan rate, gains and amplitude set point, in order to follow  

the topography as closely as possible, is necessary. As AFM is a local probe 

technique it reveals local features which are not necessarily representative for the 

whole sample surface. Because o f  this reason, it is appropriate to record and process 

several images. This allows the minimisation o f  the influence o f  a particular sample 

area, and to determine the average behaviour. While it is important to follow the 

surface topography as closely as possible, it is also necessary to be able to compare 

images from different samples and so it is also important to be reproducible in scan 

parameters and procedure. All the evaluations that are described in this thesis have 

been carried out quantitatively and averaged over a large number o f samples.

[ f  -  Æi (b)

• I
■ £ *  ?

¿M s r 43T p̂ |

F i g u r e  2 . 1 2  H e i g h t  i m a g e s  s h o w i n g  t y p i c a l  im a g e  a r t e f a c t s :  (a )  5 p m  x  5 p m ,  Z  r a n g e  is  2 5 n m ;  (b )  2 p m

x  2 p m ,  Z  r a n g e  i s  7 5 n m .
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2.3.6.1 Calibration Surfaces in AFM

For AFM cantilever and distance calibration o f  the piezo controller, images o f  a 

surface with a known topography and known dimensions are employed routinely. 

Figure 2.13 shows this calibration surface. The surface is made up o f  a periodic 

square arrays o f  wells o f  length 5(im and depth 0.2 |xm and separated by 5|j.m. Figure

2.14 shows two tapping mode AFM images o f  the calibration standard. The images 

are represented in height mode and the data is displayed from a top-down 

perspective. The height information is represented by the colour at a given point. The 

full z-heights are 0.483|im and 0.2(j,m and so a feature this high or higher will see 

white where as smaller features are seen as darker brown.

F i g u r e  2 . 1 3  T h e  c a l i b r a t i o n  s u r fa c e .  T h e  s u r fa c e  i s  m a d e  u p  o f  a  p e r i o d i c  s q u a r e  a r r a y s  o f  w e l l s  o f  

l e n g t h  S p m  a n d  d e p th  0 .2 / jm  a n d  s e p a r a t e d  b y  5 fjm .

- 4 0 -
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F i g u r e  2 . 1 4  T a p p in g  m o d e  im a g e s  o f  c a l i b r a t i o n  s ta n d a r d .  I m a g e s  a r e  in  h e i g h t  m o d e :  (a )  S c a n  s i z e  

i s  1 0 2 .4 /u m 2. T h e  z - r a n g e  i s  4 8 3 n m ;  (b) S c a n  s i z e  i s  7 . 0 / j m x  6 .5 p m .  T h e  z - r a n g e  i s  2 0 0 n m .

2.4 Photoelectron Spectroscopy 

Introduction

Photoelectron spectroscopy (PES) is a powerful experimental technique that may be 

used for chemical analysis and for studies o f  electronic properties at surfaces. It is 

based on the photoelectric effect. The first documented evidence o f this effect was 

reported by Hertz [22] in 1887. In 1905, Einstein [23] explained the emitted electron 

velocity dependence on the frequency o f  the incident light with the simple 

relationship:

Ekin = hv - <j) (2.4)

The maximum kinetic energy (Ekin), o f  a photoemitted electron is equal to a quantum 

o f  energy hv, related to the classical frequency o f  the incident light, minus the work- 

function energy <|> which is defined as the minimum energy necessary to emit an 

electron from a solid. Einstein was awarded a Nobel Prize in 1921 for his work. 

Crudely, electrons in the core levels and valence bands o f  a sample are sufficiently
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excited by photons to escape from the solid, and in PES to be detected by an energy 

resolving electron spectrometer. An analysis o f  the energy distribution o f  the emitted 

electrons provides information about the binding energies and the electronic structure 

o f  the solid. In 1914, Robinson and Rawlinson performed a study in which 

photoem ission from x-ray irradiated gold produced a distinguishable gold 

photoelectron spectrum [24]. This was follow ed in 1951, when Steinhardt used 

photoem ission as an analytical tool [25]. B etw een the period o f  1950 to 1970, Kai 

Siegbahn and his research group developed the theory and instrumentation o f  

electron spectroscopy for chemical analysis (ESCA), providing the method used 

w idely today. Siegbahn was awarded the N obel Prize in Physics in 1981 for this 

work [26, 31]. In 1972, Brundle and Roberts performed ultra-high vacuum (UHV) 

work, and PES truly becam e a surface technique [27].

2.4.1 The Photoemission Process

In the photoem ission process, high-energy monochromatic photons, o f  energy hv, are 

directed onto a sample. The photons are absorbed by atoms within the sample which 

result in the em ission o f  a photoelectron (see Figure 2.15). The photo electrons are 

counted ( detected), w  here t he e nergy o f  t he d etected p hotoelectron i s g iven b y an 

extension o f  Einstein’s equation:

Ekin =  hv - Eb - (|> (2.5)

Eb is the binding energy o f  the electron, and § is the work function o f  the 

spectrometer. Electrons within the sample with a binding energy less than that o f  the 

incident photon energy are excited. The PES spectrum is obtained by using an 

electron spectrom eter and sw eeping through som e range o f  electron energies. T he
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usual approach to m odelling the photoem ission is to use a three-step m odel [28]. The 

three steps involved are:

i) Ionisation o f  an atom in the bulk material.

ii) Propagation o f  the excited electron to the surface.

iii) Em ission o f  the photoelectron into the vacuum.

A  photoelectron which escapes the sample without being scattered by other 

electrons, “remembers” its bonding history when its kinetic energy is being analysed, 

because each excited atom (except hydrogen) possesses “core electrons” not directly 

involved in the bonding. The binding energy o f  each core electron is characteristic o f  

the elemental atom to which it is bound. Information on the binding energies o f  core 

electrons within a sample allows qualitative elemental analysis. In photoemission the 

number o f  photoelectrons produced from any given core level for a given photon 

energy flux per unit time is characterised by a transition probability called the 

photoionisation cross section. Each stage in the three-step model has its own 

interaction cross section that contributes to the intensity distribution o f  the 

photoelectrons.

The primary photoelectrons are those electrons which reach the surface 

without scattering. Secondary electrons are those which are inelastically scattered en 

route to the surface in step two. These electrons contribute a rapidly decreasing tail to 

the spectrum produced. I f  the secondary electrons are ignored the spectrum is related 

to the density o f  electron states in the solid. The resulting line shapes in the spectrum 

are determined by a convolution o f  the photon energy distribution, the initial state 

structure (electron energy distribution in the ground state), lifetim e broadening 

effects, electron energy loss structure acquired during transfer from the atom to the

- 4 3  -
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surface, and the spectrometer resolution function. Figure 2.16 shows a typical PES 

spectrum. The contributions to the spectrum w ill be discussed next.

I' S *
Vacuum level ■ 

Valence lev e ls .

h v

Core levels

E,

§a>
m3
o'-¡3aj

.3
M

Intensity

F i g u r e  2 . 1 5  S c h e m a t i c  i l l u s t r a t i o n  o f  t h e  b a s i c  p h o t o e m i s s i o n  p r o c e s s .  S t a t e s  b e l o w  t h e  F e r m i  l e v e l

a r e  p r o b e d .

Intensity

F i g u r e  2 . 1 6  T y p i c a l  p h o t o e l e c t r o n  s p e c t r u m .  T h e  v a l e n c e  b a n d  s t a t e s  a r e  b r o a d  a n d  c o m p l e x .  T h e  

c o r e  l e v e l  s t a t e s  a r e  n a r r o w  a n d  w e l l  d e f i n e d .  T h e  s p e c t r u m  s i t s  o n  a  s e c o n d a r y  e l e c t r o n  t a i l  [ 2 9 ] ,

- 4 4 -
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2.4 .2  Photoem ission  P eaks

As previously stated a series o f  peaks are obtained in a photoelectron spectrum 

reflecting the binding energies o f  the electrons in the solid. There are three types o f  

peaks due to I) core levels, II) valence levels and III) peaks due to Auger emission. 

These peaks are termed ‘primaries’. The primary peaks are superimposed on a broad 

continuous background. This ‘secondary’ background increasingly dominates the 

low binding energy region o f  the spectrum, and is due to electrons resulting from 

inelastic multiple scattering photoemission processes.

i) Core level peaks:

These are due to photoelectrons that are emitted from the atomic (core) levels o f  the 

electron present, such as that o f  O ls  which is the electron emitted from the Is level 

o f  oxygen.

ii) Auger peaks:

Auger peaks are broader peaks caused by Auger electrons which arise from the 

relaxation o f  an excited atom or ion follow ing the photoem ission o f  a core level 

electron. Figure 2.17 gives a schematic representation o f  what is involved in the 

generation o f  a K LiL 2,3 Auger electron. Initially an electron must be ejected from a 

surface atom in the ground state (a K electron). This process leaves a “hole” or 

vacancy which m ay be filled by an electron dropping down from a higher level, Li. 

This in turn releases considerable energy Ek. -  E li, part o f  which is absorbed by an 

electron in a higher orbital L2 3  which is ejected with a kinetic energy representing 

the excess o f  Ek -  E n  over EL 2 ,3 ; this is known as a K LiL 2,3 Auger electron. The 

energy released by the electron dropping down must be equal to the energy taken up
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by the ejection electron with kinetic energy EAuger: EAuger =  Er. -  E li- E l2 , 3 

(2.6)

ejected L 2j 3 electron

i

Vacuum

Fermi level
f /  ItSSU/ U

Valence band

1 L 1 electron fills K  
shell vacancy

K ------------ • ---------•

F i g u r e  2 . 1 7  E n e r g y  l e v e l  d i a g r a m  f o r  a K L i L 2, 3 A u g e r  e l e c t r o n  e m i s s i o n  [ 3 0 ] ,

iii) Valence level'.

Valence level peaks are due to lo w  energy electrons involved in bonding and the 

spectrum consists o f  m any closely  spaced levels giving rise to a band structure.

The intensity o f  all photoem ission peaks is determined by the photoem ission cross- 

section, which depends on the exciting energy. The fate o f  this energy can be 

considered in terms of:

i) Initial state effects (absorption and ionisation).

ii) Final state effects (response o f  atom and creation o f  photoelectron).

iii) Extrinsic losses (transport o f  electron to surface and escape).

- 4 6 -
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The initial state can be considered as the atomic or molecular orbital prior to 

excitation. The final state is the system after excitation. All can contribute to the final 

spectrum.

2.4.3 Initial State Effects
i) Spin-orbit coupling 

For any electron in an orbit with angular momentum, coupling between magnetic 

fields of spin (s) and angular momentum (/) occurs. Coupling occurs for core levels 

except for symmetric s -level s hells ( due to n o net angular m omentum). Spin-orbit 

coupling gives rise to doublets (for p  orbitals) in the spectrum for values of / > 0 (or 

multiplets for d and/orbitals). The intensity of the doublet peaks is proportional to 

their degeneracies, which are given by (2j  +1), where the total angular momentum j  

= |/ + S|.

n / s J Term

2 1 +/4 3/2 2/?(3/2)

2 1 -/4 ‘/2 2P('A)

For example in the Ti2p line.

In the case of parallel coupling, j  = I + s, the electrons are shifted to lower binding 

energy while for electrons with antiparallel coupling, y = I -  s, the state is shifted to 

higher binding energy. This has resulted in a spectral degeneracy of 2:1 for 2p ^ 2) and 

2p(\/2). Figure 2.18(a) shows the presence of the spin-orbit interaction in an 

experimental spectrum [30], The energy split is resolved into two peaks.

- 4 7 -
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Binding Energy eV

Figure 2.18 (a) A Ti spectrum reveals the presence o f two spectral components associated with each 

atomic state as the spin-orbit sp lit/ coupling (2p]/2, 2p3/2)  degeneracy is resolved[30],

ii) The Chemical Shift 

Surface atoms of the same element may have different binding energies due to a 

difference in the atoms’ environment (e.g. oxidation state, molecular environment) 

compared to the bulk material atoms. This binding energy difference between the 

two situations is called a chemical shift or a surface core level shift (SCLS). 

Chemical shifts also arise when the valence electrons are involved in bonding to 

adsorbates, i.e. if the co-ordination or bonding is different to that of the bulk atoms 

then the distribution of the valence electrons will be different causing the core 

electrons to experience a different potential and thus changing the binding energy. 

Siegbahn et al. first detected chemical shifts when the so-called ‘fixed’ binding 

energies of core level atoms were affected by their environment leading to detectable 

(0.1 to lOeV) shifts in their photoelectron energies [31]. The chemical shift in PES 

spectra has become a powerful tool for functional group, chemical environment and 

oxidation state information. Figures 2.18 (a-b) show the Ti2/?i/2 and Ti2p3/2 chemical

- 4 8 -
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shift for Ti and Ti4+ respectively [30]. In Figure 2.18 (b) the positive charge 

increases by formation of chemical bonds and there is a chemical shift as the binding 

energy increases.

Binding Energy

Figure 2.18 (b) Ti2pi/2 and 2p3/2 chemical shift for Ti (figure 2.19 (a)) and Ti4' . Charge is withdrawn 

as Ti —> Ti1', so the 2p orbital relaxes to a higher binding energy.

2.4.4 Final State Effects
i) Relaxation

Final state effects arise from differences in energy due to relaxation following 

emission of a photoelectron. Other electrons in the sample respond to the creation of 

a core hole by rearranging to shield, or minimise, the energy of the ionised atom. 

These other electrons relax due to both this extra attraction and the reduction in 

screening of the nuclear charge from electrons in higher orbits. Relaxation of 

electrons from the atom containing the core hole is known as atomic relaxation and 

from electrons on surrounding atoms as extra-atomic relaxation. Most of the atomic 

relaxation component is due to the rearrangement of outer shell electrons which have

- 4 9 -
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a smaller binding energy than the photoelectron. The inner shell electrons, whose 

binding e nergy i s 1 arger t han t he e mitted p hotoelectron, h ave a s mall c ontribution 

and are neglected. The form of extra-atomic relaxation depends on the material being 

examined.

ii) Koopman ’s theorem [30]

This states that ‘ the binding energy of an emitted photoelectron is simply the energy 

difference between the (N -1) electron final state and the N  electron initial state’. The 

binding energy, Eb, is the most obvious final state effect. It may be defined in terms 

of the initial energy E; and the final energy Ef of a photoelectron by :

Eb = Ef (N -1) -  Ej (N) (2.6)

These energies are not easy to calculate. The photoemission process is extremely 

rapid (~10'15 sec). The assumption that the other electrons remain “frozen” forms the 

basis of Koopman’s theorem. If after the transition there is no electron rearrangement 

then “the binding energy equals the negative of the orbital energy from which the 

photoelectron is emitted”. If no relaxation follows photoemission, then the binding 

energy Eb is equal to the orbital energy which may be calculated from Hartree-Fock 

calculations. However, other electrons do not remain “frozen” during the 

photoemission process. Despite this the spectral implications of electron relaxation 

processes may be catered for during peak fitting and so Koopman’s theorem provides 

a working basis.

Hi) Peak Broadening 

In photoemission the spectrum is broad, not just a single line. This broadening is due 

to a number of factors: experimental; surface disorder; and phonon broadening. The

- 5 0 -
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experimental broadening results from both the spread of the photon source and the 

electron analyser resolution. Experimental broadening is Gaussian in nature. The line 

shape due to the lifetime of the core hole is a Lorentzian function, and represents the 

uncertainty i n e nergy due t o t he 1 ifetime o f  t he core h ole after p hotoemission h as 

taken place. Lifetime broadening results in symmetric broadening and can be gauged 

from the Heisenberg Uncertainty principle:

hr  = -  (2.7)
T

T is the intrinsic peak width in eV 

h is Planck’s constant in eV seconds 

t is the core hole lifetime in seconds.

For an excited state lifetime of ~10'15s, Y is approximately 0.2eV. In the atomic case 

the core level width is given by:

AS = \ / r a +(A£s„„ ,)! + ( A (2-8)

AEsource anĉ  Analyser arc the full-width-at-half-maximum (FWHM) of Gaussian

functions which represent the resolution of the photon source and the electron

analyser respectively. Y is the FWHM of the Lorentzian function. When fitting the 

peak components, a Voigt curve is used which is a convolution of the two. The spin- 

orbit coupling described earlier is also a final state effect. Other effects are due to the 

atom being left in an excited state after emission of a core electron. Shake up effects 

occur if the excited electron remains bound to the system and shake off effects occur 

if the excited electron is emitted.

- 5 1  -
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2.4.5 Surface Sensitivity: The Universal Curve
The surface sensitivity of the PES technique is due to the inelastic mean free path 

(IMFP) of the photoelectron. The IMFP depends on the kinetic energy of the electron 

and the nature of the material. The IMFP, whose functional relationship for the 

elements is described by Dench and Seah, is the average distance an electron with a 

given energy travels between inelastic collisions [32],

IMFP = A = (538)
\ El j

+ (0A)(aEk)1/2 (2.9)

X is in units of monolayers,

‘a’ is the monolayer thickness (nm), 

Ek electron kinetic energy (eV).

Photoelectrons with kinetic energies in the 5 to 2000eV energy range, above the 

Fermi energy, must originate very close (5 -  30 Angstroms) to the surface in order to 

emerge unscattered and make up the primary photoelectron peak. Inelastically 

scattered electrons contribute to the secondary electron background. Figure 2.19 

shows a sketch of the IMFP as a function of kinetic energy (known as the universal 

curve). The minimum point of the curve at 50eV is because, at this energy, the 

electrons are more likely to scatter with other electrons to excite plasmons. In 

synchrotron studies, the minimum in the universal curve is exploited when an 

incident photon with a given energy results in photoelectrons emerging exclusively 

from the outermost atomic layers due to the strong interaction of low kinetic energy 

electrons with the sample.

- 5 2 -
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IMFP
(nm)

Figure 2.29 The Universal Curve shows the electron inelastic mean free path in solids as a function 

o f  the electron energy (measured with respect to the Fermi level) [30],

2.4.6 Peak Fitting
Due to the composite nature of the photoemission spectra, many chemical species 

may contribute to the line shape of the band envelope observed. A mathematical 

function is chosen to describe the spectral lineshape. The number of peaks, peak 

heights and the binding energies are selected. The components are then fitted using a 

least squares fitting routine using a convolution of Gaussian and Lorenzian curves 

known as a Voigt curve [33], In order to obtain a reliable fit, the core fitting 

parameters used must be mutually consistent. The background is also removed using 

the fitting procedure. The simplest method of estimating the background under a 

peak is to use a linear or higher order polynomial line between the low and high 

kinetic energy sides of the peak. A Shirley background [30] is used which assumes 

that the background intensity under a peak arises from the scattering of electrons of 

higher kinetic energy and is proportional to the partial integrated intensity under the 

peak.
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2.5 Synchrotron Radiation

When charged particles, in particular electrons, are forced to move in a circular orbit, 

photons are emitted. With charged particles at relativistic velocities, these photons 

are emitted in a narrow cone in the forward direction, at a tangent to the circular 

orbit. This radiation is called synchrotron radiation (SR). Such emission was first 

observed at General Electric’s 70MeV synchrotron in 1946 [34], A synchrotron is a 

useful radiation source for performing a wide range of spectroscopy experiments. 

The distinguishing characteristics of synchrotron radiation are a continuous spectrum 

from the infrared to the hard X-rays, offering linear polarisation and high intensity 

relative to conventional discharge tube radiation. In a SR source, a beam of electrons 

is injected into a storage ring which is under ultra-high vacuum (UHV). The 

electrons are accelerated to energies of the order of GeV by a radio frequency (RF) 

accelerating cavity operated in phase with the arrival of the electron bunches. The 

electrons travel in bunches close to the speed of light and are confined to a circular
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path by bending and focusing magnets. Because the electrons are travelling at 

relativistic speeds, the SR is emitted in a narrow core in a tangential direction from 

the bending curve at the time of emission.

Electron orbit

Figure. 2.21 Schematic representation o f radiation pattern emitted by electrons in a synchrotron orbit

with relativistic energy.

The emitted radiation is broadband (i.e. the high temporal localisation is realised 

through the addition of many frequencies), extremely intense, collimated and highly 

plane polarised (which facilitates wavelength selection). In a synchrotron, the 

radiation is collected through beamlines, which are tangential to the ring. Figure 2.22 

shows a schematic of a typical electron storage ring for the production of SR.

Experiments in this thesis were carried out at the SR facility on beamline 

5U. 1 at Daresbury Laboratories in the U.K. At this facility electrons are accelerated 

to relativistic speeds by three stages. The electrons are initially accelerated to an 

energy of ~ 1 MeV by a linear accelerator (LINAC), and then to ~ 600 MeV by the 

booster ring. These electrons are then injected in bunches into the main storage ring
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where they are accelerated to energy of ~ 2 GeV by 16 dipole magnets and a RF 

electric field. There are a further 32 quadropole magnets for focussing the electron 

beam and confining it to a circular orbit of radius ~ 15m. The storage ring is made up 

from a series of straight sections linked by curved sections at the position of the 

accelerating magnets. At each accelerating magnet, a beam of radiation is emitted 

tangentially to the electron path and is  directed along abeam to the experimental 

section.

SR gets its name from the fact that the beam energy and magnetic field are 

increased synchronously so as to keep the electrons in a constant orbit. In the storage 

ring the electron beam is kept stable for several hours so that experiments may be 

performed without interruption. The beam gradually decays due to collisions 

between electrons or between electrons and the walls of the ring. The beam is 

replaced with a new beam at regular intervals. The advantages of synchrotron light 

for photoemission are in its intensity, resolution, and ability to tune the energy 

(frequency) of the light. The resolution is a function of the beamline rather than the 

SR site itself. These properties allow the energy dependence of surface sensitivity to 

be exploited and thus depth a sample in the sub-nanometre regime or to resolve close 

lying chemical states.
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Linac
.....................................|---------------- 1 The linear accelerator or Linac accelerates

electrons to relativistic velocities.

The electrons receive a ‘boost’ from  an 
accelerating chamber (RF cavity) each time they 
go around the booster ring.

Figure 2.22 Schematic o f  a typical electron storage ring for the production o f synchrotron 

radiation35. Once the electrons reach their target energy in the booster synchrotron, a system 

transfers them into the storage ring where they circulate for hours.

2.5.1 Daresbury Beamline 5U.1
The function of a beamline is to gather and monochromate the light emitted from the 

ring and finally to focus the light into a small a spot as possible onto the sample in 

the analysis chamber. Figure 2.23 shows the optical layout of beamline 5U.1 at 

Daresbury Laboratories [35]. It is a soft x-ray spectroscopy beamline providing 

monochromatic photons over the range 60 -  lOOOeV. It utilises a permanent magnet 

undulator as the photon source, followed by a plane grating monochromator. The 

diffracted light passes through the exit slit where finally the beam illuminates the 

sample in the analysis chamber. The experimental station consists of one UHV 

chamber. Samples are introduced into the chamber using a fast-entry load lock and
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magnetic linear transfer arm. The sample is mounted on a manipulator that allowed 

accurate positioning in the lateral position (x, y, z motions), in the rotational 

positioning and in the azimuthal angle. UHV is achieved using suitably arranged 

rotary, turbo-molecular and ion pumps. Data acquisition and control is provided by a 

VSW hemispherical analyser. Scanning modes available include: photoelectron 

spectroscopy and auger Spectroscopy. In addition, the end station affords the 

opportunity for NEXAFS spectroscopy.

Ellipsoidal

Figure 2.23 Schematic o f beamline 5U.1 at Dares bury Laboratories [35].
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Chapter 3 

Studies of Redox Polymer Systems

Chapter 3 describes the synthesis and characterisation of a series of 

metallopolymers, based on poly(4-vinyl) pyridine (PVP) containing either ruthenium 

or osmium bis(2,2 ’-bipyridly) centres. The morphology of the polymers is examined 

in detail when deposited on Si0 2 from solution, using tapping mode atomic force 

microscopy, with subsequent advanced imaging analysis. Synchrotron radiation 

spectroscopy is also used to study the electronic structure of thin films of a 

metallopolymer on a silicon substrate.

"A good plan executed right now is far better than a perfect plan executed next week "

George S. Patton
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3.1 Polymers 
Introduction
Popularly known as “plastics”, polymers are large molecules constructed from 

smaller structural units (monomers), covalently bonded together in any conceivable 

pattern. By modifying the monomer building blocks and the bonding scheme, the 

mechanical and thermal properties of the polymers may be controlled. Polymers can 

be made hard, soft, soluble, insoluble, rubbery or brittle. The properties of polymers 

also allows for a variety of processing: for example “spray” painting, injection 

moulding and spin-casting. These convenient techniques are in contrast to the 

processing of metals and inorganic semiconductors. Polymers are therefore pervasive 

and can be found in almost all products in our present day society, for example in the 

form of protective coatings, adhesives, inks, sealants, and in composites with 

inorganic components as structural materials. The idea of utilising the electrically 

conducting properties o f  polymers was first proposed in the 1 960’s [ 1], and since 

then polymers have been used as active components in a variety of electronic 

applications, e.g., polymers and organic molecules long have served as 

photoreceptors in electro-photographic copying machines.

In 1977 it was discovered that an alternating-bond conjugated polymer, trans- 

poly(acetylene), could be transformed into a good electrical conductor upon p- and n- 

doping [2], This was the first report of such a ‘conducting’ polymer. The key finding 

was a chemical species characterised by a delocalised u-electron system along the 

polymer backbone. The semiconductor properties of the material arise from the 

overlap of the pz orbitals that originate from the double bonds. If the overlap is over 

several sites, delocalised 7i-valence and 7t*-conduction bands occur with a relatively 

small energy gap. The limitations in the first experiments was the chemical stability 

of the trans-poly(acetylene) in air and difficult material processing. Its discovery
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however, opened new avenues of exploration for chemistry, physics and technology 

and resulted in the Nobel Prize in Chemistry being awarded to Prof. A .J. Heeger, 

A.G. MacDiarmid and H. Shirakawa in 2000.

There is a huge interest in the application of conducting polymer systems in 

the development of a variety of organic-based devices: light-emitting devices, photo

voltaic devices, lasers and transistors. Electronically conductive polymers are just 

one class of polymer that can be used as active components in electronic devices. 

Another electroactive group is the family of redox polymers. An obvious advantage 

of electroactive polymers compared to inorganic semiconductors is that polymers can 

be soluble and spin-cast as thin films from solution. Instead of building up thin multi

layers in ultra-high vacuum, for example, one can make a blend of polymers, spin- 

cast them as a film in air and have interfaces already built into the layer [3].

Thin polymer films have important applications for advanced 

microelectronics device fabrication and packaging. A whole range of deposition 

techniques exist which may be employed to deposit monolayer and multilayer 

polymer films on various substrates. These include Langmuir-Blodgett and spin- 

coating techniques, as well as solvent evaporation, dip-coating and chemical grafting 

processes. Methods to modify electrodes with polymer coatings include using 

electrochemical polymerisation and deposition techniques, and electrostatic self- 

assembly.

3.1.1 Redox Polymers
Redox polymers are characterised by the presence of specific spatially and 

electrostatically-isolated electrochemically active sites. Electro activity is highly 

localised. A redox polymer consists of a system where a redox-active transition metal 

based pendant group is covalently bound to some sort of polymer backbone which
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may, or may not be electroactive. Unlike electrically conducting polymers, redox 

polymers characteristically exhibit conductivity over a very narrow potential range. 

Electronically conducting 7t-conjugated polymers are organic materials in which the 

polymer backbone itself is conducting [4,5]. Figure 3.1 shows examples of redox 

and conducting polymers.

Figure 3.1 Representative examples o f (a) Redox Polymers; (b) Conducting Polymers

The widespread interest in redox polymers has been spurred by their applicability in 

the area of molecular electronic devices, such as in, for example, chemically 

modified electrodes [6,7,8]. One goal of coating electrodes with electroactive 

polymers is the development of new materials with very active catalytic 

properties.The majority of the work has been with systems where the polymer itself 

is inert and serves only as a support for the electrocatalytic metal sites. The 

electrocatalytic site functions as a mediator, facilitating the transfer of electrons 

between the electrode and the substrate. Heller has shown that polycationic redox 

polymers adsorbed on graphite can bind polyanionic enzymes such as glucose
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oxidase [9]. More efficient catalysis is then attained after cross-linking the redox 

polymers and the enzyme with a biofunctional reagent. Calvo et al. show the 

applicability of multilayer structures of redox polymers and glucose oxidase to 

biosensor design [10]. In these studies, the build up of multilayer structures is 

electrostatically driven by alternate immersion of the electrodes in solutions 

containing positively charged ferrocene-attached redox polymers and negatively 

charged polyanionic enzymes, providing effective mediation due to the redox sites in 

the polymer. These redox sites allow ‘wiring’ of the enzyme by an electron hopping 

charge propagation mechanism. Electrocatalysis in general is of great economic 

importance and the aim of these modified electrodes is to drive electrochemical 

reactions selectively and/or at moderate potentials, and with better control than could 

be possible by the direct interaction between the substrate and the electrode. Electron 

and charge transfer through thin films of redox polymers has been studied 

extensively [11-14],

3.1.2 [Ru(bpy)3]2+ The ‘Parent’ Complex
It is highly desirable to incorporate redox centres with well behaved properties when 

seeking to create redox polymers with useful electrochemical, optical or 

photophysical properties. Much attention has been paid to polymers containing

• II II 2H-poly(pyridyl) complexes of ruthenium and osmium . [Ru(bpy)a] and [Os(bpy)3] , 

(where bpy is 2,2’-bipyridine) are logical choices for metal centres to form 

complexes of these redox polymers because of their many attractive properties:

i) They exhibit a rich range of photophysical properties that can be used to 

probe film properties (which is useful in developing photonic devices).

ii) They form stable low-spin d6 complexes.

iii) Their electrochemistry is well behaved.

- 6 5 -



Chapter 3

iv) They are chemically stable in a range of oxidation states.

The properties of ruthenium- and osmium-tris(bipyridyl) complexes are generally 

well understood, and they have become standard models and reference complexes for 

comparison with many other Ru11 and Os11 complexes, including those described in 

this chapter and chapter four. In the next section, the excited state structures, 

photophysical processes and photochemistry of these two ‘parent’ complexes are 

discussed.

Paris and Brandt first reported [Ru(bpy)3]Cl2 as a luminescent species in fluid 

solution in 1959 (see Figure 3.2) [15]. Since then the interest in this complex has 

flourished, and as a result much is known about its photophysical and photochemical 

properties [16-20]. This molecule, along with the osmium analogue, has become a 

building block for the ever-expanding array of photoactive molecules. Ru11 and Os" 

form octahedral coordination complexes with a diamagnetic t2g6 electronic 

configuration. The metal-tris(bipyridyl) complexes exist in two enantiomeric forms. 

These two forms have indistinguishable electrochemical properties and the only 

difference in their spectroscopic properties in that they exhibit opposite rotations of 

polarised light.
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The electronic absorption spectrum of [Ru(bpy)3]2+ exhibits an intense absorption 

band at 452nm. This band has been assigned to a metal-to-ligand charge-transfer 

(MLCT) transition. In [Ru(bpy)3]2+ the three bipyridyl ligands contain a-donor 

orbitals localised on the nitrogen atoms, and ;i-donor and 7i*-acceptor orbitals 

delocalised on the aromatic rings. The ligand-centred n* orbitals are low lying, and 

lower in energy than the metal-centred a* (eg) orbitals. When [Ru(bpy)3]2' absorbs 

the energy of an incident light beam an electron from the ground state orbital (jtmeuii) 

of ruthenium is promoted to a ligand orbital (7t*iigand) localised on one of the 

bipyridyl rings, resulting in a MLCT excited state. The excited state can be 

represented as follows: [Run(bpy)3]2++ hv —»• [Runi(bpy)2(bpy')]2+

Figure 3.3 Absorption and emission spectra o f  [Ru(bpy)3] 2+ in acetonitrile (Where bpy is 2,2-

bipyridine).

The other important excited states that can arise following the other transitions are 

the metal-centred (MC) excited states, between TWai and a*metai orbitals, and ligand- 

centred (LC) excited states, between 7iiigand and 7i*ugand orbitals. The relative ordering
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of these excited states, together with the possible radiative, non-radiative and 

deactivation pathways are shown in Figure 3.4. The singlet state 'MLCT has a very 

short lifetime and converts into a triplet excited state (3MLCT) by fast intersystem 

crossing (ISC). This is a spin forbidden transition but is made possible by spin-orbit 

coupling. Emission from the triplet state (3MLCT) to the ground state (kr), or 

radiationless deactivation (knr) to the ground state can take place [21]. Radiative 

decay can occur as fluorescence or phosphorescence. Another deactivating pathway 

is population of the metal-centred (3MC) excited state, giving rise to either 

radiationless deactivation (knr) or photodecomposition of the complex. Population of

-5 3 3the ' MC is dependent on AEact, the energy separation between the MLCT and MC 

states, and is thermally activated. When photodecomposition of the complex occurs 

the electron occupies an antibonding metal-based orbital, resulting in distortion of 

the metal ligand axes and weakening the Ru-N bonds. Photodecomposition manifests 

itself as ligand loss followed by coordination of a substitute ligand, often solvent.

Figure 3.4 The photophysical properties o f  [Ru(bpy)3 f + showing the relative order o f  the excited 

states. 1: Absorption o f light with excitation from  the ground state (GS) to the 'MLCT stat; 2: ISC; 3: 

Radiative (hv )  and non-radiative relaxation to GSfrom 3MLCT state; 4: Thermal population o f the 

3MC state; 5; Radiationless deactivation o f the SMC state to the ground state.
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Ru11 and Os11 compounds are redox active and the most widely used method to 

determine redox potentials is cyclic voltammertry, typically performed in non- 

aqueous aprotic solvents such as acetonitrile or DMF. Ru11 complexes can be 

oxidised (removal of a metal-localised electron) or reduced (addition of an electron 

in a ligand 71* orbital).

Metal ComplexjyjU/IU Ligand Reduction
[Ru(bpy)3]2’ 1.26V -1.35V

[Os(bpy)3]2* 0.83V 1.28 V

Table 3.1 The ground state standard potentials o f tris(bipyridyl) moieties in acetonitrile vs. SCE

The most interesting feature of both Ru11 and Os11 polypyridyl redox chemistry is that 

typically both metal and ligand redox processes are fully reversible. This is 

advantageous in that it allows for the investigation of the spectroscopic properties of 

the oxidised and reduced forms of the complex in both the ground and excited states.

[M(bpy)3]2+ [Mm(bpy)3]3+ + e"

where M is either ruthenium or osmium.

All molecular excited states are potential redox reagents since the absorption of light 

leads to excitation of an electron to a higher level (where it is more weakly bound) 

and at the same time leads to the production of an electron hole in the lower level. 

Excited state species hence can be better oxidants as well as reductants than the 

corresponding ground s tate. T his c orrelation i s d escribed b y an o rbital diagram i n 

Figure 3.5 for the [Ru(bpy)3]2+ species. The basis for such correlations is derived 

from the fact that the lowest energy MLCT transition involves the promotion of an
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electron from a metal-centred Jimetai orbital to the lowest antibonding ‘spatially 

isolated’ ligand-centred n* orbital which bears strong resemblance to the lowest 7 t*  

orbital of the free ligand. The metal-centred and ligand-centred orbitals involved in 

these charge transfer transitions are also involved in the oxidation and reduction 

process of the molecule. [Ru(bpy)3]2+ possesses a long-lived excited state, which in 

correlation with the large excited state redox potentials may participate in a range of 

energy transfer or biomolecular redox processes [22-25],

Figure 3.5 Schematic representation o f  the relationship between the electronic and the redox orbitals

in [Rufbpy)3] 2' [26],

Osmium complexes exhibit chemistry closely related to that of ruthenium. For 

[Os(bpy)3]2+ the 3MLCT excited state lifetime is 10-30 times shorter than for 

[Ru(bpy)3]2+ and the 3MC state lies at a higher energy. For this reason osmium 

complexes are photochemically inert [27], The oxidation potentials of Os11 

compounds are generally lower than those of the analogous Ru11 complexes (Table 

3.1). This means that higher oxidation states are more stabilised for osmium 

complexes. Another difference between Ru11 and Os11 is spin-orbit coupling, which is 

much larger for third-row transition elements than the second-row metals. This result
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in mixing of the singlet and triplet states, and formally forbidden transitions will 

often be observed. An example is the n - n *  3MLCT absorption band which is very 

weak for [Ru(bpy)3]2+ but quite intense for [Os(bpy)3]2+.

Figure 3.6 Excited state structures o f  [Ru(bpy) 3] 21 compared to that o f [Os(bpy)¡]2+.

3.1.3 Redox Polymers containing Poly(pyridyl) Complexes of Ru11 and Os11 
In 1979 Clear et al., reports the first evidence of a redox polymer containing a 

poly(pyridyl) complex of Ru11 [28], This complex [Ru(bpy)2(PVP)Cl]+, where PVP is 

poly(4-vinylpyridine), was investigated as a potential catalyst for the 

photodecomposition of water by visible light. In 1981 Haas at al., went on to report 

the first instance of a photosubstitution reaction of surface attached systems by 

coating a glassy-carbon electrode with the [Ru(bpy)2(PVP)Cl]+ moiety [29], Since 

then these types of systems have extensively been studied and developed [30-34], 

There is now a well developed background of synthetic chemistry for the attachment 

of Ru11 and Os11 poly(pyridyl) complexes to preformed polymer backbones. This can 

be achieved through the covalent attachment of the metal centre to any polymer
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containing a pendant coordinating group, [35-47] or through the electrostatic 

incorporation of the charged complexes into cationic/anionic polymer films [48-56]. 

Through these methods, the physical properties of the monomeric compounds can be 

transferred to their polymeric analogues. The redox reactions and chemical 

behaviours of the metallopolymers produced can be predicted and tuned [37].

Preparation through the covalent attachment method offers a high degree of 

synthetic control, structural control and reproducibility. The synthesis of 

metallopolymers containing poly(pyridyl) Ru" or Os11 compounds is based on the 

different lability of the chloride ligands in the complex M(bpy)2Cl2 , where M is 

either Ru11 or Os11 [57,58]. The removal of the first chloride occurs readily by 

refluxing in methanol or ethanol, while removal of the second chloride requires 

aqueous-solvent mixtures [37,38,44,45]. Consequently, for the synthesis of a mono

substituted polymer, [M(bpy)2(Pol)Cl]2+, refluxing in ethanol is sufficient, whereas

9+for bis-substituted materials [M(bpy)2(Pol)2] , water is added to the reaction 

mixture.

Ru11 and Os11 polymers (where M denotes the metal) of the type 

{[M(bpy)2PVPnCl]Cl}, where n is 5 or 10 are prepared in this chapter. These redox 

polymers have been previously reported in the literature [34,37]. Forster et al. first 

reported the synthesis of a soluble osmium-based polymer [37]. Prior to this, reports 

of osmium poly(pyridyl) containing polymeric materials were of heavily cross-linked 

polymers that were formed by electropolymerisation at electrode surfaces. This 

procedure typically gives rise to insoluble product, which are difficult to control and 

characterise [59,60,61].
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Figure 3.7 Structure o f the monosubstituted redox polymer [M(bpy)2PVP„Cl]Cl.

In this chapter, materials of different metal loadings are prepared by simply varying 

the relative molar amounts of the reactants, polymer-to-metal loadings ranging from 

1:5 (n = 5, one metal complex per five monomer units) to 1:10. Although more dilute 

loadings may be synthesised, the presence of both bis- and mono-substituted centres 

prevents a precise evaluation of the metallopolymer composition [44,47,62-65], The 

backbone may be changed, provided it has a pendant coordinating group, thus 

enabling materials of differing physico-chemical characteristics to be prepared. 

Previously, polymers that have been considered in this type of synthesis include 

poly(4-vinyl)pyridine [30,31,66-68], poly(N-vinylimidazole) (PVI) [38,46,47], and a 

series of 4-vinylpyridine/styrene copolymers (PVP/PS) [36]. The only polymer 

backbone used throughout this work is poly(4-vinylpyridine). By reacting the metal 

complexes with preformed polymers, cross-linking during synthesis is avoided and 

soluble polymers are obtained.
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The materials may therefore be characterised and investigated in great detail as 

solution phase species, as well as in an immobilised state. Conventional 

spectroscopic and electrochemical methods have been used to probe the nature of the 

coordination sphere around the metal ion, and electron and charge transfer through 

thin films on electrode surfaces has been studied extensively [12-14,60,69-72], 

Conventional techniques employed to study charge transport in these redox polymers 

include cyclic voltammerty (CV), potential step chronoamperometry (CA) and 

electrochemical impedence spectroscopy (EIS). Electrochemical quartz crystal 

microbalance (EQCM) techniques have provided important information about 

solvent and ion content o f the modifying layers [73]. Elemental analysis, molecular 

weight and thermal methods have also been used in the characterisation of these 

materials [38]. For example, thermal analysis of the PVP-based redox polymers has 

shown that the glass transition temperature is above 100°C, therefore for most 

solvent/electrolyte systems, glass transitions do not have to be taken into account 

when analysing the electrochemical behaviour of these polymer coatings.

3.1.4 Assembly of Polymers at SurfacesT KJSBFB
Polymers are being used in an increasingly wide range of applications. Precise 

surface c haracterisation is an important p art i n the d evelopment o f n ew materials, 

and in the understanding of the problems and behaviour in existing materials. Surface 

properties are critical to the end-use or performance of the polymeric article. These 

include properties related to adhesion, wear properties, electrical properties, optical 

properties, permeability and chemical reactivity. These are dependent upon the 

detailed physical and chemical structure of the polymer surface. Analysis of thin 

layers of the redox polymers may be carried out using normal surface analysis 

techniques. STM has been used to investigate the surface structure of



Chapter 3

[Os(bpy)2(PVP)ioCl]Cl films on polycrystalline graphite [74], The topographical 

images, obtained of the samples before and after the electrochemical cycling in a 

sulphuric acid electrolyte solution show a considerable change. Prior to 

electrochemical cycling the films are characterised by ordered domains with rows of 

fibrillar structure, while after, ordered domains with rows of granular structure are 

observed. Brown at al. reports that this is most likely as a result of the swelling of the 

film in the electrolyte used [74].

Figure 3.8 STM images o f  an osmium-containing metallopolymer modified polycrystalline graphite 

electrode: (a) Before electrochemical cycling a rod-like structure is observed; (b) After 

electrochemical cycling rows o f granular structure are observed [74],

Many applications of redox polymers necessitate an understanding of the self

organisation, interactions, and morphology of the polymeric systems when deposited

- 7 5  -
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from solution onto non-electrode substrates such as silicon, mica or glass. Upon such 

an investigation issues which need to be addressed include; a) the deposition process 

used; b) the surface morphology; c) the chemical bonding to the substrate surface; d) 

the stability and integrity of the film; and e) the reactivity at the film surface. Atomic 

force microscopy with its high-resolution surface mapping capabilities, and 

photoelectron spectroscopy, may be used as key components of this characterisation.

The next section moves on to describe the synthesis, characterisation and 

surface analysis of the redox polymers in this chapter. This is followed by a 

discussion of the results.

3.2 Experimental
3.2.1 Equipment and Materials
All solvents employed were of HPLC grade or better and used as received unless 

otherwise stated. For all spectroscopic measurements Uvasol (Merck) grade solvents 

are employed. All reagents employed in synthetic procedures were of reagent grade 

or better. C/'s-[Ru(bpy)2Cl2] .2H20 , C/5-[Os(bpy)2Cl2] .2H20 , and

tetraethylammonium perchlorate (TEAP) were prepared by previously reported 

procedures [28,75,76].

*H NMR spectra were recorded on a Bruker AC400 (400MHz) NMR 

spectrometer. All measurements of starting materials C/.s-[Ru(bpy)2C]2].2H20  and 

Cw-[0s(bipy)2Cl2].2H20  were recorded in ri6-dimethylsulfoxde. Chemical shifts are 

recorded relative to TMS. The spectra were converted from their free induction 

decay (FID) profiles using XWINNMR software.

UV-Visible absorption spectra were recorded on a Shimadzu UV/Vis-NIR 

3100 spectrophotometer interfaced with an Elonex-466 PC using UV/Vis data 

manager software. Emission spectra were obtained both at 298K and 77K using a
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LS50-B luminescence spectrophotometer, equipped with a red sensitive Hamamatsu 

R298 PMT detector, interfaced with an Elonex-466 PC using Windows-based 

fluorescence data manager software. Emission and excitation slit widths of 5nm were 

used for all measurements except at low temperature, where an emission slit width of 

2 nm was used.

Electrochemical measurements were carried out on a Model 660 

electrochemical workstation (CH Instruments). Measurements were carried out in 

dry acetonitrile with TEAP as electrolyte. A 3mm glassy carbon disk shrouded in 

Teflon was used as the working electrode, a platinum wire as the counter electrode 

and a saturated calomel electrode (SCE) served as the reference electrode. A 

methanolic 1 % (w/v) solution of the metallopolymer was pipetted directly onto the 

clean glassy carbon surface. The solvent was then allowed to evaporate slowly 

overnight ( 1 2  hours) in a solvent saturated chamber, followed b y air-drying. Peak 

positions for the redox couples of the metallopolymer coatings are obtained at slow 

sweep rates.

Section 2.3.5 describes in detail the AFM instruments used throughout this 

thesis: the Digital Instruments Multimode and the Digital Instruments Nanoscope 

Ilia. Descriptions of the cantilevers used are also given. Two different scanners have 

been used to explore different ranges of scan length. Most of the studies have been 

performed with the multimode scanner. However, the Nanoscope Ilia is used to get 

an overview of the surface on a hundred micrometers scale. The photoemission and 

NEXAFS measurements were taken on beam line 5.U1 of the Synchrotron Radiation 

Source, Daresbury, U.K. as described in section 2.5.1.

- 7 7 -
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3.2.2 Synthesis of Polymers
Poly(4-vinylpyridine) was purchased from Aldrich and used as received. Cis- 

[Ru(bpy)2Cl2].2H20  and cis-[Os(bpy)2Cl2] . 2 H2O were prepared as described 

previously [77].

cis-[Ru(bpy)2Cl2].2H20
10.3g ( 6 6  mmol) of bpy, 8 g (33 mmol) of RUCI3 .XH2O and 2g LiCl in 60ml of DMF 

were heated at reflux for 8 h. The solution was then cooled to 25°C and transferred to 

100ml of acetone and kept at - 4°C overnight. The product was filtered and washed 

with ice water (until the filtrate became colourless) and 50ml cooled diethyl ether, 

yielding a dark purple powder. Yield 12.9g (25 mmol, 76%).

!H NMR (400MHz): 9.97 (2H, d), 8.64 (2H, d), 8.49 (2H, d), 8.07 (2H, dd), 7.79 

(2H, dd), 7.685 (2H, dd), 7.51 (2H, d), 7.10 (2H, dd).

cis-[0s(bpy)2Cl2].2H20
193mg (1.24 mmol) of bpy and 300g (0.62mmol) of K2OSCI6 were dissolved in 3ml 

of ethylene glycol and heated at reflux for 45min. The reaction mixture was cooled to 

room temperature and 5ml of saturated sodium dithionite solution was added. The 

mixture was stirred for a further 30min and the black precipitate formed was filtered 

and washed with water (until the filtrate became colourless) and then 50ml of diethyl 

ether. Yield 320mg (0.52mmol, 83%)

lK  NMR (400Hz): 9.61 (2H, d), 8.59 (2H, d), 8.37 (2H, d), 7.61 (2H, dd), 7.58 (2H, 

dd), 7.29 (4H, m), 6 . 8  (2H, dd).

- 7 8 -
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[Ru(bpy)2(P VP)„Cl] Cl
[Ru(bpy)2(PVP)5Cl]Cl and [Ru(bpy)2(PVP)ioCl]Cl were prepared as described by 

Forster et al., with a variation in the reflux method [37], The required amounts (see 

Table 3.2) of PVP and cis-[Ru(bpy)2Cl2].2 H20  were dissolved in ethanol. They were 

microwave refluxed in the dark, at 300-Watts power at one minute intervals for up to 

thirty minutes. The reactions were continuously monitored by UV-visible and 

emission spectroscopy. The solvent was removed in vacuo until 5ml remained. This 

was slowly added dropwise, while being constantly stirred to ice-cold diethyl ether. 

The solution was then filtered, washed with diethyl ether and dried. Yields ranged 

between 67% - 78%.

[Os(bpy)2(PVP)nCl] Cl
[Os(bpy)2(PVP)5Cl]Cl and [Os(bpy)2(PVP)ioCl]Cl were prepared using the previous 

method. A longer reflux time was required. However, this was reduced from up to 

eight days as described by Forster et al., [37] to under two hours using the 

microwave reflux set up. Although no photochemical reactions were observed, the 

reactions were carried out in the dark. The reactions were monitored by UV-visible 

spectroscopy and cyclic voltammetry. Yields ranged between 80% - 89%.

Ratio PVP Ru(bpy)2Cl2YieldOs(bpy)2Cl2Yield
1:5 52mg

0.5mmol

52mg 

0 . 1  mmol

8 8 mg 57mg

O.lmmol

97mg

1 : 1 0 104mg

l.Ommol

52mg

O.lmmol

lllm g 57mg

O.lmmol

155mg

Table 3.2 Required amount of reactants and final yields
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3.2.3 Surface Preparation and Analysis of Polymers 
Atomic Force Microscopy
Methanol solutions of the different polymers have been applied to substrates of 

native-oxide covered silicon (100) or silicon (111) wafers 1cm2 in area. The silicon 

substrates were solvent rinsed by sonication in four stages with: a) ethyl lactate; b) 

acetone; c) methanol; and d) isopropyl alcohol, and then blow-dried with N2 before 

sample deposition. The concentrations of the polymer solutions and the method of 

deposition have been varied systematically. Molecular assembly was achieved in two 

different ways using two different rates of the adsorption process:

i) Spin-coating. Unless otherwise stated, 20|al of a 0.005M solution of the 

polymer in methanol was placed on the substrate. This was then rotated for a 

specified time (usually 30 seconds). The adsorption therefore occurs very 

rapidly. Spinning speeds are varied and were between the ranges of 2500rpm 

(rotations per minute) and 4500rpm.

ii) Solution-casting. Unless otherwise stated, 20^1 of a 0.005M solution of the 

polymer in methanol was placed on the substrate. The solvent was then 

allowed to evaporate. The evaporation of the solvent for the case of methanol 

required the sample to be left overnight ( 1 0  -  1 2  hours).

Figtrre 3.9-Methods o f sample preparation: a) Spin-coating deposition; b) Solution-casting

dep osition.



Chapter 3

The dried films prepared by the different routes have been investigated by tapping 

mode AFM in an air environment.

Photoemission Spectroscopy
For all photoelectron spectroscopy samples, 20j_il of a 0.005M solution of the 

polymer in methanol was spin-cast onto a solvent-cleaned 0.7cm2 native-oxide 

covered S i( l l l)  wafer. For all PES measurements the binding energies are 

referenced to the Fermi edge of the Ta sample holder and photon energies were 

calibrated against NEXAFS TiC>2 spectra recorded at similar times to the PES 

spectra.

3.3 Results and Discussion
3.3.1 Characterisation of Metallopolymers
For metallopolymers, the nature of the coordination sphere around the central atom is 

of importance since it determines the redox potential and photophysical properties of 

the material obtained. The coordination around the metal ions was examined by 

comparison of these spectroscopic and electrochemical properties, with those of 

appropriate model compounds, and of results obtained for the same metallopolymers 

previously prepared in the literature [37]. The data obtained for the metallopolymers 

in this work have been given in Table 3.3. Both emission and absorption 

spectroscopy have proven useful in the characterisation of these metallopolymers 

[45-47,78-80],

Microwave radiation provides an alternative to conventional heating as it 

utilises the ability of liquids or solids to transform electromagnetic energy into heat. 

It is an excellent method for carrying out reactions quickly and efficiently. This 

technology has been applied to a number of useful processes such as application to



Chapter 3

waste treatment, organic synthesis and polymer technology. For example, microwave 

assisted synthesis of the optically active poly(amide-imide) was carried out by 

Mallakpour at al., [81] who demonstrated that the synthesis could be completed 

within ten minutes as opposed to a five hour conventional synthesis. Several hazards 

are present in the use of microwave radiation. Anti-bumping agents are ineffective 

and can cause several solvents to decompose in the presence of microwave radiation. 

Choice of solvent is limited as the solvent in use must have a permanent electric 

dipole moment. Also superheating of the reaction solution normally occurs and can 

cause problems in cases where regulation of the reaction temperature is necessary 

[82-86],

Compound -̂max (absorpn) m̂ax (emission) ■̂max (emission) Ct? oxidation 
.£<1/2

nm 298K, nm77K, nm V

[Ru(bpy)3]2+ 452,322 608 582 1.26

[Os(bpy)3]2+ 479,d 725e 712e 0.83

[Ru(bpy)2PV P5Cl]Cl 496 ,356 709 665 (605) 0.75

[Ru(bpy)2P V P 10Cl]Cl 491,355 704 680 (640) 0.75

[Os(bpy)2PV P5Cl]Cl 431, 360 - - 0.35

[Os(bpy)2PVP 10C1] Cl 440, 362 - - 0.36

Table 3.3 Results obtained for redox polymer and model compounds, a: measured in methanol 

solution; b: measured in 50:50 methanol : ethanol solution; c: electrolyte is 0.1M TEAP/acetonitrile, 

scan rate lOOmv/s; d: measured in acetonitrile solution; e: measured in butyronitrile solution.

As discussed in section 3.2.1 ruthenium poly(pyridyl) complexes typically exhibit 

two bands in the visible region of the spectrum. These have been assigned to metal- 

to-ligand charge transfer (MLCT) transitions from the metal localised orbital Ru(d7t) 

to the ligand localised orbital, bpy(rc*) orbitals. The positions of the absorption 

maxima are governed by the 5-donor and rt-acceptor properties of the ligands. A 

ruthenium complex with a strong ô-donating ligand such as chloride is electron rich

- 8 2 -
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and the MLCT band is present at a lower energy. This also results in a lower 

oxidation potential for the compound [41]. Through comparisons of the UV-visible 

spectra, the [Ru(N)5Cl]Cl coordination sphere of the ruthenium centre in the 

polymeric material is verified. The visible region MLCT bands for the polymer 

complex occurs (for n=5 and 5=10 respectively) at 496nm and 491 nm, while the 

bands at approximately 356nm and 355nm, like the shoulders at 322 and 344nm in 

the spectrum of Ru(bpy)32+, are metal centred (MC) transitions3. The remaining 

bands in the ultraviolet region of the spectra are assigned to ligand centred (LC) n - 

n* transitions, apart from the bands which occurs at about 240nm, which are also due 

to MLCT transitions [38],

The absorption spectra of the osmium metallopolymers, while comparable to 

the monomeric models [37], are typically more complicated than those of the 

analogous ruthenium compounds. This is a consequence of the mixing of singlet and 

triplet excited states in Os11 complexes which enable formally forbidden transitions, 

which are not seen for ruthenium complexes, to be observed for osmium [87], 

Because of the complicated nature of the UV-visible absorption spectrum, definitive 

assignments to the coordination sphere of the osmium centre are rarely made by this 

technique alone. However, the results obtained in Table 3.3 are comparable and in 

agreement with those obtained in the literature [37],

Further evidence of the [MNsCIJCl nature of the coordination sphere is 

provided by the emission spectra of the polymers. The ruthenium polymers display 

only very weak luminescence at 298K and the wavelengths of maximum emission 

shows a low energy 709nm (1:5 polymer) and 704nm (1:10). Because of the strong 

similarities in the electronic spectra of the ruthenium polymers with those of the 

monomeric analogues, emission is thought to originate from bpy-based MLCT 

states.

- 8 3 -
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The most important characteristic for the metallopolymers i s their electrochemical 

behaviour. They possess a metal-based MIiyi11 oxidation. The formal potential of the 

MII/m oxidation, coated as thin films on electrode surfaces, is sensitive to the nature 

of the metal coordination sphere [35-37,38-47], The ruthenium polymers show a 

formal potential for the Ru,l/ni redox couples at 0.75V in acetonitrile. The oxidation 

potentials for the OsII/m redox couple is approximately 300mV to 500mV lower 

compared to the analogous Rull/in oxidation [61,64] and, the osmium polymers show 

a formal potential for the OsII/in redox couples at 0.35V in acetonitrile. This lower 

oxidation potential has been reported in previous studies and is caused by the higher 

energy of the 5d orbitals compared to the 4d orbitals of ruthenium [8 8 ]. Also in the 

metallopolymers the low oxidation potential is due to the electron donating effect of 

the electronegative chlorine substituent. Scanning in the negative potential region 

shows irreversible peaks, presumably due to bipyridine reduction situated at -1.5V 

for the ruthenium polymers and -1.47V for the osmium polymers [37].

The spectroscopic and electrochemical behaviour of the metallopolymers 

from Table 3.3 is consistent with the [M(N)5C1]C1 moiety, and compares with those 

of analogous polymeric compounds [37]. In general, the ratio of metal centres to 

repeating units of polymer backbone is based on the ratio of the starting materials, 

assuming complete reaction. Extinction coefficients are also useful in verifying the 

metal loading [35,38,39,79],

3.3.2 Atomic Force Microscopy Analysis 
Introduction
Atomic force microscopy was first applied to polymer surfaces in 1988, shortly after 

its invention [89]. It is used primarily to reveal surface morphology, nano-structure, 

chain packing and conformation. It is a very sensitive technique and many problems

- 8 4 -
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may arise. Choosing the right mode of operation is necessary in order to optimise 

experimental conditions to provide non-destructive and reliable imaging. All 

measurements were performed in tapping mode as opposed to contact mode to avail 

of better sensitivity and reduced interaction with surface contamination. As discussed 

in section 2 .1.3.2 , in contact mode imaging the sample experiences both compressive 

forces that originate from the tip-sample contact, and shear forces that are attributed 

to the lateral scan movement. Both forces could induce elastic and/or plastic sample 

deformation. One disadvantage to tapping mode is that a slower scan speed is 

required than when in contact mode. The data is presented in both height mode and 

amplitude mode.

The commercial availability of an atomically smooth highly polished silicon 

wafer, along with a low cost and importance in the microelectronics industry has 

rendered it the most standard hard substrate used in polymer studies [90]. However, 

defects, roughness, inhomogeneties, or instabilities of the top layer of the silicon 

substrate influence experiments and are not under absolute control. A parameter 

characterising the substrate is the contact angle 9 [91]. It determines the wetting 

ability and measurement of flow. When the contact angle of a solid is < 90° it 

progressively b ecomes more hydrophilic as the angle decreases (i.e. the lower the 

contact angle the more hydrophilic the substrate).The silicon substrates were 

characterised p rior to p  olymer d eposition b y m easurement o f  t he d ynamic c ontact 

angle, and investigation of the surface topography by tapping mode AFM. For the 

solvent-rinsed substrates the contact angle was 45° ± 5° [92].

Figure 3.10 shows AFM height data for the solvent cleaned silicon substrate. 

The silicon surface is atomically flat, and has a maximal height variation within lnm. 

This precludes any influence of the substrate topography on the observed 

morphology after polymer deposition. The image was acquired with the maximum

- 85 -
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available number of pixels in each scan direction (i.e. the highest resolution), yet 
scan lines appear across the images. These are artefacts of the data acquisition. Poler 
at al. reports that imaging a silicon substrate in air with AFM is difficult, and it is 
rare when the entire surface is homogeneous [93]. The image shown in Figure 3.10 
and in the rest of this thesis, were subjected to a first-order plane fitting procedure to 
compensate for sample tilt, and if necessary, to a second-order flattening using 
Dimension imaging analysis tools. The flatten command removes the background. It 
calculates individual least-squares fit polynomials from all scan lines. The 
polynomials are then subtracted from each scan line. This has proved useful for 
samples that have sporadic, tall features in predominantly flat areas.

Figure 3.10 5umx 5fitn tapping mode AFM height data of solvent rinsed native oxide covered silicon

(100) substrate. The z-range is 2nm.

Morphology at different adsorption technique and concentration. 
[Ru(bpy)2(PVP)ioCl]Cl exhibits a good solubility in organic solvents like methanol. 
This allows for the formation of free-standing films by solution deposition and spin- 
casting techniques. The assembly and morphology of this polymer has been 
investigated on a solvent-cleaned native oxide covered silicon (100) substrate, as a
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function of the adsorption technique, and in the next section as a function of the 

concentration of the spin-cast solution. In this section the TM-AFM results of a 

series of polymer films formed by drop-deposition and spin-casting deposition will 

be presented. The main goal of this work is not to find a suitable functionalisation of 

the silicon substrate for stable polymer adsorption, but to observe the self

organisation and the morphology when the polymers are deposited from solution by 

applying different adsorption techniques.

Figure 3.11 shows height images of the polymer prepared by solution 

deposition. Solution drop-deposition involves adsorption where the solvent is 

allowed to evaporate slowly until complete (approximately 1 2  hours for methanol). 

No external sources such as spinning are used to speed up the evaporation process. 

The m orphology o f  t he polymer m ay b e characterised a s droplet-like i slands w ith 

lateral dimensions ranging from 45 to 50nm, and heights ranging from 80 to 90nm. 

These small islands form randomly across the surface. The surface is not 

homogeneous and larger features also form as indicated by the arrow (in Figure 3.11 

(c)). Layers of polymer are observed within this 500nm structure. This also has an 

average height of ~100nm. This type of sample preparation does not provide any 

representative information as each area imaged varies randomly across the surface.

- 8 7 -
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Figure 3.11 Tapping mode AFM images of [Ru(bpy)2(P VP) l0Cl]Cl] deposited by solution deposition: 

(a) 10pm x 10pm height image, z-range 200nm; (b) 1.227pm x 1.227pm height image, z-range 250nm; 

(c) 1.090pm x 1.090pm height image, z-range lOOnm; (d) 1.090pm x 1.090pm 3 dimensional plot of 

the surface topography in height mode, z-range lOOnm.

Figures 3.12 and 3.15 show height and amplitude data for the same polymer sample 
when spin-cast from solution. Spin-casting represents a technical process exerting 
shear stresses during film growth. It is a widely used process for applying a thin 
uniform film to a flat substrate. An excess amount of polymer solution is placed on 
the substrate. The substrate is then rotated at high speed in order to spread the fluid 
by centrifiigal force. Rotation is continued, with fluid being spun off the edges of the 
substrate until the desired film thickness is achieved. The solvent (methanol in these 
experiments) is usually volatile, providing for its simultaneous evaporation.
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998 IÌM

Data type Amplitude

Z range 0.02000 U

Figure 3.12 Tapping mode AFM images of [Ru(bpy)2(PVP),0Cl]Cl] deposited by spin-casting: (a) 

0.998pm x 0.998pm height data, z-range 1.7nm; (b) 0.998pm x 0.998pm amplitude data, z-range

0.02 V.

The mechanics of spin-coating of polymer films has been investigated in detail [94- 
98]. The process is a complex one to analyse because there are so many possible 
mechanisms to consider. Lawrence reports that spin-coating of polymer films may be 
considered as a three-stage process, where the final thickness and the uniformity of 
the polymer film are the most important physical quantities [94].
i). In the initial phase fluid is ejected rapidly. The effects of fluid inertia, 
Coriolis forces, and surface tension are important. In the first second of the 
process approximately 90% of the fluid is flung from the substrate leaving a 
much thinner film.

ii). The second phase incorporates most of the mechanisms that control the final 
film thickness: the flow is now a balance between viscous and centrifugal 
forces. During this stage there is a decrease in film thickness which is mainly 
due to the fluid flow, and the concentration boundary layer gradually 
becomes thicker.

- 8 9 -
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iii). The final phase is a transition to the final dry film. The fluid viscosity rises 

rapidly so that flow virtually ceases and further fluid loss is primarily due to 

solvent evaporation.

The higher the spin-speed, the thinner the films that are produced. In these 

experiments as the sample spins a colour change is observed on the silicon wafer. 

The variety in colour is dependent on the polymer and the density of the solution. 

The colours are due to the fact that different thicknesses of polymer film diffract 

different wavelengths of light. In spinning, the polymers thickness changes as it 

disperses evenly across the silicon wafer. The darker the colour observed, the thicker 

the film. The two processes of solvent evaporation used are very different. The 

striking difference between both methods of application is the presence of a 

centrifugal force in spin-coating and near-equilibrium adsorption in solution casting.

The structure of [Ru(bpy)2(PVP)ioCl]Cl spin cast from methanol reveals a 

thin granular film where the height of the scan in Figure 3.12 (a) is 1.658nm. The 

image reveals that the polymer forms sequences of ‘brighter’ and ‘darker’ regions 

with a repeat distance of between 25-40nm. The areas located between the ‘bright’ 

deposits (Circled areas in Figure 3.12 and 3.15) reveal the presence of small isolated 

areas that appear to have been ‘left behind’ during the deposition process. On 

zooming-in on such an area it appears that all these small objects are similar in size 

and shape; they are round-shaped, with what appears to be a ‘pinhole’ in the middle. 

It was checked that the appearance of these ‘doughnut-like’ shapes are independent 

of the parameters used for imaging, which indicates that they do represent the true 

structure of the polymer. The ‘doughnut-like’ like holes observed could be explained 

due to the spinning-process. One explanation is the dewetting process whereby an 

initially uniform film becomes unstable and breaks up into an array of droplets or
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holes [99], One mechanism of dewetting involves the nucléation and growth of 

isolated holes. The initial distribution of these holes is random and hence there is no 

particular length scale that characterises the morphology [100]. Another possibility is 

that the initial stages of dewetting consist of the unstable growth of capillary waves 

driven by attractive dispersion forces across the film. In this case the morphology is 

characterised by one particular length scale i.e. holes of similar size [101] A more 

detailed study of the formation of these holes is warranted. Film viscosity, interfacial 

tension and the thickness of the polymer film also effect the polymer film formation.

Digital Instruments Nanoscope Ilia roughness analysis software was used to 

interpret the morphologies further. By surveying the samples with several images it 

was observed that the surface was not fully homogeneous, and that a comparison of 

roughness analyses for the data of Figures 3.13 and 3.16 found that the first image 

was slightly smoother. However, overall the average value and ranges of the 

roughness parameters are used to draw conclusions about the degree of roughness on 

the surface. Table 3.4 lists the results from the roughness analysis.

Figure 3.17 Figure 3.20 Boxl Box 2

Rms Roughness 0.119nm 0.218nm 0.108nm 0.187nm

Z-Range 1.910nm 3.265nm 1.141nm 1.571nm

Table 3.4 Comparison o f  Rms (roughness) values fo r  Figures 3.18 and Figures 3.21

The surface is evaluated in terms of its roughness. Figures 3.13 and 3.16 show 

the roughness parameters. ‘Image statistics’ pertain to the whole image; ‘box 

statistics’ pertain to the region contained in the outlined box. The value of the mean 

roughness Ra is calculated as the deviations in height from the profile mean value

- 9 1  -
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[102] where Z is the sum of all height values divided by the number of data points

(N) in the profile [103]. Definitions of the values in the roughness analysis are:

i). Z-range: the difference between the maximum and minimum height recorded

in the image.

ii). Mean: the mean value of data contained within the image.

iii). Raw mean: the mean value of data without application of plane fitting.

iv). Img. Srf. Area: The three dimensional area of the analysed region. This area

is the sum of all the areas of all the triangles formed by three adjacent points.

v). Img. Srf. Area Diff: The percentage difference of the integrated area of the

image compared to the areas of the square, which would be represented by a

flat surface (i.e. the difference between the images three dimensional surface

area and its two dimensional footprint area).

vi). Rms (Rq): This is the root-mean-square of the roughness relative to a plane

drawn through the surface at the mean surface height (i.e., the standard

deviation of the Z values within a given area).

iNage S ta tis t ic s

I ng. Z range 1.910 nit 
I Mg. Hean -0.000000 dm 
iMg. Ran Mean 97.462 nM 
iMg. Rms CRO 0.119 hm 
iMg. Ra 0.092 nM

Bom S ta tis tic s

Z range 1.141 nM
Mean 0.005 nM
Raw Mean 99.879 nM
Rms CRqi 0.108 nM
Hean roughness (Ra) 0.085 nM 
Bom m diMension 411.30 nM
Bom y <li Mens ion 432.75 nM

0 200 400 600 800 nn

Figure 3.13 Roughness analysis of of [Ru(bpy)2(PVP) ¡0Cl]Cl] thin film. The surface topography is

characterised by its roughness value.
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In Figure 3.16 the height around the ‘doughnut-like’ areas is higher that those found 

in Figure 3.13. This is apparent on examination of the Z-ranges in the roughness 

analysis. The z-range in Figure 3.13 is 1.910nm and this increases to nearly double 

the height to 3.265nm in Figure 3.16. Along with this increase in Z-range the Rnns 

roughness increases significantly to 0.218nm. On analysis of the box Rrms roughness 

for Figure 3.16 a lower value of 0.187nm is observed. This corresponds to a decrease 

in the number of ‘doughut-like’ regions with a z-range of only 1.571nm. The values 

of the surface Rnils roughness are a good characterisation method for describing the 

surface properties of the investigated samples. By the roughness value it is possible 

to determine alternating height differences better than just by height parameters 

alone.

HM
Figure 3.14 Three dimensional plot of the surface topography from Figure 3.12 (a) in height mode, z-

range 1.7nm.
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Figure 3.15 Tapping mode AFM images of [Ru(bpy)2(PVP) l0Cl]Cl] deposited by spin-casting: (a) 

3.0pm x 3.0pm height image, --range 4nm; (b) 3.0pm x 3.0pm amplitude image, z-range 0.03 V.
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Figure 3.16 Roughness analysis of of [Ru(bpy)2(PVP) t0Cl]Cl] thin film.

In Figure 3.17 a typical cross-section of the image shows the topography in the 

direction of the black line. When analysing line scans across the sample typically a 

direction parallel or diagonal to the scanning line is used so they do not contribute to 

the line morphology [93]. The uniformity of the sample topography across the extent 

of the sample is affirmed by the agreement in each section analysis. The frequency
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spectrum of the line spectrum is mostly DC with a continuous tail. Any periodicity in 

the surface would be evident in the frequency spectrum as peaks at well-defined 

coherence lengths.
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Figure 3.17 Section analysis of of [Rn(bpy)2(PVP) I0CI]Cl] thin film. The spectrum gives information

of possible periodicity in surface features.

Figure 3.18 shows height data for a more concentrated sample of the 

[Ru(bpy)2(PVP)ioCl]Cl polymer (0.0075M solution) which was spun on the native- 

oxide covered Si(100) surface using the same parameters as the samples just 

discussed. The height scale is between 4nm and 5nm. The granular periodic features 

of Might’ and ‘dark’ areas are present, along with the doughnut-shaped holes. 

However, one difference between this sample and the previous is the presence of 

multilayers of polymer film. Roughness Rms analysis shows that with the thicker
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film the Rrms and z-range values have more than doubled to between 0.400nm, 

0.412nm and 9.061nm, 6.897nm respectively. An even more concentrated thicker 

polymer film is shown in the height data in Figure 3.20. The 0.0075M polymer 

solution was spin-cast at a slower speed and for a shorter period of time (2 .0 krpm for 

15 sec). The polymer morphology shows a fairly open porous structure, which is not 

completely homogeneous across the structure as shown in Figure 3.20 (c). The 

differences in the morphologies in Figures 3.18 and 3.20 clearly show that the 

dependency of film formation depend not only on the type of deposition process 

used, but also a strict control on the parameters chosen within that process (i.e. the 

solvent used; the spin-speed; the amount of solution used).

Figure 3.18 Tapping mode AFM images of [Ru(bpy)2(PVP) wClJCl] thin films: (a) 3pm x 3pm height 

image, ;-range 5nm; (b) 3.796pm x 3.796pm height image, 2-range 4nm.
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Figure 3.19 Roughness analysis of of [Rti(bpy)2(PVP) i0Cl]Cl] thin film.

Figure 3.20 Tapping mode AFM images of [Ru(bpy)2(PVP)¡aCl]Cl] deposited by spin-casting: (a) 

1.957/im x 1.957pm height image, z-range lOOnm; (b) Three dimensional plot of (a); (c) 5. Opm x 

5.0pm height image, z-range lOOnm; (d) Three dimensional plot of (c).
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[Os(bpy)2(PVP)ioCl]Cl is soluble in methanol and is also investigated by TM-AFM 

in an air environment. Solutions were spin-east onto solvent-cleaned native oxide 

covered Si(100). Similar to its ruthenium analogue the films formed are granular in 

their morphology with the z-range in Figure 3.21 equal to 2nm. The films appear 

homogeneous across the surface with ‘dark’ and ‘light’ areas with the doughnut-like 

holes similar to the ruthenium films. By the roughness value it is possible to 

determine alternating height differences better than just by height parameters alone. 

The osmium polymer films have a higher value of R^s roughness of 0.218nm and

0.208nm, than the ruthenium analogues.

Figure 3.21 Tapping mode AFM images of [Os(bpy)2(PVP)10Cl]CI] thin films: 2jjm x 2/jm height

image, z-range 2nm.
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Figure 3.22 Roughness analysis of of [Os(bpy)2(PVP) ¡0Cl]Cl] thin film. The surface topography is

characterised by its RMS roughness value
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7. 141 |kn I: Hrlçfct

Figure 3.23 Tapping mode AFM5pm x 5pm height images, z range I50nm, deposited by spin-casting: 

(a) [Os(bpy)2(PVP)5CI]Clfilms; (b) [Os(bpy)2(PVP),„Cl]Clfilms.

[Os(bpy)2(PVP)5Cl]Cl is also soluble in methanol. Figure 3.23 shows height data of 

the two osmium polymers when spin-cast from a concentrated solution. The 

morphology of these polymers indicates that these films have a fairly open, porous 

structure similar to the more concentrated spin-cast ruthenium polymer films (Figure
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3.20). The [Os(bpy)2(PVP)5Cl]Cl polymer appears to be more compact and 

homogeneous that the [Os(bpy)2(PVP)ioCl]Cl films. Contact mode AFM studies of 

the osmium polymer films under 0.1M aqueous L1CIO4 solution carried out by 

O’Mullane et al. show that these structures for the concentrated spin-cast polymers 

are maintained [104].

3.3.3 Photoelectron Spectroscopy Analysis
The key disadvantage of conventional AFM is the inability to carry out detailed 

chemical analysis. In the next part of this chapter, a complementary technique, 

photoemission spectroscopy (PES), which is a highly chemically specific technique, 

is used to investigate the solid-state electronic structure of the [Ru(bpy)2PVPioCl]Cl 

metallopolymer using synchrotron radiation (SR) photoemission. PES may also be a 

useful tool in the detection of common additives or contaminants in polymer 

technology -  such as detecting elements on ‘as-received’ samples in quality control 

operations which involve surface properties. The morphology of the thin films of the 

polymer used for the SR-based measurements is similar to that in Figure 3.12. The 

film structure exposes a small amount of the underlying silicon substrate. This 

coupled with the presence of adventitious carbon on the silicon substrates makes 

reliable analysis and interpretation of Cls spectra from the film extremely difficult.

Valence band spectra (hv = 60eV) taken from a silicon sample with and 

without an adsorbed polymer layer are shown in Figure 3.24. The overall shape of 

the spectrum changes only slightly when the polymer layer is present, and is 

dominated by the substrate valence band structure. However, an additional peak at a 

binding energy of 2.5eV is observed. This peak originates from the highest occupied 

molecular orbital (HOMO) of the polymer. With conventional photoemission it is 

problematic in the absence of a priori knowledge to identify the electronic character
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o f  the  peaks in  a v a len ce  b an d  spec trum . H en ce  th e  spec trum  in F ig u re  3 .25 y ie ld s 

little  in fo rm ation  b eyond  th e  en e rg e tic  po sitio n  o f  the H O M O  b elo w  th e  F erm i level.

B i n g i n g ^ e n e r g y  e V

Figure 3.24 Valence band spectra for (a) native oxide-terminated Si(l 11) substrate; (b) a thin 

fRu(bpy)2PVP,0CilfiItn on the SiOVSi(J 11) substrate.

Binding Energy (eV)

Figure 3.2S The highest occupied molecular (HOMO)-derived peak of the [Ru(bpy)*PVP kJC'IJfilm

visible from Figure 3.24.
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Figure 3.26 shows the N ls  core level photoemission spectrum (hv = 400eV) for the 

[Ru(bpy)2PVPioCl] polymer. The spectrum is relatively broad indicating the possible 

presence of two components. In their XPS studies of organic compounds Beamson 

and Briggs reported that the polymer poly(4-vinyl)pyridine (PVP), exhibits a single 

N ls core level peak at 399.34eV [105]. Rensmo at al. have carried out photoemission 

studies on ruthenium-polypyridine complexes [106], The main complex studied, 

[Ru(dcbpy)2(NCS)2] {cAv-ô/,vf4,4’-dicarboxy-2,2’-bipyridine)-é/.v-(isothiocyaaato)- 

ruthenium(II)}, shows two peaks in the N ls spectrum. The N ls peak associated with 

the negatively charged NCS' ligand is significantly shifted towards lower binding 

energy with respect to the pyridine N ls peak (398eV and 399.5eV respectively).

------- 1------- .------- 1------- 1------- 1------- <------- 1------- 1------- 1-------
404 402 400 398 396

Binding Energy (eV)

Figure 3.26 N ls core level spectra for a thin [Ru(bpy)2PVP 10Cllfilm on the S iO JSi(lll) substrate.

As the two different nitrogen environments (those from the PVP environment and 

those from the metal centred-bipyridine environments) are unresolved in Figure 3.26, 

NEXAFS (Near edge X-ray absorption Fine Structure spectroscopy) measurements
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were carried out in parallel to the photoemission experiments. In a NEXAFS 

experiment, unoccupied conduction states are probed by excitation of core electrons 

to these levels. In this study the lowest unoccupied states for this polymer is expected 

to be ligand centred. In the N ls NEXAFS spectrum in Figure 3.27 the first 

resonances reflect the electronic structure of the lowest unoccupied states, i.e. the 

bipyridine-like environment. In the N ls NEXAFS spectrum obtained for the model 

complex Ru(bpy)32+.2 Cf, reported by Westermark at al., the major resonance for the 

pyridine nitrogens was observed at 399.8 eV, followed by three minor resonances at

1.2, 2.7 and 4.2eV above the major resonance [107]. They report that the effect of 

introducing a doubly charged central ruthenium ion complexing to the nitrogens is 

basically twofold. This will lead to a lowering in the electronic energy levels, 

resulting in higher b inding energies o f  the N ls level. This effect will r esult in an 

upward shift in the energy of the NEXAFS spectrum (thus appearing at higher 

photon energies). The presence of a central ion will also lead to a general shift of 

electron density toward the nitrogen atom region. This polarisation effect will result 

in a general appearance o f  new peaks (i.e. the minor resonances) in the spectrum, 

since the unoccupied orbitals will gain density on the nitrogens. The first resonance 

due to the lowest unoccupied states of the bipyridine ligand surrounding the central 

ruthenium metal environment in Figure 3.27 is indicated at 399.36eV followed by 

the second nitrogen component from the PVP environment at 400eV.
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Figure 3.27 N ls NEXAFS spectrum for a thin [Ru(bpy)2PVPj0Cllfilm on the S i02/Si(l 11) substrate.

Figures 3.28 and 3.29 show the core level spectra for C12p (hv = 250eV) and Ru3p 

(hv = 550eV) for the [Ru(bpy)2PVPioCl] polymer respectively. The C12p spectrum is 

broad and may be resolved into two peaks corresponding to its spin-orbit 

components. C12pi/2 at 199.5eV and C12p3/2 at 198.3eV. These values are only 

shifted by ~0.4eV when compared to data obtained for a single crystal of the RuC^ 

model complex [108]. Pollini reports two resolved peaks for the C12p spectrum at 

199,leV and 197.6eV. This shift is due to a shift of electron density toward the 

nitrogen atom region due to the presence of the bipyridine ligands. The spectrum in 

Figure 3.29 shows the ruthenium 3 pi/2 and 3 p3/2 spin orbit components at 486.9eV 

and 472.67eV respectively. There has been detailed photoemission studies of the 

electronic character of RUCI3 , RuC>2 and a single Ru crystal [108], The peak position 

determined for the Ru3p core levels are outlined in Table 3.5.
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Binding Energy (eV)

Figure 3.28 Cl2p core level spectra for a thin [Ru(bpy)¡P VP¡0Cll film on the SiOVSi(. 111) substrate.

F * 3 g y lc V l

Figure 3.29 Ru3p core level spectra for a thin [Ru(bpy):PVPi0Cll film on the SiOVSi(l 11) substrate.
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3p3/2 3pi/2
RuCl3 single crystal [108] 462.5eV 484.8eV

RuC13 powder [108] 462.3eV 484.6eV

Ru02 powder [108] 462.3 eV 484.7eV

Ru single crystal [108] 461.2eV 483.3eV

[Ru(bpy)2PVP]„Cl] 472.67eV 486.9eV

Table 3.5 Ru3p core level values for some ruthenium based systems.

A clear shift towards higher binding energy is seen for the Ru 3 p3/2 core level when 

compared to the R11CI3 model. This difference is attributed to the complexation of 

ruthenium with the bipyridine ligand. Joseph at al. report a similar shift of the Ru 

3 p3/2 core level spectrum by lOeV to 473eV [109]. This shift has been reported to be 

due to the charge transfer from the ligand to the metal.

3.4 Conclusions

A series of metallopolymers based on PVP containing ruthenium or osmium bis-

(2 ,2 ’-bipyridyl) centres have been synthesised using microwave radiation as an

alternative route to conventional heating. These polymers have been characterised 

using spectroscopic techniques (UV-VIS, emission) and electrochemical methods. 

The results compare with those of analogous polymeric compounds reported in the 

literature [37] and have the structure [M(bpy)2PVPnCl]Cl where M is the metal

centre and n is either 5 or 10.

The self-assembly and the morphology of [Ru(bpy)2PVPioCl]Cl has been 

investigated using tapping mode AFM, as a function of both the adsorption technique 

employed, and the concentration of the solution. Drop-cast solutions may be 

characterised as droplet-like agglomerates which appear to form randomly across the 

substrate. Spin-cast solutions dewet the substrate via a mechanism which leads to the 

formation of thin films (~ 1.6 6 nm in height) with a granular nature. Small pin holes
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of bare silicon are also observed which represent locations where the polymer film 

has ruptured via a dewetting mechanism. The morphology of the same polymer 

deposited at slower spin speeds and higher concentrations highlights the importance 

of controlling the deposition parameters. The resulting morphology shows an open 

non-uniform porous structure with the film height fluctuating between 50-1 OOnm.

The self-assembly of [Os(bpy)2PVP„Cl]Cl (where n is 5 or 10), from solution 

via spin-coating deposition has also been investigated by tapping mode AFM. The 

osmium polymers have higher values of rms surface roughness than their ruthenium 

analogues, and the morphology of these polymers indicates that these polymers also 

have a fairly open, porous structure similar to the concentrated ruthenium polymer 

described above. However, the [Os(bpy)2PVP5Cl]Cl structure appears to be more 

compact and homogeneous than the [Os(bpy)2PVPioCl]Cl films.

The electronic structure of the polymer [Ru(bpy)2PVPioCl]Cl has been 

investigated with synchrotron radiation photoemission. In the valence band spectra 

the peak at a binding energy of 2.5eV originates from the highest occupied molecular 

orbital (HOMO) o f  t he polymer. T he N 1 s s pectrum i ndicates t he p resence o f  t wo 

different chemical environments which is shown by the N ls NEXAFS spectrum. The 

Ru3p core level spectrum shows a shift towards a higher binding energy which is 

indicative of the presence of the 2 ,2 ’-bipyridine ligands when compared to the RUCI3 

model compound. More comprehensive photoemission work is needed to elucidate 

fully the molecular orbital conformation of this polymer.
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S t u d i e s  o f  a  F u n c t i o n a l i s e d  C a r b o n  N a n o t u b e  S y s t e m

C h a p t e r  4

Chapter 4 details the modification of multi-walled carbon nanotubes with an 

inorganic ruthenium complex. The reasons for this modification are outlined at the 

beginning o f the chapter, where an introduction to carbon nanotubes is given, 

followed by a discussion on some of their possible applications. The linkage is 

carried out by forming of an amide group and the resulting ruthenium-functionalised 

carbon nanotube assembly is characterised using spectroscopic and scanning probe 

microscopy techniques. The techniques suggest that the reaction is successful. The 

final section of the chapter briefly describes the reaction of a n C-labelled molecule

with multi-walled carbon nanotubes.

"Wefind comfort among those who agree with us -  growth among those who don 7 "

Frank A. Clark
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4.1 Introduction to Carbon Nanotubes

Carbon nanotubes were first discovered by Sumio Iijima of the NEC Corporation in 

1991 [1]. When voltage was applied between two carbon electrodes contained within 

an argon environment, carbon needles were observed on the negative electrode and 

examined by transmission electron microscopy (TEM). These appeared to be 

microtubules of graphitic carbon, most containing multiple shells, like concentric 

hollow cylinders. These macromolecules became known as carbon nanotubes 

(CNTs). Since their discovery, CNTs have excited scientists and engineers with their 

wide range of unusual physical properties. These outstanding physical properties are 

a d irect r esult o f  t he n ear-perfect m icrostructure o f  t he C NT w hich, a 1 1  he a tomic 

scale, may be thought of as a hexagonal sheet of carbon atoms rolled into a seamless, 

quasi-one-dimensional cylindrical shape. It has been suggested that CNTs have 

tensile strengths twenty times that of high strength steel alloys, are half as dense as 

aluminium, have current carrying capacities 1 0 0 0  times that of copper, and transmit 

heat twice as well as pure diamond [2 ],

4.2 Properties of Carbon Nanotubes

Like graphite, CNTs are comprised of interconnected six-member rings, or hexagons 

of carbon atoms. These hexagons of carbon span the entire surface of a nano tube and 

are the source of the many impressive qualities of CNT. The spatial orientation of the 

hexagon with r espect to the length of the nanotube is not fixed, resulting in three 

chirality classifications for nanotubes -  armchair, zigzag and chiral. The geometry of 

a particular nanotube is best described in terms of the unit cell of the CNT, as shown 

in Figure 4.1. The atomic arrangement of the CNT is described by the chiral vector 

which is defined by:
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c = n?ii + m&2 (4.1)

where ai and a2 are unit vectors on the 2-D hexagonal lattice, and n and m are 

integers. Using this description [3], the chiral angle (0) and diameters (d,) of the CNT

are given as:

0 = tan-l '  V3w A
2m + n (4.2)

m2 +mn + n2 (4.3)
71

where ac.c is the distance between neighbouring carbon atoms in a flat graphene sheet 

(approx 0.142nm).

(5 ,5) arm chair nanotube

(b) arm chair

Figure 4.1 (a) The relationship between the graphite lattice basis vectors and the chiral vectors used 

to characterise nanotubes; (b) The limiting cases are shown: (n, 0) indices are associated with zigzag 

tubes whereas (n, n) indices are associated with armchair tubes. All other tubes are chiral, (c) 

Diagrams of examples of the three types of nanotube [3],

(10,5) chiral nanotube

(9,0) zigzag nanotube
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Armchair nano tubes are formed when n = m. Zigzag nano tubes are formed when 

either n or m is zero and the chiral angle is 0°. All other nanotubes with chiral angle 

intermediate between 0° and 30° are known as chiral nanotubes. CNTs with different 

chiral vectors (n, m) will have different atomic configurations. The electronic 

properties have been found to be strongly dependent on the chirality of the CNT. By 

changing the tube diameter or its helicity, the electronic properties may be changed 

between metallic or semiconducting [4,5], For example, a CNT will be metallic when 

the chiral v ector satisfies the r elationship n -m =31, where I is an integer, while a 11 

other nanotubes will be semiconducting. A theoretical prediction is that armchair 

nanotubes are metallic.

CNTs may be further classified into three broad categories: single-walled 

nanotubes (SWNTs), multi-walled nanotubes (MWNTs) and nanotube bundles or 

ropes. SWNTs consist of a single layer of carbon atoms wrapped into a cylindrical 

shape, which may or may not be capped on each end by one half of a fullerene 

molecule (see Figure 4.1(c) ). Typical diameters for SWNT are on the order of lnm, 

while lengths are often on the order of pm. Both this diameter and the length are 

typically dependent on the particular technique used to create the nanotubes. 

MWNTs consist of several concentric layers (or shells) of individual carbon 

nanotubes that are weakly coupled to each other through Van der Waals forces. The 

diameter and number of shells comprising a MWNT is again dependent on the 

fabrication process, although diameters on the order of 30nm have been routinely 

reported [6,7], Nanotube bundles or ropes consist of several to hundreds of SWNTs 

or MWNTs arranged in a closest-packed two-dimensional lattice [8,9]. Within these 

bundles, the nanotubes normally display a mono-disperse range of diameters, with 

adjacent tubes weakly coupled via Van der Waals interactions.
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An in-depth discussion of nanotube fabrication techniques and characterisation 

methods is beyond the scope of this chapter. Due to experimental conditions, the first 

nanotubes observed were predominantly MWCTs [1]. A year later (1992), two 

independent research groups found that by adding small amounts of transition 

metals, namely cobalt, nickel, or iron, growth would favour SWNT [10,11]. Called 

the arc-discharge method, this type of production resulted in nanotubes with few 

structural defects and is still widely used in the field of nanotube production, Other 

fabrication methods used to date include: chemical vapour deposition (CVD) [2,12]; 

laser ablation [8 ]; and high-pressure carbon-monoxide conversion (HiPco) 

techniques [13], A great deal of research is focused on both limiting the defects 

within the nanotubes and increasing the production yields from nanotube processing 

techniques. As interest from the scientific community continues to expand, it is 

expected that nano tube fabrication techniques will continue to develop.

4.3 Device Applications of Carbon Nanotubes

CNTs are a contender for device elements in the next evolution of computers because 

of their impressive electronic properties. As previously discussed, theoretical work 

has predicted that nanotubes may be metallic or semiconducting depending on their 

chirality [4,14]. Experimental work involving STM and tunnelling spectroscopy has 

already confirmed these electronic properties [15,16]. Conductivity measurements 

for individual SWNT have been made [17], and an effective field-effect transistor 

has been successfully engineered and demonstrated [18]. In that case, a SWNT that 

was 1 .6 nm in diameter was manipulated into place using a tip of an atomic force 

microscope. Once placed on the metal contacts, the semiconducting tube behaved 

like the channel in a field-effect transistor, turning on or off depending on the applied 

gate voltage. Electronic transport in metallic CNTs occurs without backscattering of
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electrons, therefore they are able to carry a large current without heat building up 

[19,20], The high conductivity is the result of the unmodified bond structure running 

the length of the nanotube. The conductivity is reduced as more scattering sites are 

introduced, either through physical or chemical means [2 1 ].

The development of electronic devices based on nanotubes is hampered by 

the inability to produce CNTs with the exact desired electronic properties. Only one 

third of all CNTs produced in fabrication techniques are truly metallic. The 

remaining two thirds are semiconductors. Tubes are normally produced as random 

mixtures of metallic and semiconducting tubes with a different range of band gaps. 

While it is possible to measure the electronic properties of single tubes and then 

choose the right one for a given experimental set-up, any large scale application 

would depend on selective synthesis or efficient separation. A huge research effort is 

currently focused on finding the optimal ways of growing nanotubes in specific 

locations, orientations, shape and sizes [22]. Other recent demonstrations of 

nanotubes as diodes [23,24], transistors [25], and as three- and four-terminal devices 

[26] further support the possibility of using CNTs as building blocks for nanometre

sized electronic devices.

hi this chapter, the attempted covalent linkage of a ruthenium poly(pyridyl) 

complex to amino-functionalised MWNTs will be described. The objective of this 

work is the fabrication of interconnected carbon nanotubes with potential application 

as components in nanoscale devices. The inclusion of a ruthenium complex is not 

essential for creating CNT interconnects. However, due to their rich range of 

photochemical and photophysical properties (as discussed in section 3.1.2) 

[27,28,29] ruthenium complexes, acting as nanotube linkers, could be essential in 

sensing applications through electrochemical monitoring of the change in redox 

potential, or in transistor applications, through photophysical and electrochemical
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switching of the contact between MWNTs. A schematic representation of a possible 

interconnected carbon nanotube junction is shown in Figure 4.2. This junction is 

backgated through an underlying silicon gate or by metal contacted MWNT 2.

4.4 Experimental

[Ruthenium (4, 4 ,-dicarboxy-2,2’-bipyridyl) (2,2’-bipyridine) 2] (PF?) 2 {1}

This w as sy nthesised a nd c haracterised u sing t he p rocedure r eported i n r eference 

[30] by Dr. W. Browne.

Amino-functionalised MWNTs {3}

The amino-functionalised MWNTs were produced by catalytic chemical vapour 

deposition and obtained from Nanocyl S.A (Namur, Belgium) [31].

Ruthenium-functionalised MWNT assembly {4}

10 mg (0.011 mmol) 1 was dissolved in 15 ml thionyl chloride. The reaction mixture 

was refluxed under an argon atmosphere for 5 h. The thionyl chloride was removed 

by vacuum distillation. The remaining solid 2 was partially dissolved in 

dichloromethane (DCM). 2 mg of 3 were sonicated in 5 ml DCM for 2 min, and then
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added to the refluxed mixture 2. 10 ml of triethylamine was added. The solution 

reaction mixture was stirred at room temperature under an argon atmosphere for 72 

h. To remove the solvent, the reaction mixture was filtered, and then washed with 

DCM. The reaction product was placed in 20 ml DCM and sonicated for 2 min. The 

solution was then allowed to settle for 24 h. Excess 3 settled at the bottom, while the 

‘Ru-functionalised MWNT’ product(s) are solubilised. A colour change from dark 

red-orange (2) to dark brown-green (product 4) was observed after the reaction was 

completed.

Atomic Force Microscopy

A set of 1cm2 SiCh pieces of wafer were cleaned by sonication in acetone and 

ethanol for 5 min each, and then gently boiled in fLOa'.NH^H^O (1:1:5) solution for 

25 min. The wafer pieces were rinsed with Milli-Q water and dried under argon. A 

1% (v/v in Milli-Q water) solution of 3-(aminopropyl)triethoxysilane (APS, Aldrich), 

was dropped onto a cleaned wafer piece and allowed to react for up to 10 min. The 

wafer pieces were rinsed with Milli-Q water and dried under argon.

i). A sample of the amino-silanised silicon oxide wafer was imaged using TM- 

AFM.

ii). 2 mg MWNT-NH2 were sonicated in 5mls Milli-Q water. This nanotube 

suspension was drop-cast onto a silanised wafer, and allowed to stand for 1 0  

min. The wafer was then rinsed with Milli-Q water and dried under argon. 

TM-AFM analysis was carried out.

iii). Homogeneous solutions of 4 were obtained. This Ru functionalised-nanotube 

containing solution was drop-cast onto a piece of silanised wafer, and 

allowed to stand for up to 10 min. The wafer pieces were rinsed with Milli-Q 

water and dried under argon. TM-AFM analysis was carried out.
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Absorption and Emission Spectroscopy

Emission and UV/Vis absorption spectra of 1, 2 and 4 were recorded in 

dichloromethane using the instruments described in section 3.2.1

MWNT-NH2 {3} reaction with 13 C-labelled molecule {A}

50mg (0.3mmol) 13C-labelled bridge molecule, terephthalic-carboxy-i3C2 acid 

(Aldrich) {A} was dissolved in 15ml thionyl chloride. The reaction mixture was 

refluxed under an argon atmosphere for 5 hours. The thionyl chloride was removed 

by vacuum distillation. The remaining solid B was dissolved in dichloromethane 

(DCM). 2mg of amino-functionalised MWNTs {3} were sonicated in 5ml DCM for 

2min, and then added to the refluxed mixture B. 10ml of triethylamine was added. 

The solution reaction mixture was stirred at room temperature under an argon 

atmosphere for 72 hours. All solvents were removed by vacuum distillation. The 

reaction products were placed in 5mls DCM. The solution was sonicated and allowed 

to settle for 48 hours. Excess 3 settled at the bottom, leaving chemically modified 

carbon nanotubes in solution (Products C, D, E}.

4.5 Results and Discussion

4.5.1 Introduction

Carbon nanotubes are a good platform for functionalisation, especially with a view to 

applications in molecular electronic devices. Attachment of functional groups, such 

as aliphatic carbon chains to CNT may dramatically increase the solubility of 

nanotube material. Chemical modified nanotubes may be fixed on a surface via 

chemical bonds from the surface to the nanotube. Organic molecules like dyes, 

proteins or nucleic acids may be coupled with functionalised nanotubes for sensor 

applications. Side-wall functional groups react with polymers and improve the
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mechanical properties of nanocomposites [32]. Tubes interconnected by chemical 

bonds will have a reduced contact resistance in conducting and transparent layers 

[33]. Furthermore, even for interconnection purposes in nanoscale circuits, suitable 

functionalisation provides an attractive method to link individual tubes to form more 

complex networks.

A wide range of approaches toward organic nanotube chemistry has been 

developed. These include: defect functionalisation [34]; covalent functionalisation 

[35]; and non-covalent functionalisation [36] (for example, formation of 

supramolecular adducts with surfactants and polymers). Covalent sidewall 

functionalisation has been earned out on SWNTs. This has been achieved through: 

electrochemical reduction of aryl diazonium salts [37]; a co-ordinately unsaturated 

Vaska’s compound [38]; and using 1,3-dipolar cyclo-additions [39,40], The 1,3- 

dipolar cyclo-addition of azomethine ylides generated in-situ by thermal 

condensation of aldehydes and a-amino acids gives rise to soluble functionalised- 

CNT materials [33]. Azomethine ylides are very reactive intermediates and attack 

efficiently the vast ;r-system of the CNT, both at the tips and the sidewalls. Using 

this type of chemistry, a large number of pyrrolodine rings fused to the carbon- 

carbon bonds of CNTs are produced. End-to-end and end-to-side SWNT 

interconnects were formed by reacting chloride terminated SWNTs with aliphatic 

diamine [25],

The proposed synthetic route for the linkage of the ruthenium complex with 

MWNTs is shown in Figure 4.3 [50]. Covalent attachment of functional groups to 

CNT has almost exclusively been achieved using ester or amide linkages. Amides 

have been the primary linkage for nanotube interconnects [25], the covalent 

attachment of proteins [41,42], DNA [43,44], nanocrystals [45,46], and metal 

containing complexes [36,47]. Amide connections are produced by a chemical
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reaction between starting products with carboxylic acid and free amino groups. The 

starting ruthenium complex 1 is first converted into its acyl chloride 2. This is 

achieved by heating the acid at reflux in thionyl chloride giving the acyl chloride, 

which is extremely reactive and must be used immediately. The CNTs used in this 

work are open-ended MWNT functionalised with amino (-NH2) groups. [Ruthenium 

(4,4’-dicarboxy-2,2’-bipyridyl) (2 ,2 ’-bipyridine)2].(PF6) 2  is a very suitable ruthenium 

moiety as it contains two carboxylic acid groups which are available for reaction. In 

addition the photophysical/photochemical properties of this complex are well 

understood [28].

SOCk 
-------------- ►
Reflux 5 h,

Ru(bpy)2

2

+

3  MWNT-NH2

DCM
Triethylamine
Ar

Ru(bpy)2

4
Figure 4.3 The proposed synthetic route for the linkage of the ruthenium complex with M W N T .  l[Ru 

(4,4'-dicarboxy-2,2’-bipyridyl) (2,2 ’-bipyridine)2]-(PF^2: 2 Corresponding acid chloride ofl; 3 

Amino-functionalised open-ended MWNTs.; 4 Reaction product ‘ruthenium-functionalised M W N T ’.
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In general it is very difficult to obtain unambiguous analytical data of functionalised- 

CNTs allowing for a satisfying structure interpretation. This is related to the fact that 

the CNT used as starting materials: a) aggregate as rather insoluble bundles of 

different diameters making a selective chemistry difficult; b) vary greatly in length 

and diameter; and c) possess a range of helicities and defects both at the tube ends 

and on the sidewalls [48]. Moreover, it is difficult to obtain CNTs that are free from 

impurities such as amorphous carbon and metal catalyst particles. As a consequence, 

functionalised-CNTs represent an extremely poly-disperse mixture of compounds, in 

most cases, undefined or difficult to define purity [49]. The characterisation of 

functionalised CNTs relies on UV/Vis, Raman, and FT-IR spectroscopy. Standard 

techniques for molecular structure characterisation such as liquid nuclear magnetic 

resonance (NMR) spectroscopy or mass spectroscopy are of limited use or cannot be 

applied because of the poor solubility. Transmission electron and atomic force 

microscopy are routinely employed.

4.5.2 Characterisation o f Starting Amino-functionalised MWNTs

The amino-functionalised MWNTs contain the free amino groups for reaction with 

the ruthenium complex 1. The NH2-MWNTs were fully characterised using 

techniques that include XPS, 1R spectroscopy and STM by Konya et al. [31,50], 

They are open-ended and 200-300nm in length. In the IR spectra, characteristic 

bands due to C-NH2 (1400cm'1) are observed. Their STM analysis suggests that the 

amino groups organise in islands. This is shown in the topographic images in Figure 

4.4. Konya et al. report that the nanotubes were ultrasonicated in toluene and droplets 

of suspension placed on highly oriented pyrolytic graphite (HOPG) [31]. Small 

islands of functional groups which are bound to defects were observed with STM on 

the nanotube surface. Due to the presence of the functionalised islands, the exterior
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wall of the CNT cannot come close enough to the HOPG surface to establish strong 

Van der Waals interaction which would fix the nanotube to the support. This allows 

the functionalised MWNTs to be moved with the tip of a STM for example to certain 

‘markers’ on the support, and has proved useful in further characterisation [31]. The 

MWNT-NH2 do not dissolve in dichloromethane or any aqueous/non-aqueous 

solvent. Suspensions of MWNT-NH2 may be formed by ultrasonication. However, 

the tubes tend to fall to the bottom of the solvent when allowed to settle.

Figure 4.4 (a) 3D  constant current topographic S T M  image showing amino island (black arrowsj on 

surface of M W N T ;  (b) Top view topographic consecutive S T M  images of individual amino- 

functionalised M W N T  shifted by the scanning tip on HOPG. Horizontal arrows indicate amino 

islands, vertical arrow indicates marker cut in H O P G  [31,50],
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4.5.3 Absorption and Emission Spectroscopy o f Modified Nanotubes 

UV/Visible absorption spectroscopy was carried out in dichloromethane for the 

starting ruthenium complex 1, the corresponding acid chloride 2, and the Ru- 

functionalised MWNT assembly 4. As already mentioned, MWNT-NH2 does not 

dissolve in dichloromethane, however homogeneous solutions of 4 were obtained. As 

described in section 3.1.2 ruthenium poly(pyridyl) complexes are typically 

dominated by two intense bands in the visible region of the spectrum. Strong n-n*  

bands appear in the region of ~ 285nm due to the pyridine rings. The bands in the 

visible part of the spectrum have been assigned to metal-to-ligand-charge transfer 

('MLCT) transitions from the metal localised orbital Ru (d?r) to the ligand localised

3fi i
orbital, bpy(n ) orbitals [29,30], The characteristic d n  MLCT band typically 

appears in the region of ~ 450 - 500nm.

The starting ruthenium complex 1 has characteristic absorption bands at 

285nm and 454nm. The corresponding acid chloride 2 exhibits a red shift to 286nm 

and 498nm. For the final product 4 bands at 290nm and 459nm are observed. The 

exact Kmax for 1 and 4 varies only slightly and are very similar. Therefore these 

cannot give a precise answer to whether the reaction scheme in Figure 4.4 was 

successful. However, this is the first indicator of any differences in the properties of 

the ruthenium centres brought about by the introduction of a different functional 

group on one of the bpy ligands.
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Wavelength (nm)

Figure 4.5 The JJV/Vis absorption spectra of [Ru(4,4 ’-dcbpy)(bpy)2](PF6) 1 (blue), andRu- 

functionalisedMWNT assembly 4 (red) in dichloromethane.

Figure 4.6 shows the emission spectra obtained for the starting ruthenium complex 1, 

the corresponding acid chloride 2, and the Ru-functionalised MWNT assembly 4. All 

materials exhibited room temperature emission in dichloromethane. The emission 

spectrum for 1 shows a characteristic maximum at 629nm. The corresponding acid 

chloride 2 results in a red shift to 719nm. It has been shown that the introduction of 

an electron withdrawing substituent into a bpy ring shifts the emission maximum to 

lower energy (the electronegative chlorine substituent) [51], The red shift of the 

emission here is an indicator that the excited state is located on the substituted bpy 

ligand. Emission occurs from the lowest energy level to the ground state. This is the 

result of a reduction in the t2g 3MLCT energy gap, resulting in lower emission 

energy. These shifts are as expected [30], The Ru-functionalised MWNT assembly 4
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has a maximum at 609nm, a blue shift of 108nm compared with 2 and 20nm 

compared with 1. These changes in the peak maxima suggest that a reaction has 

occurred between 2 and 3 [29,30],

____  ___ ___ _____________ _____  ___  ____________ Chapter 4

550 600 650 700 750 800 850

W avelength (nm )

Figure 4.6 Emission Spectra of starting ruthenium complex 1 (blue), chlorinated product 2 (green), 

and Ru-functionalisedMWNT assembly 4 (red) in dichloromethane.

Compound i (absorption) A-max t (emission) f̂ max

nm 298K, nm

r 285,454 629

2 286, 498 719

4 290,459 609

Table 4.1 Absorption and emission spectroscopy results.

The absorption and emission spectra do not provide the necessary proof that the 

ruthenium complex was successfully attached to the MWNT. A non-covalent 

attachment may lead to a shift in the peak maxima of absorption and emission
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spectra as well. The colour change from dark red-orange to dark brown-green 

observed after the reaction product was placed in fresh dichloromethane may be a 

result of Rum complexes which can be a side product of the reaction [29,30].

4.5.4 Atomic Force Microscopy o f Modified Nanotubes

The sp2 hybridisation of carbon makes possible a large variety of tubular carbon 

based nanostructures such as multiwalled and singlewalled carbon nanotube Y-, T-, 

L- and H-junctions, as well as simple and multiple coiled nanotubes [52], 

Experimental observation of spontaneously branched MWNTs produced by the arc- 

discharge method was first reported by Zhou et al. in 1995 [53]. L-, Y-, and T- 

junctions were observed by TEM. The formation of these junctions was totally 

random. To date L-, Y-, T-, H-junctions, and three dimensional CNT webs are either 

achieved during nanotube growth [31,50,54], or by later processing steps such as 

functionalisation and interconnecting through bonds [55].

Figure 4.7 (a) Multiwall, symmetric Yjunctions with well developed central hollow; (b) Yjunction 

with the triangular amorphous particle at the joining of the branches (scale bar 100 nm); (c) double Y 

junction; (d) S E M  image of an area showing several multi-junction tubes [56],
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The interest in these junctions lies primarily in the development of CNT-based 

circuits. To construct a network, the simplest basic building elements one can use are 

Y- or T-junctions. Nanodevice elements including junctions in transistors, p-n 

junctions in diodes, and metal-oxide-semiconductor junctions all need such 

connections [57]. AFM may be a useful technique for characterisation of chemically 

modified CNTs. Chiu at al. reports the chemical modification of CNTs by attaching 

chemical functional groups to the sidewalls and open ends which can be used to 

interconnect nanotubes [24]. In their study they report that statistical analysis from 

the AFM images shows that around 30% of the fiinctionalised nanotubes form the 

intermolecular T- and Y-junctions, whereas less than 2% of the pristine nanotubes 

show similar junctions [58].

Figure 4.8 shows TM-AFM height and amplitude images of the amino- 

silanised silicon oxide wafer. These are used as a reference prior to deposition of 

nanotube containing solutions. The uniform flatness of the substrate is shown using a 

height range of 5nm. Figures 4.9 and 4.10 show typical images of the MWNT-NH2 

on the amino-salinised silicon oxide wafer.

Figure 4.8 3 p m  x 3p m  T M - A F M  height (left) and amplitude (right) images of the amino-silanized 

silicon oxide wafer. Left: height z = 5nm, right: amplitude data z = 90m V.
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Figure 4.9 7.436/jm x 7.436fxm TM-AFMheight (left) and amplitude (right) images of M W N T - N H 2 

Left: height s = 75nm, Right: Amplitude z=90mV.

Figure 4.10 2.623jum x 2.623[im T M - A F M  height (left) and amplitude (right) images of M W N T - N H 2 

Left: height z = 50nm, right: amplitude Z=50mV.

The tubes were sonicated in solvent to form a suspension is solution, which was 

drop-cast immediately onto the wafer. TM-AFM of MWNTs was achieved by drop- 

casting the nanotube suspension onto an amino-silanised silicon oxide wafer after 

treatment with 3-(aminopropyl)triethoxysilane solution. The silanisation treatment 

allows for washing of the wafer without removal of nanotubes as they stick to the 

functionalised surface through non-covalent interactions. Amplitude data
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complements the height data as it shows the edges of the nanotube features more 

clearly.

Homogeneous solutions of 4 were obtained. As the ruthenium-functionalised 

MWNT assembly 4 is drop-cast from a DCM solution, some residual solvent may 

stick to the surface, resulting in AFM images that are not as clean as reported images 

using aqueous nanotube containing solution [59]. A TM-AFM image is shown in 

Figure 4.11. MWNTs are indicated in these images by the white lines. Multiple 

junctions are observed distinct from naturally occurring splitting of MWNT ropes 

which are observed in Figure 4.9.

1 . 0 0

0

Figure 4.11 T M - A F M  image of amide linked M W N T  interconnects.

As the amino functionalisation occurs in islands, it is expected that MWNTs are 

interconnected through more than one ruthenium complex. The AFM images present 

strong evidence that the reaction scheme in Figure 4.3 was successful and a linkage

-133-



Chapter 4

between MWNTs and the ruthenium complex was achieved due in the increase in the 

number of T- and Y-junctions after the reaction.

A close up of a typical T- and Y-junction is shown in Figure 4.12. To verify 

that the tubes are not just overlapping, height analysis was carried out. Nanotube 1 

has an approximate height of 7.5nm above and below the junction. Nanotube 2 is 

5.6nm along its entire tube. The Y-junction has a height 9.3nm both parallel and 

perpendicular to either nanotube 1 or 2. This indicates that nanotube 1 and 2 are not 

overlapping which if occurring would result in a height in excess of 13nm. A similar 

observation may be made at the T-junction between nanotube 3 and 4. Tube 3 at a 

height lOnm above and below the junction and tube 4 varied between 7nm and 9nm 

along its length. The T-junction has a height of 12nm, far less than the 17nm 

expected for overlapping tubes.

Nanotube Height
nm

1 7.5

2 5.6

Y-junction 9.3

Nanotube Height
nm

3 10

4 7-9

T-junction 12

2.76 |im
Figure 4.12 Close up ofT- and Y - M W C T  junction, indicated by circles.
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4.5.5 Modification o f MWNT-NH2 using a 13C-labelled Bridge Molecule.

STM, IR, NMR and XPS are routinely employed to characterise CNTs that have 

been functionalised with small groups such as amino (-NH2) and carboxylic acid 

groups (-COOH) [31,42-46,60]. When large molecular moieties are attached to the 

functional groups of the CNTs, characterisation methods become increasingly 

difficult to interpret. The work presented so far uses UV/Vis and emission 

spectroscopy along with AFM imaging and height analysis to investigate such a 

modification. Attempts have also been made to use NMR spectroscopy to
____ _ _ 11

characterise covalent bonding to CNTs. For example, Goze-Bac at al., [61] use C 

NMR to investigate covalent functionalisation of 13C enriched CNTs. In that work, 

the NMR data originates from the carbon atoms in the nanotubes.

In this study the 13C-labelled bridge, terephthalic-carboxy-13C2 acid, is used 

as the starting material for reaction with amino-functionalised MWNTs. The carboxy 

groups of terephthalic acid are 100% labelled with 13C. This allows 13C NMR 

spectroscopy to be carried out where emphasis in on the carbon in the attached 

molecules. As a result non-labelled positions will show only weak signals due to the 

low natural 13C abundance. Figure 4.13 shows the reaction scheme for the covalent 

attachment of the 13C-labelled molecule with the amino-functionalised MWNTs. The 

labelled molecule was heated at reflux in thionyl chloride to form the corresponding 

acid chloride. This was immediately reacted with the MWNT-NH2 to allow the 

formation of amide linkages. Flaving carried out the reaction detailed in Figure 4.13 

NMR spectroscopy was carried out [62],

Ruther at al. reports that signals for the amide linkage between terephthalic 

acid and MWNTs could be assigned using !H NMR, 13C NMR spectra, and the 

corresponding 2D HMBC (heteronuclear multiple bond connectivity) correlation 

spectrum [61], NMR correlation regions are attributed to amide linkages (product C)
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and acyl chloride parts of product D (Figure 4.13). This is very strong evidence for 

the covalent attachment of the labelled molecule to the nanotubes. In addition, 

signals originating from non-covalent functionalisation of MWNT (product E) with 

B were also assigned.

HO.
,C13-'

O'

SOCk

Reflux 5 h, Ar > - < q X

B

l Q Q O v

I

>

H H II II II II\  -- ^ /  \  /  
N M N

IX A  A  A  >

DCM 
Triethylaminc

T O X O  *

1 1  I )  1 1 1 ' “ 
V  I T  Y M

D

h Y V V V W
f f f M Y

l : © m :
T j r  r1)

' V y y S  i
E

Figure 4.13 The reaction scheme for the linkage of the l3C-labelled bridge molecule with M W N T .  A: 

Terephthalic-carboxy-,3C 2 acid; B: Corresponding acid chloride of A; 3; Amino-functionalised open- 

ended M W N T s ;  C, D: Represent products of all forms of covalent functionalisation at the nanotube 

sidewalls and ends; E Product of non-covalent functionalisation.
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4.6 Conclusions

Amino-functionalized MWNTs were reacted with the acid chloride of a ruthenium 

complex. There is evidence that an amide group was formed and the nanotubes are 

linked together through the ruthenium complex. MWNT-NH2 does not dissolve in 

dichloromethane, however, homogeneous solutions of the ruthenium-functionalised 

MWNT product were obtained. Absorption and emission spectroscopy show changes 

in the spectra between the starting materials and formed ruthenium-functionalised 

MWNT assembly, suggesting that a chemical reaction has occurred. T- and Y~ 

nanotube interconnects were visualized through ATM imaging of this homogeneous 

solution, showing that the solubility of the tubes has changed. These images also 

show an increase in T- and Y-junctions after the reaction which strongly suggests 

that the reaction between amino functionalized MWNT and the acid chloride of the 

ruthenium complex was successful.

In a parallel experiment a 13C labelled molecule was converted to its acid 

chloride and reacted with amino-functionalised MWNTs. Using 1H NMR, 13C NMR, 

and the 2D (HMBC) correlation spectrum, signals which can be assigned to an amide 

linkage between the labelled terephthalic acid molecule and MWNTs were identified, 

this showing that a combination of NMR experiments are a useful tool in the 

characterization of chemical bonds between carbon nanotubes and molecular entities, 

leading to advances in molecular sensing and electronics.
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I r o n  W h e e l s  o n  S i l i c o n :  W e t t i n g  B e h a v i o u r  a n d  

E l e c t r o n i c  S t r u c t u r e  o f  A d s o r b e d  O r g a n o s t a n n o x a n e  

C l u s t e r s

Chapter 5 describes the morphology observed when an organostannoxane cluster is 

deposited onto Si02. Atomic force microscopy imaging with subsequent statistical 

crystallography analysis shows that these structures form random cellular networks 

when deposited from toluene. AFM and synchrotron radiation spectroscopy have 

also been used to study the wetting behaviour and electronic structure of thin films of 

the cluster on silicon substrates. Advanced image analysis techniques based on 

Minkowski functionals are used to provide a detailed quantitative analysis of the 

morphology of the organostannoxane overlayers. This analysis shows that the 

dewetting patterns are rather far removed from those expected to arise from a simple 

Poisson distribution of centres, and the implications of this finding in terms of 

nucleated and spinodal dewetting are discussed.

‘‘Exhilaration is that feeling you get just after a great idea hits you, and just before you realise what's

wrong with it" Unknown

C h a p t e r  5
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5.1 Introduction

Self-assembly may be defined as the ''autonomous organisation of components into 

patterns or structures without human intervention’ [1]. Self-assembly processes 

include the non-covalent association of organic molecules in solution, to the folding 

of globular proteins. Self-assembly also provides an alternative strategy for 

constructing ensembles of nanostructures, for example the growth of semiconductor 

quantum dots on solid substrates [1], A key motivation underlying the work 

described in this chapter relates to the possibility of ultimately translating crystal 

engineering combined with supramolecular chemistry to the self-assembly of 

organostannoxane and other organometallic clusters on a solid surface.

This is a goal that has parallels in many areas of state-of-the art nanoscale 

science. For example, alongside the development of synthetic procedures that impart 

device-related functionality to single molecules, t here has been a drive toward the 

integration of molecular electronics with more conventional silicon technology [2 ]. 

There are many scientific issues to address in this area with some of the more 

fundamental q uestions r elated t o t he m anner i n w hich t he m olecular u nits i nteract 

with a substrate. Although considerable effort has been expended in studying the 

interaction of a range of small organic molecules with atomically clean, 

reconstructed silicon surfaces under ultrahigh vacuum (UHV) conditions [3,4,5] 

many applications necessitate an understanding of the self-organization, interactions, 

and morphology of molecular and polymeric systems deposited from solution. It is 

important to establish therefore if the resulting spin-cast or drop-deposited thin film 

is stable, unstable, or metastable and the extent to which it will dewet the underlying 

substrate/electrode surface. The issue of wettability is also of vital importance when 

considering the possibility of hydrogen-bonding mediated self-assembly of 2D 

organostannoxane or other organometallic overlayers
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Organometallic chemistry underlies the synthesis and functionality of a wide variety 

of molecular and polymeric systems. Metallocenes, and ferrocene [6 ] in particular, 

have been exploited as central elements of a family of emerging molecular 

electronics devices. These prototype systems include components whose structure or 

conformation is switchable via variations in redox state [7], and a variety of 

switching methods have been envisaged. For example, magnetic control of the 

activity of (bio)electrocatalytic systems has recently been demonstrated by Katz et al. 

[8 ]. Photoisomerization has been exploited by a number of groups [9,10,11] to 

generate redox-active states, and variations in pH are commonly used to reversibly 

modify molecular properties. Novel cluster-type molecules based on organometallic 

compounds, structures such as ladder, cube, butterfly and drum, have also been 

assembled and structurally characterised in recent years [1 2 ],

The synthesis of the organometallic molecule, [BuSn(0)0C(0)Fc]6 (where 

“Fc” ) ferrocenyl), was first reported by Chandrasekhar et al.[13]. The molecule 

comprises six ferrocene units which are attached to a central stannoxane core. As 

discussed in ref 13, this represents a rather novel cyclic interconnection of ferrocenyl 

elements. In more recent work, Chandrasekhar et al. have shown that it is possible to 

generate supramolecular “grids” of the stannoxane cluster through the formation of 

intermolecular C -H -0  bonds between the ferrocenyl C-H and the carboxylate 

oxygen. This is an exciting development as it provides a relatively simple route, via 

the formation of hydrogen bonds, to the self-assembly of ferrocene-stannoxane 

clusters into a predefined pattern in the solid state.

The structures formed by the clusters after deposition need to be studied and 

the interactions with the substrate need to investigated so that this structure may be 

controlled. Atomic force microscopy and synchrotron radiation spectroscopy have 

been used in this chapter to study the wetting behaviour and the electronic structure
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of thin films of the organometallic cluster [BuSn(0)0C(0)Fc] 6 mentioned above, on 

silicon substrates.

5.2 Experimental

5.2.1 Equipment and Materials

The grade of solvent and the equipment used for the NMR spectroscopy, the UV- 

Visible absorption spectroscopy, and the electrochemical analysis used throughout 

this chapter are described in detail in section 3.2.1.

Measurements of ’H NMR spectra were recorded in ¿^-chloroform. Cyclic 

voltammetric studies used in the characterisation of the organostannoxane cluster at 

the synthetic stage were carried out using 0.1M tetrabutyl ammonium 

hexafluorophosphate in dichloromethane as electrolyte. A three-electrode 

configuration o f  a p latinum working electrode, a p latinum m esh c ounter electrode 

and a saturated calomel electrode (SCE) as the reference electrode was used.

Elemental analysis on C, H, N, Sn and Fe was carried out at the 

Microanalytical Laboratory of University College Dublin (UCD). The analyser used 

is an Exador analytical CE440.

All Tapping Mode AFM analysis were carried out on a Digital Instruments 

Nanoscope Ilia AFM and a Digital Instruments Multimode AFM as described in 

detail in sections 2.3.5 and 3.2.1

Synchrotron core-level and valence band photoemission and resonant 

photoemission spectroscopy measurements were taken on Beamline 5U1 of the UK 

Synchrotron Radiation Source (SRS) at Daresbury.
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5.2.2 Synthesis o f  the Organostannoxane Cluster

0.208g (1.0 mmol) of n-butylstannonic acid and 0.23g (1.0 mmol) of ferrocene 

monocarboxylic acid were heated under reflux for 6  h in 1 2 0 ml toluene using a 

Dean-Stark apparatus. The reaction mixture was filtered and the solvent removed 

from the filtrate in vacuo to afford an orange powder, which was found to be 

analytically pure. Diamond-shaped, shining crystals were obtained in chloroform at 

5°C. Yield 0.35g (0.14 mmol, 83%) m.p. 244°C

'H NMR (400MHz) (in CDC13): 4.82 (2H, m), 4.30 (2H, m), 4.14 (5H, s), 1.91 (2H, 

m), 1.54 (4H,m), 1.0(3H,t).

Elemental analysis for CgoHiosFeeOisSnó: Found (Calculated) C 42.73 (42.81), H 

4.25 (4.31), N 0.0 (0.0), Sn 28.56 (28.20), Fe 13.50 (13.27).

5.2.3 Surface Preparation and Analysis o f  the Organostannoxane Cluster

5.2.3.1 Morphology at different concentrations and solvents.

Solutions of the organostannoxane cluster have been applied to substrates of native- 

oxide covered silicon (100) or silicon (111) wafers 1cm2 in area. The silicon 

substrates were solvent rinsed by sonication in four stages with: a) ethyl lactate; b) 

acetone; c) methanol; and d) isopropyl alcohol, and then blow-dried with N2 before 

sample deposition. The solvents employed and the deposition parameters have been 

varied systematically. A film-coated wafer surface was achieved by using spin- 

casting as the adsorption technique. The two solvents employed were 

dichloromethane and toluene. Unless otherwise stated 15p.l of a 0.25mmol solution 

of the organostannoxane cluster in either dichloromethane or in toluene was placed 

on the substrate. The samples were then rotated at speeds which ranged between 

2500rpm and 4500rpm for 30 seconds. The dried films prepared by the different 

routes have been studied by tapping mode AFM in an air environment.

- 147-



Chapter 5

5.2.3.2 Statistical Crystallography.

Statistical crystallography was carried out on the organostannoxane cluster AFM 

height data using a Matlab program written by Dr. Dave Keeling (University of 

Nottingham). The M atlab a lgorithm w as u sed t o s elect the c oordinates o f  t he cell 

centres. These coordinates return the vertices of the polygons comprising the 

Voronoi tessellation. The program then draws the tessellation and calculates the 

relevant statistical quantities. This is described in more detail in the results and 

discussion section of this chapter,

5.2.3.3 Dewetting Properties

Thin films of the organostannoxane cluster in toluene were prepared by spin-coating 

at 4000rpm 15^L of a 0.25mmol solution. Two types of silicon samples were used:

i). Samples which were solvent rinsed as described in section 5.2.3.1 and blow 

dried with N2 before spin-coating.

ii). Samples which were solvent rinsed as described in section 5.2.3.1 and then 

further cleaned with a 1:1 mixture of H2SC)4 :H20 2 (30%) for 1 h. These were 

then thoroughly rinsed with deionised water and blow-dried with N2 before 

spin-coating.

The dried films prepared by the different routes have been observed by tapping mode 

AFM in an air environment. The different samples were then annealed within a range 

of annealing times (30 min to 60 h), and annealing temperatures (75°C and 125°C). 

When a specific period of annealing time was complete the samples were quenched 

to room temperature for tapping mode AFM observations and analysis, and then 

placed back in the vacuum oven for further annealing. Samples were annealed for
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periods of 30 min up to 1 2  hours, then for periods of 1 h up to 2 0  hours and finally 

for periods of 4 h up to 60 hours annealing time.

5.2.3.4 Photoemission Spectroscopy

For all photoemission spectroscopy samples, 15jaL of a 0.25mmol solution of the 

organostannoxane cluster in toluene was spin-cast at 4000rpm onto a solvent rinsed 

0.7cm2 piece of native oxide-covered Silicon (111) sample. Synchrotron radiation 

(SR) photoemission and SR resonant photoemission spectroscopy (RESPES) 

measurements were taken on Beamline 5U1 of the UK Synchrotron Radiation Source 

(SRS) at Daresbury. The photon energy range of the undulator beam is 60eV to 

IkeV. Photon energies were calibrated using Ti L2 X-ray absorption spectra from a 

Ti02 thin film (which could be moved in to and out of the beam upstream from the 

sample), and t he S i L2)3 edge spectra from the silicon substrate. A VSW H A100 

hemispherical electron energy analyser with single channel detection was used for all 

photoemission and RESPES measurements. All photoelectron binding energies were 

calibrated by r eferencing to the Si 2p photoemission peak (at a binding energy o f 

99.5eV) of the native oxide-terminated Silicon (111) substrate.

5.2.3.5 Current-Voltage (I-V) Measurements.

For the electrical measurements the substrate used was a 2-inch Si(100) wafer with a 

200nm thermally grown Si0 2 surface layer. This was scribed in a clean-room using a 

Dynapert-premicia scriber, into a 1cm2 sample. 15 pi of a 0.25mmol solution of the 

organostannoxane cluster in toluene was spin-coated (4000rpm) onto this substrate. 

Gold contacts were then deposited on to the sample by using a shadow masking 

technique. The shadow m asking technique c onsists of a bronze mask with 200|im 

wide strips cut out of it. 5(im and 1 0 jam lengths of tungsten wire were attached
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across these gaps. The organostannoxane cluster sample was then secured face down 

on to the bronze mask. The mask was then mounted into an Edwards Auto 306 

evaporator which was evacuated down to a pressure of 3*1 O' 7 atm. Gold was 

evaporated onto the sample through the mask by electrically heating a small piece of 

gold held below the sample (see Figure 5.1). The room temperature electrical 

measurements were carried out on an in-house (Nanoscience group, School of 

Physics and Astronomy, Nottingham University) built electrical measuring rig 

controlled by a Labview program. The rig consists of a 1MQ resistor connected in 

series with the sample, the voltage over the resistor is measured from which the 

current flowing through the circuit is calculated. The computer program controls 

allows the choice of starting and stopping voltages, the number of data points to 

record and the voltage ramp speed (See Figure 5.2). The organostannoxane cluster 

thin films were measured between -20V and +20V, collecting 200 data points and 

with a ramp speed of O.lV/sec. The contact to the sample electrodes is made with 

needlepoint wires controlled with micro-positioners.

(a) Substrate

(^^^Tungsten wire

m i  1 1  i i  n  i n  i  i

Evaporate gold

I

_ _ _ _ _  _ _ _ _ _ _

l J  Gold contacts

Figure 5.1 Schematic of shadow masking technique usedfor producing 5/im and lOum spaced

microelectrodes on the surface.
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5.3 Results and Discussion

5.3.1 Characterisation o f  the Organostannoxane Cluster molecule.

The synthesis of the organometallic molecule [BuSn(0)0C(0)Fc]6 where Fc is 

ferrocenyl was first reported by Chandrasekhar et al. in 2000 [13]. The molecule 

comprises six ferrocene units which are attached to a central stannoxane core. There 

is a cyclic connectivity of the six ferrocene units established through the linking tin 

atoms which represents a rather novel cyclic interconnection of ferrocenyl elements. 

As discussed in ref 13 the central stannoxane cluster in the molecule is made up of 

two hexameric Sn3 0 3  rings, each present in a puckered chair-like conformation [13]. 

These rings are joined to each other to afford six Sn2 0 2  distannoxane units as the side 

faces of the cluster. This represents the signature structural feature of stannoxane 

clusters as discussed by Chandrasekhar at al. [14,15,16].
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Figure 5.3 [BuSn(0)0C(0)Fe]6Bu  = butyl, Fe =ferrocenyl, O; C; Sn; Fe; and //.

Figure 5.4 Schematic 0f[BuSn(0)0C(0)Fc]swith all hydrogen atoms omitted.
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Figure 5.5 [BuSn(0)0C(0)Fc]6central core (all hydrogen atoms omitted)

The synthetic characterisation of the molecule [BuSn(0)0C(0)Fc]6 will be described 

briefly in the next section as the results are compared with those obtained in the 

literature in ref 13. Figure 5.6 shows the absorption spectrum of [BuSn(0)0C(0)Fc]ô 

in dichloromethane. The band in the visible region with Xmax equal to 443nm is 

characteristic of similar ferrocene compounds [17], which show Xmax between 425 

and 500nm. It is ascribed to the lowest energy spin-allowed d-d band of the ferrocene 

unit.

Figure 5.6 The UV-Visible absorption spectra of [BuSn(0)0C(0)Fc]6 in dichloromethane.

\
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Cyclic voltammetric studies show a single quasireversible peak with an E1/2 value of 

0.73 V (vs. SCE). This agrees with the values obtained by Chandrasekhar et al. in ref

13. Here it is suggested that all six ferrocene units are oxidised at the same potential. 

Another feature of the electrochemical behaviour reported in ref 13 is the 

reversibility of the voltammogram even after several cycles. Experimentally this has 

been verified up to ten cycles. This indicates that the cluster is robust and does not 

decompose upon oxidation.

The spectroscopic and electrochemical behaviour of this molecule is 

consistent with that described in ref 13. Chandrasekhar et al. also point out, that not 

only is the synthetic reaction to form [BuSn(0)0C(0)Fc] 6 important in that it 

produces a hexaferrocene compound in high yield (as compared to the modest yields 

of multiferrocene compounds produced via other synthetic routes), but the resulting 

organostannoxane cluster is robust and thermally stable up to a temperature of 

244°C.
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5.3.2 Surface Analysis 

53.2.1 Cellular Networks

As discussed in the atomic force microscopic analysis o f the polymer 

[Ru(bpy)2PVPioCl]Cl (in section 3.3.2), optimisation of the tapping mode scan 

parameters is essential in order to follow the surface topography as closely and as 

accurately as possible. Not only are AFM images susceptible to artefacts due to the 

condition of the tip, but also scan instabilities such as noise, drift and scanner 

hysteresis. For this reason all the evaluations and results that are presented in the next 

sections have been carried out quantitatively and averaged over a large number of 

samples. The calibration surface (Figures 2.14 and 2.15) and a reference solvent- 

rinsed native oxide-covered silicon (1 1 1 ) or (1 0 0 ) substrates, were also routinely 

investigated as described in section 3.3.2. For the solvent-rinsed silicon substrates the 

contact angle was 45° ± 5°.

The assembly and the morphology of the organostannoxane cluster molecules 

have been investigated on a solvent-cleaned native oxide-covered silicon substrate as 

a function of the adsorption technique and the solvent employed. The cluster 

molecules exhibit good solubility in toluene. This allows the formation of free

standing films by spin-coating deposition. The initial goal was to observe the self

organisation of the cluster molecules when deposited from solution, and to establish 

if the resulting film is stable, unstable, or metastable. The results from this analysis 

have lead to a more detailed investigation to determine if the films dewet the 

underlying silicon substrate and the dewetting mechanism.

Figure 5.7 shows an AFM height image of the organostannoxane cluster spin- 

cast onto a solvent-rinsed silicon substrate at 4000rpm from toluene. Under these 

conditions the organostannoxane cluster overlayers adopt a cellular morphology. 

This cellular morphology bears a striking resemblance to images of random, space
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filling foams or cellular networks previously found in nature and reported in the 

literature [18,19]

Figure S. 7 Tapping Mode A F M  height data of [BuSn(0)0C(0)Fc]6 deposited by spin-coating from 

toluene; 7.715/um * 7.71 Sum z-range 15nm.

What are Random Cellular Networks?

Many materials occurring in nature possess the form of a cellular network, which 

means they are composed of domains divided by sharp boundaries. The domains 

outlined by these boundaries are generally polygonal in shape with three boundaries 

meeting at every intersection or vertex, for example soap froths, foams, biological 

tissues and grains in metal [19,20,21,22]. Froths, as a typical class of cellular 

structure have been the focus of considerable interest over recent decades, and have 

stimulated numerous attempts to model cellular networks and to describe their 

properties [23,24,25]. The froth is an almost ideal system, with all boundaries 

equivalent and with motion of bubble boundaries driven by a transfer of gas between 

neighbouring bubbles, i.e. surface-energy-driven diffusion. A balance of forces at
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each vertex yields an angle of 1 2 0 ° between boundaries, where this constraint can be 

satisfied only if the boundaries are curved [19,26,27]. The fact that the initial system 

is intrinsically in a state of non-equilibrium leads the system to evolve over time to 

seek a stable equilibrium through reduction in interfacial area. In the process, froth 

bubbles shrink or vanish, resulting in a self-similar structure, on a larger scale that 

the original, i.e. the system has coarsened. Natural froth networks exhibit the 

characteristic of randomness and disorder (non-uniform)[19,28,26].

Figure 5.8 A dry froth where the cell sides meet at 120° [29].

Other examples of random space-filling cellular structures includes biological tissues 

like cucumber, and on scales greater than molecular dimensions the largest example 

being the galactic structure of the Universe [19]. All of these networks have huge 

differences in length scale yet disorder is inherent in each system. That such a 

similarity appears in the presence of very different formation mechanisms points to a 

universal behaviour that may be applied to all systems exhibiting these properties. 

The study of these cellular systems has led to the development of statistical 

techniques used to analyse their formation and evolution, and which may also be 

used to quantifiably characterise a cellular network [18,19,24]. In the next section 

AFM height data of the organostannoxane cluster thin film networks will be analysed
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using these techniques of statistical crystallography. The aim is to determine to what 

extent the cluster networks conform to the laws of statistical crystallography, and to 

identify where deviations from ideal cellular network behaviour occurs. Figure 5.9 

shows the network morphology of the organostannoxane cluster thin film (from 

toluene). Line sections through the networks show that they are 4.2±0.5nm in 

height. The widths of the network branches fall within the range 45±15nm. 

Roughness analysis shows an Rrais value of 1.936nm.

0 0

0 0

0 0

2 . 0 0 4 .0 0
0

6 . 0 0

UM

Figure 5.9 Tapping Mode A F M  image of typical network resulting from spin-coating 

[BuSn(0)0C(0)Fc]6 from toluene onto a native oxide- covered silicon substrate ; 6.328pm x

6.328pm z-range 15nm.
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Voronoi Constructions

The starting point in the analysis of the cellular network shown in Figure 5.9 uses the 

technique of Voronoi constructions. This is based on the counting and classification 

of polygons and is used to define the correlations between neighbouring points on a 

surface. In a typical construction an array of cell centres is first defined. These may 

be completely random or correlated in some way. Each cell centre is then assigned a 

cell containing all points which are nearest to it. A Matlab program was used to 

select the coordinates of the cell centres. These coordinates then returned the vertices 

of the polygons comprising the Voronoi tessellation. Specifically the Matlab program 

locates the cell centres, and the lines joining the nearest neighbours are bisected to 

give a straight line representation of the cellular structure. The smallest convex 

polygon surrounding a given centre contains all points in space closest to this centre. 

The Matlab program then draws the tessellation and calculates the relevant statistical 

quantities. Figure 5.11 shows the Voronoi constructions for the feature wall height 

data from Figure 5.9.

Figure 5.10 (a) A  Voronoi Cell. Red lines indicate lines joining nearest neighbours. Blue arrows 

indicate bisectors from cell centre resulting in new Voronoi construction.
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Figure 5.10 (b) Completed Voronoi construction for the set of cell centres on the left.

Figure 5.11 The Voronoi construction for the height network data in Figure 5.9. The scale refers to 

the number of data points (i.e. pixels per images is 512 x 512)

Quantitative measures may be determined from the analysis of the distribution of 

polygon sidedness from the histogram in Figure 5.12. The total number of cells 

included is 1071. Cells with less than 4 sides are not observed. 9- and 10-sided cells
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are present but their number is very small -1% . The mean value of the number of 

polygon sides, <n>, is 5.99. Euler’s theorem gives the relationship between the 

number of faces F, edges E, and vertices V of a polygon domain, and may be 

expressed as:

F - E + V = x  (5-1)

where % is the Euler characteristic which is a topological measure describing the 

connectivity o f  a pattern. Rivier derived Euler’s relation and the valence relations 

between incident edges, vertices, and faces and determined that for a random froth in 

two dimensions in an infinite network <n> = 6  [30]. The value of <n> = 5.99 

calculated from the histogram in Figure 5.12 is extremely close to this value of <n> =

6 , which is determined in the limit of an infinite network expected from Euler’s 

theorem. A value of <n> = 5.99 also indicates that the data are not statistically 

skewed through sampling of an insufficient number of cclls.
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Figure 5.12 Histogram of polygon side distribution. 
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A random cellular network or froth may also be characterised in terms of its side 

distribution function and second moment. The topological or side distribution 

function p(n) is the set of probabilities for cells in the structure with n sides, « = 3,4,

5, ... with topological moments of side distribution defined by:

= z r =2 p W " -  < n >)"' (5-2)

The second moment /u2 measures the dispersion or variance of a distribution and so 

to some extent may characterise the amount of disorder of a network. In equation 5.2 

m = 2 for the second moment, and <n> = 5.99, so equation 5.2 is rewritten as:

f t  = £ / ( » ) ( « - < 5 .9 9 » =  (5.3)

where P(n) is the normalised distribution function. The prototypical-quenched froth, 

the two-dimensional Poisson Voronoi tessellation, has a n 2 value of 1.78 [31],The 

network in Figure 5.9 has a fj,2 value of 0.93. This value indicates that the network 

is not derived from a Poisson distribution of points, and so may not arise from 

nucleation or d ewetting events that are spatially uncorrelated. Large v alues o f  

indicate greater disorder and deviation from a perfect hexagonal structure [32], Low 

values of pi2 are associated with ‘young’ systems that are far from statistical

equilibrium. This may also be quantifiably confirmed from a measure of the

networks entropy S, where:

= (5.4)

By maximising the entropy of the system, the most probable distribution of cells can 

be found when in statistical equilibrium. For all network foams studied in the 

literature S is ~ 1.4, which is smaller than the value of 1.71 expected for a purely
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random 2D set of points [33]. The value of S from this analysis is 1.37. This means 

that the cell distribution is constrained by external forces, and thus is not driven by 

entropy maximisation only.

Lewis, Aboav-Weaire and Desch Laws: Correlations in Cells

A linear correlation function may be defined between the average area of an n-sided 

cell An and the number of sides [34]:

<A„>-an + b (5.5)

where <A„> is the normalised area; a and b are network constants which are 

dependent on cell pattern and the average area of all cells. This law, termed Lewis’ 

law, holds for an ideal random froth and is described by Rivier as ‘representing an 

equation of state o f an ideal cellular structure ’ [34],

The law results from entropy maximisation. Figure 5.13 shows a graph of the 

data in the present work for the Lewis law. A quadratic curve would provide a better 

fit than a linear relationship indicating failure of this law for the organostannoxane 

cluster networks. If the cellular network has perfect agreement with this law it 

implies that the structure of the network is determined solely by the mathematics of 

space-filling. Deviations however, indicate that physical and/or chemical forces, in 

addition to topological constraints must be considered; as previously shown by the 

measurement of the entropy S of the system. In other work deviations from the 

Lewis law have been observed in thiol-stabilised gold clusters which form cellular 

networks when deposited on Si0 2  [33], and metallurgical grains [35]. This deviation 

has been reported to be due in part to the energy stored in the cell boundaries. One 

type of system which does obey this law is Voronoi froths generated from Poisson- 

distributed centres.
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Figure 5.13 Lewis Law; Plot of the normalised average area of an n-sided cell vs. n.

The s econd correlation function tomeasure i s the average number o f  s ides o f  the 

neighbours of an «-sided cell, m(n):

m(n) = ( 6  -  a) +
6  a + /j,2 (5.6)

where a is a network parameter generally within [0 ,1 ] (but values outside this range 

have also been reported [36]), and m(n) is the average number of sides of the 

neighbours of an «-sided cell, with fj.2 the second moment of pin). This is known as 

the Aboav law, and for the case of a = 1 is usually c ailed the Aboav-Weaire law 

[37,38,39]. This law describes inter-cellular correlations and puts forward that 'the 

product of a cell's sidedness n, and its neighbours ’ average sidedness, m, is linear in 

« ’. All known random cellular networks obey this law [40]. Figure 5.14 shows the
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plot of rn(n) as a function of n for the networks studied. This plot conceals small 

deviations in the relationship [41], therefore the correlation between m(n) and 1/m is 

plotted in Figure 5.15. This illustrates a linear relationship which shows that the 

Aboav-Weaire law holds for the organostannoxane cluster networks. The only value 

of m(n) that is independent of a is ni(6), and is given by the Weaire relationship m(6) 

= <n> + jj-,/6 [19].

Aboav-Weaire Law
70

25 ; :
3 4 S 8  7 8 3 10 11

Number of cell sides («)

Figure 5.14 Plot o f m(n) as a function of n for organostannoxane duster network.
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1/n

Figure 5.15 Plot of m(n), the average number of sides of the neighbours of an n-sided polygon as a 

function of 1/n for the organostannoxane cluster network.

The third and final cell-cell distribution function, derived by Desch is known as the 

perimeter law. It states that ‘ the average perimeter o f an n-sided cell should vary 

linearly with the number of its sides ;

<Pn> = cn + d (5.7)

where c and d  are network parameters. This law provides information on the 

distribution of energy to the cell borders. The data for the organostannoxane cluster 

network is plotted in Figure 5.18. A linear relationship is observed. Deviations from 

the law do occur for cells with 4, 9 and 10 sides. This is due to the fact that these 

cells make up such a small proportion of the total number of cells studied. For the
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previous data the Matlab algorithm uses the POLYVAL function to calculate the 

error estimates which represent one standard deviation.

Deschs Law

Number of cell sides (n) 

Figure 5.16 Desch's Law.

Figure 5.17 highlights the formation of secondary networks, with smaller 

intercellular spacing, within the primary networks observed for the 

organostannoxane cluster thin film spin-cast from toluene. Statistical crystallography 

shows that the laws for random cellular networks are also obeyed for these types of 

networks. Statistical analysis has been carried out on these and a range of tapping 

mode h eight d ata for the organostannoxane c luster networks. T able 5 .1 shows the 

results. The relative height data, Voronoi constructions and cell-cell correlation 

functions may be found in Appendix B. These networks also obey the laws of 

statistical crystallography and may be described as random cellular networks.
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Figure 5.17 Tapping mode A F M  height data showing foam networks within other networks; (a) 

5.020{im x 5.020/um : range I5nm; (b) lOjim x Wptm : range I7.5nm.

Sample Polygon Number <«> U2 S a

A 1208 6 . 0 0.94 1.37 0.99

B 795 5.99 1.1 1.43 0.98

C 1 1 2 1 6 . 0 1 . 0 1.44 1 . 0 0

Table 5.1 Statistical Crystallography data for organostannoxane cluster network data in Appendix R.

S.3.2.2 Morphology as a Function of Concentration

The organostannoxane cluster deposition from solution has also been investigated as 

a function of the concentration of cluster molecules in toluene. In Figures 5.18 and 

19 a systematic increase in the concentration of solution has been employed. In 

Figures 5.18 (a-b) the solution is very dilute and the cellular networks described 

above are not observed. These images may be compared with Figures 5.18(c-d),
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where as the concentration of the solution increases the thin film morphology begins 

to resemble the cellular networks observed in Figure 5.9.

Figure 5.18 Tapping Mode A F M  height data of [BuSn(0)0C(0)Fc]6 deposited by spirt-coating from 

toluene; (a) 10pm x I Opm z-range 25nm; (b) 6pm x 6pm z-range II.27nm; (c) 10pm xlOpm z- 

range I7.5nm; (d) 6.328pmx 6.328pm z-range 15nm.

Figure 5.19 shows height data of the organostannoxane cluster thin films obtained by 

using increasingly more concentrated solution; in these cases the intercellular 

separation decreases to such a point that as shown in Figure 5.19 (d) more and more 

areas with nearly complete coverage are observed. Figure 5.20 shows AFM height
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data for films deposited from solution employing a spin-speed of 2500rpm and using 

a very concentrated solution of molecules. The resulting images show films that do 

not form cellular networks and are up to 650nm in thickness. Also the thick films of 

the organostannoxane cluster do not dewet the underlying silicon substrate. This 

dewetting phenomenon (which is observed for the thin spin cast films) will be 

discussed and explained in section 5.3.2.4. These data highlight the dependence of 

the self-assembly of the organostannoxane cluster on the parameters employed to 

deposit the molecules from solution.

Figure 5.19 Tapping Mode A F M  height data of [BuSn(0)0C(0)Fc]6 deposited by spin-coating from 

toluene; (a) 6pm x 6pm z-range 13.759nm; (b) 8pm x 8pm z-range 10.606nm; (c) 8pm x 8pm z- 

range 10.905nm; (d) 8pm x 8pm z-range 7.175nm
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Figure 5.20 Tapping Mode A F M  height data of [BuSn(0)0C(0)Fc]6 deposited by spin-coating from 

toluene; (a) 10fan x lOfim z-range 650nm; (b) 7.051 p m  x 7.051 fim z-range lfjm; (c) 10/um x lOfjmz- 

range 125nm; (d) 5.767/Am x 5.767[im z-range 125nm .

5.3.2.3 Morphology as a Function of Solvent

T h e  c e l lu la r  n e tw o r k s  d e s c r ib e d  so fa r  re s u lt  f r o m  th e  s p in -c o a t in g  o f  th e  

o rg a n o s ta n n o x a n e  c lu s te r  m o le c u le s  f r o m  to lu e n e . W h e n  id e n t ic a l  s a m p le  

p r e p a r a t io n  c o n d it io n s  w e r e  e m p lo y e d  w i t h  th e  e x c e p t io n  th a t  d ic h lo r o m e th a n e  w a s  

u s e d  as th e  s o lv e n t , c e l lu la r  n e tw o r k s  a re  n o t  o b s e rv e d . F ig u r e  5 .2 3  s h o w s  th e  

ta p p in g  m o d e  A F M  h e ig h t  d a ta . T h e  c lu s te rs  a g g re g a te  in  th e  p re s e n c e  o f  th is  

s o lv e n t .  T h e  a g g re g a te s  h a v e  a n  a v e ra g e  h e ig h t  o f  4 5 n m  ±  lO n m . R o u g h n e s s  

a n a ly s is  o f  th e  a g g re g a te s  s h o w s  a n  R nns v a lu e  o f  1 2 .5 3 n m .
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Figure 5.21 Tapping Mode A F M  height data of / RitSn(O) OC(O) Fc] 6 deposited by spin-coating from 

dichloromethane; (a) 6pm x 6turn z-range I25nm; (b) 2.748pm x 2.748pm z-range 150nm.

T h e  m o r p h o lo g y  o b s e rv e d  f r o m  to lu e n e  a n d  f r o m  d ic h lo r o m e th a n e  s u g g e s ts  th a t  th e  

s tru c tu re s  fo r m e d  a re  s tro n g ly  s o lv e n t  d e p e n d e n t . O n e  s o lv e n t  p a r a m e te r  th a t  p la y s  

a n  im p o r t a n t  r o le  in  s p in -c o a t in g  is  th e  v a p o u r  p re s s u re . A t  ro o m  te m p e r a tu r e  to lu e n e  

h a s  a  m u c h  lo w e r  v a p o u r  p re s s u re  th a n  d ic h lo r o m e th a n e  ( 2 8 .5 T o r r  v s . 3 5 0 T o r r ) .  T h is  

p la y s  a  r o le  in  th e  s tru c tu re  o f  th e  f i lm s  as th e  h ig h  s o lv e n t  e v a p o r a t io n  ra te  o f  

d ic h lo r o m e th a n e  s u p p re ss es  c e l lu la r  n e t w o r k  fo r m a t io n .  I f  th e  s im p l i f ie d  th re e -s te p  

m o d e l  o f  th e  s p in n in g  p ro ce ss  d e s c r ib e d  in  s e c tio n  3 .3 .2  is  a p p lie d  to  th is  p ro c e s s ; 

f i r s t  a  s o lu t io n  is  d ro p p e d  o n to  th e  s u b s tra te  w h ic h  is  th e n  s ta r te d  s p in n in g . D u r in g  

th is  s te p  m o s t  o f  th e  s o lu t io n  is  c e n t r i fu g e d  o f f ,  le a v in g  a  th in  la y e r  o n  th e  s u b s tra te . 

In  th e  s e c o n d  s tep  th e  la y e r  th in s  d u e  to  f lu id  f lo w  u n t i l  th e  e v a p o r a t io n  o f  th e  

s o lv e n t  b e c o m e s  im p o r ta n t .  T h e  e v a p o ra t io n  in c re a s e s  th e  v is c o s ity  o f  th e  s o lu tio n  

a n d  s lo w s  th e  s h e a r  th in n in g  o f  th e  f i lm .  D u r in g  th e  th ir d  s tep , s o lv e n t  is  lo s t o n ly  b y  

e v a p o r a t io n ,  f r e e z in g  in  a  th in  f i lm .  T h e  re s u lt in g  th ic k n e s s  is  c o n tr o lle d  b y  th e  in i t ia l  

c o n c e n tr a t io n  u s e d  f o r  th e  s p in  c o a t in g , a n d  th e  s u rfa c e  to p o g ra p h y  is  d e te r m in e d  b y  

th e  s o lv e n t  u s e d  [ 4 2 ] .  H e te r o g e n e o u s ly  n u c le a te d  h o le s  m a y  g r o w  a n d  c o v e r  th e
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s u b s t ra te  b e f o r e  th e  s o lv e n t  is  t h in  e n o u g h  f o r  th e  m e c h a n is m s  t h a t  c a u s e  n e t w o r k  

f o r m a t io n  to  s e t in .

M o r i a r t y  a t  a l.  r e p o r t  a  s im i la r  s tu d y  w h e r e  g o ld  n a n o c r y s ta ls  s p in -c o a te d  

o n to  s i l i c o n  f  r o m  t  o lu e n e  f  o r m  c  e l lu la r  n  e t w o r k s .  W  h e n  t  h e  c  r y s t a ls  a  r e  d  e p o s ite d  

f r o m  h e x a n e ,  h o w e v e r ,  n e t w o r k s  d o  n o t  f o r m  [ 3 3 ] .  In s t e a d ,  s t r u c tu r e s  d e s c r ib e d  as 

‘isolated droplets’ a n d  'labyrinthine patterns’ a re  r e p o r t e d .  G e  a t  a l.  a ls o  re p o r ts  

s im i la r  p a t te r n s  w h ic h  h a v e  b e e n  p r o d u c e d  v i a  a  s p in o d a l  p h a s e  s e p a r a t io n  

m e c h a n is m  i n v o lv i n g  s p in o d a l  d e c o m p o s i t io n  [ 4 3 ] ,  I t  s e e m s  a  n e c e s s i ty  th e r e fo r e  to  

e s ta b l is h  i f  th e  r e s u l t in g  s p in -c a s t  o r g a n o s ta n n o x a n e  c lu s te r  f i l m s  f r o m  to lu e n e  a re  

s ta b le ,  u n s ta b le  o r  m e t a s ta b le .  O t h e r  q u e s t io n s  w h ic h  a ls o  f o l l o w  in c lu d e ;  d o  th e  

f i l m s  d e w e t  th e  s i l i c o n  s u b s tra te ?  W h a t  is  th e  d e w e t t in g  m e c h a n is m ?  Is  i t  r e la te d  to  

c o n v e n t io n a l  n u c l e a t i o n  a n d  s p r e a d in g  o  f  h o le s  o r  i  s a  s p in o d a l  p r o c e s s  in v o lv e d ?  

T h e s e  q u e s t io n s  a r e  in v e s t ig a t e d  i n  th e  n e x t  s e c t io n .

5.3.2.4 Wetting and Dewetting o f Organostannoxane Cluster Thin Films 

T h in  a d s o r b e d  f i l m s  p l a y  a  c e n t r a l  r o le  i n  p ro c e s s e s  a n d  a p p l ic a t io n s  r a n g in g  f r o m  

p r o t e c t i v e / lu b r ic a t in g  c o a t in g s ,  to  o p t o e le c t r o n ic  d e v ic e  t e c h n o lo g y ,  to  th e  

f u n c t io n a l is a t io n  o f  s o l id  s u r fa c e s  f o r  b io m e d ic a l  a p p l ic a t io n s .  T h i n  f i l m  s t a b i l i t y  is  

t h e r e f o r e  a n  is s u e  o f  s c ie n t i f i c  s ig n if ic a n c e .  I f  a  l i q u i d  c o m p le t e ly  w e t s  a  s u r fa c e  i t  

f o r m s  a  p e r f e c t l y  h o m o g e n e o u s  c o a t in g .  L iq u id s  th a t  d o  n o t  n a t u r a l l y  w e t  a  s u b s tra te  

m a y  b e  f o r c e d  to  f o r m  a  c o n t in u o u s  u n i f o r m  f i l m  u s in g  d i f f e r e n t  c o a t in g  te c h n iq u e s  

s u c h  as  t h e  f o r m a t io n  o f  th e  c e l lu la r  n e t w o r k s  i n  th is  w o r k  b y  d e p o s it io n  v ia  s p in  

c o a t in g .  F i l m s  p r o d u c e d  i n  th is  w a y  a re  g e n e r a l ly  n o t  s ta b le  a n d  i f  p e r m i t t e d  to  r e a c h  

t h e i r  t h e r m o d y n a m ic  e q u i l i b r iu m  th e  f i lm s  m a y  b e c o m e  m o r e  u n s ta b le  a n d  

e v e n t u a l ly  b r e a k  u p  o r  r u p tu r e .  T h is  r u p t u r in g  p ro c e s s  is  t e r m e d  ‘ d e w e t t in g ’ , a n d  

m a y  le a d  to  d i f f e r e n t  ty p e s  o f  f i l m  p a t te r n s ,  d e p e n d in g  o n  th e  m e c h a n is m  in v o lv e d .
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U n d e r s t a n d in g  th e  c a u s e s  o f  d e w e t t in g  o p e n s  r o u te s  t o  im p r o v e  th e  s t a b i l i t y  o f  s u c h  

f i lm s  [ 4 4 ] ,  a n d  i n  s o m e  c a s e s  m a y  b e  c o n t r o l le d  to  p r o d u c e  t e c h n o lo g ic a l ly  

in t e r e s t in g  s tr u c tu r e s  [ 4 5 ] ,  S ta n g e  a t  a l .  r e p o r t  th e  d e w e t t in g  o f  p o ly s t y r e n e  f i lm s  

f r o m  n o n - w e t t in g  s i l i c o n  s u b s tra te s  [ 4 6 ] .  F o u r  s ta g e s  o f  d e w e t t in g  o f  a  t h in  l i q u id  

f i l m  a re  d e s c r ib e d  ( F ig u r e  5 .2 2 ) :

i ) .  D e w e t t i n g  b e g in s  w i t h  th e  n u c lé a t io n  o f  d r y  p a tc h e s  o r  h o le s  i n  a  f i l m .

i i ) .  T h is  is  f o l l o w e d  b y  th e  g r o w t h  o f  th e s e  h o le s .  A  n a r r o w  s iz e  d is t r ib u t io n  o f  

h o le s  is  t y p i c a l l y  o b s e r v e d .  A s  th e  h o le s  b e g in  t o  g r o w  t h e y  im p in g e  o n  e a c h  

o t h e r  f o r m in g  a  r ib b o n  o f  m a t e r ia l  b e t w e e n  t h e m .

i i i ) .  T h e  o n s e t  o f  h o le  c o a le s c e n c e  d is t in g u is h e s  a d v a n c e d  d e w e t t in g  f r o m  th e  

e a r ly  s ta g e s  i n  w h ic h  g r o w in g  h o le s  r e m a in  is o la t e d  f r o m  e a c h  o th e r .

i v ) .  C o m p le t e  d e w e t t in g  re s u lts  i n  th e  f o r m a t io n  o f  c e l lu la r  p a t te r n s  c o m p o s e d  o f  

l i q u i d  d r o p le ts .  T h i s  p a t te r n  is  f o r m e d  b y  c o a le s c e n c e  o f  h o le s  f o l lo w e d  b y  

t h e  b r e a k - u p  o f  t h e  r ib b o n s  in t o  is o la te d  d r o p le ts .

Nucléation Early Dewetting

Complete Dewetting

7 T  \• * % ,♦ * *
•  I* I

y

• •

% ♦ * •  ♦
•

Advanced Dewetting

Figure 5.22 The stages o f  dewetting o f a thin liquid film as described by Stange at al. [46],
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I n  a  t h in  f i l m ,  d e w e t t in g  m a y  b e  c h a r a c te r is e d  b y  t h e  o c c u r r e n c e  o f  d r y  s p o ts  a n d  

t h e i r  g r o w t h .  T h e r e  a r e  d i f f e r e n t  m o d e s  o f  d e w e t t in g  w h i c h  c a u s e  v a r io u s  p a tte rn s .  

T h e  a im  o f  th is  w o r k  is  to  d e t e r m in e  w h e t h e r  th e  c e l l u l a r  n e t w o r k  s tr u c tu r e ,  w h ic h  

a r is e s  f r o m  th e  c o a le s c e n c e  o f  th e  r im s  o f  e x p a n d in g  d e w e t t in g  h o le s  [ 4 7 , 4 8 ] ,  o c c u rs  

f r o m  a  d e w e t t in g  p r o c e s s  d e r iv e d  f r o m  a n  in t r in s ic  s u r fa c e  in s t a b i l i t y  ( i . e .  a  p ro c e s s  

t e r m e d  s p in o d a l  d e w e t t in g ) ,  o r  f r o m  a  h e te r o g e n e o u s  o r  t h e r m a l  n u c le a t io n  

m e c h a n is m .

T h e  s p in o d a l  d  e w e t t in g  p ro c e s s  h  as b  e e n  r  e p o r t e d  t o d  r i v e  t  h e  b  r e a k - u p  o  f  

l i q u i d  c r y s ta ls ,  h o m o p o ly m e r ,  a n d  c o p o ly m e r  f i l m s  o n  s i l i c o n  s u b s tra te s  [ 4 6 , 4 9 , 5 0 ] .  

D e s c r ib e d  i n  th e  l i t e r a t u r e  b y  B r o c h a r d - W y a r t  a n d  D a i l l i n a t ,  a n d  R e i t e r ,  s p in o d a l  

d e w e t t in g  in v o lv e s  th e  a m p l i f i c a t io n  o f  t h in  f i l m  th ic k n e s s  f lu c tu a t io n s  v ia  lo n g  

r a n g e  V a n  d e r  W a a ls  fo r c e s ,  w h ic h  le a d  to  th e  b r e a k - u p  a n  a d s o r b e d  m o le c u la r  f i l m  

[ 4 8 , 5 1 ] .  S p in o d a l  d e w e t t in g  m a y  b e  t e r m e d  a n  ‘ in t r in s ic  r u p t u r e  m e c h a n is m ’ . T h is  

p ro c e s s  is  a n a lo g o u s  t o  s p in o d a l  d e c o m p o s i t io n  i n  f l u i d  m ix t u r e s ,  w h e r e  th e  

th ic k n e s s  f lu c t u a t io n s  c o r r e s p o n d  to  c o m p o s i t io n  f lu c t u a t io n s  i n  th e  f l u i d  s y s te m .  

S p in o d a l  d e w e t t in g  is  d is t in c t ly  d i f f e r e n t  f r o m  th e  t h e r m a l  o r  h e te r o g e n e o u s  

n u c le a t io n  o f  h o le s  i n  a  m e t a s ta b le  f i l m .  D e w e t t i n g  i n  th e  la t t e r  m o d e  is  t y p ic a l ly  

in i t i a t e d  b y  n u c le i  i n  th e  f o r m  o f ,  f o r  in s ta n c e  d u s t  p a r t ic le s ,  o r  o t h e r  s u r fa c e  

h e t e r o g e n e i t ie s ,  a n d  m a y  a ls o  b e  d e s c r ib e d  as a n  ‘ e x t r in s ic  r u p t u r e  m e c h a n is m ’ .

A  m o r e  d e t a i le d  A F M  s tu d y  o f  a s -p r e p a r e d  s p in  c a s t  t h in  f i lm s  th a t  re s u lts  in  

a  c e l lu la r  m o r p h o lo g y  s im i l a r  to  t h a t  i n  F ig u r e  5 .9  a n d ,  a n n e a le d  s p in -c a s t  t h in  f i lm s  

h a s  b e e n  c a r r ie d  o u t  to  a d d re s s  th e s e  is s u e s  a n d  w i l l  b e  p r e s e n t e d  n e x t .  T h e  im p o r t a n t  

c h a r a c t e r is t ic  o f  s p in o d a l  d e w e t t in g  a n d  s p in o d a l  d e c o m p o s i t io n  w h ic h  is  

in v e s t ig a t e d ,  is  th e  p r e s e n c e  o f  a  p r e f e r r e d  le n g t h  s c a le  i n  th e  f i l m  r u p tu r e /p h a s e  

s e p a r a t io n  p r o c e s s .  T h i s  p r e s e n c e  o f  a  d o m in a n t  le n g t h  s c a le  h a s  s ig n if ic a n t  

im p l ic a t io n s  f o r  c o n t r o l le d  s e l f - a s s e m b ly .
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F o r  th e  n e t w o r k  t h in  f i lm s  i t  is  u s e f u l  to  k n o w  w h ic h  w a v e le n g t h  im p a r ts  th e  g re a te s t  

i n f lu e n c e  t o  th e  s u r fa c e  to p o g r a p h y .  I n  a  d y n a m ic a l  in s t a b i l i t y  p ro c e s s  s u c h  as 

s p in o d a l  d e w e t t in g  th e r e  e x is ts  a  c r i t i c a l  w a v e le n g t h ,  th e  c o r r e s p o n d in g  a m p l i t u d e  o f  

w h ic h  g r o w s  th e  fa s te s t ,  a n d  th u s  d e te r m in e s  th e  d o m in a n t  w a v e le n g t h  (q). A n  

im p o r t a n t  c h a r a c t e r is t ic  o f  s p in o d a l  d e w e t t in g  is  t h a t  th e  p o s i t io n s  o f  th e  d e w e t t in g  

h o le s  s h o u ld  b e  s t r o n g ly  s p a t ia l ly  c o r r e la t e d  a s  a  r e s u l t  o f  th is  c r i t i c a l  w a v e v e c t o r  

a s s o c ia te d  w i t h  th e  i n s t a b i l i t y  [ 4 8 ] .  F o r  a  n u c le a t io n  m e c h a n is m ,  th e  s p a t ia l  

c o r r e la t io n  is  a b s e n t ,  a n d  th e  h o le  p o s i t io n s  s h o u ld  f o l l o w  a  P o is s o n  d is t r ib u t io n .

A s  a  f i r s t  s te p  i n  th e  d e t e r m in a t io n  o f  th e  d e g r e e  o f  in t e r h o le  c o r r e la t io n ,  th e  

i n - p la n e  c o r r e la t io n  le n g t h  o f  th e  s u r fa c e  u n d u la t io n s  ( A ( t ) )  is  o b t a in e d  f r o m  th e  

r a d ia l  a v e r a g e  o f  th e  t w o - d im e n s io n a l  F o u r ie r  t r a n s f o r m  ( F T )  w h e r e ;

A  (t) = —  ( 5 . 8 )
q

T h e  F o u r ie r  t r a n s f r o m  o f  th e  n e t w o r k  im a g e  i n  F ig u r e  5 .2 3  m a y  b e  e x a m in e d  f o r  th e  

p r e s e n c e  o f  a  p r e f e r r e d  w a v e v e c t o r .  A s  s h o w n  i n  th e  in s e t  o f  F ig u r e  5 .2 4 ,  a  d is t in c t  

r in g  i  s o  b s e r v e d  i  n  t  h e  t  w o - d im e n s io n a l  F  T .  S  i m i l a r l y  a  c  le a r  p  e a k  a  p p e a r s  i  n  t  h e  

r a d i a l l y  a v e r a g e d  t r a n s f o r m .  T h is  is  s t r o n g  e v id e n c e  f o r  s p a t ia l  c o r r e la t io n s  in  th e  

h o le  p o s i t io n s .  T h e  p r e s e n c e  o f  a  p e a k  i n  th e  r a d ia l  a v e r a g e  o f  th e  2 D - F T  a t a  

w a v e v e c t o r ,  q, o f  ~  2 5  (a m -1, s u g g e s ts  th e  p r e s e n c e  o f  a n  in t e r c e l l  c o r r e la t io n  le n g th  o f  

~  2  n  / 2 5  | i m  i . e . ,  ~  2 5 0 n m .
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Figure 5.23

W a v e v e c t o r  ( j a m 1 )

Tapping Mode A F M  height data of [BuSn(0)OC(0)Fc]6 deposited by spin-coating from 

toluene; 8/im x 8/Am z-range 15nm.

Figure 5.24 A radial average of a 2 D  F T  of the image shown in Figure 5.23. The 2D  F T  is shown in

the inset.
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T o  p r o v id e  a  m o r e  q u a n t i t a t iv e  d is t in c t io n  b e t w e e n  c o r r e la t e d  a n d  u n c o r r e la t e d  

d e w e t t in g  c e n t r e s ,  a  p o w e r f u l  s ta t is t ic a l  g e o m e t r y  t e c h n iq u e  b a s e d  o n  M i n k o w s k i  

fu n c t io n s  m a y  b e  e m p lo y e d .  [ 5 2 ] .  J a c o b s  a t  a l.  r e p o r t s  th e  a n a ly s is  o f  t h in  f i l m  

d e w e t t in g  p a t te r n s  u s in g  M i n k o w s k i  fu n c t io n a ls  i n  t w o  d im e n s io n s  [ 5 3 ] .  M i n k o w s k i  

fu n c t io n a ls  a r e  r e la t e d  t o  im p o r t a n t  m o r p h o lo g ic a l  m e a s u r e s .  I n  t w o  d im e n s io n s ,  

th e s e  a re  th e  c o v e r e d  a r e a  F, b o u n d a r y  le n g t h  U, a n d  E u l e r  c h a r a c t e r is t ic  x , o f  th e  

p a t te r n  o f  in te r e s t  [ 5 4 ] ,  W h i l e  th e  c o v e r e d  a r e a  a n d  p e r im e t e r  le n g t h  a re  e a s y - to -  

v is u a l i z e  g e o m e t r ic a l  q u a n t i t ie s ,  th e  t h i r d  M i n k o w s k i  m e a s u r e  -  th e  E u le r  

c h a r a c t e r is t ic ,  x  ~ a  k e y  t o p o lo g ic a l  m e a s u r e  d e s c r ib in g  th e  c o n n e c t iv i t y  o f  a  

p a t te r n .  I n  t w o  d im e n s io n s  -  a n d  o n  a  b i n a r y  im a g e  c o n s is t in g  o f  b la c k  a n d  w h i t e  

p ix e ls - t h e  E u l e r  c h a r a c t e r is t ic  is  th e  n u m b e r  o f  s e p a r a te  o b je c ts  c o m p r is in g  

in te r c o n n e c t e d  b la c k  p ix e ls  m in u s  th e  n u m b e r  o f  e n c lo s e d  w h i t e  r e g io n s  [ 5 2 ] ,  T h e s e  

fu n c t io n a ls  p r o v id e  s t a t is t ic a l ly  u n b ia s e d  d e s c r ip to r s  w h ic h  c o n t a in  fe a tu r e s  o f  n- 

p o in t  c o r r e la t io n  fu n c t io n s  a t  a n y  o r d e r  n [ 5 4 ] .

U s i n g  a n  e f f i c i e n t  a lg o r i t h m  b a s e d  o n  t h a t  p u t  f o r w a r d  b y  M ic h ie l s e n  a n d  

R a e d t ,  [ 5 4 ] ,  th e  b e h a v io u r  o f  th e  m o r p h o lo g ic a l  M i n k o w s k i  m e a s u r e s  f o r  a  2 D  

d is t r ib u t io n  o f  p o in t s  w h o s e  c o o r d in a te s  a re  g iv e n  b y  th e  c e n tre s  o f  th e  c e l ls  s h o w n  

i n  F ig u r e  5 .2 3  [ 5 5 ] .  S p e c i f i c a l l y ,  to  d e t e r m in e  th e  d e g r e e  to  w h ic h  th e  c e l l  c e n tre s  in  

F ig u r e  5 .2 3  d e v ia t e  f r o m  th e  P o is s o n  d is t r ib u t io n  o f  p o in t s  e x p e c t e d  f r o m  a  

c o n v e n t io n a l  n u c le a t io n - d r iv e n  d e w e t t in g  s c e n a r io ,  th e  f o l l o w i n g  p r o c e d u r e  w a s  

a d o p te d :  T o  e a c h  “ g e r m ”  ( i . e . ,  c e l l  c e n t r e  -  s e e  in s e t  to  F ig u r e  5 .2 5  ( a ) )  w h ic h  h a s  a n  

e d g e  le n g t h  o f  1 , a  s q u a r e  “ g r a in ”  o f  e d g e  le n g t h  2r + 1 ( w h e r e  r is  a  p o s i t iv e  in te g e r  

w h o s e  i n i t i a l  v a lu e  is  1 )  w a s  a t ta c h e d . C o n s e q u e n t ly ,  a n d  as d e s c r ib e d  i n  d e t a i l  b y  

M i c h ie l s e n  a n d  R a e d t ,  [ 5 4 ]  th e  p o in t  p a t t e r n  a r is in g  f r o m  th e  c e l l  c e n tre s  is  

t r a n s f o r m e d  in t o  a  p a t t e r n  o f  s q u a r e  g r a in s .  T h e  g r a in  s iz e  r - o r ,  as  i n  F ig u r e  5 .2 5 ,
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T
th e  “ n o r m a l i z e d ”  q u a n t i t y  x = — , w h e r e  L is  th e  m e a n  g e r m  s e p a r a t io n  -  w a s

L

s y s t e m a t ic a l ly  v a r ie d  a n d  th e  c h a n g e s  i n  th e  th r e e  M i n k o w s k i  f u n c t io n a ls  (s e e  F ig u r e  

5 .2 5 )  w e r e  c o m p a r e d  to  th o s e  e x p e c t e d  f o r  a  P o is s o n  d is t r ib u t io n .  E s s e n t ia l ly  th e  

s c a le -d e p e n d e n t  m o r p h o lo g ic a l  fe a tu r e s  o f  th e  n e t w o r k  c o v e r a g e  a r e  e x p lo r e d  b y  

v a r y in g  th e  r a d iu s  o f  th e  d is k  a n d  c a lc u la t in g  th e  M i n k o w s k i  m e a s u re s  o f  th e  

c o v e r a g e  as a  f u n c t io n  o f  r.

C o n s id e r in g  f i r s t  th e  x -d e p e n d e n t  v a r ia t io n  i n  M i n k o w s k i  fu n c t io n a ls  f o r  a  

P o is s o n  d is t r ib u t io n  o f  p o in t s  ( r e p r e s e n t e d  b y  th e  s o l id  l in e s  i n  F ig u r e  5 .2 5 a - c ) ,  f o r  

s m a l l  th e  g r a in s  a r e  is o la te d .  T h is  p r o d u c e s  a  s m a l l  c o v e r e d  a re a ,  a  s m a l l  b o u n d a r y  

le n g th ,  a n d  a  p o s i t iv e  E u l e r  c h a r a c t e r is t ic .  A s  th e  g r a in  s iz e  is  in c r e a s e d ,  th e  d e g r e e  

o f  o v e r la p  r is e s  i n  a  c h a r a c t e r is t ic  m a n n e r  u n t i l  th e  e n t i r e  2 D  p la n e  is  c o v e r e d  w i t h  

b la c k  p ix e ls  p r o d u c in g  a  “ s a tu r a te d ”  c o v e r e d  a re a . T h e  b o u n d a r y  le n g th  c u r v e  

e x h ib i t s  a  c le a r  p e a k  a t  in t e r m e d ia t e  v a lu e s  o f  x, w h i l e  th e  E u l e r  c h a r a c t e r is t ic  tu rn s  

n e g a t iv e .  T h e  m i n i m u m  i n  th e  E u l e r  c h a r a c t e r is t ic  c u r v e  ( F ig u r e  5 .2 5  ( c ) )  a r is e s  f r o m  

th e  h i g h l y  in t e r c o n n e c t e d  a n d  “ v o id - r id d e n ”  s t r u c tu r e  p r e s e n t  a t  in t e r m e d ia t e  x 

v a lu e s .  T h e  ^ - d e p e n d e n t  b e h a v io u r  o f  th e  M i n k o w s k i  f u n c t io n a ls  f o r  th e  d is t r ib u t io n  

o f  p o in t s  w i t h  c o o r d in a te s  g iv e n  b y  th e  c e l l  c e n t r e s  in  F ig u r e  5 .2 3  is  m a r k e d ly  

d i f f e r e n t .  I n  e a c h  c a s e  -  a re a ,  p e r im e t e r ,  a n d  E u l e r  c h a r a c t e r is t ic  -  th e  c u r v e  f o r  th e  

o r g a n o s ta n n o x a n e  c lu s t e r  f i l m  c e n t re s  (o p e n  c i r c le s - s o l id  l in e s  i n  F ig u r e  5 .2 5 a - c )  

d e v ia te s  s ig n i f i c a n t l y  f r o m  t h a t  f o r  th e  P o is s o n  d is t r ib u t io n .  I t  is  p a r t ic u la r ly  

in t e r e s t in g  t o n  o t e  t  h a t  t  h e  E  u l e r  c  h a r a c te r is t ic  d  e c re a s e s  m  u c h  m  o r e  r  a p id ly  f o r  a  

P o is s o n  d is t r ib u t io n  a t  l o w  v a lu e s  o f  x t h a n  f o r  th e  d is t r ib u t io n  o f  p o in t s  d e r iv e d  f r o m  

th e  d e w e t t in g  c e n t r e s  i n  th e  o r g a n o s ta n n o x a n e  c lu s te r  f i l m .  T o  h i g h l ig h t  m o r e  c le a r ly  

th e  d e v ia t io n s  f r o m  a  P o is s o n  d is t r ib u t io n ,  F ig u r e  5 . 2 5 d - f  s h o w s  g ra p h s  o f  th e  

o r g a n o s ta n n o x a n e  c lu s t e r  f i lm - r e la t e d  M i n k o w s k i  fu n c t io n a ls  m in u s  th e
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c o r r e s p o n d in g  P o is s o n - d e r iv e d  f u n c t io n a l .  T h a t  th e  d is t r ib u t io n  o f  d e w e t t in g  c e n tre s  

in  th e  o r g a n o s ta n n o x a n e  c lu s te r  f i l m  is  f a r  r e m o v e d  f r o m  t h a t  e x p e c t e d  f o r  a  P o is s o n  

d is t r ib u t io n  o f  p o in t s  is  c le a r  f r o m  th e s e  g ra p h s . O n e  m i g h t  n o w  a r g u e  t h a t  as  th e  

s p a t ia l  d is t r ib u t io n  o f  th e  d e w e t t in g  c e n t r e s  d o e s  n o t  f o l l o w  a  P o is s o n  d is t r ib u t io n ,  

th e r e  is  c le a r  e v id e n c e  f o r  s p in o d a l  d e w e t t in g  o f  th e  o r g a n o s ta n n o x a n e  f i l m .

H o w e v e r ,  a  n u m b e r  o f  g r o u p s  [ 5 6 , 5 7 ]  h a v e  r e c e n t ly  p o in t e d  o u t  t h a t  t o r  th e  

“ in v e r s e ”  p r o b le m  o f  d r o p le t  ( r a t h e r  t h a n  h o le )  g r o w t h  o n  a  s u b s tr a te ,  d e v ia t io n  f r o m  

a  n o n - r a n d o m  s p a t ia l  d is t r ib u t io n  o f  d o m a in s  c a n  o c c u r  s im p ly  b y  th e  c o a le s c e n c e  o f  

c lo s e  p a ir s  o f  d r o p le ts .  C o a le s c e n c e  “ w ip e s  o u t”  t h e  c lu s t e r in g  in h e r e n t  i n  a  P o is s o n  

p o in t  d is t r ib u t io n  a n d  in t r o d u c e s  a  m i n i m u m  n e a r e s t - n e ig h b o u r  d is ta n c e . T h is ,  in  

t u r n ,  p r o d u c e s  a  s p a t ia l  c o r r e la t io n  le n g t h  in  th e  d r o p le t  -  o r ,  i n  th is  c a s e , h o le -  

d is t r ib u t io n .  M o r e  d e t a i le d  m o r p h o lo g ic a l  c o m p a r is o n s  o f  d e w e t t in g  c e n t r e  

d is t r ib u t io n s ,  c o u p le d  w i t h  s im u la t io n  s tu d ie s , a r e  r e q u i r e d  to  a d d re s s  th is  is s u e .

Ftgttrr5>J5 (arc); Minkowski functionals for a Poissdn distribution of points and a point set based 

on the coordinates of the dewetting cell centres for the image shown in Figure 5.23 (solid lines and 

filled circles/solid lines, respectively). In each case, the functionals are plotted as a function of x, the 

normalized grain size. The inset to (a) depicts the difference between germs (the black pixels) and 

grains (grey pixels) centred on the germs, (d-f); Difference between the organostannoxane - and 
Poisson-derived result for each 2 D  Minkowski functional
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I t  is  im p o r t a n t  to  h ig h l ig h t  a t th is  p o in t  th a t  th e  o r g a n o s ta n n o x a n e  c lu s te r  f i lm s  

s tu d ie d  h a v e  b e e n  p r o d u c e d  v i a  s p in -c o a t in g .  T h is  is  a n  e x c e p t io n a l l y  c o m p l ic a t e d ,  

f a r - f r o m - e q u i l i b r i u m  p r o c e s s  th a t  h a s  b e e n  c o n s id e r e d  b y  L a w r e n c e  [ 5 8 ]  to  c o m p r is e  

th r e e  c o n s e c u t iv e  p h a s e s . P r e v io u s ly  d is c u s s e d  i n  s e c t io n  3 .3 . 2  f o l l o w i n g  th e  in i t i a l  

t r a n s ie n t  p h a s e  w h e r e  f l u i d  in e r t ia ,  th e  C o r io l is  fo r c e ,  a n d  s u r fa c e  t e n s io n  a re  th e  

d o m in a n t  e f f e c t s ,  th e  s e c o n d  p h a s e  o f  th e  p ro c e s s  in v o lv e s  a  b a la n c e  b e t w e e n  v is c o u s  

a n d  c e n t r i f u g a l  fo r c e s .  I n  th is  s e c o n d a r y  p h a s e , th e  d y n a m ic s  a r e  d r iv e n  b y  f lu id  

f l o w ,  w h e r e a s  i n  th e  f in a l  p h a s e  (p h a s e  I I I ) ,  th e  f l u i d  v is c o s i t y  is  so  h ig h  th e  

e v o lu t io n  o f  th e  f i l m  is  l a r g e ly  d r i v e n  b y  s o lv e n t  e v a p o r a t io n .  U n f o r t u n a t e ly ,  th e  

A F M  m e a s u r e m e n ts  i n  th is  s tu d y  -  w h ic h  p r o v id e  l i t t l e  o r  n o  i n f o r m a t io n  o n  th e  f i l m  

g r o w t h  d y n a m ic s - c a n n o t  a d d re s s  t h e  q u e s t io n  o f  w h e t h e r  th e  v is c o s i t y  o f  th e  f lu id  

p la y s  a  la r g e  r o le  i n  d e f in in g  th e  f i n a l  f i l m  m o r p h o lo g y  o b s e r v e d .  W h i l e  o n e  m ig h t  

s p e c u la te  t h a t  th e  a b s e n c e  o f  m a c r o s c o p ic  s p a t ia l  u n i f o r m i t y  i n  th e  o r g a n o s ta n n o x a n e  

c lu s te r  f i l m s  s u g g e s ts  th a t  p h a s e  I I  d y n a m ic s  a re  im p o r t a n t ,  a  “ s t a r - l i k e ”  p a t te r n  

w h ic h  h a s  p r e v io u s ly  b e e n  i d e n t i f i e d  as th e  s ig n a t u r e  o f  h y d r o d y n a m ic  in s t a b i l i t ie s  

[ 5 9 ]  a re  n o t  o b s e r v e d  a t  th e  c e n t r e  o f  r o t a t io n .  A n  o p t ic a l  s c a t te r in g  s tu d y  m a y  

p r o v id e  s o m e  in s ig h t  in t o  th e  in f lu e n c e  o f  th e  s p in - c o a t in g  p ro c e s s  o n  th e  f i l m  

m o r p h o lo g y .

H a v in g  q u a n t i t a t iv e ly  a s c e r ta in e d  th a t  th e  m o r p h o lo g y  o f  a s -c a s t  

o r g a n o s ta n n o x a n e  c lu s t e r  f i lm s  o n  n a t iv e  o x id e - t e r m in a t e d  S i ( l l l )  s u b s tra te s  is  

p r i m a r i l y  d e t e r m in e d  b y  th e  p r e s e n c e  o f  a  w e l l - d e f i n e d  c o r r e la t io n  (b u t  n o t  

n e c e s s a r i ly  s p in o d a l )  w a v e le n g t h ,  th e  d y n a m ic s  o f  d e w e t t in g  is  n o w  c o n s id e r e d . A  

c o m p r e h e n s iv e  s e r ie s  o f  a n n e a l in g  s tu d ie s  o f  o r g a n o s ta n n o x a n e  c lu s te r  t h in  f i lm s  o n  

( b o t h  H 2 S 0 4 : H 2 0 2 -  t r e a te d  a n d  “ o u t  o f  th e  b o x ”  s o lv e n t - r in s e d )  s i l ic o n  s a m p le s  h a s  

b e e n  c a r r ie d  o u t  to  p r o b e  w h e t h e r  th e  e v o lu t io n  o f  th e  f i l m  m o r p h o lo g y  is  c o n s is te n t  

w i t h  m o d e ls  o f  s p in o d a l  d e w e t t in g .
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B r o c h a r d  a n d  D a l l i a n t  [ 5 1 ]  h a v e  p u t  f o r w a r d  a  v a r ia n t  o f  V r i j ’ s [ 6 0 ]  o r ig in a l  

c a p i l l a r y  w a v e  i n s t a b i l i t y  m o d e l  t o  t r e a t  s p in o d a l  d e w e t t in g  o f  t h in  l i q u i d  f i lm s  f r o m  

s o l id  s u b s tra te s . B o t h  th e  B r o c h a r d  a n d  D a l l i a n t  a n d  th e  V r i j  m o d e ls  p r e d ic t  th a t  

t h ic k n e s s  f lu c t u a t io n s  o f  th e  f i l m  c a n  b e  a p p r o x im a t e d  b y  th e  f o l l o w i n g  e x p re s s io n :

z(x,t) = h + Sheiqx ( 5 . 9 )

H e r e ,  th e  f lu c t u a t io n  a m p l i t u d e ,  Sh, is  g iv e n  b y :

5h = Sh0e‘lT ( 5 . 1 0 )

W h e r e  t  is  th e  r e la x a t io n  t im e  a n d  1 / r  is  th e  g r o w t h  r a t e ,  a n d  Sh0 is  th e  in i t i a l

f lu c t u a t io n  a m p l i t u d e .  T h e  x c o o r d in a te  is  a s s o c ia te d  w i t h  d is p la c e m e n ts  p a r a l le l  to  

t h e  s u r fa c e ,  a n d  q d e n o te s  th e  w a v e v e c t o r  a s s o c ia te d  w i t h  th e  w a v e  in s t a b i l i t y .  I n  th is  

m o d e l ,  t h e r m a l ly  d r i v e n  th ic k n e s s  f lu c t u a t io n s  a re  e x p o n e n t ia l ly  a m p l i f ie d  i f  t h e i r  

a s s o c ia te d  w a v e v e c t o r  q, is  le s s  t h a n  s o m e  c r i t i c a l  w a v e v e c t o r ,  qc, b u t  a re  a t te n u a te d  

i f  q > qc. I m p o r t a n t ly ,  i f  o n e  n o w  m o n i t o r s  th e  d is t r ib u t io n  o f  w a v e v e c t o r s  b y ,  fo r  

e x a m p le ,  p lo t t in g  th e  r a d i a l l y  a v e r a g e d  F o u r ie r  t r a n s f o r m  o f  A F M  im a g e s  o f  th e  t h in  

f i l m  t a k e n  as a  f u n c t io n  o f  a n n e a l in g  t im e ,  th e n  i t  is  p o s s ib le  to  d e t e r m in e  a  v a lu e  fo r  

qc b y  id e n t i f y in g  a  “ c r o s s o v e r ”  w a v e v e c t o r  i n  th e  F o u r ie r  s p e c tra .  F u r t h e r m o r e ,  th e  

p o s i t io n  o f  th e  p e a k  i n  th e  r a d i a l l y  a v e r a g e d  t r a n s f o r m  s h if ts  to  l o w e r  w a v e - n u m b e r s  

as a  f u n c t io n  o f  a n n e a l in g  t i m e  a c c o r d in g  to  a  p o w e r  l a w  w h o s e  e x p o n e n t  y ie ld s  

i n f o r m a t io n  o n  th e  t y p e  o f  u n d e r ly in g  d e s t a b i l i z a t io n  k in e t ic s .  T h e s e  ty p e s  o f  

a n a ly s e s  h a v e  b e e n  s u c c e s s f u l ly  a d o p te d  b y  X i e  e t a l .  [ 6 1 ]  i n  th e  a n a ly s is  o f  

d e w e t t in g  o f  p o l y m e r  f i l m s  f r o m  s i l ic o n  s u b s tra te s .

F ig u r e  5 .2 6  is  a  s e r ie s  o f  r e p r e s e n ta t iv e  t a p p in g  m o d e  A F M  h e ig h t  im a g e s  

( H 2 S 0 4 : H 2 0 2 - t r e a t e d )  f o r  th e  o r g a n o s ta n n o x a n e  c lu s t e r  f i l m  a n n e a le d  fo r  

p r o g r e s s iv e ly  lo n g e r  t im e s  a t  a  te m p e r a t u r e  o f  7 5  ° C .  F ig u r e  5 .2 6  ( a )  i l lu s t r a te s  th e
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m o r p h o lo g y  o  f  t h e  f i l m  d i r e c t ly  f o l l o w i n g  s p in - c a s t in g  w i t h  n o  a n n e a l in g .  F ig u r e s  

5 .2 6  b - d  a re  A F M  h e ig h t  im a g e s  t a k e n  f o l l o w i n g  a n n e a l in g  p e r io d s  o f  1 , 6 , a n d  1 2 h ,  

r e s p e c t iv e ly .  T h e s e  im a g e s  a re  l a r g e ly  r e p r e s e n t a t iv e  o f  th e  m a c r o s c o p ic  m o r p h o lo g y  

o f  th e  f i l m .  T h e  in - p la n e  p e a k  w a v e v e c t o r  as  a  f u n c t io n  o f  a n n e a l in g  t im e  is  

m e a s u r e d  b y  a c q u i r in g  s im i la r  A F M  im a g e s  a t  a  n u m b e r  o f  w e l l  s e p a r a te d  re g io n s  

(s p a c e d  b y  m i l l i m e t r e s )  o n  th e  o r g a n o s ta n n o x a n e  f i l m  a n d  s u b s e q u e n t ly  c a lc u la t in g  

th e  r a d i a l l y  a v e r a g e d  F o u r ie r  t r a n s f o r m .  F ig u r e  5 .2 7  s h o w s  th e  c o r r e s p o n d in g  

r a d i a l l y  a v e r a g e d  F o u r ie r  t r a n s fo r m s  f o r  F ig u r e  2 6 a - d .  F r o m  th e  F o u r ie r  t r a n s fo r m s  

o f  th e  A F M  d a ta ,  i t  is  e x t r e m e ly  p r o b le m a t ic  to  s y s t e m a t ic a l ly  a n d  r e p r o d u c ib ly  

d e f in e  a  c r o s s o v e r  w a v e v e c t o r  ( qc)  a b o v e  ( b e l o w )  w h ic h  th ic k n e s s  f lu c t u a t io n s  d e c a y  

( g r o w )  in  t im e .

F ig u r e  5 .2 8  s h o w s  th e  e v o lu t io n  o f  th e  s u r fa c e  r o u g h n e s s  as a  f u n c t io n  o f  th e  

a n n e a l in g  t im e .  T h e  e r r o r  b a r s  r e p r e s e n t  ±  1 s ta n d a r d  d e v ia t io n  f o r  a  s e t o f  3 0  

m e a s u r e m e n ts  t a k e n  a t  m a c r o s c o p ic a l ly  s e p a r a te d  r e g io n s  o f  th e  f i l m .  A l t h o u g h  i t  is  

p o s s ib le  to  f i t  th e  e a r ly  s ta g e  a n n e a l in g  d a ta  w i t h  a n  e x p o n e n t ia l  fu n c t io n ,  as 

e x p e c t e d  o n  t h e  b a s is  o f  th e  s p in o d a l  d e w e t t in g  th e o r y ,  th e  m a g n i t u d e  o f  th e  e r r o r  

b a rs  m e a n s  t h a t  a  n u m b e r  o f  o t h e r  f u n c t io n a l  f o r m s  m a y  a ls o  b e  u s e d  as a  f i t  to  th e  

d a ta . T h e  in s e t  o f  F i g u r e  5 .2 8  s h o w s  a  p l o t  o f  th e  p e a k  w a v e v e c t o r  as  a  f u n c t io n  o f  

th e  a n n e a l in g  t im e .  R e p r e s e n t a t iv e  e r r o r  b a rs  f o r  a  n u m b e r  o f  p o in t s  a r e  s h o w n .  

W i t h i n  th e s e  e r r o r  l i m i t s  n o  s y s te m a t ic  c h a n g e  o f  th e  p e a k  w a v e v e c t o r  is  o b s e r v e d .  

W i t h i n  th e  r a n g e  o f  a n n e a l in g  t im e s  a n d  e r r o r  l i m i t s  a s s o c ia te d  w i t h  th is  s tu d y  w e  d o  

n o t  r e c o v e r  t h e  p o w e r - l a w  d e p e n d e n c e  o f  w a v e v e c t o r  o n  a n n e a l in g  t i m e  ( i . e .  th e r e  is  

a  la c k  o f  p o w e r  l a w  d e p e n d e n c e ) .  T h is  is  d i f f e r e n t  to  r e s u lts  r e p o r t e d  in  s tu d ie s  o f  

p o ly m e r  d e w e t t in g  f r o m  s i l ic o n  s u b s tra te s  i n  w h ic h  p o w e r  l a w  d e p e n d e n c e  h a s  b e e n  

o b s e r v e d  [ 5 0 , 6 1 ] ,
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Figure 5.26 8/jm x 8fim tapping mode A F M  height data for the organostannoxane cluster thin film 

annealed for progressively longer times at a temperature of75°C; (a) No annealing: (b-d) A F M  

images taken following annealing periods of 1, 6, and 12 h, respectively.

Annealed for 
6 h r s

Annealed for

Before
annealing

V f e v m c t o r ( p i T i  )

Figure 5.27 Radially averaged 2D Fourier transforms for the images shown in Figure 5.26.
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Figure 5.28 Evolution of surface roughness as a function of annealing time. Inset: Plot of the peak

wavevector as a function of annealing time.

T h e s e  d i f f i c u l t i e s  in  in t e r p r e t in g  th e  e x p e r im e n t a l  d a ta  i n  t e r m s  o f  s p in o d a l  d e w e t t in g  

t h e o r y  a r is e  i n  p a r t  f r o m  v a r ia t io n s  i n  o r g a n o s ta n n o x a n e  c lu s te r  f i l m  s tr u c tu r e  f r o m  

r e g io n  to  r e g io n  a c ro s s  th e  s u b s t ra te  s a m p le .  M o r p h o l o g i c a l  v a r ia t io n s  a c ro s s  th e  

f i l m  s u b s t a n t ia l ly  in c r e a s e  th e  m a g n i t u d e  o f  th e  e r r o r  b a r s  ( s h o w n  as 1 s ta n d a rd  

d e v ia t io n )  o n  t h e  d a ta  p o in t s  a n d  r e n d e r  d e t a i le d  c o m p a r is o n  w i t h  t h e o r y  d  i f f i c u l t .  

T h e  e x p e r im e n t  w a s  r e p e a te d  m a n y  t im e s  ( S e e  A p p e n d i x  C  f o r  im a g e s )  w i t h  a  

n u m b e r  o f  s a m p le s  i n  a n  id e n t ic a l  m a n n e r .  T h e  m o r p h o lo g ic a l  v a r ia t io n s  o b s e r v e d  as  

a  f u n c t io n  o  f  p  o s i t io n  o  n  t  h e  s a m p le  w  e r e  c  o m p a r a b le  f r o m  s a m p le  t  o  s a m p le  f o r  

H 2 SC>4 : H 2 C)2 - t r e a t e d  s i l i c o n  s u b s tra te s . S u b s t a n t ia l ly  h ig h e r  le v e ls  o f  f i l m  

i n h o m o g e n e i t y  a n d  s a m p le  i r r e p r o d u c ib i l i t y  w e r e  o b s e r v e d  f o r  s u b s tra te s  th a t  w e r e  

s im p ly  s o lv e n t - r in s e d .  D y n a m i c  c o n ta c t  a n g le  m e a s u r e m e n ts  s h o w  th a t  th e  w e t t in g  

p r o p e r t ie s  o f  th e  s i l i c o n  s u b s tra te  w e r e  d r a m a t ic a l l y  a f f e c t e d  b y  th e  H i S C ^ H ^ C h

- 185 -



Chapter 5

t r e a t m e n t .  F o r  s o lv e n t - r in s e d  s a m p le s ,  th e  c o n ta c t  a n g le  w a s  4 5 °  ± 5 ° ,  w h e r e a s  th e  

s u lp h u r ic  a c id - p e r o x id e  t r e a t m e n t  r e d u c e s  th e  h y d r o p h o b ic i t y  o f  th e  s u r fa c e  so  th a t  

th e  c o n ta c t  a n g le  w a s  5 °  ± 5 ° .

H o w e v e r ,  i t  is  a ls o  im p o r t a n t  to  n o t e  th a t  th e  i n i t i a l  ( i . e . ,  p r e a n n e a le d )  f i l m  is  

a s s o c ia te d  w i t h  a  m o r p h o lo g y  w h e r e  th e  d e w e t t in g  h o le s  a l r e a d y  e x p o s e  th e  

u n d e r ly in g  s i l i c o n  s u b s t r a te  a n d  t h e  f i l m  r o u g h n e s s  i s  r a t h e r  c lo s e  t o  o n e  h a l f  t h e  

m e a n  f i l m  th ic k n e s s  ( 2 .1  n m ) .  T h e s e  i n i t i a l  c o n d i t io n s  a re  s o m e w h a t  d i f f e r e n t  f r o m ,  

f o r  e x a m p le ,  p r e v io u s  s tu d ie s  o f  p o l y m e r  d e w e t t in g  f r o m  s i l i c o n  [ 5 0 ] ,  w h e r e  th e  

la t t e r  c r i t e r io n  w a s  n o t  m e t  u n t i l  th e  s a m p le  w a s  a n n e a le d  f o r  s o m e  t im e .  A s  a lr e a d y  

m e n t io n e d ,  F ig u r e  5 .2 8  s h o w s  th e  c h a n g e  i n  s u r fa c e  r o u g h n e s s  as a  f u n c t io n  o f  

a n n e a l in g  t i m e  f o r  th e  o r g a n o s ta n n o x a n e  s a m p le  s h o w n  i n  F ig u r e s  2 6 ( a ) .  W h i l e  i t  is  

p o s s ib le  to  f i t  th e  e a r ly  s ta g e  a n n e a l in g  d a ta  (u p  t o ~ 3 h )  w i t h  a n  e x p o n e n t ia l  f u n c t io n  

-  as  e x p e c t e d  o n  th e  b a s is  o f  s p in o d a l  d e w e t t in g  t h e o r y - n o t e  a g a in  t h a t  th e  e r r o r  b a rs  

a re  r e la t i v e l y  la r g e  ( a n d  d e r iv e  o n c e  m o r e  f r o m  m o r p h o lo g ic a l  v a r ia t io n s  as a  

f u n c t io n  o  f  1 a t e r a l  p  o s i t io n  o  n  t  h e  s a m p le  s u r f a c e ) .W h e n  c  o u p le d  w  i t h  t  h e  1 a c k  o  f  

s y s te m a t ic  w a v e v e c t o r  v a r i a t io n  a n d  th e  d i f f ic u l t i e s  a s s o c ia te d  w i t h  d e f in in g  th e  

c r i t i c a l  w a v e v e c t o r  (qc)  d is c u s s e d  p r e v io u s ly ,  i t  is  c le a r  t h a t ,  a l t h o u g h  th e r e  is  a  

s t r o n g  s p a t ia l  c o r r e la t io n  i n  th e  p o s i t io n s  o f  th e  d e w e t t in g  c e n tr e s  ( a n  im p o r t a n t  

r e s u l t  i n  i t s e l f ,  g iv e n  th e  r e c e n t  u n c e r t a in t y  r e g a r d in g  s p in o d a l  d e w e t t in g  f o r  

a d s o r b e d  p o l y m e r  f i l m s  o n  s i l ic o n  [ 4 8 ] ) ,  a  q u a n t i t a t iv e  u n d e r s ta n d in g  o f  th e  

d e w e t t in g  d y n a m ic s  o f  th e  o r g a n o s ta n n o x a n e  f i l m  as a  f u n c t io n  o f  a n n e a l in g  t im e  is  

c u r r e n t ly  la c k in g .

F u r t h e r  e lu c id a t io n  o f  th e  d e w e t t in g  m e c h a n is m  w i l l  n e c e s s ita te  e x t r e m e ly  

c a r e f u l  c o n t r o l  o f  s u b s t r a te  h e t e r o g e n e i t y  a n d  s u r fa c e  c h e m is t r y .  I n  p a r t ic u la r ,  

s u b s tra te  s u r fa c e  t r e a t m e n t  p la y s  a  c e n t r a l  r o le  in  c o n t r o l l in g  th e  d e w e t t in g  d y n a m ic s .  

F ig u r e  5 .2 9  s h o w s  th e  e v o lu t io n  o f  m o r p h o lo g y  f o r  a  f i l m  o f  th ic k n e s s  c o m p a r a b le  to
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t h a t  d is c u s s e d  a b o v e  b u t  s p in -c a s t o n to  a  s il ic o n  s u b s tra te  th a t  w a s  s im p ly  s o lv e n t  

t r e a te d . I t  is  c le a r  th a t, a lth o u g h  th e  in i t ia l  m o r p h o lo g y  is  c o m p a r a b le  to  th a t  o f  th e  

H 2 S O 4 : H 20 2-t r e a te d  s a m p le s  (c o m p a r e  F ig u r e  5 .2 6 ( a )  w i t h  F ig u r e  5 .2 9 ( a ) ) ,  th e  

d e p e n d e n c e  o f  f i lm  m o r p h o lo g y  o n  a n n e a l in g  t im e  is  d r a m a t ic a l ly  d i f fe r e n t .  In  

p a r t ic u la r ,  th e  b r e a k -u p  o f  th e  f i lm  in to  d ro p le ts  v ia  th e  R a y le ig h  in s ta b il i ty  [ 4 8 ,6 1 ]  

o c c u rs  o n  m u c h  s h o rte r  t im e  s c a le s  f o r  th e  u n tre a te d  s il ic o n  s u b s tra te . In  a d d it io n ,  

s a m p le - to -s a m p le  r e p r o d u c ib i l i t y  a n d  f i l m  h o m o g e n e ity  w e r e  s u b s ta n t ia l ly  p o o r e r  fo r  

th e  u n tre a te d  s il ic o n  s u b s tra te s . T h e  o rg a n o s ta n n o x a n e -s u b s tr a te  in te ra c t io n  p o te n t ia l  

is  c le a r ly  p a r t ic u la r ly  s e n s it iv e  to  m in o r  m o d if ic a t io n s  in  s il ic o n  s u rfa c e  c h e m is try .

In  c o n c lu s io n , w i t h in  th e  ra n g e  o f  a n n e a lin g  t im e s  a n d  a n n e a lin g  

te m p e ra tu re s  u s e d  in  th is  s tu d y  ( 3 0  m in  to  6 0  h , 7 5 - 1 2 5  ° C )  a n d  fo r  

o rg a n o s ta n n o x a n e  f i lm s  ra n g in g  in  th ic k n e s s  f r o m  ~ 4  to  1 0  n m , th e re  is  n o  c o n s is te n t  

e v id e n c e  fo r  th e  e v o lu t io n  o f  s u r fa c e  w a v e v e c to r  e x p e c te d  f r o m  th e  th e o r y  o f  

s p in o d a l d e w e tt in g .

Figure 5.29 8pm x 8pm tapping mode A F M  height data for the organostannoxane cluster thin film on a silicon 
substrate which was simply solvent rinsed before spin coating, annealed for progressively longer times at a 

temperature of 75°C; (a) No annealing: (b-d) A F M  images taken following annealing periods of 2, 4, andSh,
respectively.
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5.3.3 Photoemission Spectroscopy Analysis.

I n  th e  n e x t  p a r t  o f  t h is  c h a p te r ,  a  c o m p le m e n t a r y  t e c h n iq u e ,  p h o t o e m is s io n  

s p e c t r o s c o p y  ( P E S ) ,  w h ic h  is  a  h i g h l y  c h e m ic a l l y  s p e c i f ic  te c h n iq u e ,  in v e s t ig a t e s  th e  

s o lid - s t a t e  e le c t r o n ic  s t r u c tu r e  o f  th e  o r g a n o s ta n n o x a n e  c lu s te r  u s in g  s y n c h r o t r o n  

r a d ia t io n  ( S R )  p h o t o e m is s io n  a n d  r e s o n a n t  p h o t o e m is s io n  ( R E S P E S ) .  R e s o n a n t  

p h o t o e m is s io n ,  p a r t i c u la r l y ,  is  a  s e n s i t iv e  p r o b e  o  f  th e  d e n s i t y  o f  s ta te s  a  s s o c ia te d  

w i t h  th e  F e  a n d  S n  a to m s  a t th e  c o r e  o f  th e  o r g a n o s ta n n o x a n e  a n d  f e r r o c e n y l  u n its .

T h e  m o r p h o lo g y  o f  th e  o  r g a n o s ta n n o x a n e  t h in  f i l m  u s e d  f o r  th e  S R -b a s e d  

m e a s u r e m e n ts  is  s im i l a r  t o  th e  c e l lu la r  n e t w o r k s  d e s c r ib e d  so  f a r  i n  th is  c h a p te r  ( F o r  

e x a m p le  i n  F ig u r e  5 . 9 )  a n d  is  s h o w n  i n  F ig u r e  5 .3 0 .  N o t e  th a t ,  as  f o r  th e  d e w e t t in g  

s tu d ie s  d e s c r ib e d  p r e v io u s ly ,  th e  f i l m  s tr u c tu r e  is  c e l lu la r  i n  n a tu r e  a n d  th u s  e x p o s e s  

a  s u b s t a n t ia l  a m o u n t  o f  th e  u n d e r ly in g  s i l ic o n  s u b s tra te .  T h is  c o u p le d  w i t h  th e  

p r e s e n c e  o f  a d v e n t i t io u s  c a r b o n  o n  th e  s i l i c o n  s u b s tra te s  a n d  th e  s tr o n g  o x y g e n -  

d e r iv e d  p h o t o e m is s io n  s ig n a l  f r o m  th e  S iC >2 l a y e r  m a k e  r e l i a b le  a n a ly s is  a n d  

in t e r p r e t a t io n  o f  C  I s  a n d  O  I s  s p e c tr a  f r o m  th e  o r g a n o s ta n n o x a n e  f i l m  e x t r e m e ly  

d i f f i c u l t .  ( T h e s e  m a y  s t i l l  b e  f o u n d  i n  A p p e n d ix  D) T h e r e f o r e ,  a t t e n t io n  is  fo c u s e d  o n  

th e  a c q u is i t io n  o f  F e -  a n d  S n - d e r iv e d  c o r e - le v e l  p h o t o e m is s io n  a n d  R E S P E S  s p e c tra  

as th e s e  s ig n a ls  a r is e  s o le ly  f r o m  th e  a d s o r b e d  o r g a n o s ta n n o x a n e  c lu s te rs .
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Figure S.30 Tapping mode A F M  height image of organostamoxane cluster film usedfor 

photoemission. 8/jm x 8ftm, z-range =10.5nm.

V a le n c e  b a n d  s p e c tra  (hv =  6 0  e V )  ta k e n  f r o m  a  s il ic o n  s a m p le  w i t h  a n d  w it h o u t  a n  

a d s o rb e d  o rg a n o s ta n n o x a n e  la y e r  a re  s h o w n  in  F ig u r e  5 .3 1 .  A l t h o u g h  it  is  c le a r  th a t  

th e  o v e r a l l  s h a p e  o f  th e  s p e c tru m  c h a n g e s  l i t t le  w h e n  th e  o rg a n o s ta n n o x a n e  o v e r la y e r  

is  p re s e n t  a n d  is  d o m in a te d  b y  th e  s u b s tra te  v a le n c e  b a n d  s tru c tu re , a n  a d d it io n a l  

p e a k  a t  a  b in d in g  e n e r g y  o f  2  e V  is  o b s e rv e d . W h i l e  th is  p e a k  d e r iv e s  f r o m  th e  

h ig h e s t  o c c u p ie d  m o le c u la r  o r b it a l  ( H O M O )  o f  th e  o rg a n o s ta n n o x a n e  c lu s te r , th e  

s p e c tru m  s h o w n  in  F ig u r e  5 .3 2  y ie ld s  l i t t le  in fo r m a t io n  b e y o n d  th e  e n e rg e t ic  p o s it io n  

o f  th e  H O M O  b e lo w  th e  F e r m i  le v e l .  T h is  is  b e c a u s e  w i t h  c o n v e n t io n a l  

p h o to e m is s io n  i t  is  e x t r e m e ly  d i f f ic u l t  ( in  th e  a b s e n c e  o f  a priori k n o w le d g e )  to  

id e n t i f y  th e  e le c t r o n ic  c h a ra c te r  o f  th e  p e a k s  in  a  v a le n c e  b a n d  s p e c tru m . T h e r e fo r e ,  

R E S P E S  is  u s e d  to  p ro b e  th e  c o n tr ib u t io n  o f  F e  a n d  S n  to  th e  f r o n t ie r  o rb ita ls  o f  th e  

a d s o rb e d  o rg a n o s ta n n o x a n e  c lu s te r .
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Figure 5.31 Valence band spectra for (a) native oxide-terminated Si(l 11) substrate; (b) a thin 

organostannoxane film on the SiO/Si(lll) substrate.

Binding energy (eV)

Figure 5.32 The highest occupied molecular orbital (HOMO)-derived peak of the organostannoxane

film visible from Figure 5.30.
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R E S P E S  [ 6 2 ]  e x p lo i t s  th e  r e s o n a n t  e n h a n c e m e n t  o f  th e  s p e c t r a l  in t e n s i t y  o f  v a le n c e  

s ta te s  a s s o c ia te d  w i t h  a  p a r t ic u la r  c h e m ic a l  e le m e n t .  T h i s  o c c u r s  w h e n  th e  in c o m in g  

p h o t o n  e n e r g y  is  tu n e d  to  th e  a b s o r p t io n  th r e s h o ld  o f  a  m o r e  s t r o n g ly  b o u n d  c o r e 

l e v e l  o f  t h a t  e le m e n t .  I n  th is  w a y ,  o n e  g a in s  in s ig h t  in t o  th e  p a r t i a l  d e n s i t y  o f  s ta te s . 

T h is  p ro c e s s  is  s k e tc h e d  i n  F ig u r e  5 .3 3  ( a ) .  F o l l o w in g  th r e s h o ld  e x c i t a t io n  o f  a  c o r e 

l e v e l  e le c t r o n ,  i n  th is  c a s e , f r o m  a n  F e  2 p  le v e l  in t o  th e  u n o c c u p ie d  F e  3 d - d e r iv e d  

d e n s i t y  o f  s ta te s , n o n - r a d ia n t  d e c a y  o f  a n  F e  3 d  v a le n c e  e le c t r o n  to  th e  F e  2 p  c o r e 

h o le  is  a c c o m p a n ie d  b y  th e  e m is s io n  o f  th e  o r i g i n a l l y  e x c i t e d  c o r e - l e v e l  e le c t r o n .  

I m p o r t a n t ly ,  th is  p r o c e s s  p r o d u c e s  a  s in g le  h o le  f i n a l  s ta te  th a t  is  id e n t ic a l  to  th a t  

a s s o c ia te d  w i t h  d i r e c t  v a le n c e  b a n d  p h o t o e m is s io n  (a s  d e p ic t e d  i n  F ig u r e  5 .3 3 ( b ) ) .  

C o n s t r u c t iv e  in t e r f e r e n c e  b e t w e e n  th e  t w o  e x c i t a t io n  c h a n n e ls  le a d s  to  r e s o n a n t  

e n h a n c e m e n t  o f  th e  s p e c t r a l  i n t e n s i t y  o f  F e  3 d - r e la t e d  fe a tu r e s  i n  th e  v a le n c e  b a n d .  

R E S P E S  th e r e f o r e  a c ts  as  a n  e le m e n t - s p e c i f ic ,  l o c a l i z e d  p r o b e .

( b )

Fe 3d Fe 3d

Fe 2p Fe 2p

Figure 5.33 Schematic illustration of the resonant photoemission process for Fe 2p — > 3d RESPES

V a le n c e  b a n d  s p e c t r a  f r o m  th e  o r g a n o s t a n n o x a n e - S iC V S i  s a m p le  f o r  p h o t o n  e n e rg ie s  

f r o m  7 0 2  to  7 1 1  e V  a r e  s h o w n  i n  F ig u r e  5 .3 4 .  B e l o w  t h e  F e  2 p  th r e s h o ld  (hv =  7 0 2  

e V ) ,  th e  s p e c t r a  a r e  d o m in a t e d  b y  p h o t o e m is s io n  f r o m  th e  S i C V S i  s u b s tra te . A s  th e  

p h o t o n  e n e r g y  is  in c r e a s e d  t o w a r d  th e  F e  2 p  th r e s h o ld ,  th e  F e  3 d  s ta te s  a re  e n h a n c e d  

i n  th e  p h o t o e m is s io n  s p e c t r u m .  B y  s u b tr a c t in g  th e  o f f - r e s o n a n c e  s p e c t r u m  f r o m  th e
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o n - r e s o n a n c e  s p e c t r u m ,  as  s h o w n  in  F ig u r e  5 .3 7 ,  th e  F e  3 d - d e r iv e d  p a r t i a l  d e n s it y  o f  

s ta te s  m a y  b e  e x t r a c te d .  T h r e e  b r o a d  f e a t u r e s  a r e  id e n t i f i e d  i n  th e  d i f f e r e n c e  

s p e c t r u m  s h o w n  in  F ig u r e  5 .3 5 :  a  s h o u ld e r  a t  a  b in d in g  e n e r g y  o f  a p p r o x im a t e ly  4  

e V ,  a n  in te n s e  p e a k  a t  7 .0  e V ,  a n d  a n o t h e r  s h o u ld e r  a t  ~ 1 1  e V .  ( N o t e  t h a t  th e  

c o m b in e d  p h o t o n  a n d  e le c t r o n  e n e r g y  r e s o lu t io n  f o r  t h e  F e  2 p  —» 3 d  R E S P E S  

m e a s u r e m e n ts  w a s  r a t h e r  p o o r  ( > 1  e V )  d u e  l a r g e ly  to  th e  u s e  o f  a n  a n a ly z e r  p a s s  

e n e r g y  o f  9 0  e V  t o  e n s u r e  s u f f i c i e n t ly  h i g h  e le c t r o n  c o u n t  r a te s . )

Figure 5.34 On- resonance (upper spectrum at 7lleV) and off-resonance (lower spectrum at 702eV)

valence band spectra.
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Figure 5.3 5 On- resonance-off-resoncmce difference spectrum for data in Figure 5.30..

I t  is  n o w  in s t r u c t iv e  t o  c o m p a r e  th e  F e  2 p  —» 3 d  R E S P E S  d i f f e r e n c e  s p e c t r u m  s h o w n  

in  F ig u r e .  5 .3 4  w i t h  th e  c a lc u la t e d  a n d  e x p e r im e n t a l l y  m e a s u r e d  d e n s i t y  o f  s ta te s  o f  

f e r r o c e n e ,  t h e  “ p a r e n t ”  m o le c u le  o f  t h e  f e r r o c e n y l  g r o u p s  a t  th e  p e r ip h e r y  o f  th e  

o r g a n o s ta n n o x a n e  c lu s te r .  A  p r e v io u s  p h o t o e m is s io n  s tu d y  r e p o r t e d  b y  D r i s c o l l  a t  a l. 

[ 6 3 ]  o n  a d s o r b e d  f e r r o c e n e  i d e n t i f i e d  a  s e r ie s  o f  p e a k s  a t  e n e r g ie s  o f  ~ 2 . 3 ,  4 .4 ,  7 .9 ,  

1 2 .3 ,  a n d  1 7 .2  e V ,  w i t h  r e s p e c t  to  th e  F e r m i  le v e l .  T h r o u g h  c o m p a r is o n  w i t h  g r o u n d -  

s ta te  t h e o r e t ic a l  c a lc u la t io n s  f o r  f e r r o c e n e ,  t h e  v a r io u s  p e a k s  a r e  a s s ig n e d  to  t h e i r  

c o r r e s p o n d in g  o r b it a ls .  O f  p a r t ic u la r  r e le v a n c e  t o  t h e  p r e s e n t  s tu d y ,  h o w e v e r ,  

D o w b e n  e t  a l. [ 6 4 ]  h a v e  d is c u s s e d  th e  e n h a n c e m e n t  o f  th e  fe r r o c e n e  m o le c u la r  

o r b i t a l -  d e r iv e d ,  p h o t o e m is s io n  fe a t u r e s  in  R E S P E S .  T h e y  p o in t  o u t  t h a t  th e  4 e i g, 

7 a i g, 6 e iu , a n d  2 e ig fe a t u r e s  a t  b in d in g  e n e r g ie s  o f  ~ 7 . 0 ,  1 0 .9 ,  a n d  ~ 1 3  e V  d e r iv e  

f r o m  m o le c u la r  o r b i t a ls  w h ic h  h a v e  th e  h ig h e s t  l e v e l  o f  / r - C p  l ig a n d  o r b i t a l  

h y b r i d i z a t i o n  w i t h  F e  d  s ta te s . T h e  8 a i g a n d  4 e 2g m o le c u la r  o r b it a ls  w i t h  b in d in g  

e n e r g ie s  o f  4 - 5  e V  a n d  ~ 4  e V ,  r e s p e c t iv e ly ,  h a v e  s t r o n g  lo c a l i z e d  F e  3 d  c h a r a c te r .
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S p e c i f i c a l l y ,  th e  8 a [g a n d  4 e 2g fe a tu r e s  a r is e  f r o m  dz2 a n d  d ^ ,d ^ 2 -^ 2  o r b ita ls ,  

r e s p e c t iv e ly .

I n  F e  2 p  —> 3 d  R E S P E S ,  i t  m a y  b e  e x p e c t e d  to  o b s e r v e  s t r o n g  e n h a n c e m e n t  o f  

th e  p h o t o e m is s io n  fe a tu r e s  w h ic h  a r is e  f r o m  m o le c u la r  o r b it a ls  h a v in g  a  la r g e  

c o m p o n e n t  o f  l o c a l i z e d  F e  3 d  c h a r a c te r .  T h a t  in te n s e  r e s o n a n c e s  a t  ~ 4  a n d  ~ 7  e V  a re  

o b s e r v e d  in  t h e  d i f f e r e n c e  s p e c t r u m  s h o w n  i n  F ig u r e  5 .3 5  is  s t r o n g ly  s u g g e s t iv e  th a t  

th e s e  p e a k s  d e r iv e  f r o m  m o le c u la r  o r b it a ls  w i t h  F e  3 d  c o n te n t  s im i la r  to  th a t  o f  th e  

8 a i g, 4 e 2g, a n d  4 e i g o r b it a ls  o f  th e  “ p a r e n t ”  fe r r o c e n e  m o le c u le .  T h e  s h o u ld e r  

o b s e r v e d  a t a n  e n e r g y  o f  ~ 1 1  e V  i n  F ig u r e  5 .3 2  m u s t  a ls o  a r is e  f r o m  o r b it a ls  w i t h  a  

h ig h  d e g r e e  o f  F e  d  c h a r a c t e r ,  a n d  a  f a m i l y  o f  o r b it a ls  ( 3 e 2u, 3 e 2g, 3 e i g, 5 e i u, a n d  7 a i g)  

h a v e  p r e v io u s ly  b e e n  i d e n t i f i e d  as c o n t r ib u t in g  t o  th is  s p e c t r a l  f e a t u r e  i n  s tu d ie s  o f  

fe r r o c e n e  a d s o r p t io n  o n  A g ( 1 0 0 )  [ 6 5 ] ,

I t  t h e r e f o r e  a p p e a rs  th a t  th e  f e r r o c e n y l  g r o u p s  a t th e  p e r ip h e r y  o f  th e  

o r g a n o s ta n n o x a n e  c lu s t e r  r e t a in  a  h ig h  d e g r e e  o f  th e  e le c t r o n ic  c h a r a c t e r  o f  th e  

f e r r o c e n e  m o le c u le .  W h a t  is  p a r t i c u la r l y  in t e r e s t in g ,  h o w e v e r ,  is  th a t  w i t h  F e  2 p  —> 3 d  

R E S P E S  n o  e v id e n c e  is  o b s e r v e d  f o r  a  s t r o n g  r e s o n a n t  e n h a n c e m e n t  o f  th e  H O M O -  

d e r iv e d  p e a k  c e n t r e d  a t  ~ 2  e V  b e lo w  th e  F e r m i  e d g e  (s e e  F ig u r e  5 .3 1 ( b ) ) .  T h is  

s u g g e s ts  t h a t  th e  h ig h e s t  o c c u p ie d  o r b i t a l  is  a s s o c ia te d  w i t h  v e r y  l i t t l e  ( lo c a l i z e d )  F e  

3 d  c h a r a c te r .

A  R E S P E S  m e a s u r e m e n t  i n v o lv i n g  p h o t o n  e n e r g ie s  c r o s s in g  th e  S n  3 d  e d g e  

w a s  t h e r e f o r e  c a r r ie d  o u t  to  p r o b e  w h e t h e r  S n  5 p  s ta te s  m a k e  a  s ig n if ic a n t  

c o n t r ib u t io n  to  t h e  H O M O  o f  th e  o r g a n o s ta n n o x a n e  c lu s te r .  T h e  S n  3 d  c o r e - le v e l  

p h o t o e m is s io n  s p e c t r u m  is  s h o w n  i n  F ig u r e  5 .3 6 .  N o t e  th a t  a  le s s  in te n s e  r e s o n a n t  

e n h a n c e m e n t  f o r  th e  S n 3 d —» 5 p  R E S P E S  th a n  f o r  th e  F e  3 d - r e la t e d  R E S P E S  

m e a s u r e m e n ts  is  e x p e c t e d ,  as  th e  e le c t r ic  d ip o le  t r a n s i t io n  f r o m  a  s ta te  o f  o r b it a l  

a n g u la r  m o m e n t u m  I t o  a n  /  -  1 s ta te  is  m u c h  w e a k e r  t h a n  /  —» /  +  1 . I t  is  c le a r  f r o m

- 1 9 4 -



Chapter 5

F ig u r e  5 .3 7  t h a t  th e r e  is  m e a s u r a b le  r e s o n a n t  e n h a n c e m e n t  o f  th e  v a le n c e  b a n d  in  th e  

n e a r -  F e r m i  l e v e l  r e g io n  w h e n  t h e  p h o t o n  e n e r g y  is  tu n e d  t o  th e  S n  3 d  th r e s h o ld  (hv 

=  4 8 8  e V ) .  T h e  a p p a r e n t  v e r y  h ig h  d e n s i t y  o f  s ta te s  a t  th e  F e r m i  le v e l  ( 0  b in d in g  

e n e r g y )  is  a  c o n s e q u e n c e  o f  th e  p o o r  e n e r g y  r e s o lu t io n  o f  th e  m e a s u r e m e n t  a n d  th e  

a s s o c ia te d  h ig h  d e g r e e  o f  b r o a d e n in g  o f  t h e  r e s o n a n c e  s tru c tu r e .

N o t  w i t h s t a n d in g  th e  l o w  e n e r g y  r e s o lu t io n ,  h o w e v e r ,  t h e  s t r o n g e r  

c o n t r ib u t io n  o f  t h e  S n  p a r t i a l  d e n s i t y  o f  s ta te s  t o  th e  h ig h e s t - ly in g  m o le c u la r  o r b ita ls  

o f  th e  o r g a n o s ta n n o x a n e  c o m p le x  is  r e a d i l y  a p p a r e n t  f r o m  F ig u r e  5 .3 7 .  I n  a d d i t io n ,  a  

s t r o n g  ( a n d  t r i v i a l )  r e s o n a n t  e n h a n c e m e n t  o f  th e  H O M O  f e a t u r e  -  a n d  th e  e n t i r e  

v a le n c e  b a n d  s p e c t r u m  -  w a s  o b s e r v e d  f o r  p h o t o n  e n e r g ie s  c o m p a r a b le  t o  t h a t  o f  th e  

C  K  e d g e  ( 2 8 5  e V ) .

Figure 5.36 Sn 3d core —level photoemission spectrum (hv = 550eV)
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Figure 5.37Sn3d  —> 5p RESPESspectra. The ‘on-resonance’ and 'off-resonance' spectra were taken 

at photon energies of488 and 480 eV respectively.

5.3.4 Current-Voltage (I-V) measurement o f the cellular networks on S1O2

C u r r e n t - V o l t a g e  m e a s u r e m e n ts  o f  th e  o r g a n o s ta n n o x a n e  c lu s te r  n e t w o r k s  w e r e  

c a r r ie d  o u t  a t  r o o m  t e m p e r a t u r e .  T h e  a im  o f  th is  e x p e r im e n t  is  to  p r o b e  th e  

c o n d u c t iv i t y  o f  t h e  n e t w o r k s  b y  in t e r f a c in g  t h e m  to  g o ld  m ic r o e le c t r o d e s .  I t  is  

im p o r t a n t  t o  e n s u r e  t h a t  i f  a n y  c o n d u c t io n  d o e s  o c c u r  t h a t  i t  is  f r o m  th e  n e tw o r k s  

o n l y  a n d  n o t  t h e  s u b s tr a te .  S a m p le s  o f  th e  c e l lu la r  n e t w o r k  t y p e  s tru c tu r e s  w e r e  

p r o d u c e d  o n  S iC >2 . T h e  c h o ic e  o f  S i 0 2  as  th e  s u b s tra te  a r is e s  f r o m  th e  n e e d  to  

e le c t r i c a l ly  in s u la t e  t h e  n e t w o r k s  f r o m  th e  b u l k  o f  th e  s u b s tra te .  T h u s  w h e n  th e  g o ld  

c o n ta c ts  w e r e  d e p o s it e d  o n  th e  s a m p le  a n y  p o s s ib le  c o n d u c t io n  is  t h r o u g h  th e  

n e t w o r k s  o n ly .  T a p p i n g  m o d e  A F M  is  u s e d  to  v is u a l is e  th e  g o ld  e le c t r o d e  a n d  th e
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s iz e  o f  th e  g a p  w h ic h  is  c o v e re d  in  n e tw o r k  f i lm s  (F ig u r e  5 .3 8 ) .  T h e  m e a s u re m e n ts  

s h o w  th a t  f o r  | V |  <  3 0 v o l ts  th e  c o n d u c t iv i t y  o f  th is  n o n -d o p e d  n e tw o r k  is  in  th e  ra n g e  

o f  a n  in s u la t in g  m a t e r ia l  ( i .e .  th e r e  is  n o  c o n d u c t io n ) .

10.0 12.5

12.5 

1 0 . 0

-7.5

-5.0

2.5 

0

]JM

Figure 5.38 Tapping mode A F M  height image of the organostannoxane cluster sample for electrical

measurements.

5 .4  C o n c lu s io n s

I n  th is  c h a p te r  s o m e  o f  th e  fa c to rs  c o n t r o l l in g  th e  s e lf -a s s e m b ly  o f  a n  

o rg a n o s ta n n o x a n e  c lu s te r  m o le c u le  o n  n a t iv e  o x id e - te r m in a te d  s il ic o n  s u b s tra te s  

w e r e  d is c u s s e d . T h e  c lu s te rs  d e w e t  th e  s u b s tra te  v ia  a  m e c h a n is m  w h ic h  le a d s  to  th e  

fo r m a t io n  o f  a  c e l lu la r  n e tw o r k  h a v in g  a  h ig h  d e g re e  o f  s p a t ia l c o r r e la t io n  in  th e  

d e w e t t in g  c e n tre s  w h e n  s p in  c o a te d  f r o m  to lu e n e . N o  s u c h  p a tte rn s  a re  o b s e rv e d  

w h e n  s p in -c o a te d  f r o m  d ic h lo r o m e th a n e . F o r  th e  c lu s te r  d e p o s ite d  f r o m  to lu e n e ,
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w h i l e  th e  la c k  o f  f i l m  s t a b i l i t y  h a s  im p o r t a n t  im p l ic a t io n s  f o r  th e  s y n th e s is  o f  h ig h -  

q u a l i t y  o r g a n o s ta n n o x a n e  la y e r s  o n  s i l i c o n  s u b s tra te s , th e  in f lu e n c e  o f  a  d e w e t t in g  

p ro c e s s  w i t h  a  w e l l - d e f i n e d  c o r r e la t io n  le n g t h  o p e n s  u p  a  n u m b e r  o f  p o s s ib i l i t ie s  

r e la t e d  to  p a t t e r n in g  s ta n n o x a n e  a n d  o t h e r  o r g a n o m e t a l l i c  t h in  f i l m s  a t th e  s u b m ic r o n  

a n d  n a n o m e t e r  s c a le  le v e ls .

I n  a d d i t io n ,  g i v e n  t h a t  a p r e v i o u s  a p p l ic a t i o n  o  f  M i n k o w s k i  f u n c t io n a ls  t o  

p o ly m e r  f i l m  s t a b i l i t y  c a l le d  in to  q u e s t io n  th e  p r e s e n c e  o f  s p a t ia l ly  c o r r e la te d  

d e w e t t in g  c e n t r e s ,  th e  q u a n t i t a t iv e  a n a ly s is  p r e s e n t e d ,  r e p r e s e n ts  a n  im p o r t a n t  

c o n f i r m a t io n  o f  m o r p h o lo g ic a l  d e v ia t io n s  f r o m  P o is s o n  s ta t is t ic s  i n  a  m o le c u la r ,  n o n 

p o ly m e r ic  t h in  f i l m .  H o w e v e r ,  a l t h o u g h  i t  is  t e m p t in g  to  a s s o c ia te  th e  s p a t ia l  

c o r r e la t io n s  o  b s e r v e d  w  i t h  s p in o d a l  d  e w e t t in g ,  i  t  m  u s t  b  e  s t r e s s e d  t  h a t  e  a r ly  s ta g e  

c o a le s c e n c e  o f  P o is s o n - d is t r ib u t e d  d e w e t t in g  h o le s  m a y  a ls o  y ie ld  a  s p a t ia l  

c o r r e la t io n  le n g th .

S y n c h r o t r o n  r a d ia t io n  R E S P E S  m e a s u r e m e n ts  h a v e  s h o w n  th a t  th e  f e r r o c e n y l  

g r o u p s  a t  th e  p e r ip h e r y  o f  th e  o r g a n o s ta n n o x a n e  c lu s te r  r e t a in  a  h ig h  d e g r e e  o f  

f e r r o c e n e - l ik e  e le c t r o n ic  c h a r a c te r  b u t  th a t  th e r e  is  l i t t l e  F e  3 d  c o n t r ib u t io n  to  th e  

h ig h e s t  o c c u p ie d  m o le c u la r  o r b i t a l .  In s t e a d ,  S n  3 d —» 5 p  R E S P E S  d a ta  h ig h l ig h t  th e  

r o le  o f  S n - d e r iv e d  s ta te s  in  d e t e r m in in g  th e  c h a r a c t e r  o f  th e  h i g h e r - l y in g  o c c u p ie d  

f r o n t ie r  o r b it a ls .  A l t h o u g h  th e  R E S P E S  d a ta  p r o v id e  a  f i r s t  in s ig h t  in t o  th e  e le c t r o n ic  

s tr u c tu r e  o f  th is  n o v e l  a n d  c o m p le x  o r g a n o m e t a l l i c  c lu s te r ,  a  d e t a i le d  th e o r e t ic a l  

s tu d y  c o m b in e d  w i t h  m o r e  c o m p r e h e n s iv e  p h o t o e m is s io n  w o r k  is  r e q u i r e d  to  

e lu c id a t e  f u l l y  t h e  m o le c u la r  o r b i t a l  c o n f ig u r a t io n .  E le c t r i c a l  c o n d u c t iv i t y  

m e a s u r e m e n ts  o f  t h is  n o n - d o p e d  c e l lu la r  n e t w o r k  s h o w  th a t  i t  is  in s u la t in g .
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6 .1  C o n c lu s io n s

T h e  s tu d ie s  d e s c r ib e d  i n  th is  th e s is  c o v e r  a  v a r ie d  r a n g e  o f  to p ic s .  T h e s e  in c lu d e :  

p o ly m e r ic  s y s te m s , c a r b o n  n a n o tu b e s  a n d  a n  o r g a n o s ta n n o x a n e  c lu s te r  s y s te m . T h e  

c o m m o n  th r e a d  w i t h i n  th e s e  s tu d ie s  is  i n  im p r o v i n g  u n d e r s ta n d in g  o f  th e  

f u n d a m e n t a l  p ro c e s s e s  th a t  m a y  o c c u r  i n  th e  s e l f - a s s e m b ly  o f  th e s e  s y s te m s  o n  

s u b s tra te s , w i t h  th e  p o s s ib i l i t y  o f  th e  d e v e lo p m e n t  o f  t h e i r  f u n c t io n a l i t y  in  

n a n o t e c h n o lo g ic a l  s y s te m s .

C h a p t e r  1 p  r o v id e s  a  b  r o a d  i  n t r o d u c t io n  t  o  th e  c o n c e p t  o  f  n  a n o te c h n o lo g y ,  

s o m e  o f  i ts  o r ig in s  a n d  p o s s ib le  a p p l ic a t io n s .  T h e  a r e a  o f  s e l f - a s s e m b ly  is  a ls o  

in t r o d u c e d  w i t h  e x a m p le s  o f  s o m e  a p p l ic a t io n s  in  th e  f i e ld  o f  n a n o e le c t r o n ic s .  S e l f -  

a s s e m b ly  is  a n  i m p o r t a n t  te c h n iq u e  as i t  r e la te s  to  th e  m a j o r i t y  o f  th e  e x p e r im e n t a l  

s tu d ie s  c a r r ie d  o u t  in  th is  th e s is ;  th e  s e l f - a s s e m b ly  o f  t h e  s y s te m s  w h e n  d  e p o s ite d  

f r o m  s o lu t io n  a r e  in v e s t ig a t e d .

C h a p t e r  2  e x te n d s  o n  th e  te c h n iq u e s  in t r o d u c e d  i n  c h a p t e r  o n e . A t o m i c  fo r c e  

m ic r o s c o p y  a n d  p h o t o e m is s io n  s p e c tr o s c o p y  a r e  u s e f u l  p r o b e s  as m a n y  o f  th e  

im p o r t a n t  p r o p e r t ie s  o f  m a t e r ia ls  d e p e n d  o n  t h e i r  s u r fa c e  s t r u c tu r e  a n d  h o w  th e  

m a t e r ia l  in te r a c ts  w i t h  i ts  e n v i r o n m e n t .  A F M  a n d  P E S  a r e  d e s c r ib e d  i n  d e ta i l .  T h e y  

a re  u s e d  as p r o b e s  th r o u g h o u t  th is  th e s is . A F M  is  p a r t i c u l a r l y  im p o r t a n t  as  i t  a l lo w s  

th e  m o r p h o lo g y  o f  c o n d u c t in g  a n d  in s u la t in g  s a m p le s  to  b e  in v e s t ig a t e d  i n  d e ta i l .

T h e  r e s t  o f  th e  th e s is  m a y  b e  s e p a ra te d  in t o  th r e e  s e p a r a te  p r o je c t s .  T h e  f i r s t  

( C h a p t e r  3 )  a n d  s e c o n d  p r o je c t s  ( C h a p t e r  4 )  a r e  b a s e d  o n  r u t h e n iu m  s y s te m s  

c o n t a in in g  b i s ( 2 , 2 ’ - b i p y r i d l y )  c e n tre s . I n  C h a p t e r  3 t h e  “ p a r e n t ”  c o m p le x  o f  t h o s e  

s y s te m s  in v e s t ig a t e d ,  [ R u ( b p y ) a ] 2+ i  s in t r o d u c e d ,  a n d  i t s  i m p o r t a n c e  t o  t h e  a r e a  o f  

in o r g a n ic  c h e m is t r y  is  h ig h l ig h t e d .  T h e  f i r s t  p r o je c t  in v o lv e s  th e  s y n th e s is  a n d  

c h a r a c t e r is a t io n  o f  a  r a n g e  o f  p o ly m e r s  c o n t a in in g  p o l y ( p y r i d y l )  c o m p le x e s  o f  

r u t h e n iu m 11 a n d  o s m iu m 11. T h e  s e l f - a s s e m b ly  a n d  th e  m o r p h o lo g y  o f
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[ R u ( b p y ) 2P V P i o C l ] C l  is  in v e s t ig a t e d  w h e n  d e p o s it e d  f r o m  a  m e t h a n o l  s o lu t io n .  

D r o p  d e p o s i t io n  r e p r e s e n ts  a d s o r p t io n  i n  n e a r ly - e q u i l ib r a t e d  c o n d i t io n s  a n d  th e  

r e s u l t in g  f i l m s  o n  a  n a t i v e  o x id e - t e r m in a t e d  s i l i c o n  s u b s t ra te  m a y  b e  c h a r a c te r is e d  as 

d r o p le t - l i k e  a g g lo m e r a te s  w h ic h  a p p e a r  to  f o r m  r a n d o m ly  a c ro s s  th e  s u b s tra te . S p in -  

c a s t d e p o s it io n s  r e p r e s e n ts  th e  o p p o s i te  a d s o r p t io n  te c h n iq u e ;  w h e r e  th e  s y s te m  is  in  

a  f a r - f r o m - e q u i l i b r i u m  s ta te . P o l y m e r  s o lu t io n s  d e w e t  th e  s u b s t ra te  v i a  a  m e c h a n is m  

w h ic h  le a d s  to  t h e  f o r m a t io n  o f  t h in  g r a n u la r  f i lm s .  S m a l l  p i n  h o le s  o f  b a r e  s i l ic o n  

a re  a ls o  o b s e r v e d  w h ic h  r e p r e s e n t  lo c a t io n s  w h e r e  th e  p o l y m e r  f i l m  h a s  r u p tu r e d  v ia  

a  d e w e t t in g  m e c h a n is m .  D e p o s i t io n  p a r a m e te r s  ( s o lv e n t  t y p e ,  c o n c e n tr a t io n ,  

a d s o r p t io n  t e c h n iq u e  e m p lo y e d  e tc . )  p l a y  a n  im p o r t a n t  r o le  in  c o n t r o l l in g  th e  

r e s u l t in g  m o r p h o lo g y  a n d  s t a b i l i t y  o f  th e  r e d o x  p o ly m e r s  a n d  h e n c e  i n  t h e i r  u s e  in  

p o ly m e r  a p p l ic a t io n s .  T h e  e le c t r o n ic  s t r u c tu r e  o f  th e  p o l y m e r  [ R u ( b p y ) 2P V P i o C l ] C l  

h a s  b e e n  in v e s t ig a t e d  w i t h  s y n c h r o t r o n  r a d ia t io n  p h o t o e m is s io n .  I n  th e  v a le n c e  b a n d  

s p e c tr a  th e  p e a k  a t  a  b in d in g  e n e r g y  o f  2 . 5 e V  o r ig in a te s  f r o m  th e  h ig h e s t  o c c u p ie d  

m o le c u la r  o r b i t a l  ( H O M O )  o f  th e  p o ly m e r .  T h e  N l s  s p e c t r u m  in d ic a te s  th e  p re s e n c e  

o f  t w o  d i f f e r e n t  c h e m ic a l  e n v i r o n m e n t s  w h ic h  is  s h o w n  b y  th e  N l s  N E X A F S  

s p e c t r u m . T h e  R u 3 p  c o r e  le v e l  s p e c t r u m  s h o w s  a  s h i f t  to w a r d s  a  h ig h e r  b in d in g  

e n e r g y  w h ic h  is  in d ic a t i v e  o f  th e  p r e s e n c e  o f  th e  2 ,2 ’ - b ip y r id in e  l ig a n d s  w h e n  

c o m p a r e d  to  t h e  R U C I 3 m o d e l  c o m p o u n d .  M o r e  c o m p r e h e n s iv e  p h o t o e m is s io n  w o r k  

is  n e e d e d  to  e lu c id a t e  f u l l y  th e  m o le c u la r  o r b i t a l  c o n f o r m a t io n  o f  th is  p o ly m e r .

T h e  s e l f - a s s e m b ly  o f  [ O s ( b p y ) 2P V P T1C l ] C l  ( w h e r e  n  is  5  o r  1 0 ) ,  f r o m  s o lu t io n  

v i a  s p in - c o a t in g  d e p o s i t io n  is  a ls o  in v e s t ig a t e d .  T h e  o s m iu m  p o ly m e r s  h a v e  h ig h e r  

v a lu e s  o f  R rms s u r fa c e  r o u g h n e s s  th a n  t h e i r  r u t h e n iu m  a n a lo g u e s ,  a n d  th e  m o r p h o lo g y  

o f  th e s e  p o ly m e r s  in d ic a te s  t h a t  th e s e  p o ly m e r s  h a v e  a  f a i r l y  o p e n ,  p o r o u s  s tru c tu re .  

H o w e v e r ,  th e  [ O s ( b p y ) 2P V P 5 C l ] C l  s t r u c tu r e  a p p e a rs  to  b e  m o r e  c o m p a c t  a n d  

h o m o g e n e o u s  t h a n  th e  [ O s ( b p y ) 2P V P i o C l ] C l  f i lm s .
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C h a p t e r  4  o f  t h is  th e s is  d e ta i ls  th e  s e c o n d  p r o je c t .  A m in o - f u n c t io n a l i s e d  m u l t i - w a l l  

c a r b o n  n a n o tu b e s  a r e  r e a c te d  w i t h  th e  a c id  c h lo r id e  c o m p le x  o f  b i s - ( 2 ,2 ’ - b ip y r id in e ) -  

( 4 , 4 ’ - d i c a r b o x y - 2 , 2 ’b i p y r i n e ) - r u t h e n iu m H. A b s o r p t io n  a n d  e m is s io n  s p e c tro s c o p y  

s h o w  e v id e n c e  th a t  a n  a m id e  l in k a g e  is  f o r m e d  b e t w e e n  th e  n a n o tu b e s  a n d  th e  

r u t h e n iu m  c o m p le x .  A  d e t a i le d  A F M  a n a ly s is  a l lo w s  u s  to  v is u a l is e  T -  a n d  Y -  

ju n c t io n  in te r c o n n e c t s ,  s h o w in g  th a t  th e  s o lu b i l i t y  o f  th e  tu b e s  h a s  c h a n g e d . I n  a  

p a r a l l e l  e x p e r im e n t  c a r r ie d  o u t  w i t h  c o l la b o r a to r s  to  th is  p r o je c t  [ 1 ] ,  a  13C  la b e l le d  

m o le c u le  is  c o n v e r t e d  to  its  a c id  c h lo r id e  a n d  r e a c te d  w i t h  th e  a m in o - f u n c t io n a l is e d  

m u l t i w a l l  n a n o tu b e s .  l H  N M R  a n d  13C  N M R  i d e n t i f y  s ig n a ls  a s s ig n e d  to  a n  a m id e  

l in k a g e  b e t w e e n  th e  l a b e l le d  te r e p h t h a l ic  a c id  m o le c u le  a n d  th e  M W N T s .  M o r e  w o r k  

o n  th e s e  s y s te m s  n e e d s  to  b e  d o n e  h o w e v e r  a n d  th is  w i l l  b e  d is c u s s e d  i n  s e c t io n  6 .2 .

T h e  t h i r d  p r o je c t  i n  C h a p t e r  5 p r o b e s  s o m e  o f  th e  fa c to r s  th a t  c o n t r o l  th e  s e l f -  

a s s e m b ly  o f  th e  o r g a n o s ta n n o x a n e  c lu s te r  m o le c u le  [ B u S n ( 0 ) 0 C ( 0 ) F c ] 6  (w h e r e  

“ F c ”  ) f e r r o c e n y l )  o n  n a t iv e  o x id e - t e r m in a t e d  s i l ic o n  s u b s tra te s . T h e  c lu s te rs  d e w e t  

th e  s u b s tr a te  v i a  a  m e c h a n is m  w h ic h  le a d s  to  th e  f o r m a t io n  o f  c e l lu la r  n e tw o r k s  

h a v in g  a  h i g h  d e g r e e  o f  s p a t ia l  c o r r e la t io n  i n  th e  d e w e t t in g  c e n t r e s  w h e n  s p in  c o a te d  

f r o m  t o lu e n e .  N o  s u c h  p a t te r n s  a re  o b s e r v e d  w h e n  s p in  c o a te d  f r o m  

d ic h lo r o m e t h a n e .  F o r  th e  c lu s te r  d e p o s it e d  f r o m  t o lu e n e ,  w h i l e  th e  la c k  o f  f i l m  

s t a b i l i t y  h a s  im p o r t a n t  im p l ic a t io n s  f o r  th e  s y n th e s is  o f  h ig h - q u a l i t y  

o r g a n o s ta n n o x a n e  la y e r s  o n  s i l ic o n  s u b s tra te s , th e  in f lu e n c e  o f  a  d e w e t t in g  p ro c e s s  

w i t h  a  w e l l - d e f i n e d  c o r r e la t io n  le n g th  o p e n s  u p  a  n u m b e r  o f  p o s s ib i l i t ie s  r e la te d  to  

p a t t e r n in g  s ta n n o x a n e  a n d  o t h e r  o r g a n o m e t a l l ic  t h in  f i l m s  a t  th e  s u b m ic r o n  a n d  

n a n o m e t r e  s c a le  le v e ls .

I n  a d d i t i o n ,  g iv e n  t h a t  a  p r e v io u s  a p p l ic a t io n  o f  M i n k o w s k i  f u n c t io n a ls  t o  

p o ly m e r  f i l m  s t a b i l i t y  c a l le d  in to  q u e s t io n  th e  p r e s e n c e  o f  s p a t ia l ly  c o r r e la te d  

d e w e t t in g  c e n t r e s ,  th e  q u a n t i t a t iv e  a n a ly s is  p r e s e n te d  i n  C h a p t e r  5 ,  re p re s e n ts  a n
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im p o r t a n t  c o n f i r m a t io n  o f  m o r p h o lo g ic a l  d e v ia t io n s  f r o m  P o is s o n  s ta t is t ic s  in  a  

m o le c u la r ,  n o n - p o ly m e r ic  t h in  f i l m .  A l t h o u g h  i t  is  t e m p t in g  to  a s s o c ia te  th e  s p a t ia l  

c o r r e la t io n s  o  b s e r v e d  w  i t h  s p in o d a l  d  e w e t t in g ,  i  t  m  u s t b  e  s t r e s s e d  t  h a t  e  a r ly  s ta g e  

c o a le s c e n c e  o f  P o is s o n - d is t r ib u t e d  d e w e t t in g  h o le s  m a y  a ls o  y ie l d  a  s p a t ia l  

c o r r e la t io n  le n g th .

S y n c h r o t r o n  r a d ia t io n  R E S P E S  m e a s u r e m e n ts  s h o w  t h a t  th e  fe r r o c e n y l  

g ro u p s  a t  th e  p e r ip h e r y  o f  th e  o r g a n o s ta n n o x a n e  c lu s te r  r e t a in  a  h ig h  d e g r e e  o f  

f e r r o c e n e - l ik e  e le c t r o n ic  c h a r a c t e r  b u t  th a t  th e r e  is  l i t t l e  F e  3 d  c o n t r ib u t io n  to  th e  

h ig h e s t  o c c u p ie d  m o le c u la r  o r b i t a l .  In s t e a d ,  S n  3 d - > 5 p  R E S P E S  d a ta  h ig h l ig h t  th e  

r o le  o f  S n - d e r iv e d  s ta te s  in  d e t e r m in in g  th e  c h a r a c t e r  o f  th e  h i g h e r - l y in g  o c c u p ie d  

f r o n t ie r  o r b it a ls .

6 .2  F u t u r e  W o r k  

Interconnected Carbon Nanotubes

T h e r e  is  a t  p r e s e n t  a n  e n o r m o u s  in te r e s t  i n  th e  p o t e n t ia l  o f  c a r b o n  n a n o tu b e s  as  

c o m p o n e n ts  i n  m o le c u la r  e le c t r o n ic s .  H o w e v e r ,  a lt h o u g h  c a r b o n  n a n o tu b e s  p r o m is e  

a  w i d e  r a n g e  o f  p o t e n t ia l  a p p l ic a t io n s  a  n u m b e r  o f  f u n d a m e n t a l  a n d  fa b r ic a t io n  

p r o b le m s  n  e e d  t  o  b  e  s o lv e d  b  e fo r e  a  t  e c h n o lo g y  b  a s e d  o  n  t  h e s e  m  a te r ia ls  m  a y  b  e 

d e v e lo p e d ;  ( a )  m  e th o d s  f  o r  p  r e d u c in g  e  i t h e r  s e m ic o n d u c t in g  o  r  m  e t a l l i c  t  u b e s , ( b )  

m e t h o d s  f o r  c h e m ic a l  m o d i f i c a t io n  o f  n a n o tu b e s  f o r  c r e a t in g  in te r c o n n e c t s  a n d  (c )  

m e t h o d s  f o r  a d d r e s s in g  a  s in g le  n a n o tu b e s  e le c t r o n ic  c o m p o n e n t ,  s u c h  as 

in te r c o n n e c t s .

T h e  i n i t i a l  o b s e r v a t io n  o f  th e  l in k a g e  b e t w e e n  a  r u t h e n iu m  c o m p le x  a n d  

a m in o - f u n c t io n a l is e d  M W N T s  in  C h a p t e r  4  n e e d s  to  b e  in v e s t ig a t e d  in  f u r t h e r  d e ta il .  

S o m e  o t h e r  p o t e n t i a l  in te r c o n n e c t s  a re  s h o w n  i n  F ig u r e  6 .1 .  T h e s e  c o m p o u n d s  w o u ld  

a l l o w  th e  in v e s t ig a t io n  o f  a  n u m b e r  o f  th e  f u n d a m e n t a l  q u e s t io n s .  F o r  e x a m p le ,  th e
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e f f e c t  o f  r e d o x  p o t e n t ia l  o n  th e  c o n d u c t iv i t y  a n d  t u n n e l l in g  p r o p e r t ie s  o f  

in t e r c o n n e c t e d  M W N T s  m a y  b e  in v e s t ig a t e d  b y  c o m p a r in g  r u t h e n iu m  a n d  o s m iu m  

c o m p o u n d s  a s  l in k e r s .  W i t h  th e  t e r p y r id in e  t y p e  l in k e r s  ( c o m p o u n d  b )  th e  g e o m e t r y  

o f  th e  l in k s  m a y  b e  m o d i f i e d .  A ls o  w i t h  a n  in t r o d u c t io n  o f  h e t e r d in u c le a r  c o m p o u n d s  

(c o m p o u n d  c )  i t  w o u l d  b e  p o s s ib le  to  d e t e r m in e  h o w  th e  p h o t o p h y s ic a l  p r o p e r t ie s  o f  

th e  d in u c le a r  u n i t  m a y  b e  a f f e c t e d  b y  i ts  a t ta c h m e n t  to  th e  n a n o tu b e s .  D e p e n d in g  o n  

th e  n u m b e r  o f  4 , 4 ’ - d ic a r b o x y - 2 , 2 ’b i p y r i d y l  ( d c b p y )  g r o u p in g s  p r e s e n t  th e  d in u c le a r  

c o m p o u n d s  m a y  b e  a b le  to  f o r m  d i f f e r e n t  ty p e s  o f  l in k a g e s :  v i a  o n e  o r  t w o  m e t a l  

c e n tre s .

(a)
2 +

(c)
Os(L)

O f t\ = M  M  — N:N N-
\  /  
Ru(dcbpy)2

Figure 6.1 Potential molecular interconnects.

I n  C h a p t e r  4  th e  m o d i f i e d  l in k a g e  w a s  in v e s t ig a t e d  u s in g  U V - V I S  a n d  e m is s io n

IT
s p e c t r o s c o p y  a n d  A F M  a n a ly s is .  C  N M R  a ls o  s h o w s  p o t e n t ia l  as  a  c h a r a c t e r is a t io n  

t o o l  f o r  th e  c h e m ic a l  b o n d  b e t w e e n  c a r b o n  n a n o  tu b e s  a n d  m o le c u la r  e n t i t ie s .  T h e  

l in k e r s  p r o p o s e d  a b o v e  h a v e  w e l l - d e f m e d  e le c t r o c h e m ic a l  a n d  p h o t o p h y s ic a l  

p r o p e r t ie s  w h i c h  n e e d  to  b e  in v e s t ig a t e d  f o r  th e  f u r t h e r  d e v e lo p m e n t  o f  th e s e  

in t e r c o n n e c t e d  c a r b o n  n a n o tu b e s  as c o m p o n e n ts  i n  m o le c u la r  d e v ic e s .  T h e
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in v e s t ig a t io n s  i n  C h a p t e r  4  s h o w  th a t  th e  r u t h e n iu m - m o d i f i e d  M W N T s  d o  e m i t  in  

s o lu t io n ,  T h is  is  a  v e r y  in te r e s t in g  o b s e r v a t io n ,  w h ic h  m a y  y ie l d  in f o r m a t io n  

c o n c e r n in g  th e  e le c t r o n ic  c o u p l in g  b e t w e e n  th e  m o le c u la r  c o m p o n e n t  a n d  th e  

n a n o tu b e s .  H o w e v e r ,  m o r e  e x te n s iv e  e m is s io n  s tu d ie s  o n  th e  m o d i f i e d  tu b e s , b o t h  in  

s o lu t io n  a n d  as t h in  f i lm s ,  a re  n e e d e d  to  f u l l y  u n d e r s ta n d  a n d  c h a r a c te r is e  th is  

o b s e r v a t io n .  T h is  t y p e  o f  s tu d y  w o u l d  in c lu d e  t r a n s ie n t  a b s o r p t io n  s p e c tr o s c o p y ,  

s o lv e n t  a n d  t e m p e r a t u r e  d e p e n d e n t  e m is s io n  s tu d ie s ,  a n d  e x c i t e d  s ta te  l i f e t im e  

s tu d ie s  o n  n a n o -  a n d  f e m t o -  s e c o n d  t im e s c a le s .  T h e  e le c t r ic a l  c h a r a c t e r is a t io n  o f  

c o v a le n t ly  in t e r c o n n e c t e d  c a r b o n  n a n o tu b e s  h a s  n o t  b e e n  s tu d ie d  s o  f a r  a n d  w o u ld  b e  

a n o th e r  a r e a  i n  w h ic h  th e  l in k e r s  w o u l d  n e e d  to  b e  in v e s t ig a t e d  i n  d e t a i l .

Metallopolymer Carbon Nanotube Composites

T h e r e  is  a ls o  in t e r e s t  i n  th e  n o n - c o v a le n t  f u n c t io n a l is a t io n  o f  c a r b o n  n a n o tu b e s .  T h is  

h a s  b e e n  a c h ie v e d ,  f o r  e x a m p le  w i t h  b io lo g ic a l  e n t i t ie s  [ 2 ] ,  s u r fa c ta n ts  [ 3 ] ,  a n d  

c o n ju g a t e d  p o ly m e r s  [ 4 ] ,  T a h h a n  e t  a l .  r e p o r ts  s ta b le  d is p e r s io n s  o f  c a r b o n  n a n o tu b e s  

i n  s u lf o n a te d  p o l y a n i l i n e ,  w h ic h  h a s  p o t e n t ia l  a p p l ic a t io n s  as c a r b o n  n a n o tu b e s  m a ts .  

T h e  p o l y a n i l i n e  m a y  b e  u s e d  to  s o lu b i l is e  S W N T s  v i a  f o r m a t io n  o f  d o n o r -a c c e p to r  

c o m p le x e s  [ 5 , 6 ] .  C a r b o n  n a n o tu b e s  h a v e  a ls o  b e e n  in t r o d u c e d  in t o  m a t r ic e s  o f  

c o n ju g a t e d  p o ly m e r s  f o r  p r e p a r a t io n  o f  c o m p o s i t e s  f o r  o p t o e le c t r o n ic  a p p l ic a t io n s  

[ 7 , 8 ] .  F o r  e x a m p le ,  p h o t o v o l t a ic  d e v ic e s  h a v e  b e e n  f a b r ic a t e d  f r o m  c a r b o n  

n a n o t u b e s /p o ly  ( p - p h e n y le n e v in y le n e )  ( P P V )  c o m p o s i t e s  b y  u s in g  c a r b o n  n a n o tu b e s  

as a  h o le  c o l l e c t in g  e le c t r o d e  [ 9 ] .

T h e  p o ly m e r s  s tu d ie d  in  C h a p t e r  3 [ M ( b p y ) 2P V P T1C l ] C l  w h e r e  M  is  e ith e r  

r u t h e n iu m 11 o r  o s m iu m 11 w o u l d  b e  id e a l  c a n d id a te s  f o r  th e  f o r m a t io n  o f  c a r b o n  

n a n o t u b e s - r e d o x  p o l y m e r  c o m p o s ite s .  T h is  m a y  b e  a  p r o m is in g  a p p r o a c h  f o r  th e  

e f f e c t iv e  in c o r p o r a t io n  o f  c a r b o n  n a n o tu b e s  in t o  r e d o x - a c t i v e  p o l y m e r  b a s e d  d e v ic e s .

-209 -



Chapter 6

P r e l i m i n a r y  s tu d ie s  b e in g  c a r r ie d  o u t  i n  c o l la b o r a t io n  w i t h  D r .  M a r c  i n  H e t  P a n h u is  

s u g g e s t th a t  th e  r e d o x  p o ly m e r s  a c t  as  h o s t  m a t e r ia ls  b y  w r a p p in g  a r o u n d  th e  c a r b o n  

n a n o tu b e s ,  a n d  a c t  as  a n  e f f i c ie n t  d is p e r s a n t  f o r  n a n o tu b e s .  I n i t i a l  T E M  d a ta  ( F ig u r e  

6 .2 )  s h o w  in t e r c a la t io n  o f  th e  p o ly m e r  in t o  c a r b o n  n a n o tu b e s  b u n d le s .  T h is  w o r k  is  

in  v e r y  e a r l y  s ta g e s  a n d  w i l l  b e  o n g o in g .

Figure 6.2 Preliminary transmission electron microscopy (TEM) image showing thick multiwall 

nanotubes coated with [Ru(bpy)2PVPi0ClJCl.

Organostannoxane Cluster Molecule

P r e l i m i n a r y  v o l t a m m e t r i c  s tu d ie s  (d e s c r ib e d  i n  A p p e n ix  E )  o f  th is  o r g a n o m e t a l l ic  

m o le c u le  a d s o r b e d  as  m o n o la y e r s  o n  s in g le  c r y s t a l  g o ld  e le c t r o d e s  h a v e  b e e n  c a r r ie d  

o u t  a  w i t h  a  v i e w  to  e x t e n d in g  th e  s tu d ie s  o f  th e  m o n o la y e r s  f o r m e d  to  in situ S T M  

a n a ly s is .  E le c t r o c h e m ic a l  s c a n n in g  t u n n e l in g  m ic r o s c o p e  a l lo w s  r e a l - t im e  in situ 

S T M  im a g in g  w i t h  a t o m ic  a n d  m o le c u la r  r e s o lu t io n  o f  th e  e le c t r o d e  s u r fa c e  in  

s o lu t io n  u n d e r  e le c t r o c h e m ic a l  c o n t r o l .  A ls o  th e  R E S P E S  d a ta  p r o v id e s  a  f i r s t  in s ig h t
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in t o  th e  e le c t r o n ic  s t r u c tu r e  o f  th is  n o v e l  a n d  c o m p le x  o r g a n o m e t a l l ic  c lu s te r .  

H o w e v e r ,  a  d e t a i le d  t h e o r e t ic a l  s tu d y  c o m b in e d  w i t h  m o r e  c o m p r e h e n s iv e  

p h o t o e m is s io n  w o r k  is  r e q u ir e d  t o  e lu c id a t e  f u l l y  th e  m o le c u la r  o r b it a l  c o n f ig u r a t io n .

1.0x107 “

5.0x10s - 

i  0 .0 -

-5.0x1 ( f -  

-1 .0X107-

-0 .5  -0 .4  -0 .3  -0 .2  -0.1 0.0

E /V vs. SCE

Figure 6.3 Initial C V  results for orgemostannoxane duster (black) and toluene (red) adsorbed onto a 

single crystal gold electrode in 0. ¡mmol perchloric acid (pH 3.0). Scan rate 20m Vs'1.
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T h e  f o l l o w i n g  M a t l a b  a lg o r i t h m  w a s  w r i t t e n  b y  D r .  D a v e  K e e l i n g ,  N a n o s c ie n c e  
G r o u p ,  U n i v e r s i t y  o f  N o t t in g h a m ,  M a y  2 0 0 2 ,  as  a  s c r ip t  f i l e  f o r  a n a ly s in g  r a n d o m  
c e l lu la r  n e t w o r k s  ( R C N )  in c lu d in g  im p le m e n t a t io n  o f  D e s c h 's  l a w ,  L e w is 's  la w  a n d  
th e  A b o a v - W a e i r e  la w .

%  T o  u s e  -  y o u  n e e d  th e  R C N  p ic t u r e  in  b i t m a p  f o r m  a n d  to  m e a s u r e  th e  c o n v e r s io n  
fa c t o r  i n  d is t a n c e  p e r  p ix e l .
%
%  T h e  n a m e  o f  th e  b i t m a p  im a g e  a n d  th e  A R E A  f a c t o r  ( i .e .  th e  c o n v e r s io n  f a c t o r  o f  
d is ta n c e  p e r  p i x e l  A2 )
%  n e e d  to  b e  in s e r t e d  j u s t  b e lo w  th is  c o m m e n t  w h e r e  i t  s a y s  " C h a n g e  h e r e "  ( t y p e  
" e d i t  N o t t c e l l "  to  e d i t  th e  d a ta ) .
%  T h e  im a g e  a ls o  n e e d s  to  b e  in  th e  s a m e  f o ld e r  as  th is  a n a ly s is  f i l e
%  o r  th e  w h o l e  p a t h  n e e d s  to  b e  e n te re d .
%
%  T o  r u n  th e  p r o g r a m  j u s t  ty p e  N o t t c e l l  a t  th e  M A T L A B  c o m m a n d  p r o m p t
%
%  T o  a n a ly s e  th e  R C N
%  l ) L e f t  c l i c k  th e  c e n t r e  o f  e v e r y  c e l l  in  th e  im a g e  ( o r  as  m u c h  as y o u  w a n t  to  
a n a ly s e ) .
%  2 ) T o  f in is h  th is  s ta g e , r ig h t  c l i c k  o n c e .
%  3 ) D e f m e  a  b o x  o n  th e  im a g e  ( l e f t  c l i c k  e a c h  o f  t w o  o p p o s i te  c o m e r s  o f  th e  b o x )
t h a t  e n c o m p a s s e s
%  th e  c e n t r e s  o f  a l l  th e  c e l ls  y o u  w is h  to  in c lu d e  in  th e  c a lc u la t io n s  o f  th e  th r e e  
la w s .  A n y  c e l l
%  w i t h  a  c e n t r e  o u t s id e  w i l l  b e  d is r e g a r d e d .
%  4 ) I f  th e  b o x  is  in  th e  r ig h t  p la c e  t y p e  " 1 "  f o l l o w e d  b y  r e t u r n  i n  th e  m a in  M A T L A B  
w i n d o w
%  i f  y o u  w a n t  to  r e d e f in e  th e  b o x ,  t y p e  " 0 ".
%
%  T h e  s c r ip t  w i l l  th e n  c a r r y  o u t  a n a ly s is  o f  th e  v o r o n o i  d ia g r a m
%
%  5 ) S p e c i f y  th e  n a m e  o f  a  d a t a f i l e  in t o  w h ic h  th e  a r r a y  c a r r y in g  d a ta  f o r  n u m b e r  o f  
s id e s ,a r e a  a n d  p e r im e t e r
%  o f  e a c h  c e l l  is  to  b e  s to r e d  i n  A S C I I  t e x t  N . B .  F i l e  e x te n s io n  is  N O T  
a u t o m a t ic a l ly  a d d e d .
%
%  A n y  o t h e r  p a r a m t e r s  t h a t  y o u  w a n t  to  s a v e  h a v e  to  b e  d o n e  b y  h a n d .
%
%  In f o r m a t io n  f o r  le w is 's  l a w : -  
%  le w is 2  -  c o n ta in s  r a w  s o r te d  d a ta
%  lc o u n t  -  a r r a y  c o n t a in in g  n u m b e r  o f  p o in t s  in  e a c h  c o lu m n
%  l e w i s 3 ( l , f m d ( l c o u n t ) )  -  c o n ta in s  a v e r a g e d  p o in t s  t h a t  a re  p lo t t e d  o n  th e  g ra p h  
( l e w i s 3 = s u m ( l e w i s 2 ) . / l c o u n t )
%  e r r o r l  -  c o n ta in s  s ta n d a r d  e r ro rs  as c a lc u la t e d  f r o m  le w is 2

%  Y 1  -  p o in t s  f r o m  p o ly n o m ia l  f i t  ( t y p e  " h e lp  p o l y f i t "  f o r  m o r e  in f o . )
%  d e l t a l  -  e r r o r s  f r o m  p o ly n o m i a l  f i t
%
%
%  I n f o r m a t io n  f o r  D e s c h 's  l a w : -  
%  d e s c h 2  -  c o n ta in s  r a w  s o r te d  d a ta
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%  d c o u n t  -  a r r a y  c o n t a in in g  n u m b e r  o f  p o in t s  i n  e a c h  c o lu m n
%  d e s c h 3 ( l , f m d ( d c o u n t ) )  -  c o n ta in s  a v e r a g e d  p o in t s  t h a t  a r e  p lo t t e d  o n  th e  g r a p h  
( d e s c h 3 = s u m ( d e s c h 2 )  . /d c o u n t )
%  e r r o r d  -  c o n ta in s  s ta n d a r d  e r r o r s  as c a lc u la te d  f r o m  d e s c h 2

%  Y d  -  p o in t s  f r o m  p o ly n o m ia l  f i t  ( t y p e  " h e lp  p o l y f i t "  f o r  m o r e  in f o . )
%  d e l t a d  -  e r r o r s  f r o m  p o l y n o m i a l  f i t
%
%
%  In f o r m a t io n  f o r  A b o a v - W a e i r e  l a w : -  
%  A V 3  -  c o n ta in s  r a w  s o r te d  d a ta
%  A V c o u n t  -  a r r a y  c o n t a in in g  n u m b e r  o f  p o in t s  i n  e a c h  c o lu m n
%  A V 3 ( 3 , f i n d ( A V c o u n t ) )  -  c o n ta in s  a v e r a g e d  p o in t s  th a t  a re  p lo t t e d  o n  th e  
g r a p h  ( A V 3 ( 3 , : ) = A V 3 ( 1 , : ) . / A V 3 ( 2 , : ) )
%  e r r o r A V  -  c o n ta in s  s ta n d a r d  e r ro rs  as c a lc u la t e d  f r o m  A V 3
%  Y A V  -  p o in t s  f r o m  p o ly n o m ia l  f i t  ( t y p e  " h e lp  p o l y f i t "  f o r  m o r e
i n f o . )
%  d e l t a A V  -  e r ro rs  f r o m  p o ly n o m i a l  f i t
%
%  D L K  2 7 / 0 5 / 2 0 0 2

c lo s e  a l l  
c le a r  a l l

%  C h a n g e  h e r e  
f n a m e  =  'd 6 2 2 0 4 b .b m p ';
a r e a f a c t o r  =  3 6 . 1 4 ;  % e .g .  ( 1 0 , 0 0 0  A n g s t r o m s  o r  i n  m y  c a s e  i t  w i l l  b e
n a n o m e t r e s . /5 1 2  p i x e l s ) . A2 ;

a  =  i m r e a d ( f h a m e , 'b m p ') ;  % im r e a d  -  c o m m a n d  to  r e a d  f i l e s  ( f i l e n a m e ,  f i l e t y p e )
im a g e ( a ) ;
a x is  e q u a l

x = [ ] ;

y=[];

b u t t o n  =  1 ; 
w h i l e ( b u t t o n ~ = 3 )

[ x t e m p  y t e m p  b u t t o n ]  =  g i n p u t ( l ) ;  % T h is  lo o p  ta k e s  i n  th e  X , Y  d a ta  o f  th e  
c e n tre s  o f  e a c h  c e l l

i f  b u t t o n = = l  % lo o p  e n d s  o n  a  r ig h t  c l i c k
x  =  [ x ;  x t e m p ] ;  
y =  [y ;  y t e m p ] ;  
im a g e ( a )  
h o ld  o n  
p l o t ( x , y , ' c + ' )  
h o ld  o f f  
a x is  e q u a l
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e n d
e n d

a s k = 0 ; 
h o ld  o n
v o r o n o i ( x , y , 'c ' )  % 'V o r o n o i '  is  th e  c o m m a n d  to  d r a w  a  v o r o n o i  d ia g r a m
h o ld  o f f ;
a x is ( [ 0  m a x ( s i z e ( a ) )  0  m a x ( s i z e ( a ) ) ] ) ;

w h i l e  a s k = = 0

[ x b o x ( l )  y b o x ( l ) ] = g i n p u t ( l ) ;  % T h i s  lo o p  a s k s  y o u  to  d r a w  a  b o x ,  o n ly
c e l ls  w i t h  c e n t r e s  in s id e

im a g e ( a )  % t h e  b o x  a re  u s e d  in  s u b s e q u e n t  c a lc u la t io n s .
L o o p  e n d s  w h e n  y o u  p a s s  a

a x is  e q u a l  % T  to  th e  v a r ia b le  'a s k ' to  s a y  th e  b o x  is  O K .
h o ld  o n
v o r o n o i ( x ,y , 'c ' )
p l o t ( x , y , ' c + ' )
l i n e ( [ x b o x ( l )  x b o x ( l ) ] , [ - m a x ( s i z e ( a ) )  m a x ( s i z e ( a ) ) ] )  
l i n e ( [ - m a x ( s i z e ( a ) )  m a x ( s i z e ( a ) ) ] , [ y b o x ( l )  y b o x ( l ) ] )  
h o ld  o f f
a x is ( [ 0  m a x ( s i z e ( a ) )  0  m a x ( s i z e ( a ) ) ] ) ;

[ x b o x ( 2 )  y b o x ( 2 ) ] = g i n p u t ( l ) ;
im a g e ( a )
a x is  e q u a l
h o ld  o n
v o r o n o i ( x ,y , 'c ' )
p l o t ( x , y , ' c + ' )
l i n e ( [ x b o x ( l )  x b o x ( l )  x b o x ( 2 )  x b o x ( 2 )  x b o x ( l ) ] , [ y b o x ( l )  y b o x ( 2 )  y b o x ( 2 )  

y b o x ( l )  y b o x ( l ) ] ) ;  
h o ld  o f f
a x is ( [ 0  m a x ( s i z e ( a ) )  0  m a x ( s i z e ( a ) ) ] ) ;

a s k = in p u t ( ' I s  t h e  b o x  O K ?  ( l = y e s ,  0 = n o ) ' )  
e n d

in d e x  c l ip  =  f i n d ( x > m i n ( x b o x )  &  x < m a x ( x b o x )  &  y > m i n ( y b o x )  &  y < m a x ( y b o x ) ) ;

f ig u r e
v o r o n o i ( x , y )
[ v , c ] = v o r o n o i n ( [ x ( : )  y ( : ) ] ) ;  % 'V o r o n o i n '  is  th e  v o r o n o i  a n a ly s is  f u n c t io n  - 
v e r t ic e s  a r e  s to r e d  in  th e  v a r ia b le  a r r a y  v

% a r r a y  c  s to re s  in d ic e s  in t o  th e  v e r t e x  a r a y  to  d e f in e  th e  c e lls
s id e s = [ ] ;
a r e a s = [ ] ;
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f o r  i  =  r o t 9 0 ( i n d e x _ c l i p )  
in d  — c  { i } ;
a re a s  =  [a r e a s ;  p o l y a r e a ( v ( i n d , l ) , v ( i n d , 2 ) ) ] ;  
s id e s  =  [s id e s ;  le n g t h ( in d ) ] ;

a re a s  =  a r e a s *  a r e a fa c t o r ;  

f ig u r e
h i s t ( s i d e s , ( m a x ( s i d e s ) - m in ( s i d e s ) ) + l )  
x la b e l ( 'N u m b e r  o f  s id e s ')  
y la b e l ( 'N u m b e r  o f  c e l ls ')
s =  [s id e s  a r e a s ] ;  % s  is  a n  a r r a y  t h a t  s to re s  th e  n u m b e r  o f  s id e s  o f  e a c h  c e l l
a n d  its  a r e a  a n d  i ts  p e r im e t e r

% -  th is  a r r a y  is  s a v e d  o u t  as  a n  A S C I I  t e x t  f i l e  la t e r  o n

% *  im p le m e n t a t io n  o f  L e w is 's  L a w  *

s ( : , 3 ) = s ( : , 2 ) . / s ( : , l ) ;
s = s o r t r o w s ( s , l ) ;

l e w i s = [ ] ;
lc o u n t = o n e s (  1 ,m a x  ( s ( : , 1 ) ) )  ;
c u r r e n t s id e = 0 ;
c o u n t s  1 ;
l e w i s (  1 ,c o u n t ) = s (  1 ,2 ) ;  
l e w i s ( 2 , c o u n t ) = l ;  
l e w i s ( 3 , c o u n t ) = s ( l , l ) ;  
l e w is 2 = [ ] ;

% t h is  lo o p  g o e s  t h r o u g h  s a n d  c o m p i le s  a  n e w  a r r a y  ' le w is '  w h ic h  c o n ta in s  th e  
a p p r o p r ia t e  d a ta  
% t o  p l o t  L e w is 's  l a w

f o r  i = 2 : le n g th (s )  
i f s ( i , l ) > s ( i - l , l )  

c o u n t = c o u n t + l  
l e w i s ( l , c o u n t ) = 0 ; 
l e w i s ( 2 , c o u n t ) = 0 ; 
l e w is ( 3 ,c o u n t ) = 0 ;  

e n d

i f  i s f m i t e ( s ( i , 2 ) ) = = l
% l e w i s ( l  , c o u n t ) = l e w i s ( l  , c o u n t ) + s ( i , 2 ) ;
% l e w i s ( 2 , c o u n t ) = l e w i s ( 2 , c o u n t ) + l ;
% l e w i s ( 3 , c o u n t ) = s ( i , l ) ;
l e w is 2 ( l c o u n t ( e o u n t ) , c o u n t ) = s ( i , 2 ) ;  % l e w is 2  is  a n  a r r a y  u s e d  s u b s e q u e n t ly  fo r
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g e n e r a t in g  e r r o r  b a r s
l c o u n t ( c o u n t ) = l c o u n t ( c o u n t ) + l ; 

e n d

l c o u n t = lc o u n t - l ;

l e w i s 3 ( l , : ) = s u m ( l e w i s 2 ) . / s u m ( l e w is 2 > 0 ) ;  
c o u n t = 0 ; 
f o r  i = f m d ( l c o u n t )  

c o u n t = c o u n t + l ;
e r r o r l ( c o u n t ) = s t d ( l e w is 2 ( l  : l c o u n t ( i ) , i ) ) . / s q r t ( lc o u n t ( i ) ) ;  % g e n e r a t in g  e r ro rs  

e n d

f ig u r e
[ P l , S l ] = p o l y f i t ( f i n d ( l e o u n t ) , l e w i s 3 ( l , f m d ( l c o u n t ) ) , l ) ;  % t h is  d o e s  a  s t r a ig h t  l i n e  f i t  o f  
le w is 's  l a w  d a ta
[ Y l , d e l t a l ] = p o l y v a l ( P l , f i n d ( l c o u n t ) , S l ) ;

e r r o r b  a r ( f in d ( l c o u n t )  , l e w is 3  (1  , f i n d ( lc o u n t ) ) ,  e r r o r l , ' . ')  
h o l d  o n
p l o t ( f m d ( l c o u n t ) , Y l )  
h o ld  o f f
t i t l e ( 'L e w is s  L a w ' )  
x la b e l ( 'N u m b e r  o f  c e l l  s id e s  ( n ) ' )  
y la b e l ( 'A r e a  ( a v e r a g e d ) ' )

% *  i m p le m e n t a t io n  o f  d e s c h 's  l a w  *

d e s c h = z e r o s ( 3 , m a x ( s ( : , l ) ) ) ;
d c o u n t = o n e s (  l , m a x ( s ( : , l ) ) ) ;
d e s c h (  1  , c o u n t ) = s (  1 , 2 ) ;
d e s c h (2 , c o u n t ) = l ;
d e s c h ( 3 , c o u n t ) = s ( l , l ) ;
c o u n te r 2 = l ;
d e s c h 2 = [ ] ;
c o u n t s  1 ;

% t h is  lo o p  c o m p i le s  a  n e w  a r r a y  'D e s c h ' s to r in g  th e  a p p r o p r ia t e  d a ta  to  p lo t  d e s c h 's  
l a w
f o r  i = r o t 9 0 ( i n d e x _ c l i p )  

in d = c  { i } ; 
p e r i m e t e r = 0 ; 
f o r  j = 1 : l e n g t h ( in d )  - 1  

x l = v ( i n d ( j ) , l ) ;  
y l = v ( i n d 0 , 2 ) ;  
x 2 = v ( i n d ( j + l ) , l ) ;  
y 2 = v ( i n d ( j + l ) , 2 ) ;
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p e r i m e t e r = p e r im e t e r + s q r t ( ( ( x 2 - x l ) . A2 )  +  ( ( y 2 - y l ) . A2 ) ) ;  
e n d
x l = v ( i n d ( l ) , l ) ;
y l = v ( i n d ( l ) , 2 ) ;
p e r i m e t e r = p e r im e t e r + s q r t ( ( ( x 2 - x l ) . A2 )  +  ( ( y 2 - y l ) . A2 ) ) ;  
s (c o u n t ,  3 ) = p  e r im e t e r ;

% d e s c h ( l  , l e n g t h ( in d ) ) = d e s c h ( 2 , l e n g t h ( i n d ) ) + l ;
d e s e h 2 ( d c o u n t ( l e n g t h ( in d ) ) , l e n g t h ( in d ) ) = p e r im e t e r ;  % d e s e h 2  is  u s e d  f o r  

g e n e r a t in g  e r r o r  b a r s
d c o u n t ( l  e n g t h ( in d ) ) = d c o u n t ( l e n  g t h ( i n d ) ) + 1 ; 

e n d
d c o u n t = d c o u n t - l ;  
d e s c h 3 = s u m ( d e s c h 2 )  . /d c o u n t ;

c o u n t = 0 ;
f o r  i = f m d ( d e o u n t )  

c o u n t = c o u n t + l ;
e r r o r d ( c o u n t ) = s t d ( d e s c h 2 ( l  : d c o u n t ( i ) , i ) ) . / s q r t ( d c o u n t ( i ) ) ;  % g e n e r a t in g  e r ro rs  

e n d

f ig u r e
e r r o r b a r ( f m d ( d e o u n t ) ,d e s c h 3  (1  , f m d ( d c o u n t ) ) , e r r o r d , ' .
[P d ,  S d ] = p o ly f i t ( f m d ( d c o u n t ) ,d e s c h 3  (1  , f m d ( d c o u n t ) ) , l ) ;
[ Y d ,d e l t a d ] = p o l y v a l ( P d , f m d ( d c o u n t ) , S d ) ;
h o ld  o n
p lo t ( i in d ( d c o u n t ) ,  Y d ) ;  
h o ld  o f f
t i t le ( 'D e s c h s  L a w ' )  
x la b e l ( 'N u m b e r  o f  c e l l  s id e s  ( n ) ' )  
y la b e l ( 'P e r im e t e r  ( a v e r a g e d ) ' )

^  ^  ^  ^  »I* ■]» «1« »j# ^  ^  ^  ^  «|# ^  ^  ^  ^¡* ^  ^  ^

% *  im p le m e n t a t io n  o f  th e  A b o a v - W e a i r e  L a w  *

A  V  c o u n t = o n e s (  1 , m a x ( s ( :, 1 ) ) ) ;
A V 1 = z e r o s ( l e n g t h ( in d e x _ c l ip ) , m a x ( s ( : , 1 ) ) ) ;  
A V 2 = z e r o s ( l , l e n g t h ( i n d e x _ c l i p ) ) ;  
f o r  i  =  1 : l e n g t h ( in d e x _ c l ip )  

i n d = ( c  { i n d e x _ c l i p ( i )  } ) ;  
a r r a y  p a d d e d  b y  z e r o s

A  V 1 ( i , 1: l e n g t h ( i n d ) ) = i n d ; 
e n d

f o r  i = l  : l e n g t h ( in d e x _ c l ip )  
d is c o v e r  th e  n e a r e s t  n e ig h b o u r s  

t e s t = A V  1 ( i ,  1 ) = = A V  1 ;
M A T L A B  a r r a y  o p e r a t io n s :

f o r  j = 2 : ( l e n g t h ( c { i n d e x _ c l i p ( i ) } ) )  %  th e  o p .  A r r a y l = = A r r a y 2  g iv e s  a n
a r r a y 3  w i t h  ' l ' s  w h e r e  t h e  c e l ls  m a t c h  a n d  z e ro s

% T h is  p u ts  a l l  th e  u s e f u l  in d ic e s  in t o  a  b ig

% T h is  lo o p  u s e s  s o m e  n i f t y  lo g ic  o p e r a t io n s  to  

% f o r  a  g iv e n  c e l l .  F o r  th o s e  u n f a m i l i a r  w i t h

A7



Appendix A

te s t = t e s t  | ( A V l ( i , j ) = = A V l ) ;  % e v e r y w h e r e  e ls e  -  th e  |= lo g ic a l  O R  w h ic h
m a k e s  s u re  a l l  v e r t ic e s  a r e  c o u n te d  

e n d
c e l l s = f in d ( s u m ( t e s t , 2 ) ) ;  % T h i s  l in e  te l ls  y o u  w h ic h  c e l ls  a re  n e a r e s t

n e ig h b o u r s  -  ' f in d '  r e tu r n s  th e  in d e x
% o f  a l l  n o n - z e r o  e le m e n t s

f o r  j = r o t 9 0 ( c e l l s )
A V 2 ( i ) = A V 2 ( i ) +  l e n g t h ( c { i n d e x _ c l i p ( j ) } ) ;  % T h i s  lo o p  g o e s  t h r o g h  th e  

a r r a y  'c e l ls ' a n d  c o m p i le s  th e
e n d  % A b o a v - W e a i r e  d a ta

e n d
A V 3 = z e r o s ( 2 , m a x ( s ( : , l ) ) ) ;

f o r  i = l  : l e n g t h ( in d e x _ c l ip )
A V l a r g e ( A V c o u n t ( l e n g t h ( c { i n d e x _ c l i p ( i ) } ) ) , l e n g t h ( c { i n d e x _ c l i p ( i ) } ) ) = A V 2 ( i ) ;  
A V c o u n t ( l e n g t h ( c  ( i n d e x _ c l i p ( i ) }  ) ) = A V  c o u n t ( le n g t h ( c  { i n d e x _ c l i p ( i ) } ) ) + 1 ;
A V  3 ( 1  , le n g t h ( c  { i n d e x _ c l i p ( i ) }  ) ) = A V  3 ( 1  , le n g t h ( e  { i n d e x c l i p ( i ) }  ) ) + A V 2 ( i ) ; 
A V 3 ( 2 , l e n g t h ( c  { i n d e x _ c l i p ( i ) } ) ) = A V 3 ( 2 , l e n g t h ( c  { i n d e x _ c l i p ( i ) } ) ) + l ; 

e n d

A V 3 ( 3 , : ) = A V 3 ( 1 , : ) . / A V 3 ( 2 , : ) ;

A V c o u n t = A V  c o u n t - 1 ; 
c o u n t = 0 ;

f o r  i = f m d ( A V c o u n t )  
c o u n t = c o u n t + l ;
e r r o r A V ( c o u n t ) = s t d ( A V l a r g e ( l  A V c o u n t ( i ) , i ) ) . / s q r t ( A V c o u n t ( i ) ) ;  % g e n e r a t in g  

e r ro rs  
e n d

f ig u r e
e r r o r b  a r ( f in d (  A V c o u n t ) , A V  3 ( 3  , f i n d ( A V  c o u n t ) ) ,  e r r o r  A V , '. ' ) ;  
[ P A V , S A V ] = p o l y f i t ( f m d ( A V c o u n t ) , A V 3 ( 3 , f i n d ( A V c o u n t ) ) , l ) ;
[ Y A V ,  d e l t a A V ] = p o l y v a l ( P A V , f i n d ( A V c o u n t ) , S A V ) ;  
h o ld  o n
p l o t ( f i n d ( A V c o u n t ) , Y  A V )  
t i t l e ( 'A b o a v e - W a e i r e  L a w ' )  
x la b e l ( 'N u m b e r  o f  c e l l  s id e s  ( n ) ' )
y la b e l ( 'P r o d u c t  o f  c e l l  s id e s (n )  a n d  n e ig h b o u r in g  s id e s ( m ) ' )

[ f i le n a m e ,  p a t h n a m e ]  =  u i p u t f i l e ( ' * . d a t ' ,  'D a t a  f i l e  f o r  [s id e s ,  a r e a ,  p e r im e t e r ]  a r r a y ') ;  
s a v e ( [ p a t h n a m e  f i l e n a m e ] ,  's ', ' - a s c i i ' )
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T h e  f o l l o w i n g  d a ta  is  f o r  t h e  a n a ly s is  o f  th e  o r g a n o s ta n n o x a n e  c lu s te r  n e tw o r k s  

d e s c r ib e d  i n  s e c t io n  5 .3 . 2 .  T h e  s ta t is t ic a l  c r y s t a l lo g r a p h y  re s u lts  in c lu d e :

i ) .  T h e  T M - A F M  Im a g e .

i i ) .  T h e  V o r o n o i  C o n s t r u c t io n .

i i i ) .  H is t o g r a m .

i v ) .  P lo ts  f o r  th e  A b o a v - W e a i r e  L a w  a n d  th e  L e w i s  L a w .

T a p p in g  m o d e  A F M  h e ig h t  im a g e s  o f  th e  o r g a n o s ta n n o x a n e  c lu s te r  n e tw o r k s .

S a m p le  A

Figure B1 Tapping mode A F M  height data of [BuSn(0)0C(0)Fc]6 spin-coated from toluene. 7.6p.m x

7.6/̂ m, z-range 15nm..
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Figure B 2  Histogram 1208polygons.
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Figure B3  The Voronoi construction for the height network data in Figure Bl. The scale refers to the 

number of data points (i.e. pixels per image is 512 x 512)
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Figure IÌ4 Aboav-Weaire Law - In agreement
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Figure B5 Lewis Law -N ot in agreement
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Sample B

Figure B6 5.020fimx 5.020fim Tapping mode A F M  height data of organostannoxane cluster networks,

z  = 15nm.

aso----------- .-----------.----------- ------------ .----------- .-----------

Numidi a( »ice»

Figure B7Histogram 795polygons

B5



Appendix B

Eiêê w ü& M  *  J ?  v

i
4:« !» ? .*”  - i ì T w r - ,

É fé S É É iS Éwfe f lS H M K N

4 S 5 £

¿ s t e * < r V

Figure B 8  The Voronoi construction for the height network data in Figure B6. The scale refers to the 

number of data points (i.e. pixels per image is 512 x 512
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Figure B 9  Aboav-Weaire Law  — /n agreement

k iC* La«

Figure BIO Lewis Law -Not in agreement
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S a m p le  C

0 0

0 0

0 0

Figure Bll Tapping mode A F M  height data of organostannoxane cluster networks; 6fxm x 6um, z-

range 12.5nm.

4 9 0  -----------------------1-----------------------1-----------------------1-----------------------1----------------------- r

Nwttlitff of sides 

Figure B12 Histogram 1121 polygons.
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Figure B13 The Voronoi construction for the height network data in Figure Bl. The scale refers to the 

number of data points (i.e. pixels per image is 512 x 512
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Sample spin-cast on a solvent rinsed silicon substrate and annealed at 75°C

2 5  ( i L  o f  a  0 .2 5 m m o l  s o lu t io n  o f  th e  o r g a n o s ta n n o x a n e  c lu s t e r  m o le c u le s  in  to lu e n e  

w a s  s p in - c o a t e d  o n t o  a  1 c m 2 s o lv e n t - r in s e d  n a t i v e - o x id e  c o v e r e d  S i ( l l l )  w a f e r .  T h e  

s a m p le  w a s  a n n e a le d  a t  7 5 ° C  f o r  d i f f e r e n t  t im e s  ( 0  h  u p  t o  6 0  h )  a n d  q u e n c h e d  to  

r o o m  t e m p e r a t u r e  f o r  A F M  o b s e r v a t io n s .  T a p p in g  m o d e  A F M  w a s  c a r r ie d  o u t  u s in g  

a  D i g i t a l  In s t r u m e n t s  M u l t i m o d e  A F M  s y s te m .

Figure Cl. A F M  topographies prior to annealing. Left: 5.0 * 5.0/ m 2 Z-range =10nm; Right: 3.2 *

3.2/um2 Z-range = 12.5nm.

Figure C2. A F M  topographies for a range of annealing times. Left: 4 hours, 8*8 ̂ m 2 15nm; Right: 8

hours, 8*8fm2 15nm.
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F ig u re  C3. A F M  topographies fo r  a range o f  annealing times. Top left: 12 hours, 6*6/xm2 Z-range 

17.5nm; Top right: 16 hours, 6*6/jm2 Z-range 17.5nm; Bottom  left: 24 hours, 6*6¡dm2 Z-range  

22.5nm ; Bottom  right: 24 hours, 8* 8/m i2 Z -range 25nm.

F ig u re  C4. A F M  topographies fo r  a range o f  annealing times. Left: 64.5 h, 10*1 Ofjm2 Z-range 25nm;

Right: 64.5 h, 14.3*14.3 /m 2 Z-range 25nm.

C3



Appendix C

The in-plane correlation length of the surface undulations, A(t), is obtained from a 

radial average of a 2-dimensional fast Fourier transform of the AFM image. Figure 

C5 shows the 2D-FFT of the films prior to annealing and the radial average of this 

2D-FFT spinodal ring image is shown.

----------«----------1----------'----------1--------------------- 1---------- -----------
0.0 0.5 1.0 1.5 2.0

q (nm'1)

F igure C5 P lo t o f  the relative intensity versus wave vector q. Both wavelength and pow er are 

logarithm ic scales. Inset: 2D -fast Fourier transform.

q (m-hti"1)

F igure C6 shows the radial average o f  2D -FFT p lo t o f  the 60-hours annealed A F M  image, the inset

shows the 2-D fast-F ourier transform.

C4



Appendix C

Annealing time / hours

F igure C7 P lo t o f  the average roughness, rms, as a func tion  o f  the annealing time at 75 °C.

Figure C7 shows the average surface roughness rms, plotted as a function of the 

annealing time. It is a non-linear curve fit with rms standard deviations used as error 

bars. For all annealing images a sample number of six values of rms were 

determined, giving on average a data sample of thirty for each annealing time. The 

average rms values were then calculated.

S a m p l e  s p i n - c a s t  o n  a  s o l v e n t  r i n s e d  s i l i c o n  s u b s t r a t e  a n d  a n n e a l e d  a t  1 2 5 ° C

25 pL of a 0.25mmol solution of the organostannoxane cluster molecules in toluene 

was spin-coated onto a 1cm2 solvent-rinsed native-oxide covered S i( lll)  wafer. The 

sample was annealed at 125°C for different times (0 h up to 60 h) and quenched to 

room temperature for AFM observations. Tapping mode AFM was carried out using 

a Digital Instruments Multimode AFM system. The annealing data is represented by 

two tapping mode AFM height images for each annealing time. The images range in 

scan size between 6pm and 8pm, with height variations between 10-20nm.
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F igure  C9 4 h aneealing

F igure  CIO 8 h annealing

Figure C l l  12 h annealing
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F igure C12 16 h annealing

F igure  C l3 20 h annealing

F igure C14 24 h annealing

Figure C l 5 40 h annealing
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F igure C l 6 60 h annealing

Annealing time / hours

Figure C l 7 Plot o f  the average roughness, Rrms, as a function o f  the annealing time at 125 °C,
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3 J 5 q (^m ')
q (̂ m1)

F igure C l 8 show s p lo ts  o f  the radial averages o f  the 2D- F F T  on the insets fo r  4 h, 8h, 12 h and 16 h

respectively.

F igure  C19 show s p lo ts o f  the radial averages o f  the 2D- F F T  on the insets fo r  20 h, 24 h, 40 h and

60 h respectively.
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—i----------------------------------------------------------------------------------------------- '--------- 1------------->-------------1-------------'-------------1-------------'-------------1-------------■-------------1—
536 534 532 530 528 526

Binding E nergy (eV)

F igure D .l  O ls  core level photoem ission spectrum  o f  the organostannoxane cluster thin film s (hv =

570.!6eV).

B inding E n e rg y  (eV )

Figure D.2 C ls  core level photoemission spectrum o f  the organostannoxane cluster thin film s (hv =

350eV).
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E.l Experimental

For the electrochemical measurements carried out in DTU the set-up consists of an 

Autolab Pgstat 10 potentiostat (EcoChemie) using an in-house built electrochemical 

glass cell. A ll measurements were carried out using General Purpose Electrochemical 

System (GPES) version 4.9 software. The electrochemical glass cell is placed in  a 

Faraday cage (Cypress systems) to reduce electronic noise. The glass cell houses three 

electrodes. The working electrode is a A u (lll)  bead electrode. The counter electrode 

is a platinum net on a platinum wire. The reference electrode is a reversible hydrogen 

electrode (RHE). The working electrode is operated in the meniscus mode so only the 

Au(l 11) facet is in contact with the solution.

The Reference Electrode:

For each new electrochemical set-up a new reversible hydrogen electrode was made. 

In each case a 1mm diameter flame-annealed platinum wire is inserted in to a clean 

10cm Pyrex glass tube. The tube is subsequently melted onto the platinum wire by 

heating it in a hydrogen flame for 5 -  10 sec. The heating is performed from several 

directions to make the tube fit the wire closely. Electrolyte is added to the tube from a 

cleaned glass pipette once the tube has cooled down. A stream of H2 is bubbled 

through a solution of electrolyte. The tube is then immersed in the solution and H2 

bubbles are allowed to enter the tube. The H2 gas should cover approximately half the 

platinum wire inside the tube. The potential follows the equation:

E = -59.3mV * pH at 25° C (E.l)

A ll data is plotted vs. a saturated calomel electrode by measuring the RHE vs. SCE, 

which was measured to be -0.408V.
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Platinum W ire

A

^ E le c tro ly te

-H ydrogen

Pasteur pipette
------->

F igure E. /  Schem atic o f  the Reversible H ydrogen Electrode.

The Counter Electrode:

A platinum-net on a platinum wire was used as a counter electrode in all 

measurements. The Pt-net was cleaned in a I-I2 flame, rinsed with Millipore water and 

then transferred to the cell. A counter electrode is essential in electrochemical 

measurements to minimise any current flow through the reference electrode, since this 

may destabilise the reference electrode.

The Working Electrode:

All working electrodes were single crystal Au(l 11) prepared within the group of Prof. 

Jens Ulstrup (DTU) by the method of A. Hamelin 

[ 1 ,2 ,]

Prior to electrochemical measurements the electrodes were electro-polished to remove 

the outer layer of Au-atoms. This is important because the outer layer is disordered
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due to adsorption or other molecular contamination. The Au electrode was then 

placed in a beaker with 0 .1M  H2SO4 and a Pt wire counter electrode. The Au 

electrode was connected to the (+) pole and the counter electrode to the (-) pole of a 

power supply. The voltage was then set to ca. 10 V, constant current. The Au (111) 

bead turns red because of gold oxide formation. The Au (111) bead is slowly lifted to 

make a hanging meniscus to ensure that the Au (111) surface is oxidised. After the 

oxidation the gold bead was lifted so that it is no longer in contact with the H2SO4. 

The reaction in H2SO4 is:

2Au + 3H2O —* AU2O3 + 6H+ + 6e (E.2)

The electrode was then placed in a beaker with 1M HC1. The chloride ions form a 

complex with gold oxide and after 10-20  sec the gold w ill have the usual colour again. 

The electrode was then washed with Millipore water and placed in an oven at 850° C 

to anneal for 8 h. Upon removal from the oven the electrode was allowed to cool. The 

electrode w as then annealed in  H 2 gas and d eposited in  a 0 .0032M s olution 0 f  the 

organostannoxane cluster molecule in toluene. The electrode was soaked in this 

solution for 6 h and on removal rinsed with a small amount (1-2 ml) of toluene. The 

electrode was then placed in the electrochemical cell operated in the meniscus mode 

so only the Au(l 11) facet is in contact with the solution.
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Figure E .2 E lectrochem ical ce ll show ing  (left) the Reversible Hydrogen E lectrode (RIIE); (middle) the 

working A u ( l  11) electrode; and (right) the counter electrode.

Ultrapure Conditions:

The experiments were conducted under ultrapure conditions. A ll glassware was 

cleaned by boiling in 15% nitric acid followed by the procedure of rinsing in 

Millipore water, then sonicating in Millipore water and finally rinsing three times 

with Millipore water. The platinum wire for the counter electrode was annealed in a 

H2 flame and then r insed i n M illipore w ater. A 11 c hemicals u sed w ere o f  u ltrapure 

grade. The Au (111) working electrodes were electro-polished and annealed for 6 h 

before each experiment as described previously.

Removal o f  Oxygen:

Oxygen constitutes a major problem in all electrochemical experiments, mainly 

because it is reduced to water at low potentials. Dioxygen reduction is suppressed by
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flowing a stream of wetted highly pure (99.999%) argon through the electrolyte 

solution for at least 45 min before the measurement. An overpressure of argon was 

also maintained above the electrolyte solution during measurement. The argon is 

guaranteed to contain less than 2 ppm of oxygen. The argon gas was further cleaned 

by passing through a Chrompack-Gas clean filter system (Varian). The oxygen 

concentration at the outlet of this filter is guaranteed 0.05ppm.

Electrolyte:

The electrolyte used through out these measurements was a solution of sodium 

perchlorate in 1x10'4M perchloric acid. This had a pH of 3.

E/V vs. SCE

F igure E . l  In itia l C V  results in the study o f  the organostannoxane cluster adsorbed on a single crystal 

Au ( I I I )  electrode in O .lm m olperchloric acid  (pH  3.0). Scan rate 20mVs~' to 180mVs'1..
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Carbon nanotubes have been shown to exhibit phenomenal 
physical properties. In addition, carbon nanotubes are an excellent 
platform for functionalization. Noncovalent sidewall functional- 
ization of single and multiwall carbon nanotubes has been achieved 
by others and ourselves. 1 - 6  Covalent sidewall functionalization, 
however, has almost exclusively been carried out on single wall 
carbon nanotubes (SWNT). Chemical (covalent) functionalization 
has been achieved through electrochemical reduction of aryl 
diazonium salts, 7  ultrasonication with organic materials, 8 a coor- 
dinatively unsaturated Vaska’s compound, 9  a diimide-activated 
amidation, 10 and by 1,3-dipolar cyclo additions. 11 End-to-end and 
end-to-side SWNT interconnects were formed by reacting chloride 
terminated SWNT with aliphatic diamine. 12

In this paper, we report our approach to covalent attachment of 
an inorganic metal complex, [ruthenium(4,4'-dicarboxy-2,2'-bi- 
pyridine)(2,2'-bipyridyl)2](PF6)2, ([Ru(dcbpy)(bpy)2](PFf, ) 2 ) , 13 ' 15 to 
amino functionalized multiwall carbon nanotubes.

To the best of our knowledge, this is the first report of multi wall 
carbon nanotube (MWNT) interconnects.

MWNT were produced by the catalytic chemical vapor deposi
tion (CCVD) of acetylene (30 mL/min) as carbon source under 
300 mL/min of N2. The reaction temperature was 973 K, and the 
reaction time was 1 h using CoFe/alumina. To dissolve the support 
and metal particles, NaOH and HC1 solution were used. The tubes 
were ball milled in a stainless steel drum for 1 0 0  h in a NHj 
atmosphere, resulting in shortened (200—300 nm) and open-ended 
MWNT, functionalized with amino (—NH2) groups. In the IR 
spectra, characteristic bands due to C—NH2 (1400 cm“1) were 
observed. 16 Spectroscopy measurements showed an altered scanning 
tunneling spectroscopy (STS) spectrum . 16 The functional groups 
organized in islands are clearly visible in the topographic scanning 
tunneling microscopy (STM) images (Figure SI, see the Supporting 
Information).

The experimental procedure is as follows (see Scheme 1). Ten 
milligrams (0.011 mmol) of [Ru(dcbpy)(bpy)2](PFs) 2  1A was 
dissolved in 15 mL of thionyl chloride. The reaction mixture IB 
was refluxed under argon for 5 h. The thionyl chloride was removed 
by vacuum distillation. The remaining solid was partially dissolved 
in dichloromethane (DCM). Two milligrams of the MWNT 
functionalized with NH2  (MWNT-NH2) was sonicated in 5 mL of 
dichloromethane for 2  min and then added to the refluxed mixture. 
Ten milliliters of triethylamine was added. The solution mixture

* To whom correspondence should be addressed. E-mail: marc@panhuis.org.
T Dublin City University.
* Trinity College Dublin.
* Facultes Universitaires Notre-Dame de la Paix.
11 Hungarian Academy of Sciences.

Figure 1. Microscopy o f amide linked MWNT interconnects. Tapping 
mode AFM image on glass substrate o f resultant T- and Y-MWNT junctions 
after ruthenium complexation, indicated by circles, White lines indicate 
MWNT.

Scheme 1

m w m -nh2

was stirred at room temperature under argon for 72 h. The product 
was then filtered to remove the solvents and washed with DCM. 
The product was placed in 20 mL of DCM and sonicated for 2 
min. The solution was then allowed to settle for 24 h. Excess 
MWNT-NH2 settled at the bottom, and the “functionalized ruthe
nium MWNT” 1C product was in suspension in solution. A color 
change from dark red-orange (IB) to dark brown-green (1C) was 
observed after the reaction scheme was completed.

MWNT-NH2  do not dissolve in dichloromethane. However, 
homogeneous solutions of 1C were easily obtained. This is a good 
indication that the reaction scheme was successful. Tapping mode 
atomic force microscopy (AFM) images using a Digital Instruments 
Nanoscope Ilia are shown in Figure 1 (see also the Supporting 
Information, Figure S2). MWNT are indicated by the white lines 
in the figures.
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Reflux 5 h, Ar
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Figure 2. Emission spectroscopy (recorded in dichloromethane) on starting 
ruthenium complex (1A), chlorinated product (IB ) , and ruthenium nanotube 
complex (1C).

It has been reported that less than 2% of pristine tubes show 
junctions, whereas functionalization of single wall carbon nanotubes 
(SWNT) can increase this to 30%.12 Multiple junctions can be 
observed in Figure S2 (see the Supporting Information) distinct 
from naturally occurring splitting of MWNT ropes. A close-up of 
a typical T- and Y-junction is shown in Figure 1. To verify that 
the tubes are not just overlapping, height analysis was carried out. 
Nanotube 1 has an approximate height of 7.5 nm above and below 
the junction. Nanotube 2 is 5.6 nm along its entire observed length. 
The Y-junction has a height of 9.3 nm both parallel and perpen
dicular to either nanotube 1 or 2. This indicates that nanotubes 1 
and 2  are not overlapping, as this would result in a height in excess 
of 13 nm. A similar observation can be made at the T-junction 
between nanotubes 3 and 4. Tube 3 at a height of 10 nm above 
and below the junction and tube 4 varied between 7 and 9 nm along 
its length. The T-junction has a height of 12 nm, which is far less 
than 17 nm as would be expected for overlapping tubes.

As the amino functionalization occurs in islands, it is expected 
that MWNT are interconnected through more than one ruthenium 
complex.

UV/vis absorption spectra were carried out in DCM using a 
Shimadzu UV3I00 UV—vis— NIR spectrophotometer. The ruthe
nium complex 1A has characteristic absoiption bands at 285 and 
454 nm. The chlorinated product IB  exhibits a red shift to 286 
and 498 nm, whereas the ruthenium nanotube complex 1C results 
in a red shift to 290 nm and a blue shift to 459 nm.

Emission spectra were recorded in DCM using a LS50-B 
luminescence spectrophotometer, equipped with a red sensitive 
Hamamatsu R298 PMT detector. Figure 2 shows the emission 
spectra of the components described in Scheme 1. Using 450 nm 
excitation wavelength, we found that the emission spectra for 1A 
show a characteristic maximum at 628 nm associated with 
ruthenium complexes. The acid chloride IB, on the other hand, 
emits at 719 nm. The ruthenium nanotube complex 1C has a 
maximum at 609 nm, a blue shift of 110 nm as compared with IB 
and 19 nm with 1A. The observed shifts are expected on the basis 
of the nature of the modified substituents.

The changes in maxima for absorption and emission spectra 
observed between starting materials 1A, IB , and product 1C 
together with the solubility of 1C confirmed the chemical modifica
tions. The fact that 1C emits at a different wavelength to both 1A

and IB  makes it unlikely that the 609 nm signal is due to unbound 
starting material (1 A).

In conclusion, we have presented strong evidence that multiwall 
carbon nanotube interconnects through amide linkage with a 
ruthenium complex were successfully created. Interconnects were 
visualized through AMF imaging, which showed multiple T- and 
Y-junctions. Absorption and emission spectroscopy showed sig
nificant changes between starting components and the resulting 
ruthenium nanotube complex indicative of a successful chemical 
modification. Carbon nanohibe functionalization is important for 
sensor applications, as it will allow specific detection of biological 
entities such as proteins. The inclusion of a ruthenium complex is 
not essential for creating carbon nanotube interconnects. However, 
ruthenium complexes could be essential in sensing applications 
through (electrochemical) monitoring of the change in redox 
potential or in transistor applications through (photophysical and 
electrochemical) switching of the contact between MWNT.
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ABSTRACT
A m ino  f ra c tio n a liz e d  m ulti w all ca rb o n  n an o tu b es (M W N T ) w ere  reac ted  w ith  an  in o rg an ic  R u then ium  com plex, 
{[R u(dcclbpy)(bpy) 2 ]-(PF6)2}, in  the a ttem p t to  cova len t a ttach  the R u th en iu m  co m p lex  to  the M W N T . T he covalen t 
a ttachm en t be tw een  th e  R u th en iu m  co m p lex  and  the ca rb o n  n ano tubes is ach iev ed  b y  fo rm ing  o f  an am ide group. 
A b so rp tion  and  em ission  sp ec tro sco p y  ind ica ted  th a t a reac tio n  b e tw een  the am ino  fu n c tiona lized  M W N T  and the 
R u then ium  com plex  occu rred . A to m ic  fore  m ic ro sco p y  (A FM ) im ages g ave  fu rth er ev idence  o f  a successfu l a ttachm ent 
o f  th e  R u th en iu m  com plex  to  M W N T  b y  show ing  m ultip le  ju n c tio n s  b e tw een  M W N T  d istinc t fro m  n a tu ra lly  occurring  
sp litting  o f  M W N T  ropes.

K e y w o rd s : C arbon  n an o tu b es , R u th en iu m  com plex

1. INTRODUCTION
C arbon  nano tubes h av e  b een  sh o w n  to ex h ib it phenom ena l physica l p ro p ertie s . In  add ition , ca rb o n  nano tubes are an 
ex ce llen t p la tfo rm  fo r chem ica l fu n c tiona liza tion . N on-cova len t side-w all fu n c tio n a liza tio n  has b een  arch ived  by  o u rse lf  
and  o ther g ro u p s .1'23456 C o v a len t s id e -w a ll functionaliza tion  has a lm o st b een  carried  ou t on  single w all carbon  
nano tubes (S W N T ). T h e  co v a len t fu n c tio n a liza tio n  o f  S W N T  has been  ach iev ed  th ro u g h  e lec tro ch em ica l reduc tion  o f  
ary l d iazon ium  sa lts7, a  co -o rd in a te ly  u n sa tu ra te d  V a sk a ’s com pound3 and  using  1 ,3 -d ipo lar cyclo  add itions.9 E nd-to- 
end  and  end -to -side  S W N T  in te rco n n ec ts  w ere  fo rm ed  b y  reac tin g  ch lo ride  te rm ina ted  S W N T  w ith  a liphatic  d iam ine .10 
T he charac te risa tion  o f  fu n c tio n a liz ed  c a rb o n  nano tubes re lies o n  U V /V IS , R am an , and  F T -IR  spectroscopy, 
tran sm ission  e lec tro n  and  a tom ic  fo r c e  m ic ro sco p y . L iqu id  N M R  sp ec tro sco p y  is d ifficu lt to  em p loy  because  o f  the 
p o o r so lub ility  o f  fu n c tio n a lized  c a rb o n  nano tubes . In  th is p ap e r w e rep o rt the ap p ro ach  o f  a co v a len t a ttachm en t o f  an  
ino rgan ic  R u th en iu m  com plex , { [R u(dcby )(bpy )2K P F f,^ } ,1 M213 to  am ino  fu n c tio n a lized  m u lti w all ca rb o n  nanotubes 
(M W N T ).

2. METHODOLOGY
E m issio n  spectra  w ere  reco rd ed  in  d ich lo ro  m ethane using  a L S 50-B  lum in escen ce  spec trom eter, eq u ip p ed  w ith  a red  
sensitive  H am am atsu  R 298  P M T  detec to r. U V /V IS  abso rp tion  spectra  w ere  ca rried  ou t in  d ich lo rom ethane using  a 
S h im adzu  U V 3100  U V -V is-N IR  sp ec tro m e ter. A tom ic  force m icro sco p y  (A F M ) im ages w ere  taken  w ith  a D ig ita l 
Instrum en ts N an o sco p e  I l ia  in  tap p in g  m ode.

* benrezzs@.tcd.ie: phone +353 (0)1 608 1469; fax +353 (0)1 671 1759; Materials Ireland, Physics Department, Trinity College, 
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3.RESULTS

T he synthetic  rou te  o f  th e  a ttach m en t o f  an  ino rgan ic  R u th en iu m  co m p lex  w ith  m u lti w all ca rb o n  nano tubes (M W N T ) 
is show n  in  Figure 1. A m in o  fu n c tio n a lized  M W N T  3 u sed  in  the syn thesis  w ere  sy n thesised  in  tw o  steps. First, M W N T  
w ere p ro d u ced  b y  ch em ica l v ap o u r d ep o sitio n  (C C V D ) using  30  m L /m in  o f  ace ty lene  as ca rb o n  source and  300 
m L /m in  o f  n itrogen . T he  re a c tio n  tim e  w as k ep t at 9 73K  fo r one h o u r u sin g  C oF e/a lum ina . T he  su p p o rt m ateria l and 
m etal partic les w ere  rem o v ed  a fte rw ards b y  trea ting  the M W N T  w ith  sod ium  h y d ro x id e  and  hyd ro g en  chloride 
solu tion . T h e  tu b e s  w ere  th e n  b a l l  m illed  i n  a  s ta in le ss  s te e l d ru m  f o r  1 00 h o u rs  in  a n  a m m o n ia c  a tm o sp h ere . T h e  
resu lting  tubes w ere sh o rten ed  (2 0 0 -300nm ), open -ended  and  fu n c tio n a lized  w ith  am ino  ( -N H 2) groups. T he final 
am ino func tiona lized  M W N T  can  be ch a rac te rized  b y  IR  sp ec tro sco p y  w h ich  show s charac te ris tic  bands at 1400 c m '1 
due to  the am ino  groups.

3.1 Synthesis

H O O C C O O H C IO C

S O C I2

R eflux

R u (b p y )2{ (P F 6)2}

C O C !

H oN -M W C T
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R T
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N E t3

H O

T C W M - N - C

O H
C - N - M W C T

R u (b p y )2{ (P F 6)2}

4

Figure 1: Schematic representation o f the synthetic route to form a covalent attachment between amino functionalized MWNT 3 and 
an inorganic Ruthenium complex 2.

T he sy n th e s is  o f  th e  ru th e n iu m  p o ly p y r id y l c o m p le x  { [R u (4 ,4 ’-d cb p y )(b p y )2] ( P F 6)2} 1, w here  4 ,4 ’-dcbpy  i s  [ 2 ,2 ’]- 
b ip y rid in y l-4 ,4 ’-d icarboxy  ac id , is described  e lsew h e re .14 T he co rrespond ing  ac id  ch lo ride  com plex  2 {[R u(4 ,4’- 
dcclbpy )(bpy )2]-(PF6)2}, w h ere  4 ,4 ’dcc lb p y  is [2 ,2 ’]-b ip y rid in y l-4 ,4 ’-d icarbo ly l d ich lo ride , w as syn thesised  by  
d isso lv ing  lO m g (O .O llm m o l) o f  1 in  15m L o f  th iony l ch lo ride  and  re flu x in g  the reac tio n  m ix tu re  u n d e r argon  fo r 5 
hours. T he rem ain ing  th io n y l ch lo ride  w as rem oved  b y  vacu u m  d is tilla tion . F o r the syn thesis o f  4  2m g o f  am ino 
functionalized  M W N T  (N H n-M W N T ) 3 w ere  son ica ted  fo r 5 m inu tes in  d ich lo ro m eth an e  and  ad d ed  to  a m ixture o f  
lO m g o f  2 in  d ich lo rom ethane . lO m L  tr ie thy lam ine  w ere  ad d ed  and  the reac tio n  m ix tu re  w as s tirred  fo r three days at 
ro o m  tem peratu re  u n d e r an  a rg o n  a tm osphere . T o  rem ove the so lv en t the reac tio n  m ix tu re  w as filte red  and  w ashed  w ith  
d ich lo rom ethane. T he  reac tio n  p ro d u c t o n  the filte r p ap e r w as p lace d  in  fresh  d ich lo rom ethane  and  son ica ted  for 2 m in 
and  a llo w e d  to  se ttle  f o r  2 4  h o u rs  w here  e x c e ss  M W N T -N H 2 se ttle d  a t  th e  b o tto m . A t th e  s ta r t  o f  th e  re ac tio n  th e  
reac tio n  m ix tu re  h a d  a d  ark  r  ed d ish -o ran g e  co lo u r . A f te r  p lac ing  th e  re a c t io n  p ro d u c t i n  f r e s h  d ich lo ro m eth an e  an d  
son ica tion  the co lo u r changed  to  d a rk -redd ish -g reen . T he co lo u r change fro m  orange  to  g reen  suggests th a t a reaction  
b e tw een  the M W N T -N H 2 and  R u th en iu m -co m p lex  2 occurred  and  a cova len t a ttachm en t w as ach ieved .



U V /V IS  and em issio n  sp ec tra  w ere  ta k e n  fo r the in itia l R u th en iu m  co m p lex  1, th e  co rresp o n d in g  ac id  chloride 2 and 
the M W N T -R u th en iu m -co m p lex  4. In  th e  U V /V IS  sp e c tru m  the R u th e n iu m  com plex  1 has charac te ristic  absorp tion  
bands a t  285 and  454nm . T he co rresp o n d in g  ac id  ch lo ride  2 exh ib its  a red  sh ift to  286  and  498nm , w hereas the M W N T - 
R u then ium -com plex  4 resu lts  in  a re d  sh ift to  2 90nm  and  a  b lue  sh ift to 459nm . T he  U V /V IS  spec tra  are all v ery  sim ilar 
fo r the initial R u th en iu m  co m p lex  1 and  th e  M W N T -R u th en iu m -co m p lex  4 and  th u s can n o t g ive a p rec ise  answ er i f  the 
reac tion  schem e in Figure 1 w as successfu l. O n  the o ther h an d  the em issio n  spec tra  show  s ign ifican t d ifferences for the 
in itial R u then ium  co m p lex  1 and  the  M W N T -R u th en iu m -co m p lex  4. In  Figure 2 are  show n the em issio n  spectra  o f  the 
in itia l R u then ium  co m p lex  1, the co rre sp o n d in g  ac id  ch lo ride  2 and  the M W N T -R u then ium -com plex . U sing  450nm  
ex c ita tion  w ave leng th  th e  em iss io n  sp ec tru m  for 1 show s a ch a rac te ris tic  m ax im u m  at 6 2 8 .5nm  associa ted  w ith 
R u then ium  com plexes. T he  c o rre sp o n d in g  ac id  ch loride 2 resu lts  in a re d  sh ift o f  84 .4nm  to  7 1 6 .9nm . T he M W N T - 
R u then ium -com plex  4 has a m ax im u m  a t 609nm , a b lu e  sh ift o f  107.9nm  com pared  w ith  2 and  19 .5nm  w ith  1.

3.2 A bsorption and em ission spectroscopy

Figure 2: Emission spectra for the compounds 1, 2 and 4

T he em ission  spec tra  su g g est th a t the re ac tio n  be tw een  2 an d  3 w as su ccessfu l an d  a cova len t a ttachm en t o f  the 
R u th en iu m  com plex  to  th e  M W N T  w as ach ieved . In  Table 1 is sum m arized  the U V /V IS  and  em ission  m axim a for the 
com pounds 1, 2 an d  4. T he changes in  the p eak  m ax im a o f  the ab so rp tio n  an d  em issio n  sp ec tra  suggest that the 
chem ical m od ifica tio n  o f  am ino  fu n c tio n a liz ed  M W N T  3 w ith  a ch lo ride  ac id  o f  the R u th en iu m  com plex  2 w as 
successful.

T able 1: UV/VIS and emission maxima for 1, 2, and 4

C om pound (nm ) U V /V IS W  E m ission

In itia l R u th en iu m  C o m p lex  1 285 ; 454 630

R u th en iu m  ac id  ch lo rid e  com plex  2 286  ; 498 717

M W N T -R u th en iu m -co m p lex  4 290 ; 459 609

H ow ever, the ab so rp tio n  an d  em issio n  spec tra  do n o t p rov ide  the n ecessa ry  p ro o f  th a t the R u th en iu m  com plex  is 
co v a len t a ttached  to  the M W N T . A  n o n  co v a len t a ttach m en t o f  the R u th en iu m  co m p lex  m ay  lead  to  a sh ift in  the peak  
m ax im a o f  ab so rp tio n  and  em iss io n  sp ec tra  as w ell. T he  co lo u r change fro m  orange to  g reen  ob se rv ed  a fter the reaction  
p ro d u c t w as p lace d  in to  fre sh  d ich lo ro m eth an e  m ay  b e  a resu lt o f  R u th en iu m -(III)-co m p lex es w h ich  can  be a side 
p ro d u c t o f  the reac tio n  and  is u n d e r  fu r th e r investigation .



F u rth e r ev idence i f  the re ac tio n  sch em e show n in  Figure 1 w as su ccessfu l can  p ro v id e  a tom ic  fo rce m icro scopy  (A FM ). 
In  Figure 3 are  show n A F M  im ag es  o f  th e  M W N T -R u th en iu m -co m p lex  4 a fter th e  reac tio n  w ith  th e  R u th en iu m  com plex
2. M W N T  are ind ica ted  in  these  im ag es b y  the w h ite  lines. I t has b een  rep o rted  tha t less than  2%  o f  p ris tine  tubes show  
ju n c tio n , w hereas fu n c tio n a liza tio n  o f  s ing le  w all carbon  n an o tu b es (S W N T ) can  increase  this up  to  3 0 % .10 M ultip le 
ju n c tio n s  can  b e  observed  in  Figure 3 d is tinc t from  na tu ra lly  o ccu rrin g  sp litting  o f  M W N T  ropes. A  close up  o f  a 
typ ica lly  T - and  Y -junc tion  is sh o w n  in  Figure 3b. T o verify  th a t the tubes are  n o t ju s t  overlapp ing , h e ig h t analysis w as 
carried  out. N ano tube  1 has a n  ap p ro x im ate  he ig h t o f  7.5 n m  ab o v e  and  b e lo w  the  ju n c tio n . N an o tu b e  2 is 5.6 n m  along 
its en tire  tube. T he  Y -ju n c tio n  h a s  a h e ig h t o f  9.3 n m  b o th  p a ra lle l and  p e rp en d icu la r to  e ither n ano tube  1 o r 2. This 
ind icates th a t n a n o tu b e  1 a n d  2 a r e  n o t  o v e rla p p in g  a s  th is  w o u ld  re s u l t  i n  a  h e ig h t i n  ex c e ss  o f  1 3 n m . A  s im ila r 
observa tion  can  b e  m ade  a t th e  T -ju n c tio n  b e tw een  n ano tube  3 and  4. T u b e  3 at a  he ig h t o f  10 n m  above and  b e low  the 
ju n c tio n  an d  T ube 4 varied  b e tw e e n  7 an d  9 n m  along  its leng th . W hereas , th e  T -ju n c tio n  has a h e ig h t o f  12 nm , fa r less 
than, in  excess o f  17 n m  as w o u ld  be  ex p ec ted  fo r overlapp ing  tubes.

b

3.3 A tom ic force m icroscope im ages

2 . 7 6  pm

Figure 3: (a) Tapping mode AFM on glass substrate o f resultant junctions after reaction with the Ruthenium complex. White lines 
indicate MWNT. (b) Close up o f  T- and Y-MW NT junction, indicated by circles.

T he A F M  im ages are strong  ev id en ce  th a t th e  reac tio n  schem e show n  in  Figure 1 w as successfu l and  a covalent 
a ttachm en t be tw een  M W N T  and  th e  R u th en iu m  com plex  w as ach iev ed  becau se  in  the in crease  o f  T - and  Y -junctions 
after the reaction . In  Figure 4 is sh o w n  a m o d e l fo r a T -ju n c tio n  fo rm ed  b y  tw o  M W N T  cova len t a ttached  to a 
R u th en iu m  com plex.

0 2 . 7 6  UH

Figure 4: Model of a T-junction formed by two MWNT interconnected by a Ruthenium complex.



4. CONCLUSIONS
W e have successfu lly  reac ted  am ino  fu n c tio n a lized  m ulti w all ca rb o n  n ano tubes (M W N T ) w ith  an  ac id  ch loride o f  an 
ino rgan ic  R u th en iu m  com plex . T h ere  is ev id en ce  th a t an am ide  group  w as fo rm ed  and  th e  n ano tubes are  lin k ed  together 
th rough  the R u th en iu m  com plex . A b so rp tio n  and  em ission  sp ec tro sco p y  show ed  changes in  th e  spectra  be tw een  the 
starting  m ateria ls  and  fo rm ed  M W N T -R u th en iu m -co m p lex  in d ica tin g  th a t a  chem ica l re ac tio n  be tw een  the am ino 
functionalized  M W N T  and  th e  ac id  ch lo rid e  o f  the R u th en iu m  co m p lex  occurred . F u rth e r ev idence  fo r a covalen t 
a ttachm en t o f  the  R u th en iu m  co m p lex  to  M W N T  w as fo u n d  b y  a tom ic  fo rce  m ic ro sco p y  (A FM ) im ages. T he im ages 
show ed  an  in crease  in  T - an d  Y -j un c tio n s a fte r the reac tio n  w h a t s trong ly  suggests th a t the  re ac tio n  be tw een  am ino 
functionalized  M W N T  and  th e  ac id  ch lo rid e  o f  the R u then ium  com plex  w as successfu l.
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The characterization o f chemically modified carbon nanotubes has been achieved using 13C nuclear magnetic 
resonance (NMR) spectroscopy. Amino-functionalized multiwall carbon nanotubes (MWNT—NH 2 ) were reacted 
with a 13C terephthalic acid. Covalent attachment o f the acid to the nanotubes is confirmed by 13C NM R and 
2D N M R through the presence o f amide grouping resonances.

1. Introduction

Covalent attachment o f functional groups to carbon nanotubes 
has received an increasing amount of attention in the past years. 
It is thought that covalent coupling of nanotubes to one another 
or to molecular entities can lead to advances in nanodevice 
applications such as nanosized electronics and sensing. Coupling 
has almost exclusively been achieved using ester or amide 
linkages. Amides have been the primary linkage method for 
nanotube interconnects, 1’2  the covalent attachment of proteins, 3 - 5  

DNA , 6 ' 7  nanocrystals, 8 ’9  and metal containing complexes. 1’ 1 0 - 1 2

However, the characterization methods employed to confirm 
the covalent attachment between carbon nanotubes and other 
entities have so far provided only indirect evidence. For 
example, in our work on interconnecting multiwall carbon 
nanotubes (MWNT) using a ruthenium bridging complex , 1 

atomic force microscopy (AFM) imaging and height analysis 
and UV—vis and emission spectroscopy were applied to 
investigate the reaction.

Characterization of carbon nanotubes before and after func- 
tionalization with small groups such as carboxylic acid (—COOH) 
and amino groups (—NH2) has been carried out using Raman 
analysis of the nanotube tangential mode , 2  X-ray photoelectron 
spectroscopy (XPS ) , 6 ,1 3  infrared spectroscopy (IR) , 8 - 1 0 ’ 1 3 ’ 14  

scanning tunneling microscopy (STM ) , 1' 13 and nuclear magnetic 
resonance (NMR) . 1 4 ,1 5  Results obtained from these characteriza
tion methods become increasingly difficult to interpret when 
larger molecular entities are attached to the functionalized 
groups. AFM imaging and height analysis have been employed 
to verify the presence o f interconnected1 ,2  and DNA-function- 
alized7  carbon nanotubes; however, in itself, AFM only provides 
a visual suggestion. Attempts have also been made to use nuclear 
magnetic resonance (NMR) spectroscopy to characterize co
valent bonding to carbon nanotubes. Wong et al. carried out 
‘H and 7Li NMR on COO-  NH3 + ionically bound organic crown 
ethers with nanotubes16 and 3IP NMR on Vaska’s compound 
with nanotubes. 1 0  Sun et al. employed *H NMR spectroscopy 
to study esterification linkages with nanotubes1 7  and diimide-

* Corresponding author. E-mail: marc@ utdallas.edu.
' Department o f  Physics, Trinity College Dublin.
* Dublin City University.
s Department o f  Chemistry, Trinity College Dublin.
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SCHEM E 1: Reaction Scheme11

H°s / ~ \  .0 s°cn
f )  \>K*  —

° Please note that 4 and 5 represent all forms of covalent function- 
alization at the nanotube sidewalls and ends.

activated amidation of nanotubes. 18 Hamers et al. used ]H NMR 
to analyze the amide linkage between dodecylamine and 
nanotubes . 6 These authors report that they have “strong evi
dence” for ester/amide linkages upon functionalization of carbon 
nanotubes. In addition, Goze-Bac et al. used l3C NMR to 
investigate covalent functionalization o f 1 3 C-enriched carbon 
nanotubes . 1 5 ’ 19

In this work, 'H, 1 3C, and 2D NMR is used for providing 
evidence of the successful chemical modification of carbon 
nanotubes using 1 3C-labeled terephthalic-carboxy-l3 C2 acid as 
the modifier (1, Scheme 1). It should be noted that the NMR 
data in ref 19 originates from carbon atoms in the nanotubes, 
whereas in the present work emphasis is on carbon in the 
attached molecules.

2. Experim ental Details

Amino-functionalized multiwall carbon nanotubes (M W NT- 
NH2 ) were produced by catalytic chemical vapor deposition and 
obtained from Nanocyl S. A, (Namur, Belgium). Further details 
of the preparation and analysis of MWNT—NH 2 can be found 
in refs 1 and 13. Scheme 1 shows the synthesis route taken for

10.102l/jp040266i CCC: $27.50 © 2004 American Chemical Society
Published on Web 06/04/2004
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Figure 1. 'H  NMR spectrum of the reaction product in CDClj.

preparing modified nanotubes. Fifty milligrams of 1 was 
dissolved in 15 mL of thionyl chloride. The mixture was 
refluxed under argon for 5 h. Thionyl chloride was subsequently 
removed by vacuum distillation. The compound obtained, 2, 
was dissolved in CH2 CI2 . Two milligrams of MWNT—NH2 , 3, 
were sonicated in 5 mL of CH2 CI2  for 2 min. This solution was 
added to the 2 solution. Ten milliliters of triethylamine (TEA) 
was added to the solution, and the reaction mixture was stirred 
at room temperature for 72 h under argon. All solvents were 
removed by vacuum distillation, and the remaining solid was 
added to 5 mL of CH2 CI2 . This solution was sonicated and then 
allowed to settle for 48 h. Unreacted MW NT—NH 2  is obtained 
as a solid, leaving chemically modified carbon nanotubes in 
solution.

Subsequently, the top part o f the solution was carefully 
pipetted off, the solvent taken off, and the solid obtained 
redissolved in CDCI3 . 'H  and 13C NMR spectroscopy was 
carried out on this solution using a Bruker Avance DPX 400 
MHz spectrometer. To achieve good signal-to-noise ratios the 
carboxy groups of terephthalic acid were labeled with 1 0 0 % 
1 3 C. As a result nonlabeled positions show only weak signals 
due to the low natural l3C abundance o f 1.1%. All 13C NMR 
spectra were recorded proton decoupled.

3. Results and Discussion

All NMR spectra were recorded without intensive purification 
o f the reaction mixture. Thus, signals in the NMR spectra that 
correspond to the starting materials, products, and solvents can 
be expected. The 'H  NM R spectrum of 1 in D 2 0 /potassium 
carbonate shows a singlet peak at <5 =  7.84 ppm indicative of 
the four identical hydrogens on the phenyl ring (not shown). 1  

is insoluble in CDCI3 , and therefore it is not expected to feature 
in the NMR spectrum of the reaction mixture.

The 'H  NMR spectrum of 2 (in CDCI3 ) shows one peak at <5 
=  8.04 ppm with a half line width of 2.6 Hz corresponding to 
the presence of four equivalent aromatic protons (not shown). 
The 'H NMR spectrum of the reaction mixture (Figure 1 and 
Figure SI in the Supporting Information) shows one broad peak 
at d = 7.92 ppm (Hb) and two multiplets at <5 =  7.95 ppm (Hc) 
and <5 =  7.23 ppm (H„). The other peaks (in Figure 1) can be 
attributed to solvent (S =  7.28 ppm) and vacuum grease 
contamination which occurred during the drying process in the 
NMR sample preparation. The appearance of line broadening 
suggests that a reaction with the amino groups attached on the 
nanotube surface occurred. The appearance of two signals at <5 
=  7.95 and <5 =  7.23 ppm is indicative o f the presence of an 
asymmetric substituted 1,4-phenylene derivative2 0  and is con
sistent with the presence of S. Scheme 2 shows the proposed 
assignment for the phenylene protons of product 5. One end of 
the phenylene ring is connected via an amide group to the

SCHEM E 2: Proposed Proton (Ha—H c, Figure 1) and 
C arbonyl C arbon (a—g, Figure 2) Assignment in the 
Reaction Product"

Riither et al.

a-f

" 5 indicates covalent functionalization, whereas 6  indicates non- 
covalent sidewall functionalization (coating) of MWNT with 2.

ppm

Figure 2. 13C NMR spectrum of the reaction product in CDClj. Peak 
positions are indicated by a—h.

MWNT whereas the other end carries an acyl chloride group 
(Schemes 1 and 2). The signal at (5 =  7.92 ppm (Hb) is indicative 
of a symmetric arrangement of protons and agrees well with 
the value obtained for 2  given above.

In the 13C NMR spectrum of the reaction mixture (Figure S2 
in the Supporting Information), four large peak areas can be 
identified around 8 , 45, 77, and 170 ppm. These areas 
are indicative o f TEA methyl (—CH3 ), TEA alkylamine 
(—NHCH2 —), solvent (CDCI3 ), and carbon carbonyl (—COX—) 
groups, respectively. Figure 2 shows the carbonyl region in the 
13C NMR spectrum of the reaction product. As noted before, 
the starting material 1 is insoluble in CDCI3 and is therefore 
unlikely to feature . 21

The peaks in Figure 2 correspond to the labeled carbonyl 
carbons only. It is not straightforward to assign these peaks to 
a specific nanotube assembly; however, their appearance does 
confirm covalent bonding. Let us now address which NMR 
signals could be expected from the reaction product. If  both 
active sides of 2 would react with 3, then 4 is obtained as the 
product and only acyl amide type signals are expected. However, 
if just one active side reacts with the amino-functionalized



nanotubes, giving 5 as product, a carbon signal indicative of 
acyl chloride should also be detected.

For 2 in CDCI3 a 13C NMR signal at d = 167.50 ppm was 
recorded. Therefore, it is reasonable to assume that signal g (6 
= 168.54) is indicative o f acyl chloride (C1CO—phenyl). A more 
detailed analysis of signal g reveals that there are at least three 
signals together forming one broad signal. The sp2  nature of 
the nanotubes has a deshielding effect on the carbonyl carbons, 
which leads to a downfield shift o f the corresponding signal in 
the 13C NMR. It has been shown that jr-conjugated molecules 
can render nanotubes soluble through noncovalent sidewall 
functionalization (jr-stacking ) . 2 2  In Scheme 2, 6  indicates 
yr-stacking of 2 onto MWNT. The (nanotube) sp2  deshielding 
effect would result in a downfield shift for 6  (jr-stacked 
component 2), compared with <5 =  167.50 ppm 2 in CDCI3 . 
Therefore, it is assumed that signal g could originate from the 
acyl chloride in 6 .

The carbonyl l3C resonance in dimethyl-substituted amide 
(CH3 —NHCO—CH3) in CDCI3 has a chemical shift of 5 =  
171.60 ppm2 3  for the carbonyl carbon. Through comparison with 
other established shifts for amides, 2 3  it can be deduced that 
substitution of sp2  systems results in the following shift changes. 
Substitution on the nitrogen side (phenyl—NHCO—CH3 ) results 
in a shielding effect which would result in an upfield shift of 
the signal, whereas substitution on the carbon side (CH3 — 
NHCO—phenyl) results in a deshielding effect which would 
result in a downfield shift of the signal. It should be noted that 
the signal shift caused by deshielding is smaller compared to 
the signal shift caused by shielding. Thus, an upfield shift (lower 
ppm) can be expected for MW NT—NHCO—phenyl in com
parison with the 171.60 ppm shift recorded for CH3 — NHCO— 
CH3 . We can therefore conclude that the peaks a —f are 
indicative of the presence of amide bonds and modified MWNT. 
The small differences in shifts between peaks a —f could be 
indicative o f the presence of different local environments in 4 
and/or 5.

2D NMR correlation spectroscopy can provide further useful 
information about the nature of the signals obtained. The 
heteronuclear multiple bond connectivity (FIMBC) experiment 
allows the investigation of atoms o f long-range coupling 
between protons and carbons. Figure 3 shows the HMBC 
spectrum of the reaction mixture in CDCI3 .

The correlation regions in the HBMC spectrum can be 
explained as follows. To identify the correlation regions (CR) 
the following notation is adopted: (proton peak; carbon peak). 
The coordinates for the correlation region centers are: CR1 
(7.92; 168.5), CR2 (7.23; 170.2), and CR3 (7.95; 171.0). In 
CR1, the symmetric aromatic proton (Hb) is con-elated with 
carbon in the range of 167.5— 169.9 ppm and centered on peak 
g. This is consistent with signals arising from the presence of 
6 , as shown in Scheme 2. In CR2, the asymmetric aromatic 
proton (Ha) is correlated with carbon in the range of 169.5 — 
171.0, corresponding to peaks a—f. This is consistent with 
signals arising from the carbon participating in the amide bond 
of 5 as shown in Scheme 2. In CR3, the asymmetric aromatic 
proton (Hc) is correlated with carbon in the range of 170.5— 
171.5 ppm, corresponding to peaks a and b. This is consistent 
with signals arising from the carbon in the acyl chloride part of
5 as shown in Scheme 2. The presence of the two correlation 
regions (CR2 and CR3) is a direct indication that assembly S 
was formed during the reaction. Asymmetric protons are 
correlated with carbons in different carbonyl environments.

Signals originating from 4 could not be assigned, due most 
likely to the low concentration of this compound.
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Figure 3. H M BC spectrum  o f  the reaction product in CD Clj. CR1 — 
CR3 indicate correlation regions, w hereas Ha—H t indicate peaks in the 
'H  N M R spectrum  (see Figure 1) and a —li indicate peaks in the l3C 
N M R  spectrum  (see F igure  2).

4. Conclusions

In conclusion, we have presented evidence of the chemical 
(covalent) bond formed between carbon nanotubes and a R e
labeled molecule. With the use o f *H NMR, l3C NMR, and the 
2D (HMBC) correlation spectrum, signals for the (amide) 
linkage between terephthalic acid (labeled molecule) and 
MWNT could be assigned.

It was possible to identify (asymmetric) NMR signals 
originating from labeled molecules bound to MWNT. NMR 
correlation regions could be attributed to amide linkage and acyl 
chloride parts of product 5. In addition, signals originating from
6  (noncovalent functionalization of MWNT with 2) could be 
assigned.

We envisage that combination of NMR experiments can 
become a useful tool in the characterization of chemical bonds 
between carbon nanotubes and molecular entities, leading to 
advances in molecular sensing and electronics.
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Atomic force microscopy and synchrotron radiation (SR) spectroscopy have been used to study 1 he wetting 
behavior and electronic s truc tu re  of th in  films of a novel organometallic c luster — [BuSn(0)0C(0)Fc]a {"Fc" 
=  ferrocenyl) -  on silicon substrates. This cluster comprises Six ferrocene un its  connected to a stannoxane 
central core -  ''an  iron wheel on a  tin  drum" (V. C hand rasekhar e t al. Angew. Chem,, Int. Ed. 2000, 39. 
1833). Thin films spin-cast onto native oxide-terminated silicon readily dcwet Lhe substrate. We have 
utilized advanced image analysis techniques based on Minkowski functionals to provide a detailed 
quantitative analysis of the morphology of the stannoxane overlayers. This analysis shows tha t the dewell ing 
p a tte rn s are ra th e r far removed from those expected to arise from a sim ple Poisson distribution of cenlers, 
and we discuss the im plications of this finding in term s of nucleated and spinodal dewelLing. Variations 
in both the surface roughness and the in-plane correlation lenglh have been followed as a function of 
annealing time to probe the surface dew etting dynamics. SR valence band photoemission Illustrates tha t 
the h ighest occupied m olecular orbital (HOMO) of the cluster is found 2 eV below the Ferm i level. Fe 2p 
— 3d and Sn 3d — 5p resonant photoemission spectroscopy have been used to enhance the cross sections 
of the partia l density of s ta te s  associated w ith the Fe and St) atom s. Sn atom s m ake a large contribution 
to the HOMO of the cluster, w hereas the Fe atom s are associated w ith  an electronic environm ent seemingly 
very sim ilar to th a t in  the "parent" ferrocene molecule.

I. I n t r o d u c t i o n

O rganom etallic  chem istry  u n d erlie s  th e  sy n th es is  and  
functionality  of a  w ide v a rie ty  of m olecu lar an d  polym eric 
system s, M etallocenes, an d  fe rrocene 1 in p a rticu la r, have 
been exploited as cen tra l e lem en ts  of a fam ily  of nascen t 
m olecu lar e lectronics devices. T hese p ro to type system s 
include com ponents w hose s tru c tu re  or conform ation is 
sw itchable  v ia  va ria tio n s  in  redox s t a te , 2  a n d  a  v a rie ty  of 
sw itching m ethods have been envisaged . For exam ple, 
m agnetic  control of th e  ac tiv ity  of (bio) e lec t ro ta  la  lytic 
system s lias recen tly  been d em o n s tra ted  by K atz e t a l . , 3  

photoisonierization  h a s  been exploited  by a  n u m b er of 
g roups 4  5 to  g en e ra te  redox-active s ta te s , and  varia tions 
in  pH  are  com m only used  to  reversib ly  m odify m olecular 
p ropertie s . 6

The syn thesis of th e  organom etallic  m olecule of in te re s t 
in  th is  study , [BuSn(O)OC(O)Fc ] 0  (w here "Fc" =  ferro 
cenyl), w as f irs t repo rted  by C h a n d ra se k h a r  e t al. th ree  
years  ago . 7  T he  m olecule com prises six  ferrocene u n its  
w hich are  a tta ch ed  to  a  c en tra l s tan n o x an e  core. As 
d iscussed in  re f  7, th is  rep re sen ts  a  r a th e r  novel cyclic 
in terconnection  of Fc e lem en ts . In  m ore recen t w ork , 8  

C h an d ra sek h a r e t  al. h av e  show n th a t  i t  is  possible to

* D u b l in  C i ty  U n iv e r s i ty .
* U n iv e r s i t y  o f  N o t t i n g h a m . 
s D a r e s b u r y  L a b o r a to r y .
(1) Special edition on ferrocene chem istry, J. Organomet. Chem. 2001, 

637-639.
(2) Plenio, H.; Aberle, C. Chem.-Eur. J. 2001, 7, 4438.
(3) Katz, E.; Sheeney-H aj-Ichia, L.; W illner, I. Chem.-Eur. J. 2002, 

8, 4138.
(4) Tsivgoulis, G. M.; Lehn, J.-M . Adv. Mater. 19 9 7 , 9, 39.
(5) T ak esh ita , M.; Choi, C. N.; Irie , M, Chern. Commun, 19 9 7 , 2265.
(6) B issell, R. A.; Cordova, E.; Keifer, A. E.; S toddard , J .  F . Nature 

1994 , 369, 133.
(7) C h an d rasek h ar, V.; N agendran , S.; B sal, S.; Kozec,M . A.;Powell,

D. R. Angew. Chem., Int. Ed. 2000, 39, 1833.

genera te  sup ram o lecu lar "grids" of th e  s tannoxane cluster 
th ro u g h  th e  fo rm ation  of in te rm o lecu la r C -H --0  bonds 
betw een th e  ferrocenyl C—H and  th e  carboxylate oxygen. 
T his is an  exciting  developm ent as i t  provides a re latively  
sim ple rou te , v ia  th e  fo rm ation  of hydrogen bonds, to  the 
self-assem bly  of ferrocene—stan n o x an e  clusters in to  a 
p redefined  p a tte rn  in  th e  solid s ta te .

A key m otiva tion  un derly ing  th e  w ork  described in  th is  
p ap e r re la te s  to  th e  possib ility  of u ltim a te ly  tran s la tin g  
th e  su p ram o lecu la r chem istry  and  c ry s ta l eng ineering  
described above to  th e  self-assem bly of o rganostannoxane 
(and o ther organom etallic) c lusters on a  solid surface. This 
is a  goal th a t  h a s  p a ra lle ls  in  m any  a re a s  of state-of-the- 
a r t  nanoscale  science. F or exam ple, alongside th e  devel
opm ent of sy n the tic  procedures th a t  im p a rt device-related 
functionality  to  sing le  m olecules, th e re  h a s  been a  drive 
tow ard  th e  in teg ra tio n  of m olecu lar electronics w ith  more 
conventional silicon technology . 9 T here a re  m any scientific 
issues to  ad d ress  in  th is  a re a  w ith  som e of th e  more 
fu n d am en ta l questions re la ted  to  th e  m an n e r in  w hich 
th e  m olecu lar u n its  in te ra c t w ith  a  su b s tra te . A lthough 
considerable effort h a s  been expended in  study ing  th e  
in te rac tion  of a  ran g e  of sm all organic m olecules w ith  
atom ically  clean , reco n stru c ted  silicon surfaces u nder 
u ltra h ig h  vaccum  (UHV) conditions , 1 0 - 1 2  m any  applica
tions necess ita te  an  u n d e rs ta n d in g  of th e  self-organiza- 
tion , in te rac tio n s, and  m orphology of m olecular and 
polym eric system s deposited from  solution. I t  is im portan t

(8) C h an d rasek h ar, V.; B oom ishankar, R.; Singh. S.; S te iner, A.; 
Zacchini, S. Organometallics 2002, 21, 4575.

(9) Fang, L. A.; Liu, J . M.; C oulter, S.; Cao, X. P.; Schw artz, M. P.; 
H acker, C.; H am ers, R. J . Surf. Sei. 2002, 514, 362.

(10) Schw artz, M. P.; H am ers, R. J .  Surf. Sei, 2002, 515, 75.
(11) Cao, X. P.; H am ers, R. J .  J. Am. Chew. Soc. 2001, 123, 10988,
(12) Lopinski, G. P.; W ayner, D. D. M.; Wolkow, R. A. Nature 2000, 

406, 48.
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vy!avevector(pm '1)
F i g u r e  1 . (a )  T a p p i n g  m o d e  a t o m i c  f o r c e  m i c r o s c o p e  (A F M ) i m a g e  (8 ¡xm x  8  /¿m ) o f  a  t h i n  s t a n n o x a n e  f i l m  s p i n - c a s t  f r o m  to l u e n e  
o n to  a  n a t i v e - o x i d e - t e r m i n a t e d  S i ( l  11) s u b s t r a t e .  T h e  f i l m  h a s  a  c e l l u l a r  m o r p h o l o g y  w i t h  a  m e a n  t h i c k n e s s  o f  ~ 4  n m .  T h e  d e w e t t i n g  
h o le s  i n  t h e  f i l m  e x p o s e  t h e  u n d e r l y i n g  S i 0 2/S i  s u b s t r a t e ,  (b) A  r a d i a l  a v e r a g e  o f  a  2 D  F o u r i e r  t r a n s f o r m  (F T ) o f  t h e  im a g e  s h o w n  
in  (a ) . T h e  2 D  F T  i s  s h o w n  in  t h e  i n s e t .  N o te  t h e  p r e s e n c e  o f  a  p e a k  a t  a  w a v e v e c to r ,  q, o f  ~ 2 5  / i n r 1, s u g g e s t i n g  t h e  p r e s e n c e  o f  
a n  i n t e r c e l l  c o r r e l a t i o n  l e n g t h  o f  ~2tz/25 fim ( i .e . ,  ~ 2 5 0  n m ) .  N o t e  t h a t  t h e  s o m e w h a t  p o o r  s t a t i s t i c s  a s s o c i a t e d  w i t h  t h e  r a d i a l l y  
a v e r a g e d  F o u r i e r  t r a n s f o r m s  s h o w n  t h r o u g h o u t  t h i s  p a p e r  a r i s e  f r o m  t h e  r e l a t i v e l y  s m a l l  s c a n  a r e a  ( a n d  t h u s  s m a l l  n u m b e r  o f  
c e l ls )  a s s o c i a t e d  w i t h  e a c h  im a g e .

to estab lish  if  th e  re su ltin g  (sp in -cast or drop-deposited) 
th in  film is stab le , un stab le , o r m e ta s ta b le  an d  th e  ex ten t 
to  w hich i t  w ill dew et th e  u n d erly in g  sub stra te /e lec tro d e  
surface.

T he issue  of w e ttab ility  is of p a ra m o u n t im portance  
w hen  considering  th e  possib ility  of hydrogen-bonding- 
m ed ia ted  self-assem bly  of 2D o rg anostannoxane  (or o ther 
organom etallic) overlayers. H ence, th e  f i rs t com ponent of 
th e  R esu lts  section  below de ta ils  a  s tu d y  of th e  dew etting  
of sp in -cast o rganostannoxane th in  film s on na tiv e  oxide- 
te rm in a ted  silicon su b s tra te s . A p a r tic u la r  goal of our 
w ork w as to  probe w h e th e r o rg an o stan n o x an e  th in  film s 
on silicon a re  sub jec t to  th e  sp inoda l d ew e ttin g 1 3  m ech
an ism  th a t  h a s  been  show n to drive th e  b reak -u p  of liquid 
c ry s ta l , 14 hom opolym er , 1 5  and , m o s trece n tly , copolym er1 6  

film s on silicon su b s tra te s . As d iscussed  by B rochard- 
W yart and  D a llin a t 1 3  an d  R e ite r , 1 7  sp inodal dew etting  
involves th e  am plification  of th in  film  th ick n ess fluc tua
tions via long ran g e  van  der W aals forces a n d  leads to  th e  
break-up  of an  adsorbed  m olecu lar film . T h is  m ode of 
dew etting  is d is tin c tly  d iffe ren t from  th e  th e rm a l or 
heterogeneous n u c lea tion  of ho les in  a  m e ta s ta b le  film  
and  is analogous to sp inodal decom position  in  fluid 
m ix tu res w here  th e  th ick n ess  flu c tu a tio n s  correspond to 
com position fluc tuations in  th e  fluid system . A key fea tu re  
of bo th  sp inodal decom position an d  sp inoda l dew etting  is 
th e  p resence of a  p referred  len g th  scale in  th e  phase  
separa tion /film  ru p tu re  process, (As d iscussed  in  section  
III, how ever, a  sp inodal m echan ism  is n o t alw ays neces
sa ry  to  account for sp a tia l co rre la tions in  th e  positions of 
dew etting  centers.) T he presence  of a  d o m in an t leng th  
scale h a s  considerab le  im plica tions for contro lled  self- 
assem bly, and, indeed, sp inodal p rocesses h ave  been 
exploited by a  n u m b er of g roups in  th e  sy n th es is  of a 
variety  of nanoscale p a tte rn s  in  polym er lay e rs . 1 8  However, 
to date , th e re  is a  paucity  of li te ra tu re  on th e  dew etting  
of nonpolym eric adsorbed lay ers  on silicon.

(13) B ro c h a rt-W y a tt ,  F .; D a ll ia n t , J .  Can. J. Phys. 1990 , 68, 1084.
(14) H e rm in g h a u s , S.; J aco b s , K.; M ecke, K.; B ischo f, J .;  F e ry , A.; 

Ib n -E lh a j, M .; S ch la g o w sk i, S. Science 1 9 9 8 , 282, 916 .
(15) T h ie le , U .; V e la rd e , M . G.; N e u ffe r , K . Phys. Rev. Lett. 2 0 0 1 , 87, 

016104.
(16) M ü lle r-B u sc h b a u m ,P .; W o lk e n h a u e r ,M .; W u n n ick e , O.; S tam m , 

M .; C u b it t, R .; P e try , W . Langmuir 2 0 0 1 , 17, 5567 .
(17) R e ite r , G. Phys. Rev. Lett. 1 9 9 2 , 68, 75.
(18) H ig g in s , A. M .; J o n e s , R . A. L. Nature 2 0 0 0 , 404, 476 .

T he second com ponent of th e  R esu lts section  deals w ith  
th e  so lid -s ta te  e lectronic s tru c tu re  of th e  organostannox
an e  c lu s te r u sed  in  th is  w ork  as w as probed using  
synchro tron  rad ia tio n  photoem ission a n d  re so n an t pho
toem ission (RESPES). R esonan t photoem ission, in  p a r 
ticu la r, is a  sen s itiv e  p robe of th e  density  of s ta te s  
associa ted  w ith  th e  F e an d  Sn  atom s a t  th e  core of th e  
stan n o x an e  a n d  ferrocenyl un its .

II. E xp erim en ta l S ection

T h e  o r g a n o s t a n n o x a n e  c l u s t e r  u s e d  t h r o u g h o u t  t h i s  w o r k  
w a s  s y n t h e s i z e d  v i a  t h e  p r o c e d u r e  d e s c r i b e d  in  r e f  7 . B r ie f ly ,  
/ j - b u t y l s t a n n o n i c  a c id  i s  r e a c t e d  w i t h  f e r r o c e n e  m o n o c a rb o x y lic  
a c id  i n  b e n z e n e  to  y ie ld  t h e  h e x a f e r r o c e n e - s t a n n o x a n e  c o m p o u n d  
v i a  r e a c t io n  1 b e lo w :

6B uSn(0)0H  +  6 FcCOOH

[ [BuSn (O) OC (O) Fc] 6] +  6H20  (1)

w h e r e ,  a g a in ,  “F c" r e p r e s e n t s  a  f e r r o c e n y l  m o ie ty .  C h a n d r a s e k h a r  
e t  a l .7 p o i n t  o u t  t h a t  n o t  o n ly  i s  r e a c t io n  1 i m p o r t a n t  i n  t h a t  i t  
p r o d u c e s  a  h e x a f e r r o c e n e  c o m p o u n d  in  h ig h  y i e ld  (a s  c o m p a r e d  
to  t h e  m o d e s t  y i e ld s  o f  m u l t i f e r r o c e n e  c o m p o u n d s  p r o d u c e d  v ia  
o t h e r  s y n t h e t i c  r o u t e s ) ,  b u t  t h e  r e s u l t i n g  h e x a f e r r o c e n e - s t a n 
n o x a n e  c l u s t e r  is  r o b u s t  a n d  t h e r m a l l y  s t a b l e  u p  to  t e m p e r a t u r e s  
o f  2 4 4  °C .

F o r  b o th  t h e  a t o m ic  f o r c e  m ic r o s c o p y  (A F M ) a n d  t h e  S R  
s p e c t r o s c o p y  m e a s u r e m e n t s  d e t a i l e d  i n  s e c t io n s  I I I .A  a n d  I I I .B  
b e lo w , t h i n  f i lm s  w e r e  p r e p a r e d  b y  s p ln - c o a t ln g  ( a t  4  k r p m )  15 
I<L o f  a  0 .2 5  m M  s o l u t i o n  o f  t h e  o r g a n o s t a n n o x a n e  c l u s t e r  in  
to l u e n e  o n to  a  0 .7  c m 2 p ie c e  o f  a  n a t i v e  o x id e - c o v e r e d  S i ( l l l )  
s a m p l e .  F o r  t h e  S R  m e a s u r e m e n t s ,  t h e  s i l i c o n  s a m p l e s  w e r e  
s im p ly  s o lv e n t - r i n s e d  a n d  b lo w - d r ie d  w i t h  N 2 b e f o r e  s p in - c o a t in g .  
H o w e v e r ,  f o r  t h e  A F M  m e a s u r e m e n t s ,  w h e r e  t h e  w e t t i n g  
p r o p e r t i e s  o f  t h e  m o le c u le s  w e r e  o f  i n t e r e s t ,  i n  a d d i  t io n  to  s o lv e n t -  
c l e a n e d  s u b s t r a t e s ,  w e  u s e d  s a m p l e s  w h ic h  w e r e  s u b s e q u e n t l y  
f u r t h e r  c l e a n e d  w i t h  a  1:1 m i x t u r e  o f  H jS O ^ H z O z  (30% ) f o r  1 h . 
T h e s e  w e r e  t h e n  t h o r o u g h l y  r i n s e d  w i t h  d e i o n iz e d  w a t e r .  T h i s  
s u r f a c e  t r e a t m e n t  s t r o n g l y  im p r o v e d  t h e  r e p r o d u c i b i l i t y  o f  t h e  
o r g a n o s t a n n o x a n e  f i lm  m o r p h o lo g y  f r o m  s a m p l e  to  s a m p le .  
F u r t h e r m o r e ,  d y n a m ic  c o n t a c t  a n g l e  m e a s u r e m e n t s  s h o w e d  t h a t  
t h e  w e t t i n g  p r o p e r t i e s  o f  t h e  S i  s u b s t r a t e  w e r e  d r a m a t i c a l l y  
a f f e c te d  b y  t h e  H z S O ^ H z O z  t r e a t m e n t .  F o r  s o lv e n t - r i n s e d  
s a m p l e s ,  t h e  c o n t a c t  a n g l e  w a s  4 5 °  ±  5°, w h e r e a s  t h e  s u l f u r i c  
a c id —p e r o x id e  t r e a t m e n t  d r a m a t i c a l l y  r e d u c e d  t h e  h y d ro p h o b lc -  
i t y  o f  t h e  s u r f a c e  s o  t h a t  t h e  c o n t a c t  a n g l e  w a s  5° ±  5°.



SR photoemission and RESPES measurements were taken 
on Beaml ine 5U1 of the UK Synchrotron Radiation Source (SRS) 
at Daresbuiy. The photon energy range of this undulator beamline 
is 60 eV to 1 keV. Photon energies were calibrated using Ti Lz 
X-ray absorption spectra from a Ti0 2  thin film (that could be 
moved into and out of the beam "upstream" from the sample) 
and Si L2 .3  edge spectra from the silicon substrate. A VSW HA 100 
hemispherical electron energy analyzer with single channel 
detection was used for all photoemission and resonant photo
emission (RESPES) measurements. All photoelectron binding 
energies were calibrated by referencing to the Si 2p photoemission 
peak (at a binding energy of 99.5 eV) of the native oxide- 
terminated S i( ll l)  substrate.

III. R esu lts and  D iscu ss io n
A. W etting and  D ew ettin g  o f  O rgan ostan n oxan e  

T hin Film s. Thin adsorbed films play a central role in 
processes and applications ranging from protective/ 
lubricating coatings to optoelectronic device technology 
to the functionalization of solid surfaces for biomedical 
applications. Thin film stability is therefore an issue of 
far-reaching scientific significance. In terms of the orga
nostannoxane films of interest in this paper, a number of 
important questions needed to be addressed: (i) Do 
stannoxane films wet silicon? (ii) What type of film 
morphology results from spin-coating? (iii) If the films 
are unstable or metastable, is the dewetting mechanism  
related to "conventional" nucleation and spreading of holes, 
or is a spinodal process (giving rise to spatially correlated 
morphological features) involved? A detailed AFM study 
(with subsequent quantitative image analysis) of as- 
prepared and annealed spin-cast organostannoxane thin 
films has been carried out to address these issues.

Figure la  is an AFM image of an organostannoxane 
film spin-cast onto a Si substrate which was simply 
solvent-cleaned and dried with N2. Note that even before 
the sample is annealed, the stannoxane overlayer adopts 
a cellular morphology. As discussed by a number of 
authors,15'17 the cellular network structure arises from 
the coalescence of the rims of expanding dewetting holes. 
However, one must distinguish between dewetting pro
cesses derived from an intrinsic surface instability (i.e., 
spinodal dewetting) and heterogeneous or thermal nucle
ation mechanisms. An important characteristic of spinodal 
dewetting is that the positions of the dewetting holes 
should be strongly spatially correlated as a result of the 
critical wavevector associated with the instability .13 For 
a nucleation mechanism, the spatial correlation is absent, 
and the hole positions should follow a Poisson distribution. 
(However — and importantly — see the discussion regard
ing hole coalescence below.)

As a first step in the determination of the degree of 
interhole correlation, the Fourier transform (FT) of the 
image may be examined for the presence of a preferred 
wavevector. As shown in the inset to Figure 1 b, a distinct 
ring is observed in the two-dimensional FT. Similarly, a 
clear peak appears in the radially averaged transform 
(Figure lb). This is already strong evidence for spatial 
correlations in the hole positions. However, to provide a 
more quantitative distinction between correlated and 
uncorrelated dewetting centers, we have adopted a 
powerful statistical geometry technique based on Minkow
ski functionals19 and previously applied by Jacobs et al.20 
to dewetting patterns.

Minkowski functionals are related to important mor
phological measures. In two dimensions, these are the
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(19) S to y an , D.; K e n d a ll, W . S.; M ecke, J .  Stochastic Geometry and 
its Applications', A knd cn iio  V nrlag : B e r l in , 1989.

(20) Jaco b s , K .; H e rm ln g h a u s , S .; M ecke, K. R . Langmuir 19 9 8 , 14, 
965.

covered area, boundary length, and Euler characteristic 
of the pattern of interest.21 While the covered area and 
perimeter length are easy-to-visualize geometrical quan
tities, the third Minkowski measure — the Euler char
acteristic, % — is perhaps not encountered so frequently 
and merits a brief explanation. % is a key topological 
measure describing the connectivity of a pattern. In two 
dimensions — and on a binary image consisting of black 
and white pixels — the Euler characteristic is the number 
of separate objects comprising interconnected black pixels 
minus the number of enclosed white regions.21

Using an efficient algorithm based on that put forward 
by Michielsen and Raedt,21 we have calculated22 the 
behavior of the morphological Minkowski measures for a 
2D distribution of points whose coordinates are given by 
the centers of the cells shown in Figure la. Specifically, 
to determine the degree to which the cell centers in Figure 
1 a deviate from the Poisson distribution of points expected 
from a conventional nucleation-driven dewetting scenario, 
we have adopted the following procedure. To each "germ" 
(i.e., cell center — see inset to Figure 2a) which has an 
edge length of 1 , we attach a square "grain" of edge length 
2r +  1 (where r  is a positive integer whose initial value 
is 1). Thus, and as described in detail by Michielsen and 
Raedt,21 the point pattern arising from the cell centers is 
transformed into a pattern of square grains. We now 
systematically vary the grain size r — or, as in Figure 2, 
the “normalized" quantity x =  rIL, where L is the mean 
germ separation — and compare the changes in the three 
Minkowski functionals (see Figure 2) to those expected 
for a Poisson distribution.

Considering first the .^-dependent variation in Minkow
ski functionals for a Poisson distribution of points 
(represented by the solid lines in Figure 2a—c), we note 
that for small x, the grains are isolated. This produces a 
small covered area, a small boundary length, and a positive 
Euler characteristic. As the grain size is increased, the 
degree of overlap rises in a characteristic manner until 
the entire 2D plane is covered with black pixels producing 
a "saturated" covered area (Figure 2a). The boundary 
length curve exhibits a clear peak (Figure 2b) at inter
mediate values of x, while the Euler characteristic turns 
negative (Figure 2c). The minimum in the Euler char
acteristic curve (Figure 2c) arises from the highly inter
connected and "void-ridden" structure present at inter
mediate rvalues.

The ̂ -dependent behavior of the Minkowski functionals 
for the distribution of points with coordinates given by 
the cell centers in Figure la  is markedly different, In each 
case — area, perimeter, and Euler characteristic — the 
curve for the stannoxane film centers (open circles-solid 
lines in Figure 2a—c) deviates significantly from that for 
the Poisson distribution. It is particularly interesting to 
note that the Euler characteristic decreases much more 
rapidly for a Poisson distribution at low values of x than 
for the distribution of points derived from the dewetting 
centers in the stannoxane film. To highlight more clearly 
the deviations from a Poisson distribution, Figure 2d—f 
shows graphs of the stannoxane film-related Minkowski 
functionals minus the corresponding Poisson-derived 
functional. That the distribution of dewetting centers in 
the stannoxane film is far removed from that expected for 
a Poisson distribution of points is clear from these graphs.
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(21) M ich ie lsen , K .; D e  R a e d t, H . Comput. Phys. Commun. 2000 , 
132, 94.

(22) T h e  code to  n u m e r ic a l ly  c a lc u la te  th e  2D  M in k o w sk i fu n c tio n a ls  
w as  w r i t t e n  in  M a tla b  a n d  is  a v a ila b le  fro m  C. P . M a r t in  (ppxcpm l@  
n o tt in g h a m .a c .u k ) .
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Figure 2. (a—c) Minkowski functionals (covered area, boundary length, and Euler characteristic) for a Poisson distribution of 
points and a point set based on the coordinates of the dewetting cell centers for the image shown in Figure 1 (solid lines and filled 
circles/solid lines, respectively). In each case, the functionals are plotted as a function of x, the normalized grain size. The inset 
to (a) depicts the difference between germs (the black pixels) and grains (grey pixels) centered on the germs. Note the strong 
deviation of each of the Minkowski functionals for the stannoxane-derived point system from the functionals for a Poisson-distributed 
set of points, (d—f) Difference between the stannoxane- and Poisson-derived result for each 2D Minkowski functional.

One might now argue that as the spatial distribution 
of the dewetting centers does not follow a Poisson 
distribution, there is clear evidence for spinodal dewetting 
of the organostannoxane film. However, a number of 
groups23 have recently pointed out that for the “inverse" 
problem of droplet (rather than hole) growth on a 
substrate, deviation from a nonrandom spatial distribution 
of domains can occur simply by the coalescence of close 
pairs of droplets. Coalescence "wipes out” the clustering 
inherent in a Poisson point distribution and introduces a 
minimum nearest-neighbor distance. This, in turn, pro
duces a spatial correlation length in the droplet — or, in 
our case, hole — distribution. More detailed morphological 
comparisons of dewetting center distributions, coupled 
with simulation studies, are required to address this issue 
and are underway in our group.

It is important to highlight at this point that the 
organostannoxane films we have studied have been 
produced via spin-coating. This is an exceptionally com
plicated, far-from-equilibrium process that has been 
considered by Lawerence2“1 (among others) to comprise 
three consecutive phases. Following the initial transient 
phase where fluid inertia, the Coriolis force, and surface 
tension are the dominant effects, the second phase of the 
process involves abalance between viscous and centrifugal 
forces. In this secondary phase, the dynamics are driven 
by fluid flow, whereas in the final phase (phase III), the 
fluid viscosity is so high the evolution of the film is largely 
driven by solvent evaporation. Unfortunately, our AFM 
measurements — which provide little or no information 
on the film growth dynamics — cannot address the question 
of whether the viscosity of the fluid plays a large role in 
defining the final film morphology we observe. While one 
might speculate that the absence of macroscopic spatial

(23) B r in k m a n n , M. Phys. Rev. B 2 0 0 2 , 66,165430 . R u c k e n s te in , E .; 
D a d y b u rjo r , D. B. Thin Solid Filins 1978 , 55, 89.

(24) L a w ren c e , C. J. Phys. Fluids 19 8 8 , 31, 2786 .

uniformity in the organostannoxane films suggests that 
phase II dynamics are important, we do not observe a 
"starlike" pattern (previously identified as the signature 
of hydrodynamic instabilities25) at the center of rotation. 
An optical scattering study may provide some insight into 
the influence of the spin-coating process on the film 
morphology.

Having quantitatively ascertained that the morphology 
of as-cast stannoxane films on native oxide-terminated 
Si(l 11) substrates is primarily determined by the presence 
of a well-defined correlation (but not necessarily spinodal) 
wavelength, we now consider the dynamics of dewetting. 
We have carried out a comprehensive series of annealing 
studies of stannoxane thin films on (both H jSO ^^O r  
treated and “out of the box" solvent-rinsed) silicon samples 
to probe whether the evolution of the film morphology is 
consistent with models of spinodal dewetting. As described 
below, within the range of annealing times and annealing 
temperatures used in our study (30 min to 60 h, 75— 125 
°C) and for organostannoxane films ranging in thickness 
from ~ 4  to 10 nm (on H^SO^HaOa-treated silicon), we 
find no consistent evidence for the evolution of surface 
wavevector expected from the theory of spinodal dewetting. 
We also see considerable differences in the annealing- 
induced morphological evolution for stannoxane films on 
HzSO-iiHzOrtreated silicon as compared to S i( l l l)  sub
strates which have simply been solvent-rinsed. We return 
to this important point below.

Brochard and Dalliant13 have put forward a variant of 
Vrij’s26 original capillary wave instability model to treat 
spinodal dewtting of thin liquid films from solid substrates. 
Both the Brochard and Dalliant and the Vrij models predict 
that thickness fluctuations of the film can be approximated 
by the following expression:

z(x, t) — h  + ()helqx 

Here, the fluctuation amplitude, dh, is given by: <5h =
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Wavevector (nirf1)
Figure 3. ( a —d) 8  / i m  x  8  fim  A F M  im a g e s  f o r  a  s t a n n o x a n e  t h i n  f i l m  a n n e a l e d  f o r  p r o g r e s s i v e l y  l o n g e r  t i m e s  a t  a  t e m p e r a t u r e  
o f  7 5  °C . (a) i s  a  " p l a n  v ie w "  r e p r e s e n t a t i o n  o f  t h e  i m a g e  s h o w n  in  F i g u r e  l a  a n d  i l l u s t r a t e s  t h e  m o r p h o l o g y  o f  t h e  f i lm  d i r e c t l y  
f o l l o w in g  s p i n - c a s t i n g  w i t h  n o  a n n e a l i n g ,  (b —d) a r e  A F M  i m a g e s  t a k e n  f o l lo w in g  a n n e a l i n g  p e r i o d s  o f  1, 6 , a n d  12  h ,  r e s p e c t iv e l y .  
I t  is  i m p o r t a n t  to  n o t e  t h a t ,  a l t h o u g h  t h e s e  im a g e s  a r e  l a r g e l y  r e p r e s e n t a t i v e  o f  t h e  m a c r o s c o p ic  m o r p h o l o g y  o f  t h e  f i lm , a s  d e s c r i b e d  
in  t h e  t e x t ,  v a r i a t i o n s  i n  r o u g h n e s s  a n d  p e a k  w a v e v e c t o r  w e r e  o b s e r v e d  a t  d i f f e r e n t  r e g i o n s  a c r o s s  t h e  f i lm . T h e  p r o g r e s s iv e  
b r e a k - u p  o f  t h e  f i l m  (v ia  t h e  R a y l e i g h  i n s t a b i l i t y )  i n t o  d r o p l e t s  is  c l e a r  f r o m  t h e  im a g e s  ( a l t h o u g h  f o l lo w in g  12  h  o f  a n n e a l i n g ,  a n  
" im p r in t "  o f  t h e  o r i g i n a l  c e l l u l a r  s t r u c t u r e  r e m a i n s  — cf. F i g u r e  5 d ) . (e) R a d i a l l y  a v e r a g e d  2 D  F T s  f o r  t h e  i m a g e s  s h o w n  i n  ( a —d ). 
F r o m  b o t t o m  t o  to p :  b e f o r e  a n n e a l i n g ,  f o l l o w in g  1 h  o f  a n n e a l i n g ,  f o l l o w in g  6  h  o f  a n n e a l i n g ,  f o l l o w i n g  12  h  o f  a n n e a l i n g .

6h^ x, where r is the relaxation time (and 1 h  is the growth 
rate), and dh0 is the initial fluctuation amplitude. The x 
coordinate is associated with displacements parallel to 
the surface, and (/denotes the wavevector associated with 
the wave instability. In this model, thermally driven 
thickness fluctuations are exponentially amplified if their 
associated wavevector (q) is less than some critical 
wavevector, qc, but are attenuated if q > qc. Importantly, 
if one now monitors the distribution of wavevectors by, 
for example, plotting the radially averaged Fourier 
transform of AFM images of the thin film taken as a 
function of annealing time, then it is possible to determine 
a value for qc by identifying a "crossover” wavevector in 
the Fourier spectra. Furthermore, the position of the peak 
in the radially averaged transform shifts to lower wave- 
numbers as a function of annealing time according to a 
power law whose exponent yields information on the type 
of underlying destabilization kinetics. These types of 
analyses have been successfully adopted by Xie et al.27 
(among others) in the analysis of dewetting of polymer 
films from silicon substrates.

Figure 3a—d is a series of representative AFM images 
for a stannoxane film annealed for progressively longer 
times at a temperature of 75 °C. We have measured the 
in-plane peak wavevector as a function of annealing time 
by acquiring similar AFM images at a number of well- 
separated regions (spaced by millimeters) on the stan
noxane film and subsequently calculating the radially 
averaged Fourier transform. Figure 3e shows the corre
sponding radially averaged Fourier transforms for Figure 
3a—d. As shown in the inset to Figure 4, within the range 
of annealing times and error limits associated with our 
study, we do not recover the power-law dependence of 
wavevector on annealing time which has previously been 
observed in studies of polymer dewetting from silicon

(25) M u lle r-B u sc h b a u m ,P .; G u tm a n n , J . S .; W o lk en h au e r, M .;K ra u s , 
J . ;  S ta m m , M .; S m ilg ie s , D.; P e try , W . Macromolecules20 0 1 , 34, 1369.

(26) V rij, A. Discuss. Faraday Soc. 1966 , 42. 23.
(27) Xie, R.; K a rim , A.; D o u g las , J .  F .; H a n , C, C.; W e iss, R. A. Phys.

Rev. Lett. 1998 , 81, 1251.

Figure 4. E v o l u t i o n  o f  s u r f a c e  r o u g h n e s s  a s  a  f u n c t io n  o f  
a n n e a l i n g  t i m e .  E r r o r  b a r s  r e p r e s e n t  ± 1  s t a n d a r d  d e v i a t i o n  
f o r  a  s e t  o f  3 0  m e a s u r e m e n t s  t a k e n  a t  v a r i o u s  m a c r o s c o p ic a l ly  
s e p a r a t e d  r e g i o n s  o f  t h e  f i lm .  A l t h o u g h  i t  i s  p o s s i b le  t o  f i t  t h e  
e a r l y  s t a g e  a n n e a l i n g  d a t a  w i t h  a n  e x p o n e n t i a l  f u n c t io n  (a s  
e x p e c t e d  o n  t h e  b a s i s  o f  t h e  s p i n o d a l  d e w e t t i n g  th e o r y ) ,  t h e  
m a g n i t u d e  o f  t h e  e r r o r  b a r s  m e a n s  t h a t  a  n u m b e r  o f  o t h e r  
f u n c t i o n a l  f o r m s  c a n  a l s o  b e  u s e d  a s  a  f i t  to  t h e  d a t a .  I n s e t :  P lo t  
o f  t h e  p e a k  w a v e v e c t o r  a s  a  f u n c t i o n  o f  a n n e a l i n g  t i m e s .  
R e p r e s e n t a t i v e  e r r o r  b a r s  f o r  a  n u m b e r  o f  p o in t s  a r e  s h o w n .  
W i t h i n  t h e  e r r o r  l i m i t s ,  w e  o b s e r v e  n o  s y s t e m a t i c  c h a n g e  o f  t h e  
p e a k  w a v e v e c to r .

substrates.16,27 Furthermore, from the Fourier transforms 
of our AFM data (e.g., Figure 3e), it is extremely 
problematic to systematically and reproducibly define a 
crossover wavevector (gc) above (below) which thickness 
fluctuations decay (grow) in time. These difficulties in 
interpreting our experimental data in terms of spinodal 
dewetting theory arise in part from variations in stan
noxane film structure from region to region across the 
substrate sample. Morphological variations across the film 
substantially increase the magnitude of the error bars 
(shown as ± 1  standard deviation) on the data points and 
render detailed comparison with theory difficult.28 How
ever, it is also important to note that the initial (i.e., 
preannealed) film is associated with a morphology where 
the dewetting holes already expose the underlying silicon
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Figure 5. 8 /ini x 8 /mi AFM images for a stannoxane thin film 
on a silicon substrate which was simply solvent-rinsed before 
spin-coating. The evolution of i he Rim as a fn net ion oi'annealing 
time (again at 75 °C) is markedly different from lhat observed 
in Figure 3. (b-d) are images of Lhe film following annealing 
for 2, 4. and 8 h, respectively. In this case, the film has broken 
up into well-dispersed droplets following the 8 h of annealing 
(cf. Figure 3d). Note, however, lhat the Him homogeneity and 
sample-to-sample reproducibility were substantially poorer for 
the solvent-rinsed substrates as compared to those substrates 
which underwent a I IzSO^HjQa treatment prior to spin-casting 
the film.

substrate and the film roughness is rather close to one- 
half the mean film thickness (2.1 nm). These initial 
conditions are somewhat different from, for example, 
previous studies of polymer dewetting from silicon,27 where 
the latter criterion was not met until the sample was 
annealed for some time.

Figure 4 shows the change in surface roughness as a 
function of annealing time for the stannoxane sample 
shown in Figures 1 and 3. While it is possible to fit the 
early stage annealing data (up to~3h) with an exponential 
function -  as expected on the basis of spinodal dewetting 
theory -  note again that the error bars are relatively large 
(and derive once more from morphological variations as 
a function of lateral position on the sample surface). When 
coupled with the lack of systematic wavevector variation 
and the difficulties associated with defining qc discussed 
in the previous paragraph, it is clear that, although there 
is a strong spatial correlation in the positions of the 
dewetting centers (an important result in itself, given the 
recent uncertainty regarding spinodal dewetting for 
adsorbed polymer films on silicon20), a quantitative under
standing of the dewetting dynamics of the stannoxane 
film as a function of annealing time is currently lacking.

Further elucidation of the dewetting mechanism will 
necessitate extremely careful control of substrate het
erogeneity and surface chemistry. In particular, substrate 
surface treatment plays a central role in controlling the 
dewetting dynamics. Figure 5 shows the evolution of

(28) 'D ie  e x p e r im e n t  w a s  re p e a te d  m a n y  tim e s  w ith  a  n u m b e r  of 
s a m p le s  p re p a re d  in  a n  id e n tic a l m a n n e r .  T h e  m o rp h o lo g ica l v a r ia tio n s  
ob serv ed  a s  a  fu n c tio n  o f  p o s itio n  on  th e  s a m p le  w e re  c o m p a ra b le  from  
s a m p le  to s a m p le  for H zSO<:l lz 0 2-treate< l silico n  s u b s t r a te s .  S u b s ta n 
t ia lly  h ig h e r  lev e ls  o f f ilm  in h o m o g e n e ity  a n d  s a m p le  ir re p ro d u c ib il i ty  
w e re  o b se rv ed  fo r s u b s t r a te s  t h a t  w e re  s im p ly  so lv e n t- r in s e d .

morphology for a film of thickness comparable to that 
discussed above but spin-cast onto a silicon substrate that 
was simply solvent treated. It is clear that, although the 
initial morphology is comparable to that of the H2SO4: 
HzOz-treated samples (compare Figure la  with Figure 
5a). the dependence of film morphology on annealing time 
is dramatically different. In particular, the break-up of 
the film into droplets via the Rayleigh instability17-27 occurs 
on much shorter time scales for the untreated silicon 
substrate. In addition, sample-to-sample reproducibility 
and film homogeneity were substantially poorer for the 
untreated silicon substrates. The stannoxane-substrate 
interaction potential is clearly particularly sensitive to 
minor modifications in silicon surface chemistry.

B. S ynchrotron  R ad iation  S pectroscopy o f Orga- 
n ostan n oxan e T h in  F ilm s. The morphology of the 
organostannoxane thin film used for the SR-based mea
surements is shown in the inset to Figure 6 . Note that, 
as for the dewetting studies described in section III.A, the 
film structure is cellular in nature and thus exposes a 
substantial amount of the underlying silicon substrate. 
This, coupled with the presence of adventitious carbon on 
the silicon substrates and the strong oxygen-derived 
photoemission signal from the SiC>2 layer make reliable 
analysis and interpretation of C Is and O Is spectra from 
the organostannoxane film extremely difficult. We have 
therefore focused on the acquisition of Fe- and Sn-derived 
core-level photoemission and RESPES spectra (as these 
signals arise solely from the adsorbed stannoxane clus
ters) .

Valence band spectra {hv = 60 eV) taken from a silicon 
sample with and without an adsorbed organostannoxane 
layer are shown in Figure 6 . Although it is clear that the 
overall shape of the spectrum changes little when the 
stannoxane overlayer is present (being dominated by the 
substrate valence band structure), an additional peak at 
a binding energy of 2 eV is observed. While this peak 
derives from the highest occupied molecular orbital 
(HOMO) of the stannoxane cluster, the spectrum shown 
in Figure 6b yields little information beyond the energetic 
position of the HOMO below the Fermi level. This is 
because with conventional photoemission it is extremely 
difficult -  in the absence of a priori knowledge -  to identify 
the electronic character of the peaks in a valence band 
spectrum. We have, therefore, used RESPES to probe the 
contribution of Fe and Sn to the frontier orbitals of the 
adsorbed stannoxane cluster.

RESPES29 exploits the resonant enhancement of the 
spectral intensity of valence states associated with a 
particular chemical element. This occurs when the in
coming photon energy is tuned to the absorption threshold 
of a more strongly bound core-level of that element. In 
this way, one gains insight into the partial density of states. 
This process is sketched in Figure 7a. Following threshold 
excitation of a core-level electron (in this case, from an Fe 
2p level) into the unoccupied (Fe 3d-derived) density of 
states, nonradiant decay of an Fe 3d valence electron to 
the Fe 2p core-hole is accompanied by the emission of the 
originally excited core-level electron. Importantly, this 
process produces a single hole final state that is identical 
to that associated with direct valence band photoemission 
(as depicted in Figure 7b). Constructive interference 
between the two excitation channels leads to resonant 
enhancement of the spectral intensity of Fe 3d-related 
features in the valence band. RESPES therefore provides 
us with an element-specific, localized probe.

(29) S ee, fo r e x a m p le : N ils so n , A. J. Electron Spectrosc. Relat. 
Phenom. 20 0 2 , 126, 3.
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F ig u re  6 . Valence band spectra for (a) native oxide-terminated S i( l l l)  substrate, and (b) a th in  organostannoxane film on the 
SiOi/Si( 111 ) substrate. Note that, although the substrate valence band structure dominates the spectrum in each case, the highest 
occupied molecular orbital (HOMO)-derived peak of the stannoxane film is visible in (b). (See also the inset on the right-hand side 
of the figure). Inset on left: AFM image ( 8  ¿im x 8  ¿im) of stannoxane film used for photoemission measurements.

spectra are dominated by photoemission from the SiCVSi 
substrate (compare the off-resonance spectra shown in 
Figures 7 and 8). As the photon energy is increased toward 
the Fe 2p threshold, the Fe 3d states are enhanced in the 
photoemission spectrum. By subtracting the off-resonance 
spectrum from the on-resonance spectrum, as shown in 
Figure 7d, the Fe 3d-derived partial density of states may 
be extracted. Three broad features are identified in the 
difference spectrum shown in Figure 7d: a shoulder at a 
binding energy of approximately 4 eV, an intense peak at 
7.0 eV, and another shoulder at ~11 eV. (Note that the 
combined photon and electron energy resolution for the 
Fe 2p —* 3d RESPES measurements shown in Figure 7 
was rather poor (> 1 eV) due largely to the use of an 
analyzer pass energy of 90 eV to ensure sufficiently high 
electron count rates.)

It is now instructive to compare the Fe 2p —► 3d RESPES 
difference spectrum shown in Figure 7c with the calculated 
and experimentally measured density of states of fer
rocene, the "parent" molecule of the ferrocenyl groups at 
the periphery of the organostannoxane cluster (see Figure 
1). A previous photoemiss ion study30 of adsorbed ferrocene 
identified a series of peaks at energies of —2.3, 4.4, 7.9, 
12.3, and 17.2 eV with respect to the Fermi level. Through 
comparison with ground-state theoretical calculations for 
ferrocene, the various peaks were assigned to their 
corresponding orbitals. Of particular relevance to the 
present study, however, Dowben et al.31 have discussed 
the enhancement of the ferrocene molecular orbital-

(30) D risco ll, D . C .; D ow ben , P . A.: B oag, N . M .; G ra d e , M .; B a rfu ss , 
S . J. Chum. Phys. 198G. 85, *1802.

(31) D ow ben. P. A.; W aldFried . C .; K o m esu , T.; W elip itiya , D.; McAvoy, 
T .; V escovo, E . Chem. Phys. Lett. 1 9 9 8 , 283, 44.

Biitdiug Energy (eV)
F ig u re  7. (a,b) Schematic illustrations of the resonant 
photoemission process for Fe 2p — 3d RESPES (see text for 
details), (c) On-resonance (upper spectrum) and off-resonance 
(lower spectrum) valence band spectra taken at photon energies 
ol'711 and 702 eV. respectively, (d) On-resonance—off-resonance 
difference spectrum.

Valence band spectra from the organostannoxane—SiOz/ 
Si sample for photon energies of 702 and 711 eV are shown 
in Figure 7c. Below the Fe 2p threshold (hv = 702 eV), the



6428 Langmuir, Vol. 20, No. 15, 2004 Frehill et al

a
3

iA

V
V i

S n  3d  —> 5p

» M «9 in 4*« *w 
Binding Energy (tV) On resonance

On-off 
<W W n» >AwWrti L) 11l « . 1

Binding Energy (eV)
Figure 8. Sn 3d —• 5p RESPES spectra. The "on-resonance" 
and "off-resonance" spectra were taken at photon energies of 
488 and 480 eV, respectively. Note that the energy resolution 
is poor (»  1 eV fwhm), which leads to a substantial overestimate 
of the density of states at the Fermi level (binding energy =  0 
eV). Nevertheless, the data clearly show that there is a 
substantially stronger contribution of Sn states (as compared 
to Fe states) to the higher lying occupied molecular orbitals. 
Inset: Sn 3d core-level photoemission spectrum (hv = 550 eV).

derived photoemission features in RESPES. They point 
out that the 4eig, 7aig, 6eiu, and 2eig features (at binding 
energies o f~ 7 .0 ,10.9, and~13 eV) derive from molecular 
orbitals which have the highest level of jr-Cp ligand orbital 
hybridization to Fe d states. The 8aig and 4eag molecular 
orbitals with binding energies of 4—5 eV and ~ 4  eV, 
respectively, have strong localized Fe 3d character. 
Specifically, the 8aig and 4e2g features arise from d/ and 
dxy,dj- /  orbitals, respectively.

In Fe 2p — 3d RESPES, we should expect to observe 
strong enhancement of the photoemission features which 
arise from molecular orbitals having a large component 
of localized Fe 3d character. That intense resonances at 
~ 4  and ~7  eV are observed in the difference spectrum 
shown in Figure 7c is strongly suggestive that these peaks 
derive from molecular orbitals with Fe 3d content similar 
to that of the 8a ig, 4e2g, and 4eig orbitals of the "parent” 
ferrocene molecule. The shoulder observed at an energy 
of ~ 1 1 eV in Figure 6b must also arise from orbitals with 
a high degree of Fe d character, and a family of orbitals 
(3ezu, 3e2g, 3eig, 5eiu, and 7aig) have previously been 
identified as contributing to this spectral feature in studies 
of ferrocene adsorption on Ag(100).32

It therefore appears that the ferrocenyl groups at the 
periphery of the stannoxane cluster retain a high degree 
of the electronic character of the ferrocene molecule. What 
is particularly interesting, however, is that with Fe 2p — 
3d RESPES we find no evidence for a strong resonant 
enhancement of the HOMO-derived peak centered at ~2 
eV below the Fermi edge (see Figure 6b). This suggests 
that the highest occupied orbital is associated with very 
little (localized) Fe 3d character. A RESPES measurement 
involving photon energies crossing the Sn 3d edge was 
therefore carried out to probe whether Sn 5p states make 
a significant contribution to the HOMO of the stannoxane 
cluster. (The Sn 3d core-level photoemission spectrum is

(32) W e lip itiy a , D.; D ow ben , P . A .:Z h a n g , J . ;  P a i, W . W.; W e n d e lk en , 
J .  F . Surf. Sci. 1996 , 367, 20,

shown as an inset to Figure 8 . Note that we expect a less 
Intense resonant enhancement for the Sn 3d —* 5p RESPES 
than for the Fe 3d-related RESPES measurements as the 
electric dipole transition from a state of orbital angular 
momentum 1 to an 1 — 1 state is much weaker than 7 — 
1+  1 .)

It is clear from Figure 8 that there is measurable 
resonant enhancement of the valence band in the near- 
Fermi level region when the photon energy is tuned to the 
Sn 3d threshold (hv = 488 eV). The apparent very high 
density of states at the Fermi level (0 binding energy) Is 
a consequence of the poor energy resolution of the 
measurement and the associated high degree of broaden
ing of the resonance structure, Notwithstanding the low 
energy resolution, however, the stronger contribution of 
the Sn partial density of states to the highest-lying 
molecular orbitals of the stannoxane complex is readily 
apparent from Figure 8 . (In addition, a strong (and trivial) 
resonant enhancement of the HOMO feature — and the 
entire valence band spectrum — was observed for photon 
energies comparable to that of the C K edge (285 eV).)

IV . C o n c lu s io n s

We have shown that organostannoxane thin films spin- 
cast onto native oxide-terminated silicon substrates dewet 
via a mechanism which leads to the formation of a cellular 
network having a high degree of spatial correlation in the 
dewetting centers. While the lack of film stability has 
important implications for the synthesis of high-quality 
organostannoxane layers on silicon substrates, the influ
ence of a dewetting process with a well-defined correlation 
length opens up a number of possibilities related to 
patterning stannoxane (and other organometallic) thin 
films at the submicron and nanometer scale levels. In 
addition, given that a previous application of Minkowski 
functionals to polymer film stability called into question 
the presence of spatially correlated dewetting centers,20 
our quantitative analysis represents an important con
firmation of morphological deviations from Poisson sta
tistics in a molecular, nonpolymeric thin film. However, 
although it is tempting to associate the spatial correlations 
we observe with spinodal dewetting, we stress that early- 
stage coalescence of Poisson-distributed dewetting holes 
may also yield a spatial correlation length.23

Synchrotron radiation RESPES measurements have 
shown that the ferrocenyl groups at the periphery of the 
stannoxane cluster retain a high degree of ferrocene-like 
electronic character but that there is little Fe 3d contri
bution to the highest occupied molecular orbital. Instead, 
Sn 3d —■- 5p RESPES data highlight the role of Sn-derived 
states in determining the character of the higher-lying 
occupied frontier orbitals. Although our RESPES data 
provide a first insight into the electronic structure of this 
novel and complex organometallic cluster, a detailed 
theoretical study (combined with more comprehensive 
photoemission work) is required to elucidate fully the 
molecular orbital configuration.
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The use of scanning electrochemical microscopy (SECM) to measure charge transport diffusion constants 
( £ > c t )  in inetallopolymers o f the type [Os(bpy)2 (PVP)„Cl]Cl, bpy =  2,2'-bipyridyl and PVP =  poly(4- 
vinylpyridine), is described. In this approach, a triple potential step technique is employed in which the 
ultram icroelectrode (UME) tip o f  the SECM is used to electrogenerate a solution phase oxidant, Ru(CN)(,3-, 
in an initial potential step, via the oxidation o f Ru(CN)6 4-. This moiety diffuses from the tip to the underlying 
polym er film where electron transfer occurs, causing the local oxidation o f the polymer-bound complex of 
Os" to O s111. The form o f  the current—time characteristic in this step provides information on the kinetics o f 
the ET process between the solution species and the polymer-bound moiety, as well as the concentration of 
redox-active species in the polym er film. This process creates lateral concentration gradients o f Os11 and Os111 

along the film. After the first potential step, a waiting period is introduced in which Ru(CN)6 3- is converted 
back to Ru(CN)64- at the UM E and Os11 can recover in concentration by electron self-exchange between Os111 

and Os11 moieties. After a defined time, the potential o f the UM E is switched again to cause the generation 
o f the solution-phase oxidant, Ru(CN)63-. The current—time behavior associated with this step is influenced 
significantly by the extent o f lateral electron hopping in the waiting period. It is shown that SECM is capable 
o f measuring Dct  values as low as 1 0 - 1 0  cm2  s - 1  with good precision. W e report experimental measurements 
on spin-coated films o f [Os(bpy)2 (PVP)„Cl]Cl, where n =  5 or 10, which indicate that Dcr is affected 
significantly by redox site loading and film structure (as determined by atomic force microscopy).

Introduction

Metallopolymers o f the type [M(bpy)2 (Pol)„Cl]Cl, where M 
=  Ru or Os, bpy =  2,2'-bipyridyl and Pol =  poly(4-vinyl-4- 
vinylpyridine) (PVP), or poly(TV-vinylimidazole) (PVI), have 
received much attention . 1 - 1 1  This is due to their potential 
widespread applications in areas such as sensors, electronic 
devices, energy storage, and corrosion protection . 10 A possible 
future application is in the area o f molecular electronics where 
this class o f material may act as a linker between metallic 
nanoparticles, which could be electrochemically switched.

Electron and charge transfer through thin films of metal
lopolymers on electrode surfaces has been studied extensively. 1 2 - 2 7  

It is widely accepted that charge propagation through redox 
polymers is limited by one of three processes: (i) electron-self- 
exchange between redox moieties in the film, (ii) the rate of 
ion diffusion into or out o f the film to maintain electroneutrality, 
and (iii) the degree of polymer chain rearrangement required 
to juxtapose redox centers. Conventional techniques employed 
to study charge transport in redox polymers include cyclic 
voltammetry (CV), potential step chronoamperometry (CA ) 3 - 8  

and to a lesser extent, electrochemical impedance spectroscopy 
(EIS) . 2 8 - 3 0  However, there is often a discrepancy in the charge 
transport coefficients (normally denoted Z)CT) determined by CV 
(usually of the order 10- 1 0  cm2  s-1) and CA; the latter mea

surements often yield D qt  values that are an order of magnitude 
higher than from CV.

It has been suggested that Dqt determined by potential step 
methods is often limited by ion diffusion into the film , 3  whereas 
for voltammetry the limitation is either polymer chain movement 
at low redox center loadings/high electrolyte concentration 
combinations, or ion diffusion at high redox center loadings. 
Yet, when ion diffusion is regarded as the limiting process, there 
is still a discrepancy between CV and CA, presumably because 
the extent o f ion movement is distinctively different in these 
techniques. In CV, over 80% of redox sites in the film are 
typically oxidized , 3 resulting in widespread ion diffusion within 
the film and ingress/egress at the film—electrolyte interface. In 
contrast, the potential step experiments are often made on a 
shorter time scale, so that ion diffusion within the film is less 
extensive and probably involves counterions already present in 
the film. For EIS, the system is perturbed only slightly from 
the steady state, so that a small fraction of redox states in the 
film is active during the measurement, most probably charge- 
compensated by counterions that are already within the film. 
D c t  values on the order of 1 0 - 8  cm2  s- 1  have been reported 
for [Os(bpy)2 (PVP)„Cl]Cl, 2 9  using this latter technique, which 
is within the range obtained from steady-state techniques, where 
ion diffusion and polymer chain movement are no longer

10.1021/jp049500v CCC: $27.50 © 2004 American Chemical Society
Published on Web 05/05/2004
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Figure 1. Schematic of the triple step transient technique for measuring 
lateral charge propagation.

limiting factors. 14 '3 1 '3 2  For (Os II/III) electropolymerized systems, 
values as high as 1 0 - 6  cm2 s- 1  have been reported for £>c t 14 

under steady-state conditions.
In this work we investigate the rate of lateral charge 

propagation in relatively thin films of [Os(bpy)2 (PVP)„Cl]Cl 
and describe how scanning electrochemical microscopy (SECM) 
may be used to determine Dev- Several methods have previously 
been employed to measure lateral charge propagation in thin 
film and monolayer systems. Majda and co-workers3 3 ,3 4  have 
used two-dimensional voltammetric measurements carried out 
with line microelectrodes to study lateral charge transport in 
Langmuir monolayers. Murray’s group3 5 ' 3 6  used generation- 
collection measurements at microband electrode arrays to 
measure lateral charge propagation in polymer films, under both 
steady-state and time-dependent conditions. Forster and co
workers have used ultramicroelectrodes (UMEs) to measure 
charge transport dynamics of solid-state osmium bis(bipyridyl)- 
tetrazine chloride films . 3 7

The experimental method employed in this paper utilizes 
transient SECM measurements. Following initial work on lateral 
proton transfer in this laboratory , 3 8 - 4 0  SECM has recently been 
used to study charge injection and lateral propagation in 
Langmuir—Blodgett films of polyaniline (PANI) , 41 the conduc
tivity of PANI monolayers4 2  and the lateral (physical) diffusion 
of ,/V-octadecylferrocenecarboxamide (CigFc) in a Langmuir 
monolayer. 4 3  Other groups have also recognized the possibility 
of using SECM to measure lateral charge transport and 
conductivity in monolayer systems . 4 4 '4 5

To study the lateral diffusion o f the amphiphile, CjgFc, in a 
mixed Langmuir monolayer, a triple potential step experiment 
was devised4 3  analogous to fluorescence recovery after photo- 
bleaching (FRAP), which is widely used to measure lateral 
diffusion in biomembranes. 4 6 - 4 9  Here, we show how this SECM 
triple potential step method may be used to measure diffusion 
constants for charge propagation in a thin film of a redox 
polymer, illustrated by studies o f the [Os(bpy)2 (PVP)„Cl]Cl 
system. The basic idea is illustrated schematically in Figure 1. 
An UME is positioned close to the interface between the 
polymer film and solution and used to electrogenerate a redox 
species in solution (oxidation of Ru(CN)6 4- to Ru(CN)e3-; step 
1). This species diffuses from the UME to the polymer film 
where electron transfer occurs locally (eq 1 ).

Os11̂  +  Ru(CN)63- aq -  Oslnfllm +  Ru(CN)64- aq (1)

The kinetics and extent o f this process controls the diffusion of 
the solution product o f the reaction, Ru(CN)6 4-, back to the 
UME.

As discussed fully in our previous paper, 4 3  one can measure 
the ET kinetics and determine the concentration of redox 
moieties at the target interface from the current—time response 
recorded at the UME in this step. For the case of low Dct, the 
electrode induced process is largely confined to the portion of 
the film directly under the tip o f the UME . 4 3  Next, there is a 
waiting period (step 2), in which Ru(CN)6 3- quickly recovers 
to Ru(CN)s4- in the gap between the UME and film surface. 
On a much longer time scale, lateral charge propagation within 
the polymer film may occur, for example, by electron hopping. 
For the system here, this process involves electron self-exchange 
between Os11 and Os111 moieties that have a lateral gradient in 
the film, due to the local redox process in step 1. Finally, step 
3 is a repeat of step 1, involving oxidant electrogeneration at 
the tip. The form of the current—time transient for this step 
may contain information on charge propagation in the film 
(during the recovery period), depending on the time scale of 
step 2  relative to Dcj. If  step 2 is very short (compared to the 
lateral cbarge-transfer diffusion time), and the film is extensively 
oxidized in step 1 , the third step shows a current—time response 
similar to an inert surface. In this case, one can determine the 
tip—interface separation from the chronoamperometric curve. 4 3  

On the other hand, if  the second step is sufficiently long, £>c t  

can be determined from the current—time response in step 3, 
as there will be a repopulation of Os11 moieties, by lateral charge 
propagation into the zone of the film probed by the UME. This 
serves to enhance the current response for the third (analysis) 
step, as it provides reagent in the film for reaction with 
electrogenerated oxidant.

In earlier work , 4 3  we studied the physical diffusion of a 
surfactant with a relatively high lateral diffusion coefficient (ca. 
10- 6  cm2  s-1). Here, we show that SECM is capable of 
measuring much lower Z?ct, as found in redox polymer systems. 
An advantage of SECM is that the film of interest need not be 
deposited on an electrode, as charge injection occurs from a 
solution redox species, which can be tuned to give optimal 
conditions for the redox reaction. Furthermore, in contrast to 
conventional time-dependent techniques, the redox reaction and 
accompanying charge compensation process occur from the 
same side o f the film (starting at the film/electrolyte interface 
and proceeding across to the underlying inert solid on which 
the film is deposited). This may be more efficient than CV or 
CA studies o f films on electrodes, where the redox process starts 
with heterogeneous electron transfer at the electrode/film 
boundary and charge compensation establishes an ion flux at 
the film/electrolyte interface, on the opposite side of the film.

Theory

We have treated the triple potential step problem previously, 
for the case o f lateral diffusion in a monolayer. 4 3  The time scales 
were relatively short, so that we did not have to be concerned 
with the spatial domain beyond the thin gap between the tip 
and interface of interest, allowing us to fix the concentrations 
at the edge of this zone to the bulk values. In the present study, 
where much longer time scales are involved, we have avoided 
setting the conditions in this way. Although there are similarities 
in the two models, we outline the problem here, as it pertains 
to the redox polymer system, because this provides a context 
for results from the model which are reported later.
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Figure 2. Schematic view (not to scale) of the domain used for the numerical calculations. The boundary conditions imposed to the transport 
equation of Ru(CN)64- are shown. The surface Qg is defined as (z — cl)2 + (r — 10o) 2 =  (RP — 10a)2, z < d, r > 10a.

The coordinate system and principal boundary conditions 
pertaining to the first potential step in the experiment o f interest 
are depicted in Figure 2.

The presence of an excess supporting electrolyte allows us 
to describe the transport of Ru(CN)6 4_, which is in bulk solution 
at concentration, c*, as a diffusional process:

d c  _  p i  d2c   1̂  9 c  _|_

a t
q23 c

dr r dr dz
(2 )

boundary to the underlying film/substrate boundary), only in 
the radial direction. This is reasonable, in light o f the experi
mental results that follow, compounded by the fact that the film 
thickness (/nim ~ 100 nm), is much less than the lateral 
dimension of the experiment, e.g., electrode radius, a =  12.5 
fim; overall probe radius o f 125 /tm. The recovery process is 
assumed to be described by a diffusion-type equation for the 
lateral electron transport in the polymer. The initial and boundary 
conditions for eq 6  are

where c and D are the concentration and diffusion coefficient

oII■*»»II/C'
oS” (7)

ofRu(CN )64- , r and z are the radial and axial coordinates (see 30
( 8 )Figure 2) and t is time. Initially, the concentration of Ru(CN)64~

oIIoII:|c%

is that of the bulk
0 = 1  r =  RP (9)

c(r,z) =  c* t =  0 (3)
Due to the continuity o f mass, the flux density of Ru(CN ) 6

In the first step (period t < A/i) we apply a sufficiently driving 
potential to the UME so that Ru(CN)6 4_ is oxidized to 
Ru(CN)6 3- under diffusion control. The boundary condition at
the UME, delimited by surface £2ume> ¡s then

c =  0 at Q UME 0 < t < Af (4)

The electrogenerated Ru(CN)6 3_ ions diffuse away from the 
UME and reach the polymer film, where they are reduced back 
to Ru(CN)6 4_ by oxidizing the polymer (eq 1). In this process, 
the polymer acts as a sink for the flux of Ru(CN)c4_. The flux 
density of Ru(CN)63_ at the polymer/electrolyte interface Q p 
is controlled by the boundary condition

D 'd- f
dz

= kc'0 (5)

where D' and c are the diffusion coefficient and concentration 
ofRu(CN)63-, respectively, k is the rate constant for the polymer 
oxidation, 9(r,t) is the local fraction of the polymer in the 
reduced state, and Q p is the polymer surface. The time variation 
of 9(r,t) depends on the oxidation rate induced by the flux of 
Ru(CN)6 3- and the recovery process o f the polymer. It is 
described by

30 . 
31 '

kcj)_ . l i f e  1 3 0  
r  T\ dr2 r dr (6 )

where T (mol cm-2) is the effective surface concentration of 
osmium redox centers in the thin polymer film. Note that this 
formulation assumes that there are no diffusional limitations 
across the thickness of the film (from the electrolyte/film

that is reduced at the polymer must be equal to the flux density 
of Ru(CN)6 4~ that diffuses normal to the film

= ~ Dfz=d OZ
( 1 0 )

We assume that the diffusion coefficients of Ru(CN)6 3~ and 
Ru(CN)6 4- are equal, and because the total concentration in the 
system does not change, the local mass conservation is satisfied

c \r,z)  +  c(r,z) =  c* ( 1 1 )

This allows c to be replaced by by c* — c in eqs 5 and 6 , so 
avoiding the need to solve an equation equivalent to eq 2  for 
c'. The rest of the boundary conditions of eq 2 are the symmetiy 
condition,

r =  0 0  < z < d ( 1 2 )

the null flux density at the surface Qg of the glass sheath that 
covers the UME, which is inert to the species in solution,

o (13)

where Q g is the glass sheath surface, and the assumption that 
the concentration o f Ru(CN)6 4- at the outer boundary of the 
system delimited by surface £2 b is the bulk concentration during 
the whole experiment

at Qh (14)
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In the waiting period (step 2), the UME is held at a potential to 
quickly regenerate Ru(CN)6 4- from any Ru(CN)6 3_ in its 
vicinity. Sufficient time elapses for the region o f the polymer 
locally oxidized to recover by lateral electron transfer within 
the film, which involves the reduction o f Os'" to Os11 in the 
film region in front o f the UME and the oxidation o f Os11 to 
Os111 in the outer film surface.

at £2 , A/, < t < A t2 (15)

The recovery process of the polymer is quite slow, and to have 
a substantial recovery, Ai2 is of the order o f tens to hundreds 
of minutes. For this reason the simulation domain was extended 
significantly with respect to prior studies using the three-step 
method . 4 3  The domain must be large enough so that 6 =  1 at r 
= RP and no Ru(CN)6 3_ readies fib- Typically, RP =  40a, 
which marked one end of the quarter-circle boundary, fib 
(Figure 2). The electrode probe had a glass insulator dimension 
1 0  times that o f the electrode itself, a.

In step 3, the potential at the UME was applied again to 
oxidize Ru(CN)6 4- to Ru(CN)6 3~. The boundary conditions are 
those defined for step 1 , but the length of step A/j may be 
different from that of step 1. To proceed to the numerical 
integration of the differential equations, it is advisable to cast 
the problem into dimensionless form. We define the variables

t =  tDIa 

R =  via 

Z  =  z/a 

C =  c/e*

K  =  ka/D 

y =  r  l(ac*) 

Dr = Dct/D

(16)

(17)

(18)

(19)

(2 0 ) 

(2 1 ) 

(2 2 )

The main equations o f the problem in normalized form are

3C _ d 2C 1 dC 92C 
dz gft2 R dR az2

9 9 . 
dz

K( 1 -  0)6

! = - * ( !  - Q 9 at Z  =  d/a

(23)

(24)

(25)

The problem was solved using the finite element method for 
the spatial dependency and the finite difference method for the 
time dependency. It was implemented using the commercial 
package Femlab. To compare the theoretical simulation with 
the experimental curves, the current—time response for the first 
and third steps is calculated from5 0 ’51

i_ _  7t r\ 9C 
L  “  2 Jo dZ R dR (26)

where L  is simply the steady-state current at an inlaid disk 
electrode : 5 2 ,5 3

L  = 4 nFDac* (27)

where n is the number o f electrons transferred (« =  1 in our 
case) and F  is the Faraday constant.

There are four (normalized) parameters that influence the 
normalized current—time characteristic: d/a, K, y, and Dr. In 
the three-step method, the distance is usually obtained by 
applying relatively long and short time intervals for steps 1 and
2 , respectively, so that the redox moieties in the zone of the 
film probed by the UME essentially react to completion (in step 
1 ) but there is insufficient time for any recovery process in step
2. In step 3, the polymer film then behaves as an inert substrate 
and the current depends only on d/a (because D is known). By 
applying the SECM theory in the inert substrate case, the 
distance between the UME and the polymer can be obtained . 4 3  

However, in the experiments here, we also show that the redox 
reaction between Ru(CN)63~ and the Os11 moiety in the film is 
characterized by a high value o f K  (diffusion-limited) so that 
initially in step 1 , the probe current characteristics display pure 
positive feedback. This allows d in this interval within step 1 
to be obtained. As the polymer is oxidized, its behavior departs 
from that of a pure conducting substrate, which allows us to fit 
y. Finally, the fourth parameter, Du is obtained by letting the 
polymer partially recover in step 2, so that D, is the only variable 
needed to fit the transient curve of step 3.

E x perim en tal Section

M ateria ls and  C hem icals. Os(bpy)2 (PVP)„Cl]Cl was pre
pared and characterized as described previously . 5 4 ,5 5  All chemi
cals were used as received and were LiClC>4 (Aldrich), potassium 
hexacyanoruthenate(II) hydrate (Strem chemicals), methanol 
(HPLC grade, Fisher chemicals), high purity acetone (Fisher 
chemicals), and propan-2-ol (HPLC grade, Fisher chemicals). 
All aqueous solutions were prepared from Milli-Q reagent water 
(Millipore Corp.).

P rocedures. Glass and ITO substrates were cleaned by soni
cating for 1 0  min in acetone and then in propan-2 -ol and finally 
blown dry with nitrogen. Thin films o f [Os(bpy)2 (PVP)„Cl]Cl 
were spin coated (2500 rpm for 60 s) onto substrates by using 
a 1 wt % solution o f the polymer in methanol. The thickness 
and topography o f films were determined using both contact 
mode AFM (Digital Instruments, Nanoscope E) and tapping 
mode AFM (Digital Instruments, Multimode). Mean values of 
90 ±  10 nm for [Os(bpy)2 (PVP)5 Cl]Cl films and 100 ±  25 nm 
for [Os(bpy)2 (PVP)ioCl]Cl films were obtained.

CV measurements were made using a three-electrode ar
rangement. An ITO covered substrate, with a surface area of 
0.35 cm2, was used as the working electrode, a platinum gauze 
served as the counter electrode and a saturated calomel electrode 
(SCE) was used as the reference electrode. The SECM was a 
simple home-built instrument comprising a manual x, y, z stage 
(M-431, Newport Corp., CA) and a z-axis piezoelectric posi
tioner and controller (models P-843.30 and E-501.00, Physik 
Instrumente, Waldbronn, Germany) to give fine control of the 
Pt UME working electrode in the direction normal to the sample. 
Transient SECM measurements o f films on glass were carried 
out using a two electrode arrangement, 4 3  with a Pt UME as the 
working electrode and a silver wire as a quasi-reference 
electrode (AgQRE). Transients were recorded with the probe 
UME positioned at fresh spots on the sample, with a separation 
of at least 2 0 0  fim from the regions of any previous measure
ments. The Pt UME used was a 25 /im diameter disk electrode 
with a glass insulating sheath, characterized by an RG value of 
10 (RG =  /-giass/o; where rgiass is the radius of the sheath around 
the probe). Cyclic voltammetry and current—time transients were 
recorded using an electrochemical analyzer (CH Instruments,
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E / V (vs SCE)
Figure 3. Cyclic voltammograms for an ITO electrode covered with 
[Os(bpy)2(PVP)5Cl]Cl in 0.1 M LiCIO* at 1, 2, 5, and 10 raV s"1. The 
inset shows the linear relationship between anodic peak current and 
sweep rate.

model CHI730A). The diffusion coefficient of Ru(CN)64_ was 
deduced by steady-state microdisk measurements in a bulk 
solution of 0.1 M LiClCXt and 0.2 mM Rli(CN)64_ yielding a 
value of (7.46 ±  0.03) x  10- 6  cm2  s- '. This solution was used 
for all SECM measurements reported.

R esults and  D iscussion

V oltam m etry of Spin C ast F ilins. Although there are several 
reports on the electrochemistry of film electrodes of the type 
o f interest here, 3 ’4 , 7 ' 9 ’ 1 0 ,5 4  these previous studies are generally 
for much thicker drop cast films where values obtained for 
Dct for [Os(bpy)2 (PVP)5 Cl]Cl are of the order of3 1.3 x 10- 1 1  

cm2  s-1. In this work, we use much thinner spin cast films. 
Typical slow sweep cyclic voltammograms for an [Os(bpy)2- 
(PVP)5 C1]C 1 spin cast film in 0.1 M LiC 1 0 4  electrolyte are 
shown in Figure 3. There is a linear relationship between the 
peak current and sweep rate, when the latter is less than 1 0 0  

raV s_ l, as illustrated by the inset o f Figure 3. The peak to 
peak separation (AEP) is 60 mV, and the full width at half
maximum current (fwhm) is 120 mV. This latter value is broader 
than expected for an ideal single electron process (90.6 mV) 
and may be due to repulsive interactions between redox centers5 

or heterogeneity in the film. The surface coverage of osmium 
redox centers in the films was determined from slow sweep 
cyclic voltammetry (1 mV s_l) in 0.1 M  LiClC>4 , by integrating 
the charge under the oxidation and reduction peaks [(4.6 ±  0.6) 
x 1 0 - 9  mol cm-2].

SE C M  M easu rem en ts . To measure the electron-transfer 
kinetics between the Os11 redox centers in a [Os(bpy)2 (PVP)5 CI]- 
C1 film and the solution mediator, SECM CA experiments were 
undertaken with the tip in close proximity to the film, deposited 
on an inert glass substrate. These measurements involved 
stepping the tip potential from 0 V (vs SCE) where no faradaic 
process occurred to 1.0 V, where the oxidation of Ru(CN)s4- 
occurred at a diffusion-controlled rate. Figure 4 illustrates the 
current—time responses recorded at several different distances 
varying from 1.7 to 11 /«n above the [Os(bpy)2 (PVP)5 Cl]Cl 
film. The tip currents, i, have been normalized by the steady- 
state diffusion-limited current, recorded in bulk solution. 
Values for each o f the distances were obtained from the long 
time current response, when Os11 is effectively depleted at the 
portion of the film under the electrode.

The form of the current transient responses is as follows: after 
an initial charging current the faradaic current quickly decays 
to a quasi steady-state value, due to the feedback process 
illustrated in Figure 1, which subsequently falls to a hindered
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Figure 4. (a) Current-time responses of a Pt UME held at differ
ent distances, from 1.7 (top curve) to 11 fim (bottom curve) above a 
[Os(bpy)2(PVP)5Cl]Cl spin cast film. The UME potential was stepped 
from 0 to 1.0 V (vs SCE) in a 0.2 mM Ru(CN)fi4~ and 0.1 M LiClCU 
solution to generate Ru(CN)63- at a diffusion-limited rate. The thick 
lines are the experimental results and the dashed lines are the modeled 
results (see text), (b) Simulated results, showing the effect of k on the 
current—time response recorded for step 1. Values of k (bottom to top) 
=  0.05, 0.1, 0.5, and 1 cm s_l, d = 8.5 ixm, Dct =  0, and r  =  3.5 x 
1 0 - 9  mol cm 1 were employed.

Figure 5. Simulated results showing the effect of Dct on the current- 
time response for step 3 with the periods for step 1 (5 s) and 2 (waiting 
time of 30 min) kept constant. Dct was varied as follows: 7.5 x 10H 1 

(fine curve on left), 3.8 x 10_l°, 7.5 x 10“10, and 3.8 x 10- 9  (fine 
curve on right) cm2 s_1. The thick line (on the right) is the transient 
for step 1. The following parameters were used: d = 8.5 /xm, Dct = 
0, T = 3.5 x 10~ 9 mol cm-2, k = 1 cm s-1.

diffusion-limited value. The SECM current response also shows 
a strong distance effect; the closer the tip/surface distance, the 
larger is the initial feedback response and the earlier the 
subsequent fall in current. This can be explained as follows: 
Ru(CN)s3_ generated at the UME diffuses and reacts with ihe 
Os11 centers within the film until the whole area of the film 
opposite the electrode is oxidized. On the time scale of this
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t  /  S t  /  S
F ig u re  6. C urrent—tim e transients (for the first and  th ird  steps) to show the effect o f  w aiting  tim e (see box  in each  plot) on the recovery o f  charge 
carriers in a [O s(bpy)2 (PVP)sCl]Cl film . T he th ick  lines are the  experim ental results, and the thin lines are the m odeled  results using a  value o f  1.9 
x 10-9 cm 2 s “ 1 for Dct. For step 1: cl =  8.5 fim, Dct =  0, T =  3.5 x 10~9 m ol cm ~2, k = 1 cm  s -1 . For step 3 the sam e param eters w ere used, 
except d =  7.5 fim  (10 and 20 m in w aiting  tim e) and d =  7 fim  (40 and 70 m in  w aiting time).

first step there is effectively no lateral charge propagation within 
the film to regenerate the Os11 centers (because DCt  is 
comparatively small) and so the current falls. With an increase 
in the flux of Ru(CN)g4_ from the tip, due to feedback, as the 
distance between the tip and the surface decreases, this 
electrochemical “bleaching” process occurs faster and so results 
in an earlier fall in the probe current.

Figure 4 also shows the simulated current—time transients, 
which are seen to match extremely well with experiment. As 
discussed in the Theory, the parameters involved in this step 
are the concentration of redox centers in the film, the concentra
tion and diffusion coefficient of the solution mediator, Ru(CN)64_, 
the tip—sample distance, electron-transfer kinetics between the 
solution mediator and the polymer redox centers, and D ct, which 
is taken as zero on this time scale. Having obtained d as 
described above, k was deduced from the initial plateau current 
o f each transient. The best fit was obtained for diffusion-limited 
electron transfer between Ru(CN)g3_ and the Os11 redox centers 
(k > 1 cm s_1). A rapid reaction is not unexpected for this outer 
sphere electron-transfer process for which the driving force is 
large, as judged by the fact that the oxidation wave observed 
in Figure 3 occurs at ca. 0.27 V (SCE) compared to the formal 
potential of the Ru(CN)6 4_/3_ couple of 0.68 V (vs SCE).

The influence o f k on the response for this first step is 
illustrated in Figure 4b, through simulations for a typical case 
of a tip—substrate distance of 8.5 fim, D c t =  0, and T =  3.5 x 
1 0 ~ 9  mol cm - 2  and by using a redox mediator concentration 
(Ru(CN)e4_) of 0.2 mM that has a diffusion coefficient of 7.46 
x 10- 6  cm2 s-1 . It can clearly be seen that the initial response 
converges to a limit at k =  1 cm s_ l, where the reaction is 
effectively controlled by feedback diffusion between the tip and 
the surface. Once k was known, the charge carrier concentration 
could be determined by varying this parameter to obtain the

t / s
F ig u re  7. C urrent—tim e response (first potential step) o f a  P t UM E 
held at d ifferent distances, from  3.6 (top curve) to 11 (bottom  curve) 
fim  above a  [O s(bpy)2(PVP)ioCl]Cl spin cast film . The U M E potential 
was stepped from  0 to 1.0 V  (SCE ) in  a  0.2 m M  Ru(CN)64_ and 0.1 M 
LiClC>4 solution. T he th ick  lines are the experim ental results and the 
thinner lines are the m odeled  results using  £>ct =  0, T  =  2.8 x  10-9 
mol cm -2 , k =  1 cm  s " 1,

best fit to the decay of the transient between the positive 
feedback and hindered diffusion regimes. T =  (3.5 ±  0.2) x 
1 0 - 9  mol cm - 2  gave the best fit to the transients at all 
tip-interface distances. This corresponds reasonably well with 
the coverage o f (4.6 ±  0.6) x  10- 9  mol cm - 2  obtained from 
the CV measurements.

To determine D ct for lateral charge propagation, the full triple 
potential step method was employed. Figure 5 shows simulated 
results for the effect of D ct on the transient for step 3, compared 
to the characteristics for step 1, with a waiting time of 30 min 
(for step 2) between the two steps. The results are shown for 
real parameter values, comparable to those encountered for this 
system: k = 1 cm s-1, d =  8.5 fim (a =  12.5 /xm), F  =  3.5 x 
10- 9  mol cm-2, c* =  0.2 mM, D =  (7.46 ±  0.03) x 10- 6  cm2 

s-1; D ct was varied over 2  orders o f magnitude from 1 0 - 1 1  to
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Figure 8 . Current—time transients (for the first and third steps) to show the effect of waiting time (see box in each plot) on the recovery of charge 
carriers in a [Os(bpy)2(PVP)ioCl]Cl film. The thick lines are the experimental results, and the thin lines are the results of simulations using a value 
of Dct =  1.3 x 10~10 cm2  s-1. For the waiting period of 2 h, d =  8 . 8  ftm  and for the waiting period of 6  h, d = 9.7 fim . For both cases, V = 2.B 
x 1 0 - 9  mol cm- 2  and k = 1 cm s' 1 were used for the simulations.

t / s t / s

Figure 9. Tapping mode AFM topography images (5 ftm x 5 fim) for (a) [Os(bpy)2(PVP)5Cl]Cl and (b) [Os(bpy)2(PVP)ioCl]Cl spin cast films.

10- 9  cm2 s_ l. It can be seen quite clearly that the recovery is 
highly dependent on Dcx- the larger the £>ct value, the greater 
the recovery of Os11 centers in step 2  and the greater tendency 
of the transient for step 3 toward that obtained in step 1. This 
figure also shows that the time at which the current decays 
between the positive feedback value and the hindered diffusion 
value is highly diagnostic o f Dcx-

To determine DcT experimentally, the optimum approach is 
to measure current—time transients for steps 1 and 3, while 
varying the length of the recovery period. Figure 6  shows typical 
experimental results for steps 1 and 3, for recovery times of 
10, 20, 40, and 70 min. In these measurements, the length of 
the step 1 transient was shortened to 4 s (compared to the data 
in Figure 4a) to ensure recovery o f the film on a reasonable 
time scale. The initial tip—sample distance was kept constant 
for each experiment at 8.5 fim, confirmed by simulating the tip 
current response with the parameters defined above. It can be 
seen quite clearly that the extent to which the feedback current 
flows in step 3 depends on the waiting period: the larger the 
waiting period, the greater the recovery toward the transient 
recorded in step 1. The data in Figure 6  were modeled for steps 
1 and 3, using the parameters defined, yielding a value of (1.9 
±  0.2) x 10- 9  cm2  s“ 1 for DCt- It can be seen in Figure 6  that 
the transients recorded for step 3 give a feedback current that 
increases slightly, with waiting time, compared to step 1. The 
origin of this effect is most likely slight piezo drift in the 
direction normal to the interface over these long waiting times. 
For the 10 and 20 min waiting times, the tip—sample distance

was 7.5 fim, whereas for the 40 and 70 min waiting times a 
tip—sample distance of 7 fim  was most appropriate when 
modeling these transients.

Under conditions where there is no physical diffusion of redox 
centers within the film and charge transport is due entirely to 
electron hopping, D ct can be related to the electron self
exchange rate constant in the metallopolymer by the 
following2 7

£>cX =  cfiim (28)

where cf,ira is the concentration of charge carriers (surface 
coverage is taken as 3.5 x 10- 9  mol cm - 2  and the thickness as 
90 nm), <5 is the intersite separation between redox centers (1.25 
nm as measured by Vos4), and X depends on the dimensionality 
of the system. Although charge transport is lateral, the thickncss 
of the film dictates that charge propagation is three-dimensional, 
for which X =  1/6. For D ct =  1.9 x 10- 9  cm2  s_ l, a value 
= 1.9 x 109  mol- 1  cm3 s - 1  results, which is in close agreement 
with the value obtained by Murray and co-workers5 6  for a similar 
type of osmium metallopolymer.

Experiments using the same protocol were also carried out 
on [Os(bpy)2 (PVP)ioCl]Cl films, in which the redox center 
concentration was lower than for the case discussed above. For 
this material, diffusion-controlled electron-transfer kinetics 
between the solution mediator and the redox centers was also 
observed (k > 1 cm s“ 1) with again a strong distance effect for 
step 1, as illustrated in Figure 7. To model step 1 in this case,
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Figure 10. Contact mode AFM topography images of [Os(bpy)2(PVP)5Cl]Cl in 0.1 M L1CIO4 solution at scan sizes of (a) (10 ,«m x 10 fim) and 
(b) (5 fim x 5 fim).

an Os redox center concentration o f 2 . 8  x 1 0 - 9  mol cm - 2  gave 
the best fit, which was again close to the value deduced from 
CV measurements (not shown). This value for the effective 
surface coverage o f Os11 moieties is only slightly less than 
measured for Os(bpy)2 (PVP)5 Cl]Cl because, as discussed below, 
there is a difference in the quality o f  the two films, with the 
[Os(bpy)2 (PVP)ioCl]Cl film showing a rougher surface and 
greater thickness o f 100 ±  25 nm.

Figure 8  illustrates the response recorded for step 3 after 
waiting times of 2 and 6  h. The tip—sample distance for step 1 
was 8 . 8  fim  for the 2 h experiment and 9.7 fim  for the 6  h 
experiment. To detect any recovery in the film, waiting times 
employed for step 2  were of the order o f hours as compared to 
tens o f minutes for the polymer of higher loading. Comparing 
the data in Figure 8  with that Figure 6 , it can be seen that even 
after 6  h, recovery has occurred to a lesser extent than for the 
[Os(bpy)2 (PVP)sCl]Cl film after 70 min. By fitting the transients 
in Figure 8  to the model outlined earlier, a value of (1.3 ±  0.5) 
x 10- 1 0  cm2  s_ 1  for D c t gave the best fit. This is an order of 
magnitude lower than that obtained for the [Os(bpy)2 (PVP)5 Cl]- 
C1 film. The lower value of D ct for [Os(bpy)2 (PVP)ioCl]Cl is 
expected, given the greater intersite separation between redox 
centers, which was calculated to be 2.5 nm by Vos .4  We have 
not estimated &ex from eq 28 for this case because of hetero
geneities in film structure highlighted below. However, the trend 
seen is clearly consistent with electron hopping as the limiting 
process in these measurements in contrast to earlier CV 
measurements where such effects were not apparent due to 
limiting ion transfer at the film/electrolyte interface . 4

AFM M easurements. Tapping mode AFM images in air 
(Figure 9) indicate that these films have a fairly open, porous 
structure, although the [Os(bpy)2 (PVP)5 Cl]Cl films appear to 
be more compact and homogeneous than the [Os(bpy)2- 
(PVP)ioCl]Cl films. This may also be a significant factor in the 
larger values obtained for D ct for [Os(bpy)2 (PVP)5 Cl]Cl 
compared to [Os(bpy)2 (PVP)i0 Cl]Cl. Contact mode AFM studies 
of [Os(bpy)2 (PVP)5 Cl]Cl films under 0.1 M aqueous UCIO 4  

solution show that the structure is maintained, as illustrated by 
the images in Figure 10.

Conclusions

We have shown that the SECM triple potential step technique 
is a viable approach for measuring the coefficient for lateral

electron hopping ( D c t )  in thin redox polymer films, and is 
capable of measuring values as low as 10- 1 0  cm2  s_ l. An 
advantage of the SECM approach is that it is entirely homo
geneous and there are no complications from heterogeneous 
charge transfer from a metal electrode to the metallopolymer 
film, as required for conventional electrochemical techniques. 
Moreover, in the SECM technique, electron transfer and ion 
transfer occur at the same side o f the film, and the perturbation 
in the redox state o f the film occurs on relatively small length 
scales. This means that electron hopping is likely to be the 
limiting process measured.

For [Os(bpy)2 (PVP)5 Cl]Cl, D c t  was higher by an order of 
magnitude than for [Os(bpy)2 (PVP)ioCl]Cl. Undoubtedly, the 
greater separation between redox sites in [Os(bpy)2 (PVP)ioCl]- 
C1 was likely to be an important factor in the smaller value of 
D c t , but a clear difference in film structure was also expected 
to have a contributory effect, with the more compact nature of 
the [Os(bpy)2 (PVP)5 Cl]Cl films leading to a higher D c t  value.
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Appendix G

MCp> 2  C p

The MO diagram for generic metallocenes, CP2M is shown above.
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