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SUMMARY

This thesis focuses on the use of surface modifiers as tools for probing and/or
controlling interfaces. @face modification of transparent conducting oxides (TCOSs)
with organic and organometallic modifiers can be usedt@gl #or mediating interfacial
energetics as well as probing the kinetics of chénayesfer at the metal oxide/organic
interface. The synthetic tunability of these modifiers allows us to design molecules based
on various parameters, which include the reatf the binding, spacer, and terminal
groups. Based on this framework, several modifiers were synthesized and used to
investigate surface energy tuning as well as charge injection kinetics as a function of
molecular structure. More specifically, we useUPS to examine the evolution of the
chemical structure and frontier orbital levels of the TCO/organic interface as a function
of the chosen surface modifier. In addition, we investigate the impact that various
molecular binding groups have on mediating kinetics of charg&ansfer.

In the last section of this body of work we examine the development of dielectric
nanocomposite films for capacitor applications. More specifically, we examine the use of
phosphonic acid modifiers to functionalize bariutartate nanoparticles in order to
provide miscibility with a suitable polymer host. The effect of various modifiers on the

dielectric propergs not nanocomposite thin filnmgereexamined.
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CHAPTER 1 INTRODUCTION

1.1 Surfaces and interfaces

Surfaces and interface@.e. the boundary between different media) are of key
scientific interest for many technological processes; thereby making efforts to understand
their chemistry and physics of critical importance. In biology, for example, the surface
tension of water all@s for the arrangement of lipids into membranes that are important
for functions such as compartmentalization, cellular regulation and a myriad of other
processes that are important for fffe? Heterogeneous catalysis, which focuses on
chemistry at sdaces, is another area that has garnered a lot of attention. Here, efforts are
geared at developing a thorough moleclgael understanding of the chemistry that
occurs at catalytically active surface sites and their material deperd@nGaining a
proper understanding of these effects is not only of academic interest but will also help in
the design of better and/t@ss expensiveatalyss for a significant number of industrial
processes. The development of antifouling protective caaigget andber area of
surface science where research is being conducted in an effort to safeguard against
corrosion related failure of structures such as bridges, buildings, aircraft and
automobiles® 7 Solutions to the formidable challenges faced in this argaine an
understanding of surface structure and chemical composition such that appropriate
antifouling measures can be taken. Understanding and controlling the fundamental
mechanisms of heat transfer across boundaries is an integral step in solving itieny of
scientific challenges in areas of thermoelectficthermal interface materiafs and

1



heat sinks® ** In electrochemistry the processes occurring at the eleetied&olyte
interface are monitored in order to provide insight into numeredisx phenomen&’ *°!
Similarly, in organic electronic applications, the interface between the metal or metal
oxide electrode and the adjacent organic layer plays an essential role in determining how
effectively charges are injected and/or collectedl,aas a result, affects overall
performance of the devié¥'® Therefore, being able to control these interfaces is

i mportant for the devel opment of organic
interest in nanoscale technologies it should now barcthat there is significant
academic, technological and economical imperative for understanding and controlling
surfaces and interfaces owing to both their ubiquitous nature as well as the increasingly
dominant role that they continue to play in deviceh@ectures.

The abrupt termination of the solid structure at the surface confers different chemical
and physical properties on the surface relative to that associated with the bulk of the
material™ The undercoordinated atoms at the surface are offeometrically displaced
(surface reconstruction) and experience an entirely different chemical environment
relative to those in the bull® 2® Consequently, the electronic structure and, by
extension, chemical, physical and electronic properties asulface generally differ
from the rest of the material.

In this body of work we are primarily interested in understanding, probing and
controlling the metal oxiderganic interfaces often encountered in organic electronic
devices, specifically organic ptovoltaic (OPVs) and dielectric hanocomposite films.
This chapter is meant to provide introductory and background information thaiaril

understanding the subsequent chapters. It begins by providing a brief overview of organic



electronics with an ephasis on the significance of the metal oxwmlganic hybrid
interfaces often encountered in the two previously mentioned device platforms. Next a
general description of the electronic structure of metal oxides is presented before honing
in on the structw of indium tin oxide and barium titanate, which are two prominently
utilized oxides in the field of OP¥and nanocomposite dielectrics, respectively. The
design and use of organic monolayers to control the chemical, physical and electronic
properties of ratal oxide surfaces will then be introduced. Emphasis will be placed on
how organic small molecules can be used to modulate work function, wettability and
charge transfer processes. This will allow us to transition into the use of electroactive

monolayer & probe the kinetics of electron transfer at metal eridgnic interfaces.

1.2 A brief introduction to organic electronics

Organic electronics is the fields of science and technology that focuses on the
integration and use of carbdrased materials in theevelopment of devicdg: 22 The
driving force behind the development of orgabased devices is rooted in the potential
to produce lightveight, flexible device¥: 2% 24 Additionally, the development of
organic electronics could potentially letmla significant reduction in production cost as
expensive lithography techniques, often used with traditional semiconductor technology,
can now be replaced with cheaper processing techniques such as spin coajetg, ink
printing or roltto-roll production. There is also great interest in having malleable
materials that are capable of being molded into desired shapes and undergo rigorous
deformation while preserving their electrical and optical properties for applications such

as integrated circuité>® pressure senséts 2? and bioelectronic§”



Unlike conventional silicon technology, organic materials offer a high degree of
synthetic flexibility, which allows for systematic tuning of their optical and electronic
properties. In organic semicondars both these properties are intrinsically linked to the
ionization potential (the minimum amount of energy required to remove an electron; IP)
and the electron affinity (the energy required to add an electron to a neutral molecule or
atom; EA) of the aganic material. Organic semiconductors witdw IP generally
facilitate hole injection and are considered to be eleadmor molecules while those
with a high EA favor electron injection and are described as eleatrogptors. Donor
and acceptor matetgathat are able to preferentially and efficiently transport the injected
carriers can be further categorized as hole transporting and electron transporting,
respectively® A key parameter that governs charge carrier mobilitthendonor and
acceptor raterials is the overlap of the frontier orbitals between adjacent molecules or
polymer chains. Unfortunately, the weakness of the intermolecular coupling, together
with the molecular packing and morphology often limits the achievable mobility in
organic seiconductor (18 to 1 cnf V*s%).BY In contrast, prototypicahmorphous
silicon semiconductors, which generally have a rigid tdliegensional structure and
wide conduction and valence bands are able to achieve mobilities in the range &f 10 cm
v1gt 2L 3L 32 e rthermore, in inorganic silicon technology doping with elements such as
boron or phosphorus is usually done to create semiconductors in which the holes or

electrons are the majority carriers, respectively.



1.2.1Interfaces in OPVs

Organic photwoltaics is one of the most researched areas in the broader field of
organic electronics. The motivation behind the development OPVs is its potential to be a
significant parts of solving todayds gr owi
1.1 OPVs dvice platforms are comprised of a htlensporting layer, an electron
transporting layer, a transparent conductive oxide (T@OIg selective contact and an

electron selective contact.
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Figure 1.1 Frortier orbital energy offsets in planar organic heterojunction OPV. The
processes involved in charge generation in OPVs, except for the first step of light
absorption, are also depicted by numbers. Holes are indicated by hallow circles and
electrons by fillé circles. The ionization potential of the donorpdi3) and the electron
affinity of the acceptor (EAcepto) are also shown. Modified from Kippelen and
Bredas®?



Upon the absorption of light in OPVs (step ot shown a coulombically bound
electon-hole pair (exciton) is generated (step 2), which then diffuses to an interface
between the donor and acceptor (step 3) where the charges get separated (exciton
dissociation) and transferred into the acceptor or donor layer (step 4). The holes then get
transported to the hokelective contact and the electrons to the electebective contact
where they are collectddf: *! The electrod®rganic interface is very complex and
presents a barrier to the collection of charges if the frontier electrovets lef the
adjacent organic | ayer are not adegtheatel vy
energy at which the probability of finding an electron is 0.5 at 8% addition to the
alignment of the frontier energy levels, othactors induding surface composition,
charge density distributiomndelectrical heterogeneity of the contaatist also be taken
into account.

In OPVs the power conversion efficiency (i.e., the efficiency of the solar cell) is
given as the ratio of the maximum pewoutput over the incident solar powegq(H.
This efficiency is usually determined by generating current dewsltgge curves
(Figure 1.2) and calculating the efficiency by substituting the fill factor (FF; equation 1.2)
into equation 1.1. Here Yis the open circuit voltage (i.e. the voltage when the current
density is zero),sdis the current density at zero voltage (i.e. sleoduit current), Raxis
the maximum output power, andn¥% and Jax are the voltage and current density

measured at ghpoint of maximum power.
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Figure 1.2 Representative current densitgltage curves of a solar cell in the dark and
under illumination. Figure adopted from Lét al®¥

S & & Equationl.1

& & — Equationl.2

The V., in particular, has been shown to significantly depend on the energy level offset
at the metal oxiderganic interfae®* 3 *®IKnestinget al,'*”! for example, have shown

that the \4; of a polymer/fullerendased photovoltaic cell has a linear dependence on the
work function (the energy difference between the energy level outside a singly ionized

system where anlextron becomes unbound (g and the Fermi level) of the hole
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selective electrode. Thieobserved that the device efficiency improved with increasing
work function ( 0 ) ach Thesé/increases in efficiency were also correlated to a
reductionin the recombination of charge carriees the metal oxid®rganic interface
Similar results were obtained by Ratcléf al*® who also found that in addition to
modulatingthe work function of the TCO the introduction of charge selective interlayers
at the hybrid interface further improves the charge colleting efficiency at the metal oxide

electrode.

1.2.2Interfaces in nanocomposite dielectrics

Within the Marder and Perry grosipat Georgia Tech we have taken a
nanocomposite approach towards the development of dielectric materials. In these
systems, easily polarized filler nanoparticles (specifically Bali@e dispersed in a
suitable polymer matrix to potentially afford dieléct materials with large energy
storage capacity. An important part in the development of nanocomposites is being able
to control the chemical and physical properties of the surface of the nanoparticles, which
is critical for: (i) minimizing aggregation ahe nanoparticles, (ii) passivation of the
surface of the nanoparticle and (iii) maximizing the compatibility between the particles
and the polymer matrix. As mentioned before, properties at the inorgaysnic
interface generally differ from that of éhbulk polymer and these properties become
increasingly dominant as the nanoparticle size is reduce (i.e. increasing surface area per
volume)®* “% A comprehensive understanding of the role of the interface must therefore
be developed in order to fatdie rational development of dielectric hanocomposite

materials.



1.3 Metal oxides in organic electronic applications

As discussed in section 1rany organic electronic applications employ metal
oxides as an integral part of their device structure. For exarmplOPVs, TCOs have
found uses as electrodes that provide optical access as well as serving as a port for charge
extraction. In some device architecture TCOs are also used as interlayers that mediate the
flow of charge between the active layers and theteded*” The choice of TCO
usually depends on whether or not the metal oxide has the appropriate band alignment for
charge extraction as well as its physical compatibility with the adjacent layers. The ease
of processing, and the cost and availapitf the metal oxide are also factors that are
usually taken into account.

In a similar manner, the development of dielectric nanocomsaslies on the
dispersal of high permittivity particles into a suitable host polymer matrix. The uniform
dispersionof nanoparticles in the polymer matrix is crucial to the success of this
approach and it must be done in a manner that minimizes both porosity and
inhomogeneous electric fields that often lead to premature f&iflkéere too, being able
to manipulatehe interface in a manner that reduces loss and maximizes both dielectric

strength and storage capacity is crucial to the development of the technology.

1.3.1Electronic structure of metal oxides
In order to discuss the measures that can be taken to tailprdperties of the
hybrid inorganieorganic interface, a description of the metal oxide structure must first

be established. From first principles we can recall that when electrons from two valence
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atomic orbitals combine to form a chemical bond two newtalsbresults: (i) a bonding
orbital and (ii) an antibonding orbital, which are lower and higher in energy relative to
that of the sum of the energies of the individual electron orbitals, respeétiety.

solids the concept remains the same; therefol electron orbitals combine then N
possible energy levels will result half of which will be lowered in energy and half raised
in energy. The energy difference between the orbitals that are raised in energy is usually
small so the levels smear out forgiwhat can be considered a continuous band; the
same is true for the orbitals | owered in
el ectrons creating a so called valence
forming a conduction barléf “° The electron occupancy of these bands (or the levels
therein) follow FermiDirac statistics and is dependent on the temperature (T) and the

density of states (DOS) available for population as demonstrated by equation 1.3.

A ——- Equationl.3)

where f(E) is the probability of finding an electron at an energsl Ig%), E-is the Fermi
l evel as defined previously i n section

distribution is shown graphically in Figure 1.3.
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Figure 1.3 lllustration of the filling of bandsni (a and b) metals and (c and d) intrinsic
metal oxide semiconductors according to Feimac distribution statistics (red trace). In
the figure, CB represents the conduction band, VB the valence band, dimel &ptical
band gap. The electronic structuveen T = 0 K is depicted in (a) and (c) while T >> 0 K
is represented in (b), and (d).

In metals no distinction can be made between the conduction and valence bands because
there is significant overlap between the occupied and unoccupied states. Téssimak
easy for electrons in the valence band to populate the conduction band and, in so doing,
render metals as highly conductive materials. In contrast, intrinsic semiconductors have
a band gap (& which presents a barrier to the promotion of chargeldaonduction

band. When the temperature is 0 K only bands at the Fermi level or lower can be
populated as shown in (a) and (c) for the metal and the intrinsic semiconductor,
respectively. In the semiconductor, the Fermi level is found in the middlesdfahd

gap which reflects that the probability of finding an electron in the VB is very high and
very low in the CB but it does not imply an occupiable energy level or density of state

(DOS) in the gap. At temperatures much greater than 0 K electronscemeted to
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higher energy levels making it more likely for them to populate the conduction band. In
semiconductors, population of the conduction band occurs more readily in materials

with smaller band gaps (~4LeV), which is what distinguishes them fronsilators**

44, 45]
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Figure 1.4 Schematic band diagram, density of states, F&imaic distribution, and
carrier concentration for (a) intrinsic, (btype, and (c) fiype semiconductors at thermal
equilibrium. In this figure the conduction band minimumg)(Ethe valence band
maximum (E), and the band gap {Fare depicted. ED, EA and ND, NA are the energy
levels and density of states associated with the donor and acceptor, respectively. The
concentation of carriers is represented by n and p faype and pype dopants,
respectively. Reproduced from Sze and¥g.
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Often times the carrier concentration in intrinsic semiconductors are too low for
them to function efficiently as conductive materials donor impurities are added
through a process known as doping in order to boost their conduciiviey.doped
semiconductors are said to be extrinsic. If the energy levels in the donor that is added to
the semiconductor lies close (within a few kT) tce tkonduction band of the
semiconductor such that an appreciable amount of carriers can be promoted to the
conduction band under ambient conditions the semdigctor is termed -type. In this
case the majority carriers are electrons and the Fermi levid &hwiards the conduction
band. In a similar manner, when the dopant levels are closer to the valence band edge p
type semiconductors are created in which the majority carriers are holes and the Fermi
level shifts towards the valence batd*¥ This is presented graphically in Figure 1.4

along with the corresponding DOS, Fetidirac distribution and carrier concentrations

1.3.1.1The electronic and crystal structure of indium tin oxide (ITO)

Indium tin oxide (ITO) is to date the most widely used TCO in hetaobjon
organic photovoltaic (OPV) cells because of its high optical transparency (~90%),
electrical conductivity (~10q™* cm?) , sheet resistance in
compatibility with current lithographic techniqué®” The electronic structuref ITO,
as depicted in Figure 1.5a, is comprised of a conduction band made up of In(5s) orbitals
and a valence band comprised mostly d) levels. Most commercially available ITO
is doped with about 204% Sn which creates levels close to or withia donduction
band thereby rendering the material conducffdn addition, thermal treatment of the

metal oxide during processing often results in the creation of oxygen vacancykités
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act as rtype dopants donating two electrons to each vacdrchhis further contributes
to the conductivity of the semiconductor. Figure 1.5b shows the <100> termination of the
bixbyite crystal structure of Indium tin oxide with possible oxygen vacancy shown in

white.

b) ki
(a) — (b)
E
In: 5s

Vois?  2003eV  Sn :5s!

0%:2p8 <100> surface plane
~2.5 atomic layer
In :3d'°

Figure 1.5 Schematic energlgand model for Swloped InO3z(a) reproduced from Fan
and Goodenough® Crystal structure of the <100> surface of the bixbyite lattice of
In,O3 (b) reproduced from Warschkost al>®

1.3.1.2Electronic and crystal structuré lmarium titanate

Barium titanate (BT) is one of the most utilized metal oxides in the field of
dielectrics. Figure 1.6 shows the electronic structure of BT, which has a conduction band
edge made up of Ti (3d) orbitals and a valence band edge comprstly of O(2p)

levels and a band gap of approximately 3.2 eV.
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Figure 1.6 Schematic energ?and model for BaTi@ E; indicates the optical band gap.
Reproduced from Gaet al®*

The oxide belongs to theemvskite family of compounds that have the general
composition of ABQ. The dielectric properties of BT stems from the ability of tife O

and Ti* ions to be displackor become polarized relative to the?Baations in the
presence of an electric fieldh& polarization response, as well as the phase composition
of BT, depends on both the size of the particle and temperature. It is generally accepted
that the dielectric constant of BT nanopatrticle increases over the particle size range of 40
to 140 nm andhen decreases from 140 to 450 Af¥ An example of the particle size
dependence of the dielectric constant of BBhewn in kgure 1.7. In addition to the
change in the dielectric constant, variation in particle size also affects the phase
compositim of BT % Currently, there is an ongoing debate about what the critical
particle size is for BT to transition from a cubic phase to a tetragonal phase at room
temperaturé&?® > 5®IFigure 1.8 shows the cubic and tetragonal of crystal structuB& of
along with their lattice parameters. Due to the displacement of the atoms in the tetragonal

structure, this form of BT has a permanent dipole moment and exhibits
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Figure 1.7 Plot showing the dielectriconstant of BaTiO3 as a function of particle size.
Reproduced from Wada and compd&tiy.

ferroelectric behavior (i.e., a spontaneous polarization in the presence on an electric
field). In contrast, cubic barium titanate has no permanent dipole momeunhdejoes
induced polarization when placed in an electric field (paraelectric behavior). The profiles

for ferroelectric and paraelectric behavior are also shown in Figure 1.8
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O'V o 00:\;: o
o o P
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(iv)

Figurel.8 Crystal structures f (i) cubic [a = b = <c¢] and (
titanate. The green, blue, and red spheres denote Ba, Ti, and O atoms, respectively. The
arrows in b show the direction of displacement for the Ti and O atoms with respect to the

Ba atom. Remduced from Yashimat al®® The polarization profiles for paraelectric

(i) and ferroelectric (iv) behavior are also shown. The polarization profiles were
reproduced from Bigl{”!
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The cubic to tetragonal phase transition can also be induced byathegitation and the
temperature at which the phase conversion takes place is referred to as the Curie
Temperature (J). Since the exact value ot &nd, by extension, the crystal structure of

BT under given conditions depends strongly on particle!€izthe controlled synthesis

of nanoparticles is critical for tuning the dielectric properties of Ba{fgure 1.9).
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Figure 1.9 Size effect on the calcud spontaneous polarization of single domain
tetragonal BaTi@in the fine particles. Reproduced from Yashietal®

1.4 Use of monolayers to control the electronic and chemical
properties of metal oxide surfaces
The electronic and chemical propertefsmetal oxide surfaces can be controlled
via functionalization with molecular modifiers. To this end, surface modifiers have
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proven to be a very effective chemical tool for tailoring interfaces in numerous organic
electronic platforms. These molecules ¢@nconsidered to comprise of three principal
parts namely: (i) the anchoring/head group that binds to the substrate and determines the
strength of the interaction at the surface; (ii) the linker/spacer that facilitates the stability
and organization of tamonolayer and acts as a physical barrier; and (iii) the tail group
that acts to change the chemical functionality at the surface, alter the substrates electronic
properties depending on it polarity and serve as sites for further chefffistrgraphica

representation is shown in Figure 1.10.

Taill —> 0O (
} Linker/spacer
Anchor/head ——>

Substrate

Figure 1.10 Schematic of a monolayer of surface modifiers attached to a substrate with
the various constituents of the monolayer highlighted. Figure adapted.énoeet al>®

Each constituent of the monolayer can be synthetically tuned independently of the other

thereby making this a very attractive approach towards manipulating surfaces.

141Modul ating work function (0) with dipol a
Generally, whenwo dissimilar materials are brought together an energy barrier is

usually created that precludes the efficient transfer of charge across the interface. These
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barriers can be reduced by tuning the work function (i.e. the energy difference between
the Fermiand vacuum levels) of the electrode or the IP and EA levels of the adjacent
active layer®M®% The former is a very attractive approach since the work function of
the electrodes can be moderated by surface modifying them with dipolar molecules. In
this approachgenerallythe work function will be reduced if the molecular dipole is
pointing towards the surface and will increase if the dipole is directed away from the
surface. An illustration of changes in the frontier orbital energy levels that can occu
when a prototypical holansporting layer (HTL) is brought in contact with ITO is
depicted in Figure 1.11. The initial energy levels in both the ITO and HTL are shown in
(a) prior to contact. Since the Fermi level in the HTL is higher than that eféb&zode

once the HTL is brought into contact with the ITO an electronic equilibrium is
established (b) by the transfer of electrons from the HTL to the ITO. In this scenario, the
local vacuum level at the interface changes and is accompanied with draiddo The

Fermi levelis shifted into the conduction band and in so doing increases the barrier to
charge transfer. When a dipolar molecule is used to modify the ITO surface and the HTL
subsequently brought into contact with the ITO (c) the local wamktfon is increased,
which is consistent with the dipole moment of the modifier pointing away from the
surface and the consequent increase in the vacuum level at the surface. This results in a
reduction in the barrier to charge transfer at the interfdaéve to both the preontact

and the unmodified surface.
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Figurel.11 Schematic energy level diagrams representing three different heterojunctions:

(A) an ITO electrode with prior to contact with a fotype HTL; (B) the heterojunction

in (A) after electronic equilibrium has been achieved, (C) as in (B) but starting with an
ITO electrode modified with a dipolar small molecule modifier, which increases the
effective work function for ITO at the ITO/HTit e r f ggisethe empigy barrier to
hole transfer, g is the vacuum level, IP is the ionization potentiaks\e is the
conduction band minimum, and/dy is the valence band maximum. All other symbols
are as established in previous sections. Repemtifiom Hotchkisgt all*®

In theory, the observed change in work function can be broken down into three
components: (i) bond dipole (BD) that stems from the chemical attachment of the
mol ecul e to the surf ace; y) broaughjabogt dy sudater y
reconstructi on agk),dvhich isinfluaed by theé digole memer(t gb the
molecule’®” Of the three components, the surface dipolefien consideredo bethe

largestcontributor to the change in work function and is exg@dsanathematically as

3B — Equation1.4)
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where N is the surface caege, | is the dipole moment of the modifier normal to the
surface of ihse tshueb spg eramiet, t i iytisythe effective r e e
dielectric constarit™

Hotchkisset al'®® examined, both experimentally and theoretically (DFT), the
correlation between the calculated dipole moments for a series of benzylphosphonic acid
modifiers and the observed change in work function relative to unmodified ITO. The
molecules were chosen such that their relative degrees of fluorination would lead to
significant changes in the magnitude of the induced surface dipole normal to the surface
once the ITO was functionalized. The results for this study are presented in Figure 1.12.
It is important to note that only one molecule had its dipole moment potoivayds the
surface (i.e. positive 1 so all the other modifiers are expected to increase the work
function relative to bare ITO; this is indeed the case. In this study the work function was
tuned over a range of approximately 1.3 eV. This demonstraaédthi work function of
ITO can be systematically tuned by employingoftaryl molecules by varying the
number and positions of fluorine substitutions.

Goh et al®*® examined the effects of molecular surface modification in hybrid
inorganicorganic phadvoltaic cells and the results are presented in Figure 1.13. Here a
systematic investigation of the effect of employing a series of dipolarsspasdituted
benzoic acids with varying calculated dipole moments on the energy offset at the TiO
polymer inteface and the open circuit voltage was investigated. Flualoped indium
tin oxide (FTO) was used as the electron selective contact electrodegsTike electron

transporting layer (ETL), a 160 nm thick poly8xyl thiophene) as the HTL and
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oxidized Ag as the hole selective contact (a). Voc and Jsc are plotted against the

calculated dipole moments of the molecules (b).
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Figure 1.12 Plots comparing the changes in work function measured by UPS (red) and
evaluated by DFT (blue) as a function of the calculated dipole moment normal to the

surface, for the six PA molecules depicted at the bottom, listed from left to right in the
same sequence as the data points. Reproduced from Hoeth#iSs

Relative to the unmodified titania, Voc increases and decreases depending on whether the
dipole moment of the molecule is pointing away (i.e. negative pz) or towards (i.e.
positive pz) the surface, respectively. Analogously, strong enhancements in the short
circuit current (b and d) are observed when molecules having their dipoles directed

towards the TiQare used compared to those with their dipoles pointing away from the
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metal oxide, relative to the unmodified surface. Even when there is no illumination (c)
there is an offset in the-V curves that can be correlated to the calculated dipole
moments. These results indicate that the main effect of changing the dipole moment at
the interface is modulation of the energy level offset at the titania/polymer interface.
Further, this provides direct evidence that the efficiency of OPVs can be modulated via

appropriate surface modification techniques
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Figurel.13 Schematic of bilayer TieYP3HT devices with dipolar moddation of titania
surface (a). T h e t Ragooupeon thegpasatpasition bf ¢he lsenzbis t i t u e
acid accompanied with calculated dipole moment. Wh@ndJs; of devices shown in (b)

are plotted against dipole moment of the modifié?é curves of the hybrid bilayer

devices with and without interface modifications employpaga-substituted benzoic

acid derivatives (c) in dark and (d) under llumination. The dashed line is drawn as a guide

to the eye. Reproduced from Gehal!*®
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1.4.2Surface enegy matching in organic electronics

Surface energy (92) iI's considered a mea:

energy at an interface. In organic electronic devices the surface modification is not only
important for manipulating the energy levels at the surface but also for contibiéing
physical interactions (Figure 1.14). Controlling the surface energies of both phases allows
for the preparation of homogeneous films, minimizes pinholes, improves device lifetime,

and increases the adhesion of the organic phase to the metal orxitetaiuface® &4

polymer
deposition
'—>
(2] —————
unmodified substrate poor wetting of polymer

") m———— T —
increase in

good wetting of polymer poor wetting of polymer

temperature

SSIRNNNNNNG . IRiiidkisiiissis

N
(c} N -0 i ————————————

surface modified with monolayer temperature good wetting of polymer

Figure 1.14 lllustration of the physical interactions between a substrate and deposited
polymer. (a) Hydrophilic substrate that does not interact well with the deposited polymer,
thereby causing inhomogeneous coating of the polymer on the surface. (b) Initial good
wetting of the polymer which displays poor wetting after an increase in temperature
and/or over time. (c) Substrate modified with a monolayer that changes the surface
enery of the material in such a way as to interact more favorably with the polymer,
resulting in lasting homogeneous film coverage. Reproduced from HotelldEs
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Improving the adhesion between the polymer and the inorganic phase increases the
effecive contact area and, consequently, provides for greater electronic contact between
the two materials. This often results in reduced contact and sheet resistance. In OPVs,
having greater electrical contact significantly impacts the charge transfer rates an
densities across the hybrid interfate®® Analogously, it has been demonstrated that the
modification of the filler particles with the appropriate ligarah aesult in improved
breakdowrstrength and reduced loissdielectric nanocomposité¥

The ability to wet a surface can be qua
where smaller angles correspond to better matching of the surface energies and vice
ver sa. Surface energy is &pwhzh acsoents foo f a
permarent and induced dipoles as well as hydrogen bonding, and a dispersive component
( 9 due to instantaneous dipole moments. The sum of both components gives the surface
energy. Using this approach, Paniagual!® were able to examine the surface energy
of ITO modified with a series of phosphonic acid molecules (Figure 1.15). The results of
this study showed that there is a marked reduction in the surface energy of the modified
ITO surface relative to the untreated electrode. Most of the change appeamsetérom

a diminution of the polar component due to the introduction of new terminal/tail groups

at the surface.
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Figure1.15 Harmonic meastdetermined surface energies)(broken into their polangp)
and dispersionaéd) components for ITO and after DSC/OP activation and modification
with the phosphonic acids. Reproduced from Paniagasi™®

1.4.3Anchoring groups for the modification of metal oxide surfaces
Generally organic surface modifiers are classified according to their anchoring
group; several of which have been used to successfully modify the surface of metal
oxides. Among the functional groups mostly investigated for this purpose are silanes,
carboxylic acid, and phosphonic acids. Each of these head groups present andgabke
of modulating the chemical, physical and electrical properties of interfaces, but they also
pose unigue challenges that must be taken into account when modifying surfaces.
Silanes ee particularly attractive molecules for surface modification because, in
addition to being able to functionalize metal oxide surfaces, a wide array of them is
commercially available. The reactivity of these silidmased molecules towards the
surface of metal oxides is dependent on choice of hydrolysable group that is used as the

anchoring moiety. The commonly used terminations include alkoxysilane and
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chlorosilanes the latter being very reacffte. The mechanism of formation of
monolayers on the surfacé metal oxides is believed to commence with the hydrolysis
of the terminating moiety to form silanol groups -(3H) followed by hetero
condensation with hydroxyl groups on the surf&cé® Unfortunately, the silanol groups
formed in the first step sb have the propensity to hetemandense with neighboring
molecules, thereby forming a thrdanensional molecular network on the surface. The
balance between homo and heteomdensation is highly dependent on the amount of
water present during the refmet and, as a consequence, so is the quality of the layer of

the film formed on the surface (Figure 1.18)7
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Figure 1.16 Schematic representation of the influence of water content on the surface
madification of an oxide by a trimethoxysilane. Modified from Mugirnal!"®!

Additional factors such as deposition time, temperature and pH also affect the initial

hydrolysis, which makes the deposition of a single monolayer of silane difficult. In the

27



event that one is able to successfully deposit a monolayer of silane on a surface, the
fidelity of the layer can be easily compromised by further hydrolysis if the sample is
stored under ambient conditions. It is also important to note that during the cabalifi

of metal oxides with silanes alcohols or acid (HCI) are generated as side products, which
may also adversely affect the surface.

Another class of compounds used to prepare monolayers on surfaces is carboxylic
acids. In this case the acid can paptate in hydrogen bonding with the metal oxide
surface or generate the carboxylate anion via-bage chemistry, which subsequently
interacts with one of the metal centers of the suffac&! The interactions that result
from the latter scenario udyaoccurs through a variety of modes including: (i) as a
monodentate ligand, (ii) a bridging chelate and (iii) a bidentate chetdféRegardless
of the mode, the strength of the interaction is relatively weak, which predisposes
carboxylic acid monalyer to be easily cleaved from the surfd@eDespite these issues,
carboxylic acids have been effectively used to tailor the interface properties in many
organic electronic devices to improve their performance. Irséysitized solar cells, for
example carboxylic acid head groups are almost exclusively used to anchor the
photoactive dyes to the electrode. Armstrengl'®®% have demonstrated the utility of
carboxylic acids improving heterogeneous electron transfer at thedTOinterface in
both OPVs, due to an improvement in the electrical contact between the two layers.

Phosphonic acids have been found to form very robust monolayers on the surface
of metal oxides. Unlike silanes, phosphonic acids do not readily undergo- homo
condensation unés exposed to high temperatures and anhydrous condfffons.

Therefore, surface modification with phosphonic acids usually result in the formation of a
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single monolayer; additional physisorbed molecules that can be easily removed with
rinsing. It is beli®@ed phosphonic acids can bind to the surfaces of metal oxides via either
of the two different mechanisms shown in Figure (1.17). In the mechanism 1, the acid is
first oriented at the surface of the metal oxide, via Lewis acid coordination of the
phosphoryloxygen, and then subsequently undergoes hetmrdensation with hydroxyl
groups on the surface. In the second mechanism, a nucleophillic attack by the surface
hydroxyl groups on the phosphorus center results in the cleavage oChebBnd and

the formdion of ROM bonds.
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Figure1.17 (1) Mechanism of phosphonic acid attachment to Lewis acidic metal oxides:
(a) initial conditions, (b) coordination of the phosphoryl oxygen to a Lewis acidic site on
the aurface followed by heterocondensation with the now more electrophilic phosphorus,
(c) additional heterocondensation, and (d) final tridentate binding state. (2) Mechanism of
phosphonic acid attachment to poorly Lewis acidic metal oxides: (e) heterocdraensa
with a surface hydroxyl group, (f) second heterocondensation with the surface, (Q)
bidentate bound state, and (h) hydrogen bonding of phosphoryl group with surface
hydroxyl. Reproduced from Hotchkiss al*®!
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1.4.3.1Mediating charge transfer by anchorig@ups

While there are many studies demonstrating the use of organic molecules to
control the chemistry at surfacesuchstill remains to be understood about the role that
the anchoring group plays in controlling the kinetics of charge transfer at takaxiee
organic interface. Several studies have highlighted the dependence of the local interface
electronic structure on the choice of tethering group.

Nilsing et al®¥ examined the electronic structure and adsorption of pyridine rings
attached to armanatase (101) TiDsurface via phosphonic and carboxylic acid groups
using density functional theory calculations. Their findings indicated that, while the
phosphonic acid anchoring group bonded more strongly to the substrate than the
carboxylic derivative the latter reduced the injection tirbg half from 35 fs to 17 fs.
owing to better el ectronic coupling betwe
conduction band of the metal oxide.

Ernstorfer et al® conducted transient absorption studies teestigated the
heterogeneous electron transfer between a perylene chromophore anchored to TiO
anatase via two different anchoring groups namely: phosphonic and carboxylic acid. The
time constants for the electron transfer process were 13 and 28 fs boxyder and
phosphonic acid, respectively. This again shows that the carboxyli@maciwbred dye
facilitates higher electron transfer.

In a similar study Hyuret al® compared the rates of electron transfer from PbS
to TiO, through a series of thi@ontaining molecules with varying anchoring groups (4
mercaptobutryic  acid, = 4mercaptobutylphosphonic  acid,-(m8&rcaptopropyh

trimethoxysilane and sodium -rBercaptopropanésulfonate) by examining the
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fluorescence decay. It is important to note that alhtieéecules investigated in this study
had a threearbon linker except for the phosphonic adile decay times based on an
exponential fit of their experimental data for the silane, carboxylic acid, phosphonic and
sulfonic acid groups were 77, 12, 5.8 &8 ns, respectively. In this case the phosphonic
acid performance was superior to the carboxylic acid but the sulfonic acid proved to be
the most effective anchoring group. The authors attributed the differences in electron
transfer rate to the variatiom the degree of electronic coupling of the states in the
molecule to the states in the metal oxide.

Martini et al®® examined zinc porphyrins coordinated to Ti@a pyridyl linkers
with caboxylic, phosphonic, and hydroxamic acid groups usingtasdved tetrahertz
spectroscopy. These efforts were geared towards the development of photoanodes for
light-driven water oxidation, in which stability in an agueous environment is as important
as charge injection efficiency. The carboxylic acid was, againdi@a be more efficient
but less robust than the phosphonic acid. The hydroxamic acid, however, was as stable
and efficient as the phosphonic and carboxylic acids, respectively. Taken together, these
studies show that the charggansfer kinetics at the ganicinorganic interface can be
mediated by the anchoring group, and its ability to couple into the electronic levels of the

metal oxide.
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1.4.3.2Anchoring groups and their role in binding and molecular orientation at the

surface

As discussed in section 1.4dlpolar molecules can be used to adjust the work
function at the inorganiorganic interface thereby moduteg the injection efficiencyn
various organic electronic devices. Recall that the change in work function brought about
by modifying a surface cabe described as the combination of three factors: (i) the
surface dipole induced by the molecular dipole; (ii) the bond dipole that results from the
covalent attachment of the molecule to the surface; and (iii) the surface reorganization
due to the relaation of the surface upon the binding of the molecule. Since the largest
contributor to the work function change is often considered to be the induced surface
dipole, which is derived from the molecular dipole normal to the surface, understanding
the modeof binding to the surface of metal oxide is important for modulating frontier
orbital energetic. The binding interaction vary among anchoring groups and leads to
different molecular orientation as well as differences in the magnitude and direction
dipole nolecular moment relative to the surface of the metal oxide. All these factors will
have a significant effect on our ability to modulate the work function; therefore,
developing an understanding of binding and orientation is important for the advancement
of organic electronics. A substantial amount of work has been devoted towards
examining the binding of various surface modifiers, including thidls,
silaned®®carboxylics acid®” and phosphonic acit& > "to metal oxides. Owing to
their affinity for metal oxides and the robust nature of the bonds formed, the Marder

group hasexaminedthe wse of phosphonic acid$o tune the interfacial energetcof
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organic electronics. Most of whaasbeen outlined regarding phosphonic acids suggests

the formaion of RO-M bond (where M represents a metal center) to the substraiteh

can take on any of the combination of binding configurations depicted in Figure 1.18
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Figure1.18 Some possible binding mode$ phosphonic acids to a metal oxide surface,
where M = metal: Monodentate (a and b), bridging bidentate (c and d), bridging tridentate
(e), chelating bidentate (f and g), chelating tridentate (h), and some possible additional

hydrogen bonding interactioffisl).Reproduced from Hotchkiss a

|. [16]

Gliboff et al’® examined the orientation of phenyl phosphonic acid on an indium

zinc oxide (1ZO) surface using polarization modulation infrared reflection absorption

spectroscopy (PMRRAS) and neaedge Xray absorption fine structure (NEXAFS) and

compared to results of density functional theory (DFT) calculations. The experiments

showed that the monolayer was well ordered with a tilt angle of 15 £ 4°, which was in

good agreement in with the DFT data. Inatet publicatiof” the author examined the
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effect of fluorination on binding and orientation for aryl (phenylphosphonic acid [PPA]
and 3,4,8trifluorophenylphosphonic acid {PPA]) and alkyl (octylphosphonic acid
[OPA] and 3,3,4,4,5,5,6,6,7,7,8,8@decafluorooctylphosphonic acid {§OPA])
monolayers on ITO using the same techniques. The fluorinated version of OPA had a
smaller displacement angle from the surface normal of 30° £ 5, compared to 41° £ 8 for
OPA. The smaller displacement observed i®FFA was attributed to steric effects. In
contrast, fluorination of the PPA produced a less upright structure with a displacement
from the surface normal of (27° + 4) compared to (19° + 4) observed for PPA. Here the
differences between the aryl molecules weseriaed to the molecules having different

binding modes on the surface.

1.5 Redox monolayers as a tool for probing the kinetics of charge
injection at the metal oxideorganic interface
As outlined in theprevious two sectionghe local electronic couplinggnd by

extension, the chargeansfer properties at the orgamilectrode interface can be
mediated by the anchoring moiety of surface modifiers. These findings highlight the need
to decipher the role of anchoring groups in mitigating chénagesfer kinécs at the
TCO-organic interface. The combination of synthetic tunability and electroactivity makes
redox monolayers an excellent means of investigating the kinetics of charge transfer at
the hybrid interface. These molecules usually contain a termioapghat is capable of
being oxidized and/or reduced in solution when an external potential is applied. While the
rates of solutiorbased charg&ansfer processes cannot be directly extrapolated to solid

state device kinetics, the electrochemical templateserve as a guide for understanding
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photainduced electron transfer processes thereby facilitating a model that can be used to

design suitable surface modifiers.

1.5.1Ferrocene as a redox probe for the electrochemical determination of electron
transfer rates

Ferrocene serves as a good prototypical probe for these studies because its
electrochemical properties have been well charactefizet! it has been extensively
used to study electron transfer rates from various electrodes, and it is also goluble i
many organic solvent& Also, the oxidation potential of ferrocene is cargble to
some commonly usdable transporting materials such as polgékylthiophene) (+ 0.18
V vs Fc/F¢)®! and 4,4-bis-(m-tolyphenylamino)biphenyl (TPD; 0.35 Ws Fc/F¢).*
Furthermore, it has been demonstrated that the integration of ferrocene dicarboxylic acid
modifiers/interlayers into OPV cells resulted in lower contact resistance, and
consequently, an improvement in the power conversion efficificihe improement
was mostly attributed to the ability of the modifier to provide accessible pathways to the
electrically active domains of the heterogeneous electrode and simultaneously serve as an
electroactive contact for the adjacent active layer.

1-Ferrocenyl4-trichlorosilylbutane was synthesized by ¢f al®® and used to
characterize the electron transfer properties from a series on transparent conducting
oxides including: commercial and iassisted deposited (IAD) indium tin oxide (ITO);
metalorganic chental vapor deposited (MOCVD) cadmium oxide (CdO); MOCVD
zinc indium tin oxide (ZITO); and IAD kDs. The results are summarized in Figure 1.19

and Table 1.1
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Tablel1.1 Relevant properties of various TCOs amndlic voltammetry of selhssembled
ferrocenebased monolayer films on various TCO surfaces at a scan rate of 0.1 V/s.
Reproduced from Lét al®®

TCO Epd/Epc aEp gEp12 Coverage Electron
(mV) (mV) (mV)  (mol/cnf) transfer
x 10%°  rate (§)

asreceived ITO 963/923 40 93+2 6.6 6.65
MOCVD-CdO 1028/894 134 96+ 1 8.1 0.42
MOCVD-ZITO 984/944 40 94+ 3 7.6 7.12
IAD-ITO 994/942 52 90+ 2 7.2 5.07
IAD-In,05 1076/859 217 165+ 2 6.7 0.03

Epa and E are the oxidation and reduction peak potentials efelectroactive molecule
andgEp is the width at half height of the oxidation peak. All measurements were taken
vs a Ag reference electrode.
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Figure 1.19 Cyclic voltammograms of ferrocesmsed monolayers chemisorbed on
various TCOst 0.1 V/s scan rate.

From the voltammograms and Table 1.1 they conclutieat the microstructure and
electrochemical properties at the interface differ among the variously prepared TCOs as
evident in the differences in the redox peak potentialsgBd E,;) and peak separation

(gEp;) which was attributed in part to the heterogeneity of the chemisorptions sites
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among the metal oxides. To a lesser extent, the differences in the observed redox
behavior can partly be attributed to the lateral interactions between the ferrocene tail
groups, which is qualitatively represented by the peak width at half he@ht,g. In

theory, surface confined redox molecules that exhibit ideal behavior according to the
Nernst equatiorfwill be shown in the subsequent sec}isinould have &, 1, of 90.6/n

mV. The greater the interaction between the redox sites the larger the deviation from the
ideal value. They also found that ITO that treated with an oxygen plasma gave higher
electron transfer rate (9.23)sand coverage (7.8 10*° mol.cnf) conpared to the as
received ITO that gave a rate of 6.65a5d a coverage of 6:610*° mol.cn?.®® Among

the other metal oxides examined, the CdO and 1ZO that were prepared from metal
organic chemical vapor deposition gave the highest coverage (BY1° mol.cnf) and

rate (7.12 3), respectively. Vercellet al’®® compared the coverage and stability of two
separate Hexylferrocene molecules that were terminated by either a carboxylic or
phosphonic acid anchoring group on ITO. The phosphonic acichefbra robust
monolayer and gave coverage of 4240'° mol.cm? The carboxylic acid was weakly
tethered to the surface of the ITO and gave coveragexdfor’ mol.cni?, approximately

four times lower than that of the phosphonic acid.

1.5.2Electron transfer in an electrochemical cell

Electrochemistry can be used to investigate the processes occurring at the
interface between an electrode (working electrode) and an electrolyte (i.e. an ionic
conducting solution) containing a redox active species. Electmosfar processes of this

kind are often referred to as being heterogeneous. The chemical process taking place in
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an electrochemical cell can be considered to be two separateedetibns : (i) the
oxidation half and (ii) the reduction half. Both hadiections depend on the potential
difference applied between the working electrode and a reference electrode. Prior to
immersion of the electrode into solution, the electrons occupy a range of energies
according to the band models shown in section 1.3.1.1hendlectrode is considered to

have a fixed chemical potential. When thecefede is placed in solution aguilibrium

is reached between it and the electrolyte solution via the transfer of charge. If the
potential of the working electrode is further vém towards increasingly negative
potentials the electrons in the electrode will reach a sufficiently high level where they can
be transferred to a vacant molecular orbital of any redox species in solution (reduction).
Analogously, driving the electrodewviards positive potentials will lower its level such

that an electron can be transferred from an occupied state of the electroactive molecule to
a vacant state in the electrode (oxidation). Both these scenarios are shown in Figure 1.20.
The rate at which #nelectron transfer proceeds depends on how quickly the electroactive
species can be supplital the electrode from solutiohe use of surface confined redox
monolayer circumvents this issue as the molecules are already tethered to the surface of
the eletrode. As such, when surface confined molecules are used, electron transfer is
primarily limited by the amount of the redox molecule present at the surface, the
movement of the electron across the interface, and the inherent internal resistance of the

electrode.
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Figure1.20 lllustration of the (top) reduction and (bottom) oxidation process of a species
M in solution. The molecular orbitals (MO) shown are the highest occupied and lowest
unoccupied/vacantrbitals.

The amount of redox molecule on the surface at equilibrium can be related to the

potential of the electrochemical cell (E) by the Nernst equation shown below:

Where E is the formal potential, T is temperature, Fis Faraday const ant |,
gas constant, n is the number of electrons transfeiRedl] is the concentration of the

reduced species, and [Ox] is the concentration of the oxidized species and a and b are the

stochiometric coefficients of the redox spetidét>H®!
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Consider a simple onelectron transfer heterogeneous process where a species

Ox receives an electron from the adjacent electrode to form Red

k
Ox + ne <—>; Red
kb

where, kand kg represents the rate of the forward and reverse reactions, respectively. At
equilibrium where the formal and applied potentials are the same the rate constants for
both directions are equal. Under these conditions, a new rate constant called the standard
rate constant can be defindd and ks for solution and surfaceonfined speds,
respectively. Large standard rate constant valkts 0.020 cm/s) indicate that the Ox

and Red species achieve equilibrium quickly and that the eletctmosfer process is fast,

while slow values indicate slugglish electron transfer. Away from ibguim (i.e. at
potentials otheE® the rate of the electron transfer process in both the forward and reverse

direction can be expressed according to equations 1.6 and 1.7.

E EAODIl & % j24 (Equationl.6)

E EAGH 11 % %j24 Equationl.7)
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where alphal{ )s the dimensionless transfer coefficient and all other parameters are the
same as befol&®"! Alpha defines the symmetry of the energy barrier between the Ox
and Red; it is an indicator of whether the transition Statéhe electrortransfer process

lies closer to the reactant or the product of the electrochemical reaction. This is shown

graphically in Figure 1.20 for the oxidat:i

a=0.5 y a>05 a<05 B+e

Free energy
Free energy
Free energy

| ' —_—

Reaction coordinate for oxidation reaction

Figure 1.21 Transfer coefficient as an indicator of the symmetry of the barrier to the
electrochemical reaction. Reproduced from BBAd.

The values of alpha range from 0 to 1, with % being a completely symmetric system.

Values less than ¥ indicate a trifios state closer to the Red and values greater than %

suggest a transition state closer to Ox.

1.6 The development of dielectric nanocomposites for energy storage
applications
The development of dielectric materials for electronic applications has been
advanced by the growing need for increasingly smaller energy storage platforms that are
capable of accruing and efficiently delivering large amounts of charge per unit
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volume!*2P900 \while notable progress has been made, the storage and recoverable
erergy capacities of current dielectric materials severely lags behind the requirements of
advanced applications. This necessitates a greater understanding of nanoscale dielectric
properties and the role of permittivity and dielectric strength of matetidlese length

scales. Polymeric systems, for example, are often employed as dielectrics because of their
high breakdown strength (> 300 V/um); however, they generally suffer from low
permittivity (< 15), which limits their achievable energy denSfty°! In contrast,
ceramic dielectrics possess high permittivity but they suffer from low breakdown
strength, which limits their energy densi§’’ The complementary nature of the
dielectric properties of both polymers and ceramics makes a composite cippooa
dielectrics appealing.

In nanocomposites the underlying idea is that the combination of the high
permittivity particles and large breakdown strength polymers could lead to dielectric
materials with substantial energy storage capacity. However, farmndispersion of
nanoparticles in the polymer matrix is crucial to the success of the approach in order to
minimize both porosity and inhomogeneous electric fields that lead to premature
failure 192% |n addition, the difference in permittivity betese the two phases often
results in early failure due to an uneven distribution of electric field between the
constituent$™'® Therefore, high permittivity polymers that have dielectric constants
relatively close to that of the inorganic phase are ddsir&ptimization of the particle
fraction in these matrices is also important in order to maximize the stored energy and

simultaneously minimize porosity. Control of the chemical properties of the nanoparticle
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surface through the appropriate surface modiion protocol is a viable way of preparing

low loss, high energy density dielectric nanocomposite materials.

1.6.1The use of parallel plate capacitors in evaluating the dielectric properties of
nanocomposite films.

In the simplest parallel plate capacitodielectric material is placed between two
metal electrodes across which a voltage may be applied. When a voltage is applied
opposite charges accumulate on each electrode, thereby creating a field across the
dielectric material*™ The amount of chargthat accumulates on the electrodes (Q) is
directly related to the applied voltage (V) via proportionality constant (C) that is referred
to as the capacitance. The capacitance can be described as the charge per unit volt
expressed in coulombs/volt or a F&K&). The relationship is represented mathematically

in equation 1.8 below.

1 #6 Equationl.8)

In general, the capacitance depends on the intrinsic properties of the dielectric material

and the geometry/dimensions of the parallel plate capacitor as depicted in equation 1.9

# RR-— Equationl.9)

wheries Ut he per mittiisvthetrefavemérmitivityeobthediplectice , U

material, A is the area of the electrode and d is the separation between the electrodes of

43



the devicé'*!! Based on the above equation, it is evident that the capacitance of a given
device may be altered by changing #rea of the electrode, the separation between the
electrodes or the relative permittivity of the dielectric. For the purposes of this thesis, the
focus will be on the dielectric material.

The charges that accumulate across the dielectric material rejstsed energy.
The maximum energy (& that can be stored on a device prior to its catastrophic failure
has a quadratic dependence on the maximum applied voltage TMs is shown in
equation 1.10. However, in the field of dielectric materials tbeage capacity is often
reported as the stored energy per unit volume (i.e. energy densgify, Which is
represented by equation 1.11 whegrgerEpresents the breakdown field in V/m and all

other variables are as defined before.

% ™ B Equationl1.10)

M®———  T®RR% Equationl.11)

1.6.2Polarization in dielectric nancomposites
The permittivity of a material (U*) can
real partmat®i haamdpant (U") having the mat

equation 1.12 whene= -
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R R B RrRrR F Equationl.12)

The ratio of the i1 maginary part sideredtiehe r e
dissipation factor ands a measure of the loss experienced in the material. Under an
applied electric field some of the fielshergy is dissipated through heat or conduction
currents. Generally, materials exhibit four types of polarization mechanism depending on

the frequency of the applied electric field (Figurel.22).
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Figure 1.22 Different types of polarization as a function of frequency. éectronic

polarization; R: atomic/ vibrational polarization; 4. dipolar/rotational/orientational
polarization; and ), translational/interfacial polarization. (a) Reproduced from Zina

Wand*®¥ (b) was adapted from MDITR the Wikit?
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Electronic and atomic polarizations originate from the respective displacement of the
electron cloud and atoms from their equilibrium position when a material is exposed to an
electric field. If tre material has permanent dipoles they can rotate or orient in the
presence of an electric field through rotational polarization. Translational or interfacial
orientation occurs in materials that have ionic species that can migrate under the

influence of arelectric field

1.6.3Methods of integrating nanoparticles into polymer matrices

In an effort to create nanocomposites with high storage capacity and low loss, a
variety of chemical approaches have been developed.eAion before in section 1.2.2,
one apprach that have been utilized by the Marder and Perry groups at Georgia Tech,
involves the functionalization of high permittivity (~ 80) barium titanate (BT)
nanoparticles with a suitable phosphonic acid monolayer followed by subsequent

integration into a pgmer host (Figure 1.233°7 108!

This approach afforded films with a homogeneous dispersion of particles in the polymer
matrix and a maximum permittivity of approximately 35 at 1 kHz and 50% v/v particle
loading. Beyond 50% volume fraction of partitkeere is a rapid decline in permittivity

that has been attributed to increase porosity in the matrix. The maximum energy density
measured in obtained from this study was about 3.23Htsn at 50% particle loading.
Even though high relative permittivitymd modest energgiensity value was obtaingtthe
breakdown field at 50% loading was about 210 V/um. The breakdown behavior seemed

to plummet around between 10% and 20% particle loading after which the decline is
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Figure 1.23 Dielectric characteristics of hanocomposites prepared from phosphonic acid
functionalized barium titanate and poly(vinylidene fluormehexafluoro propylene)
p(VDF-HFP). (a) Schematic illustrating the surface modification of BT, nanposite
formation and the geometry of fabricated nanocomposite film capacitors. (b) Dielectric
spectroscopy of nanocomposite films from 20 Hz to 1 MHz. (c) Calculated maximum
energy density (gray) and measured energy density (black; at 164 V/um). (djl@xeak
strengths at each volume fraction. Reproduced from égiai %!

more gradual. Liet al*® took a similar approach and functionalized barium titanate
with ethylene diamines in order to promote homogeneous dispersion of the
nanoparticles inpoly(vinylidene fluorideco-trifluroethyleneco-chlorotrifluroethylene)
p(VDF-TrFE-CTFE). The energy density measured at 150 MV/m was 7.0 J/cm3 for a
30% v/v loading of the nanoparticlehich constitutes a 120% improvement relative to

the neat polymer.
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An alternative approach towards developing high quality nanocomposites is the
direct grafting of the polymer matrix to or from the surface of the particleet!**!
demonstrated the effectiveness of this method by utilizing in situ atom transfed radica
polymerization (ATRP) to graft polymethyl methacrylate (PMMA) from the surface of
BT that was prdunctionalized with a brominated aminopropy! triethoxysilane (Figure
1.24). Using this approach composites withwall-defined coreshell (BT-PMMA)
structue were prepared with up to ~77 wt% of particle loading. Also, a marked increase
in the dielectric constant was observed (~14.6 at 1 kHz) relative to the neat polymer that

had a value of ~3.5.

\ /\/\"
(|J
-5"\/\,\
’/\/\NH
|4;.
(1) H,0,,105°C 4h
2) APS, toluene
:3; 0 \‘ ’\/\rm
Br
(4) CUBHPMDETA, MMA . &v
\ ’\/\un

Figure1.24 Schematic diagram illustrating the process of ATRP from the surface of BT.
Reproduced from Xiet al***!

A similar approach was utilized by L8t al™#* in which they prepared coshell
particles that had either a BT or zirconium oxide (gr€@ore and an aluminum oxide

shell, from which polypropylene was subsequently polymerized. Their approach allowed
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them to modulate the thickness of the aluminum shell and correlate it to the relative

permittivity of the composites prepatelhe results are presedtm Table 1.2

Table 1.2 Dielectric properties data for metal oxigelypropylene nanocomposites
having different AJO; shell thickness on the nanofillers. Modifier fromdtial!***!

Composite Nanofiller Permittivity Composite Nanofiller  Permittivity

vol (%) vol (%)
BaTiOs* 2 27+05 BaTiO,’ 3 27+0.2
4 2.8+0.3 5 29+1.0
13 6.0+1.1 7 51+1.7
24 3.7+0.6 14 2705
Zro* 2 2.6+0.9 Zro, 2 1.7+0.3
4 26+0.5 4 20+0.4
13 6.2+0.7 8 48+1.1
25 40+0.5 9 51+1.3

80ne deposition cycle of ADs3
*Five deposition cycles of AD;
While only modest permittivity only reaching6.2, was obtained, there was also a

suppression of the dielectric loss with increasingOAthickness.

1.7 Thesis Overview

The gradual shrinking architecture of devices coupled with the growing interest in
flexible electronics amplifies the need to gain a molecular level understanding of
interfaces and the role they play in modulating performaFioe work presented in this
dissertation focuses on the metal oxatganic interface encountered in photovol&c
dielectric nanocomposite capaciton®wever, he knowledge garnered will be applicable
to the wider organic electronics community.

Chapter 2 focuses on the synthesis and solution phase electrochemical

characterization of ferrocerdmsed redox modifiers containing various anchoring group
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(i.e. phosphonic, carboxylic, hydroxamic, and sulfonic acids) against an ITO working
electrode. In orderwtisolate and evalt@the role of the tetheringlsstituent on the redox
potential and the solution phase kinetics of electron transfer direct compasisemade

to ferrocene. The values of transfer coefficients and charge transfer mechanisms for the
various molecules are also presented. Cyclic voltammetry (CV) and cyclic square wave
voltammetry (CSWV) are the primary tools used in this stsdya comparison of the

information garnered from the both techniques will be presented.

Chapter 3 examines ehelectron transfer kinetics between a -ssdembled
monolayer of the ferrocerdsased redox probes synthesized in the previous chapter and
ITO. Here too, electrochemical CV and CSWYV studies will be used to examine the role
of the various anchoring group mediating the kinetics of charge transfer to the TCO.
Characterization of the quality of monolayers fornaed their impact on the electronic
structure of thénybrid interface is presented based on results obtained from ugiag X
photoelectron smtroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS) and

atomic force microscopy (AFM) measurements.

In Chapter 4 we investigate the binding of fluoroaryl acids, namely:
pentaflurobenzyl phosphonic acid (PFBPARd pentaflurobenzyl carboxylic (PFBCA)
to metal oxide using XPS and infrared reflection absorption spectroscopy (IRRAS). Aryl
fluorinated molecules were chosen owing to the relatively strong fluorine XPS cross
section as well as the strongFCvibrational modes generally observed in vibrationa
spectroscopy. Studies were conducted using both ITO and indium zinc oxide (1ZO) and

thedifferences surface chemistry and binding madepresented
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Chapter 5 examines the dielectric properties of composites prepared using PVDF
based polymer derivativepoly(vinylidene fluorideco-hexafluro propylene) [P(VDF
HFP)] and poly(vinylidene fluoridérifluoroethylenechlorotrifluoroethylene) [P(VDF
TrFE-CTFE)], and phosphonic acid surfa@enctionalized barium titanate (BT)
nanoparticles. In particular, thefefts of processing conditions, dielectric contrast and
nanoparticle loadingre examinedThe chapter concludes withdsscussion othe role
that the structure of the molecular modifiers plays in tuning the dielectric properties of

the nanocomposite film

Chapter 6 presents a summary of the main results garnered throughout this thesis,
their significance and broader impact. It concludes by putting forth a perspective on the

field of surface science and some of the challenges that need to be met.

51



1.8 Literature cited

[1] U. Seifert,Advances in Physic€997, 46, 13.

[2] R. MagetDana,Biochimica Et Biophysica ActBiomembrane4999 1462 109.

[3] J. M. White, C. T. Campbell., Chem. Educl98Q 57, 471.

[4] Z. Ma, F. ZaeraSurf. Sci. Ref2006 61, 229.

[5] F. ZaeraChem. Rec2005 5, 133.

[6] O. Kachurina, E. Knobbe, T. L. Metroke, J. W. Ostrander, N. A. Kdotady,).
NanotechnoR004 1, 347.

[7] V. Kumar,Corros. Rev1998 16, 317.

[8] M. Zebarjadi, K. Esfarjani, M. S. Dresselhaus, Z. F. Ren,@n(Energy
Environ. Sci2012 5, 5147.

[9] J. H. Taphouse, O. N. L. Smith, S. R. Marder, B. A. Cath;. Funct. Mater.
2014 24, 465.

[10] B. Goswami, A. K. Ray, S. K. Sahdyigh Temp. Mater. Processes (London, U.
K.) 2004 23, 73.

[11] A.J. McNamaraY. Joshi, Z. M. Zhangnt. J. Therm. Sc2012 62, 2.

[12] A. M. Adham, N. MohdGhazali, R. AhmadRenew. Sus. Energ. R@213 21,
614.

[13] Q. Wang, X. H. Han, A. Sommers, Y. Park, C. T'Joen, A. Jabubi]. Refrig.
2012 35, 7.

52



[14] A. J. Bard, M StratmannSemiconductor Electrodes and Photoelectrochemistry

Vol. 6, Wiley-VCH, Weinheim,2002

[15] D. K. GosserCyclic Voltammetry: Simulation and Analysis of Reaction
MechanismsVCH Publishers, New York,993

[16] P.J. Hotchkiss, S. C. JonesASPaniagua, A. Sharma, B. Kippelen, N. R.
Armstrong, S. R. MardeAcc. Chem. Re&012 45, 337.

[17] A. Sharma, B. Kippelen, P. J. Hotchkiss, S. R. Mardppl. Phys. Let2008 93,
163308.

[18] P.W. M. Blom, V. D. Mihailetchi, L. J. A. Koster, D. Elarkov, Adv. Mater.
2007, 19, 1551.

[19] G. Lanzani, R. Martinazzo, G. Materzanini, I. Pino, G. F. Tantardivepr.
Chem. Acc2007, 117, 805.

[20] D. P. Woodruff, T. A. Delchatodern Techniques of Surface Sciertdecond
ed., Cambridge University Psg 1994

[21] H. Klauk, Organic Electronics: Materials, Manufacturing and Applications

Wiley-VCH, Weinheim,2006

[22] S. R. ForrestiNature2004 428 911.

[23] S. B. Darling, F. YouRsc Advance®013 3, 17633.

[24] A. Marrocchi, I. Tomasi, L. Vaccardsr. J. Chem2012 52, 41.

[25] J. B. H. Tok, Z. BaoScience Chin&hemistry2012 55, 718.

[26] A. Lodha, R. SinghlEEE. T. Semiconduct. 2001, 14, 281.

[27] J. A. Rogers, T. Someya, Y. Huai@gience201Q 327, 1603.

53



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

A. DodabalapuriMater. Tocy 2006 9, 24.

T. Sekitani, T. Someya#dv. Mater.201Q 22, 2228.

J. D. TovarAcc. Chem. Re2013 46, 1527.

V. Coropceanu, H. Li, P. Winget, L. Zhu;Ll.BredasAnnu. Rev. Mater. Res.
2013 43, 63.

B. Kippelen, JL. BredasEnemgy Environ. Sci2009 2, 251.

R. Steim, F. R. Kogler, C. J. Brabdc,Mater. Chem201Q 20, 2499.

H.-C. Lin, Charge Transfer Processes Across Organic/Electrode Interfaces in
Organic PhotovoltaicsPh. D. Thesis, University of Arizona (Tucsogp13

C. J. Brabec, A. Cravino, D. Meissner, N. S. Sariciftci, T. Fromherz, M. T.
Rispens, L. Sanchez, J. C. Hummelkdy. Funct. Mater2001, 11, 374.

C. Goh, S. R. Scully, M. D. McGehek,Appl. Phys2007, 101

K. M. Knesting, H. Ju, CW. Schlenker, A. J. Giordano, A. Garcia, O. N. L.
Smith, D. C. Olson, S. R. Marder, D. S. GingkerPhys. Chem. Let2013 4,
4038.

E. L. Ratcliff, A. Garcia, S. A. Paniagua, S. R. Cowan, A. J. Giordano, D. S.
Ginley, S. R. Marder, J. J. Berry, D. OlsonAdv. Energy Mater2013 3, 647.

H. T. Vo, F. G. ShiMicroelectron. 32002 33, 409.

S. Ramesh, B. A. Shutzberg, C. Huang, J. Gao, E. P. Giargé&lEs, T. Adv.
Pack.2003 26, 17.

E. L. Ratcliff, B. Zacher, N. R. Armstrong, Phys. Chem. LetR011, 2, 1337.

54



[42] P. Barber, S. Balasubramanian, Y. Anguchamy, S. Gong, A. Wibowo, H. Gao, H.
J. Ploehn, H. C. zur Loy#&Jaterials2009 2, 1697.

[43] D. E. Ebbing, S. D. Gammofgeneral ChemistryHoughton Mifflin New York,
2005

[44] S. M. Sze, K. K. NgPhysics of Semiconducto@rd. ed. ed., Wiley Interscience,
New Jersey2006

[45] H.-J. Butt, K. Graf, M. KapplPhysics and Chemistry of Interfac@sd ed.,
Wiley-VCH, Wienheim, 2006

[46] E. Fortunato, D. Ginley, H. Hosono, D. Raine Mrs Bulletin2007, 32, 242.

[47] H. Li, P. Winget, JL. BredasChem. Mater2014 26, 631.

[48] J.C.C. Fan, J. B. GoodenoudhAppl. Phys1977, 48, 3524.

[49] B. Yaglioglu, Y-J. Huang, HY. Yeom, D. C. Pain€lThin Solid Films2005 496,
809.

[50] O. Warschkow, L. Miljacic, D. E. Ellis, G. B. Gonzalez, T. O. MasbriAm.
Ceram. Soc2006 89, 616.

[51] H. Gao, J. Cao, L. Liu, Y. Yand, Mol. Struct2011, 1003 75.

[52] S.Wada, T. Hoshina, H. Yasuno;M. Nam, H. Kakemoto, T. Tsurumi, M.
Yashima,Ceramic Transactions, Vol. 16American Ceramic Society,
Westerville, OH2005

[53] S.Wada, H. Yasuno, T. Hoshina, S. M. Nam, H. Kakemoto, T. Tsudii,J
Appl. Phys. 2003 42, 6188.

[54] T. Tsurumi, T. Sekine, H. Kakemoto, T. Hoshina, SNdm, H. Yasuno, S.
Wada, inMaterials, Integration and Packaging Issues for Higtequency
Devices Il, Vol. 833Eds.: Y. S. Cho, D. Shiffler, C. A. Randall, H. A. C.
Tilmans, T. Tsurumi)2005 pp. 243.

55



[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

K. Suzuki, K. Kijima,J. Alloys Compd2006 419, 234.

M. Yashima, T. Hoshina, D. Ishimura, S. Kobayashi, W. Nakamura, T. Tsurumi,
S. Wada,J. Appl. Phys2005 98.

Bigly, Wikipedia, en.wikipedia.org/wiki/Ferroelectricitg007.

J. C. Love, L. A. Estroff, J. K. Kriebel, R. G. Nuzzo, . WhitesidesChem.
Rev. (Washington, DC, U. 2005 105 1103.

B. de Boer, A. Hadipour, M. M. Mandoc, T. van Woudenbergh, P. W. M. Blom,
Adv. Mater.2005 17, 621.

Y. Y. Liang, S. Q. Xiao, D. Q. Feng, L. P. Ya1,Phys. Chem. @008 112, 7866.

G. Heimel, L. Romaner, E. Zojer, J. L. Bredasc. Chem. Re2008 41, 721.

P. J. Hotchkiss, H. Li, P. B. Paramonov, S. A. Paniagua, S. C. Jones, N. R.
Armstrong, JL. Bredas, S. R. MardeAdv. Mater. (Weinheim, Ger2D09 21,
4496.

Z.Y. Zhong, Y. X. Zhong, C. Liu, S. Yin, W. X. Zhang, D. F. Spiys. Status
Solidi. A.2003 198 197.

L.-W. Chong, Y-L. Lee, T-C. Wen,Thin Solid Films2007, 515, 2833.

H. L. Yip, S. K. Hau, N. S. Baek, A. K. Y. Jefsppl. Phys. Lett2008, 92,
193313.

N. R. Armstrong, C. Carter, C. Donley, A. Simmonds, P. Lee, M. Brumbach, B.
Kippelen, B. Domercq, S. Y. Yodhin Solid Films2003 445, 342.

D. L. Ma, T. A. Hugener, R. W. Siegel, A. Christerson, E. Martensson, C.
Onneby, L. S. Stadler,Nanotechnolog2005 16, 724.

D. L. Ma, R. W. Siegel, J. I. Hong, L. S. Schadler, E. Martensson, C. Onheby,
Mater. Res2004 19, 857.

56



[69] C. W. Beier, M. A. Cuevas, R. L. Brutchdyangmuir201Q 26, 5067.

[70] S. A. Paniagua, P. J. Hotahs, S. C. Jones, S. R. Marder, A. Mudalige, F. S.
Marrikar, J. E. Pemberton, N. R. ArmstrodgPhys. Chem. Q00§ 112, 7809.

[71] M.-A. Neouze, U. Schubemtjonatsh. Chen2008 139 183.

[72] E. P. Plueddemangjlane Coupling Agent®lenum Pres$jew York,1982

[73] P. H. Mutin, G. Guerrero, A. Vioux,. Mater. Chem2005 15, 3761.

[74] M. HancerProg. Org. Coat2008 63, 395.

[75] S. A.JadhavCent. Eur. J. Chen2011, 9, 369.

[76] W.R. Thompson, J. E. Pembertdlangmuir1995 11, 1720.

[77] S. Pawsey, K. Yach, J. Halla, L. Reveangmuir200Q 16, 3294.

[78] S. Pawsey, K. Yach, L. Revenangmuir2002 18, 5205.

[79] C. E. Taylor, D. K. Schwartz,angmuir2003 19, 2665.

[80] C. Carter, M. Brumbach, C. Donley, R. D. Hreha, S. R. Marddbd®ercq, S.
Yoo, B. Kippelen, N. R. Armstrong, Phys. Chem. B0O0G 110, 25191.

[81] M. Nilsing, P. Persson, L. Ojamaehem. Phys. LetP005 415, 375.

[82] R. Ernstorfer, L. Gundlach, S. Felber, W. Storck, R. Eichberger, F. Willig,
Phys. Chem. B006, 110, 25383.

[83] B.-R.Hyun, A. C. Bartnik, L. Sun, T. Hanrath, F. W. Wibkgno Lett2011 11,
2126.

57



[84] L. A. Matrtini, G. F. Moore, R. L. Milot, L. Z. Cai, S. W. Sheehan, C. A.
Schmuttenmaer, G. W. Brudvig, R. H. Crabti&eRhys. Chem. @013 117,
14526.

[85] C. Nogues, P. Landg,angmuir2007, 23, 8385.

[86] C. G. Allen, D. J. Baker, J. M. Albin, H. E. Oertli, D. T. Gillaspie, D. C. Olson, T.
E. Furtak, R. T. Collind,angmuir2008 24, 13393.

[87] N. H. Moreira, A. L. da Rosa, T. Frauenheiyppl. Phys. Lett2009 94.

[88] M. Gliboff, L. Z. Sang, K. M. Knesting, M. C. Schalnat, A. Mudalige, E. L.
Ratcliff, H. Li, A. K. Sigdel, A. J. Giordano, J. J. Berry, D. Nordlund, G. T.
Seidler, J. L. Bredas, S. R. Marder, J. E. Pemberton, D. S. Glragpgmuir
2013 29, 2166.

[89] M. Gliboff, H. Li, K. M. Knesting, A. J. Giordano, D. Nordlund, G. T. Seidler, J.
L. Bredas, S. R. Marder, D. S. GingérPhys. Chem. @013 117, 15139.

[90] T.J. ColacotChem. Rev. (Washington, DC, U. Z)pP3 103 3101.

[91] P. ZanelloElectrochemical and Xay Structural Aspects of Transition Metal
Complexes Containing Redéxtive Ferrocene Ligand®Viley, New York,1995

[92] E. Nakamura]. Organomet. Chen2004 689, 4630.

[93] J.Liu, R. Zhang, G. Sauve, T. Kowaiski, R. D. McCullough,. Am. Chem.
S0c.2008 130, 13167.

[94] J. D. Anderson, E. M. McDonald, P. A. Lee, M. L. Anderson, E. L. Ritchie, H. K.
Hall, T. Hopkins, E. A. Mash, J. Wang, A. Padias, S. Thayumanavan, S. Barlow,
S. R. Marder, G. E. Jabbour, Shadheen, B. Kippelen, N. Peyghambarian, R. M.
Wightman, N. R. Armstrongl. Am. Chem. Soit998 120 9646.

[95] J.Li, L. Wang, J. Liu, G. Evmenenko, P. Dutta, T. J. Matksigmuir2008 24,
5755.

58



[96] B. Vercelli, G. Zotti, G. Schiavon, S. Zecchin, A.rie, Langmuir2003 19,
9351.

[97] A. M. Bond,Broadening Electrochemical Horizons: Principles and lllustration of
Voltammetric and Related Techniquésford university press, New YorRp02

[98] P. Monk,Fundamentals of Electroanalytical Chemistdpm Wiley and Sons
Ltd, West Sussex2001

[99] H. S. NalwaHandbook of Low and High Dielectric Constant Materials and Their
Applications Academic Press, New York999

[100] Q. Wang, L. Zhu,). Polm. Sci. Pol. Phy2011, 49, 1421.

[101] W. J. Sarjeant]. Zirnheld, F. W. MacDougallEEE. T. Plasma Sci998 26,
1368.

[102] W. J. Sarjeant, I. W. Clelland, R. A. Pri¢&roc. IEEE.2001, 89, 846.

[103] H. W. Starkweather, P. Avakian, R. R. Matheson, J. J. Fontanella, M. C.
Wintersgill, Macromolecule4992 25, 6871.

[104] L. Zhu, Q. WangMacromolecule®012 45, 2937.

[105] K. Yao, S. Chen, M. Rahimabady, M. S. Mirshekarloo, S. Yu, F. E. H. Tay, T.
Sritharan, L. LUJEEE. T. Ultrason. Ferro2011, 58, 1968.

[106] S. Ogitani, S. A. Bidstrugllen, P. A. Kdl, IEEE. T. Adv. Pack00Q 23, 313.

[107] P.Kim, S. C. Jones, P. J. Hotchkiss, J. N. Haddock, B. Kippelen, S. R. Marder, J.
W. Perry,Adv. Mater.2007, 19, 1001.

M. Doss, J. P. Tillotson, P. J. Hotchkiss;:MMPan, S. R. Marder, J.

[108] P. Kim, N.
Li, J. P. Calame, J. W. Per&CS Nan@®009 3, 2581.

[109] J. Li, J. Claude, L. E. Norerferanco, S. Il Seok, Q. WanGhem. Mater2008
20, 6304.

59



[110] J.Y. L L. Zhang, S. Ducharm@ppl. Phys. Lett2007, 90.

[111] D. C. GiancoliPhysics for Sciergt and EngineerPrentice Hall, New Jersey,
200Q

[112] MDITR, MDITR Wiki,
photonicswiki.org/index.php?title=Polarization_and_Polarizabil¢08

[113] L. Xie, X. Huang, C. Wu, P. Jiang, Mater. Chem2011, 21, 5897.

[114] Z.Li, L. A. Fredin, P. Tewa, S. A. DiBenedetto, M. T. Lanagan, M. A. Ratner,
T. J. MarksChem. Mater201Q 22, 5154.

60



CHAPTER 2 SOLUTION PHASE ELECT ROCHEMICAL
CHARACTERIZATION OF FERROCENE MODIFIERS CONTAINING

VARIOUS ANCHORING GR OUPSON ITO

2.1 Ferrocene modifiers with various anchorirg group

The merits of using ferrocene as an electroactive probe have been previously
discussed in section 1.518.has been shown thateasurements alectron transferates
betweenferrocene moleculeand metal oxide electrodesan provide insight intothe
kinetics of chargdransfer at the TC@rganic interfacen solid state organic electronic
devices! 2 As such, there is merit tasing ferrocene tanderstand the kinetics of charge
transfer between redox molecules in solution and metal oxideagest In particular,
there is an interest in understanding how various anchoriogpgy often utilized in
surfacemodifiers, affect the molecules redox properties as welhadeterogeneous
charge transfer kinetics at the solutib€0 interface. As sum this chapter focuses on
the design and solution phase electrochemical characterization of fertmsate redox
molecules that have different anchoring groups (Figure 2.1). Most of the studies reported
in literature regarding electremansfer processegross the metal oxigarganic interface
have been done using dye molecules that utilize phosphonic acidd (pKa 45 p K
9)°! and carboxylic acid (pK2 5) as t h el Howeavér,othér acigls, moi et
such as sulfonic acids (g9 -3)®"! and hydroxamic acids (p#). 2" have been
shown to form ordered monolayers on metal oxides but muclslessierstood about the
role thatthese anchoring grougmsay in mediating the kinetics of charge transfer across

hybrid interfaces.
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Figure 2.1 Structure of the redox surface modifiers and ferrocene. trodeme
carboxylic acid (FCCA) 2, ferrocene hydroxamic acid (FcHA), 3, ferrocene 4, ferrocene
sulfonic acid (FcSA) and 5, ferrocene phosphonic acid (FCPA).

In order to isolate and evaluate the role of the tethering substituent on the redox
properties ofthe molecules, ferrocenéhe unsubstituted analogyas included for

comparison.

Cyclic voltammetry (CV) and cyclic square wave voltammetry (CSWV) are the
two techniqueshat wereused to conduct the electrochemical analysis. CV is a technique
that is ofen used to evaluate the kinetics and mechanisms of etvarggger (CT) owing
to its versatility, low cost instrumentation, and the wealth of theoretical background
available to the experimentalist. However, the technique has limited detection at
concentrédons below 10 uM due to the predominance of background currents that flow
because of changes in the structure of the elecsollgion interface that occur in the
absence of chargeansfer (nonFaradaic currenjs These changes result from
accumulationof electrolyte ions at the electredelution interface. In such casemn

electrical double layer is created at the electrmulation interface, which behaves as a
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capacitor in series with the solution resistanBackground currents also rise from
Faradhic reactions involving the solvent or trace levels of redox active solutes that may
be present in solutionThe resulting background current limits thetection limitof
CVv.'AM n contrast, CSWV is able to measure -snisromolar concentration with
increased resolution due to the techniques inherent ability to discriminate against
background current&**® The details of the techniques will be explained in seci@n

and2.3.

2.2 An overview of cyclic voltammetry

In CV the current is measurexs a tinction of the potentialpplied between the
working electrode and a reference electrode. The detailed characteristics of the signal
obtainedprovide information on the kinetics and mechanisms involved in heterogeneous
electron transfefThe potential onhte working electrode (is applied relative to a reference
electrode and third auxiliary/counter electrode is incorporated in order to complete the
circuit. Figure 22 shows a schematic setup for a cell used in CV studies. A triangular
voltage waveform isised in CV such that the potential is varied linearly for a period of
time (t) before the direction of scan is reversed and the potential is retaritedriginal
value (Figure 2.8 The potential range is chosen such that the oxidation and/or the
redudion of the electroactive species occurs prior to voltage at which the potential is
reversed (i.e. the switching potential). The waveform can therefore be described in terms
of t he sweep/ scan r dB)eand(the switchinghpetenliff)ias i a | p

described in Ruations 2.1 and 2.2.
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clactrode )
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Nitrogen

Figure2.2 Typical electrochemical setup for voltammetric studies. The figure shows the
three electrodes used in conducting measurements as well as a nitfegémat is used
to remove oxygen from the electrolyte solution. Reproduced from Gbdser.
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POTENTIAL, V versus SCE

Figure 2.3 Two cycles of a typical signal for cyclic voltammetnangular ptential
waveform with initialpotential at 0.8V and switching potential at0.2 V. The forward

scan (a) and reverse scan (c) are also indicated. Reproduced from Kissinger and
Heinemart*”

% % 4O Equation2.1)

% % dO Equation2.2)
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An example cyclic voltammogram for a 6.0 mM solution gFE(CN)in 1.0 M KNG; is

shown in Figure 2.4nd the reaction is given below.

Fe(CN}> + € === Fe(CN}*

tathodic

CURRENT, uA

anodic

-20 L 1
08 06 04 0.2 0 -0.2

POTENTIAL, W versus SCE

Figure2.4 CV of 6 mM KszFe(CN}) in 1 M KNOs. The scan was initiated at 0.8 V in the
negative direction at a scan rate of 50 mV/s using a platinum working electgadeg., E
Epa and pa represents the cathodic peak potential, the cathodic peak current, the anodic

pe&k potential and the anodic peak current, respectively. Reproduced from Kissinger and
Heinemart*”

As the potential becomes increasingly negative the current observed remains at zero
because there is no species present in solution that can be oxidizdda@ed within this
potential range. A poirti is reached where the current begins to increase, which indicates
the onset of the reduction of as the hexacyanoferrate (Ill) Be(CN)*) to
hexcyanoferrate (I1) iorfFe(CN)}*). Betweenb andd the curren rapidly increases as

more of the Fe(CNY is converted to Fe(CNy until the equilibrium Nernst conditions

(section 1.5.2)are met at point, which represents the cathodic peak potential) (E
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Beyond this point the current decreases up to poiher the direction of scan is
switched. The current remains positive betwkeandg since the applied potential within
this range is still sufficient to continue reducing {Re(CN)}*). This changes, however,

at pointh, which marks the onset of the oxiitat of (Fe(CN)") to regeneratéFe(CN)>

). The reaction rapidly approaches equilibrium conditions at powhich represents the
anodic peak potential (§. Beyond this point the current is again reduced. The potential
at midpoint between the anodiad cathodic peak potential (i.e., the hatve potential,

E1p) is related to the formal potentialEvia the relationship shown ingation2.3

%y % —11$j$ Equation2.3

where Do and [k are the diffusion coefficients for the oxidized and reduced species,
respectively n is the number of Ris¢het rons
molar gas constant and T is temperatifrthe diffusion coefficients are the same for the

oxidized and reduced species then the formal potential is equal to tvealalpotential.

2.2.1Evaluation of chargetransfer kineticsin solution using CV

The Nicholson formalistt®! can be used to determine the electiramsfer rate
constant from the difference i n ¢})Hneghisoxi dat
approach, the theoretical Nicholson working curve (Figure 2.5) is used to relate the
separation in the peak potential from the voltammogram to an electrokinetic parameter

( Q that is defied mathematically as shown in Equation 2.4
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O Equation2.4)

wher e U i -trangfehooefficigntakisgthee standard rate constaahd all other

terms are as defined befoi@etails are providd in appendix BBy assuming @ = Dr

and a symmetric energy barrier (U = 0.5)
transfer can be determined. Since CV determined alpha values in the range of 0.3 to 0.7
(typical for many redox couples) only refleeebout 5% vagd thei on i

assumption about alpha is reasonable.

20

15

Current (MA)

Potential (V) )

0

L B B N I L
50 75 100 125 150 175 200 225
n(AE) mV

Figure25Ni chol son wor king curve for dpfdmci ng t
the separati on })ofthe wkakmetrio respaonseiofaah slect(oaptve
species in solution. The inset shows an
illustrated. The working curveis adapted from the work of Nicholson for alpha of B%.
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2.2.2Electrochemical reversibility in CV

Eledrochemical reversibility is a measure of the rate at which charge transfer
occurs between the working electrode and the redox species. In an electrochemically
reversible system the charge transfer is fast such that equilibrium is achieved rapidly at
eachpotential applied on the timescale of the experiment. Since the timescale of CV can
be varied by varying the scan rate, the concept of electrochemical equilibrium is a
practical term rather than an absolute. Therefore, a reaction may be electrochemically
reversible at one scan rate and irreversible at andth@he Nernst equation (equation
1.15) applies to processes that are considered to be electrochemically reversible. Care
should be taken not to confuse chemical and electrochemical reversibilitigrther
suggest that when the cell current is reversed the electrochemical reaction is also reversed
without the introduction of any new species. Figu2e&s shows a theoretical

voltammogram for an electrochemically reversible one electron transfer process.

oxidative

current

reduction q{-} oxidation

reductive
current

ol

EFRed Epo" E,

Potential vs arb. reference electrode

Figure 2.6 Typical cyclic voltammogram obtained for a reversible one electron redox
process at 25 C. Modified from Eklued al™®!



The figure shows that in an ideal reversible electrochemical prabespeak potentials

of the voltammograms are separated by 59 mV/n for aglectron coupl&”
Furthermore, nder conditions of electrochemical reversibility the relationship between
the bulk concentration of the redox species and the peak currentse caxplessed

through the RandleSexcik relationshipt> *¥! (equation )

) Dwpnl TS Tul#l Equation2.5

where } is the peak current, n is the number of electrons transferred during the process,
C’ is the bulk concentration of the redox species, D, is the diffusion coefficient of the
oxidized or reduced species, and A is the area of the electrode. Basezl Rantlies
Sevcik equation, in an electrochemically reversible process the peak ¢siliarited by

the rate at which the redox molecules can be supplied to the ele@teoddiffusion.

If the kinetics is extremely slow such that teechangeof chage betweenthe redox
speciesandthe electrode is the rate limiting step (i.e., not diffusith®nthe process is

no longer governed by the Nernst equation and therefore not considered reversible.
Figure 2.7 shows the cyclic voltammogram for a completelgctrochemically
irreversible one electron procesBhe voltammogram depicts a single peak for the
forward electron transfer process because the reverse process does not occur at a
measureable rate. Electron transfer rates that occur in between thesgitws are said

to be quasreversible. Table 2.1 shows diagnostic criteria for electrochemical

reversibility of a redox couple.
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Figure 2.7 Typical cyclic voltammogram obtained for a electrochemicaligversible
one electron redox process at°5 Modified from Ekluncet al™®

Table 2.1 Diagnostic criteria for assessing electrochemical reversibility. Reproduced
from MonK?Y and Bond*?

lp is prgoortional to square root of scan rate
pB=57mV/n

Reversibility K>  0Y?@m/s3
Quasireversible R> 2 x10° 3"?cm/s
Irreversible R < 2 x10° 3"# cm/s

2.3 An overview of cyclic square wave voltammetry (CSWV)
The potential signal used in cyckquare wave voltammetry can be considered as a
superposition of a square wave on top of cystaircasesoltammetry as depicted in the
waveform shown in Figure . Each step in the square wave component can be

considered as two pulses: (i) the forwardse and (ii) the reverse pulse. The current is
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sampled at the end of each pulse and is designated as a fpplsedurrent (hus9 and
reversestepcurrent (Lep. In the output voltammogram net current is usually indicated,
which is arrived at  taking the difference between the forward and reverse currents.
The cyclic nature of the technique adds another tier to the analysis providing a forward
sweep and a reversaveepboth of which will also have the previously mentioned
currents. In total th technique has a total of six currents, namely: (i) forward sweep
forward current, (ii) forward sweep reverse current, (iii) reverse sweep forward current,
(iv) reverse sweep reverse current, (v)e¢ n et current ormnganthe for
(vi) the net cur r ep)tOne peaktpdtentialriscoliserved fer eachv e e p
sweep and they are referred to as forward sweep peak potepiar(& reverse sweep

peak potential (f). The onlydifference between CV and CSWV is the nature of the
potential signal being applied; the instrument setup remains the same. Based on the
waveform of CSWV the applied potential at any given odd numbered step can be

calculated as

% % | p% % Equation2.6

and the evemumbered potentials are calculated as

% % | % Equation2.7

where m is the step number,i&the initial potential, &epis the potential increment, and

E is the applied potential.
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Figure 2.8 Schematic showing the various constituents of cyclic square wave
voltammetry (CSWV). The figure shows the CSWV wave form (a) in which the
backward potential step is a mirror image of the forwArdenlargement of a single step

is shown (b) in which the amplitude s(Jt the step or increment &) and the sample

point of the forward and reverse currents are shown. The cwsetine profile for a

single step is depicted (d). An example of &LV voltammogram (c) with the forward
(blue) and reverse (red) current shown for both the forward sweep (solid line) and reverse
sweep (dashed line). Net currents are shown in solid black.

2.3.1Evaluation of charge transfer kinetics in solution using CSWV

In order to evaluate the kinetics of charge transfer in solution using CSWV a
met hod devel etpl#dfor sguare@avd eolammetand modified by the
Bottomley Goup at Georgia Tett' > 2 ?*\yas adapted. Recall from section 1.5.2, that
the equilibrium forward and reverse rate of charge transfer can be represented by

equations 1.6 and 1.7, respectively. By combining these equations with the diffusion
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coefficients and step ti mektaddd) be aerivéchsme nsi o

shown in Equation 2.8

EOCAG ——— Equation2.8

where U i s t hads)stdalpotheriterms arg ds defireed before in section
2.21[%% Similar to the Nicholson approaff! a working curve can be generated that

relates the separation in the peak potential of the voltammograms obtained from CSWV

to the dimensionless rat®nstant as shown in FigureQ2However before the working

curve can be plottedhe transfer coefficient and formal potential must first be deduced.

In their theoretical investigation of the effect of step height on the shape of the
voltammogram the Batmley Group predictedthdt and t he f o remated pot e

to the peak potentials by the equation 2.9.

1 % % p 1 %r % Equation2.9
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ktau

Figure 29 CSWV working curve for deducing the dimensionless rate conskaent) (

from the separ at i oppofthemvoltanensetic rgspohse oftaireadxs (
species in solution. The insetoslvs an exampl e vo} tlemdtgmogr anm
illustrated.

In addition, they also found that when the experimental frequency is modulated the

transfer coefficient can deduced from the slope of a plot,e&E; ;s according to the

relationship below

slope =-0Y/ (1
Therefore,the transfer coefficient can be deduced and substituted into equation 2.9 in
order to determine the formal potentied turnt he wor ki ng c wtoktau t hat

can be generated using the predetermined alpha value k@nds known guation 2.8

can be used to calculate the standard rate constant.
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2.3.2Electrochemical reversibility in CSWV

One major advantage of CSWYV is that the various parameters of the waveform
(amplitude, step height, and step time) can be used as diagtamds for deducing
mechanisms involved in various electrochemical processes. Thorough theoretical and
experimental investigations of the mechanistic criteria for CSWV have feréormed
by Helfrick ** ** and Manr?? In these studies the authorspiored the changes in the
current and potential of the voltammograms as a function of the input signal parameters.

Equation 2.1&hows the relationship between current and step time for each pulse.

EO ——— Equation2.10

where i(t) is the currentatatmet,agf( t ) i s the current funct
terms are as di@eed before. Recall from Figure 2.8b that the current is sampled at the end

of each pulse; therefore as the pefstep timeis increased for a reversible process both

the forward and reverse currents will be affected equally and their ratio will remain a

unity. A scan rate can be defined for CSWV as the quotient of the step height in volts
divided by step time (s). As was the case for CV, the peak potential for a reversible
system is unaffected by changes in scan rate, and by extension, changes @igstep h

and step time. In contrasan irreversible system shows wide separation of the peak
potentials around the formal potential and moderate separations of the potential indicate

quasireversibility. The concept of reversibility is illustrated in Figufé 2Additionally,
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the difference current is reduced as step height is increased for a reversible process

because of a smaller voltage difference between the forward and reverse pulse potentials.

=
an

o
O

> \wé/&’}

800 500 0 7500 2200(
Potential (mV vs. EO)

Figure2.10 Theoretical CSW voltammograms showing varying degrees of reversibility.
Red voltammogram represents an irreversible case while the other traces exhibit
increasing reversibility towards the center yellow voltammogram that is considered
completely reveible. Reproduced from Manet al®”

However, if the step height is fixed and the amplitude of the signal is increased, the peak
current increases. Peak potentials are again unaffected by changes in amplitude for a
reversible process. Talsl@.2 and 2.3summarize the diagnostic criteria for a reversible

and quasireversiblESWYV processs.



Table 2.2 Diagnostic criteria for a reversible CSWV mechanidReproduced from

Helfrick. 4 1

Amplitude + + = = = =
Step time - - = = = =
Step height - - = = = =

All trends are for increasing value of parameter. A decrease is indicated-,bgna
increase by a + and an = indicates that the value is constant.

Table[2.:]3 Diagnostic criteria for a quasireversible CSWV mechanReproduced from
Mann[?*

Parameter | o lor Lol | pr Ept Eor (0]
Amplitude + + = = = =
Step time - - + - - -
Step height  + + - - + +

All trends are forincreasing value of parameter. A decrease is indicated hyaa
increase by a + and an = indicates that the value is constant.

2.4 Solution phase cyclic voltammetry characterization of redox
modifiers.
The redox properties of ferrocene and its derivativese evaluate@dgainst an
ITO electrodeusing cyclic voltammetrySolutions { mM) of the electroactive molecules
in 0.1 M tetrabutylammonium perchlorate (TBAP) in acetonitrile (A@M)e used to
conduct these studieall the voltammograms show the ampiated one electron redox

behavior that is well documented for ferrocene (Figuré)2.1
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Figure2.11 Solution phase cyclic voltammogramsfefroceneand ferrocene derivatives
vs a Ag/Ag+ reference electr@ad Measurements were taken at a scan rate of 0.1 V/s
against an oxygen plasma treated working electrode.

Diffusion coefficients were first determined separately for each molecule by employing
the RandlesSevcik approadt **!and these values are inursed to calculate the outer
sphere electron transfer rate constantsti@Nicholson formalismi™® The results of

these studies are summarized in Table 2.4.

Table 2.4 Solution phase redox properties @frbcene and ferrocene derivatives. All
measurements of potential and rate constants are reported for a scan rate o84 V/s
Ag/Ag” reference electrodeising 1 mM solutions of the electroactive molecules
Hammdt parameters for the various substitgeate also included from the works of

Hansck® and Imaizumi?®

Fc FcCA FcPA FcSA FcHA
E1z (MV) 91 + 4 314 +1 276 + 1 261 +1 294 + 0.3
pE(mMV) 238+ 2 162 + 8 144 + 1 135+ 2 159+ 3
Do (crf/s) 55x10° 1.76 x1® 5.0x10° 45x10° 4.7 x10°
k° ><103(cm/s) 1.1+£0.1 1.1+0.1 2212001 24+006 1.7+0.04
G 0 0.45 0.42 0.64 N/A

Assuming [ = Dr
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The halfwave potential (B,) is a measure of the ease with which the molecules of
interest are oxidized under the conditions of the expettilsuad it isindependent of scan

rate and concentratiofrom the voltammograms in Figure 2,1t can be seen that the
modifiers experience a different chemical environment from ferrocene, which is reflected
in their B/, values. By comparing the;k of the modifiers tathat of ferrocene insight

can begaired into the electronic effect of the tethering substituent on their redox
properties. The larger theyE the more difficult it is to oxidize the molecylee., the
orderof increasing difficulty ofoxidation for the molecules investigated is Fc < FCSA <
FcPA < FcHA < FcCA. All the modifiers haven alectronwithdrawing substituent,
which leads to larger partigbositive charge on the iron atothan in ferrocene itself
resulting in a more positive 1z being required for their oxidation relative to
unsubstituted Fc/Fc  Ha mme't t p)a whicim aré based on (thé ionization
constah of substituted benzoic acid, ara crude measure of the electron
donating/withdrawing strength of substituent groups. Table 2.4 shows the Hammet
parameters for the substituent groupshwtihe exception of hydroxamic acid. Larger
Hammett parameters values generally correlate to stronger electron withdrawing effect
and greater potential requirements for oxidation. Based on the results, no reasonable
correlation could be made between themidzett parameter andi& values. This
inconsistency could stem from a number of reasons including but not limited to: (i) the
varying degree of solubility among the modifiers, (ii) poor extrapolation of data from the
benzoic acid standards, (iii) the atyiliof the molecule to interact with the electrically

active sites of the electrode, (iv) hydrogen bonding in solution and, (v) multiple

79



electrochemically unresolved processes occurring in solution simultaneously. Since the
shift in By can be consideredt be a measure of the subst
stabilize the ferrocenium cation formed upon oxidation, under the experimental
conditions tested here the sulfonic and carboxylic acids seem to be the most and least
effective in this regard, respectiyelOf the two modifiers, the sulfonic acid would more

readily facilitate the passage of holes from the active layer to the TCO electrode in OPVs
due to its lower IP relative to the carboxylic acid.

Plots of peak current vshe square root of scan rat&iqure 2.11) were
constructed for the various molecules and the slopes used to calculate diffusion
coefficients. The plots show a linear relationship between the current and the square root
of scan rate suggesting a diffusilbimited mechanism is involvenh the electrochemical
process Table 2.4 shows that Fc has the highest diffusion, which is consistent with it
having the smallest Stok&snstein hydrodynamic radius (Reffective hydrated radius

in solution) among the moleculé¥’ 22!
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Figure 2.12 Plots of currentvs square root of scan rate for ferrocenad the various
modifiers. The linear fits to each plot is shown in red:; all fits have a residf)at (R992.
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According to the StokeRinstein relationship, the differences in the diffusion coefficient

of the molecules will be dependent on their hydrodynamic radii as shown in Equation

2.11
2 — Equation2.11
where D is the diffusion coefficient, T is temperatlggis Boltzmann constagnd d 1 s

the viscosity of the solvent. Based on the molecular structuteeajther molecules, it is

not expected that their hydrodynamic radii will be significantly different, so they should
have similar diffusion coefficient. However, the results show that there are marked
differences in the diffusion coefficient of the othemolecules suggesting other
interactionssuch as hydrogetonding might be at play as well.

The electrortransfer rates were estimated usthg Nicholson method and the
diffusion coefficient values determined from the Ran@escik analysis. From Tabl
24theorderof ncr easi ng r aRc@A <doHAs FclPA ¢ FcSAsThetable &
shows that smal | g)raffordsshigker efeetrpteamstert rateoconstgntp E
which is consistent with the concept of increasing electrochemical reversibility.
Ferrocene, whit has the highest diffusion coefficient and lowest thermodynamic barrier
to charge transfer (kz), show the largest peak separation and hence the lowest rate
constant. This suggests that there is an additional barrier at the eleshaiien
interface bat prevents the probe molecule from interacting with the electroactive sites of
the ITO. Interestingly, the carboxylic acid, which has a significantly lower diffusion

coefficient and a greater haifave potential, afforded a rate constant similar toahé#te
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ferrocene. TIs suggest thawhile the flux of the carboxylic acid to the surface is lower

than that of the ferrocene the interaction between the former and the electrode is greater.
Similar discrepancies are observed among the remaining molecies. possible
explanation ér the discrepancies observed between the flux of the redox molecules to the
surface and the observed electron transfer rates is the accessibility that the molecules
have to the electrically active sites on the surface of ITO. @enmcial ITO films are

terminated with multiple forms of oxides, hydroxides and oxyhydroxides that create a
highly electrically heterogeneous surf&CeAs a result, the surface is comprised of a

mi xture of el ectrical | y h éffactthe substéate abilitdto 6 i n a c
interact with adjacent molecules as well as conduct charges away from the $tirfce.

Cateret al™ have previously demonstrated that the adsorption of small acid modifiers,

such as FcCA, on the surface of ITO caarease the exposed electrically active surface

area due to etching. Based on these findings, the discrepancies in rate constants observed
here could potentially stem from the varying degrees to which the redox molecules are

able to etch the oxide surfaeed expose more electrically active sites. This would also

explain why ferrocene, which héise smallespropensity for etching the surface and the

highest diffusion coefficient among the molecules, has the lowest rate constant. In order

to assess any potet i a | etching of the |1 TO elZ®ka@dtrode
substrates were functionalized with the surface modifiers and the morphology of the
surface examined by atomic force microscopy (AFM). The AFM results are presented in

Figure 2.B.
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Figure 2.13 AFM images of bare and surface modififO. The RMS roughness as
determined fromlO pm x 10 pum scans are: 3.06 + 01@8 (bare ITO), 3.10 £ 0.08m
(FCCA-ITO), 6.45 £ 0.08m (FCSAITO), 3.20 £0.02nm (FCPAITO), and 3.33 £ 0.07
nm (FCHA-ITO).
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The calculated RMS roughness over a 10 um scan size indibatethere isvery little
difference between the bare and modified ITO with the exception of the sulfonjc acid
which exhibitedan approximaty doubkd roughness value. The significant increase in
the roughness of the FcSAodified ITO coupled with its high rate constant, relative to
the other molecules, is consistent with the notlaat thechargetransfer rates observed
are intrinsically lirked to the modifiers ability to increase the electrically active sites at
the surface of the electrode. Additionally, these results also imply that if there is
significant interaction between the molecules and the surface of the ITO thematige
transfe kinetics is notompletely diffusiodimited.

Given the propensity of the tethering groups to adsorb on the surface of ITO and
the limitations of CV in resolving close lying redox potentials, plots of the logarithm of
peak currenvs logarithm of scamate were generated to investigate the possibility of a
secondary contributions to the observaddaic current from moleculesisorbed on the
surface of the ITO. Theoretically, the slope of the plot will be 0.5 for diffusional
mechanism, 1 for surfacdsorbed mechanisifvide infrg) andan intermediateaumber
in the case of anixture of both mechanisnt§! The value of the slopes obtained for the
molecules were 0.85 for Fc, 0.71 for FcCA, 0.80 for FcHA, 0.87 for FcSA and 0.91 for
FcPA. The range of valgandicates that all the molecules have a significant amount of
interaction with ITO and further supports the argument put forth by Carter and

coworkers
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2.5 Solution phase cyclic square wave voltammetry characterization

of redox modifiersat ITO

Since tle results obtained from CV suggest that all the molecules have a
significant amount of interaction with the surface of ITO, CSWV was employed as an
alternative potentiometric technique in order to deconvolute the processes taking place in
solution. As mernbned in section 2.3, pulsed techniques such as CSWV have the
capacity to resolve the electrochemical profiles of species that umeessive redox
processes atlosepotentialsredox potentials and simultaneously provide mechanistic and
kinetic informaton. This is in part due to the techniques ability to discriminate against
background currents and partly because of the ease with which the various parameters of
the applied potential waveform (i.e. amplitude, increment and step time) can be
manipulatedthereby facilitating mechanistic diagnosis of the electrochemical processes
taking place at the electrodelution interface. Hence, the redox properties of ferrqcene
and the derivatives described abowere assessed in solution by CSWV using 1 mM

solutiors of the electroactarmolecules in 0.1 M TBAP in acetonitrile

2.5.1CSWV of ferrocene (Fc) and ferrocene hydroxamic (FCHA) acid

Recall that in CSWV the current is sampled at the end of each pulse and the net
response is plotted as a function of the applietemtial. Since the electrochemical redox
response of Fc and FcHA in solution is similar the results are presented togefhes.

2.14 shows the CSWV profiles of Fc and FcHA as well as the forward and reverse
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currents for both sweeps. The voltammograresawbtained using 1 mM solutions of the
redox molecules in the TBAP/CAN electrolyte. In both voltammograms the potential is
first scanned positively up to the switching potential),(Bs indicated by the arrow,
before the direction of the potential scén reversed. A scan rate of 0.1 V/s, as

determined by the ratio of increment over step time, was used during the measurements.
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Figure 2.14 Cyclic square wave voltammograms of (a) ferrocearad (b) ferocene
hydroxamic acid. Voltammograms were recordada Ag/Ag+ reference electrode with
an increment of 2 mV, period of 20 ms, amplitude of 80 mVsamdplingwidth of 1 ms.
Net currents are shown in black, pulse currents in blue and step currentsWithethe
exception of the net currents, solid lines indidat currents on thiorward sweep and
dashed lines indicatlée currents on theeverse sweep.

It is important to note that the halfave potentials of Fc and FCHA as determined from
CSWV are92 + 2 mV and 294 = 4 mV, respectively, which is consistent with the values
previously determined from CV at scan rates of 0.1 V/s. Also, higher net cuarent
again observed with the hydroxamic acid compared to ferrocene suggesting a poorer

interactionbetween the latter and the ITO working electrode. Under these experimental
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conditions both moleculdsaverelativelyfastchargetransfer kinetics as indicated by the
comparablanagni t ude of the net currentg/ ¢gpln t he
=1) as well as the relativelg ma | | separation bet wgen the
Additionally, the step and pulse current traces show no evidence of a second peak
suggesting tat only the diffusional species is present in solution. Interestingly, the
reverse components of the current on both sweeps are smaller in magnitude than that of

the forward component, which indicates that the electrochemical process at the electrode
surface is not completely reversibte that the alpha is not 0.fn order to explore the
reversibility of the reactions further their electrochemical behavior were assessed

according to the diagnostic criteria outlined in Tables 2.2 and 2.3.

2.5.1.1Effect of ampliude, step height/increment and step time on the CSWYV profiles of

Fc and FcHA

Figure 2.5 show the voltammograms for Fc and FcHA in which the amplitude is
varied. The CSWV profiles show an increase in the net peak currents as the amplitude
gets largerThe net current increases because as the amplitude gets édees the
difference between the pulse and step currents. Increasing amplitudes also result in a
broadening of the voltammogram profiles. Based on these results, it can be concluded
that while larger amplitudes afford easier detection of net currents they diminish the
capacity to resolve peaks that have close lying potential due to peak broadening as was
predicted by Helfriclet al™ Amplitude analysis, however, cannot be used to distihguis

between reversible and quasireversible mechanisms since the trends in both cases are the
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same (see Table 2.2 and 2.3), but it can confirm that the electrochemical reaction at the

electrodesolvent interface is a single electrvansfer process void ofng secondary

processess® ¢!

—
QU

) —20mV

4004 — 30 mV 400
—_— 40 mV
— 50 mV

——
=

—_—20mV
—30mV
—40mV

200 _—EDmV

04

-2004

Difference current (UA)
Difference current (uA)
o

-4004 -4004

04 03 0.2 01 00 ‘0.1 02 0.8 0.6 0.4 02 0.0 0.2
Potential (V) Potential (V)

Figure 2.15 The effect of amplitude on the shape of the cyclic square wave
voltammogram of (a) ferrocenand (b) ferrocene hydroxamic acid. Voltammograms
were recordedss. an Ag/Ag+ reference electrode with an increment of 2 mV, period of
20 ms, andsamplingwidth of 1 ms. Voltammograms were obtained using 1 mM

solutions of the redox molecules in a TBAP/ACN electrolytee figure legend indicates
the different amplitudessed.

Reversibility is better assessed by evaluating the impact of step height and step time on
the shape of the voltammograms.

The impact of step height on the CSWYV profiles of &ud FCHA are presented
graphically in Figure 28. As the step heigldr increment is increased the peak potential
of the forward sweep becomes more positive and the peak potential of the reverse sweep

becomes more negative. In addition to the shifting of the peak potetiialset current
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of both the forward and reverseveep also increases. Increasing the step time or

increment in CSWV is synonymous to increasing the scan rate in CV.
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Figure 216 The effect of increment on the shape of the cyclic square wave
voltammogramof (a) ferroceneand (b) ferrocene hydroxamic acid. Voltammograms
were recordeds an Ag/Ag+ reference electrode with an amplitude of 20 mV, period of
20 ms, andsamplingwidth of 1 ms. Voltammograms were obtained using 1 mM
solutions of the redox molakes in a TBAP/ACN electrolyte The figure legend indicates
the different step heights used.

As a result, the peak potentials shift away from the formal potential. The evolution of the
voltammograms as a function of step height indicates that both fegroaed the
hydroxamic acid derivative exhibit quasireversible behavior in solution. For a completely
reversible mechanism it is expected that the net current will decrease and the peak
potential remain constant based on the theoretical work of Hélfritk and Manr?”
outlined in Tables 2.2 and 2HEgure 2.7 shows the effect of step time/period on the
peak potential and net current of the voltammograms. As the period is increased the net

peak currents decrease and the peak potentials converge #redadnal potential (i.e.,

increase in reversibility).
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Figure2.17 The effect of step time/period on the peak potentials and net current of the
cyclic square wave voltammograms of gdad c) ferroceneand (b and d) ferrocene
hydroxamic acid. Voltammograms were recorsledAg/Ag+ reference electrode with an
amplitude of 20 mV, increment of 2 mV, asdmplingwidth of 1 ms. Dashed lines serve

as a guide to illustrate the convergence of the peak potemttalad the formal potential.
Voltammograms were obtained using 1 mM solutions of the redox molecules in a
TBAP/ACN electrolyte

Based on Equation 2.9 the net current is inversely relatéd; ttherefore as the period or

step time increases the diféeice current is reduced. While the behavior of the net
current in the reversible case is similar to that of the irreversible scenario, the peak
potentials in the former remain constant as the period is increase. These results indicate

that ferrocene and fiecene hydroxamic acid exhibit quasireversible behavior.
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2.5.2CSWV of ferrocenesulfonic acid (FCSA) and ferrocenephosphonic acid (FCPA).

The solution phase CSWV profiles for FCSA and FcPA are presented in Figure

2.18 along with their corresponding pulse astdp currents.
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Figure 2.18 Cyclic square wave voltammograms of (a) ferrocene sulfcama (b)
ferrocene phosphonic acids. Voltammograms were recovded Ag/Ag+ reference
electrode with an increment 8fmV, period of 20 ms, amplitude of 80 mV asaimpling

width of 1 ms. Net currents are shown in black, pulse currents in blue and step currents in
red. With the exception of the net currents, solid lines indicate the currents on the forward
sweep and dasl lines represent the currents on the reverse sweep. Voltammograms
were obtained using 1 mM solutions of the redox molecules in a TBAP/ACN electrolyte

Surprisingly, the voltammograms of FCSA and FcPA show the presence of two oxidative
and reductive peakBr molecules thaiwere anticipated tondergo a singlelectron
transfer process similar to that seen for Fc and FeEldser examination dhe step and

pulse currents confirms that indeed these are two independent species each making their
own contribdion to the final CSWYV profile. In cases such as this, careful analysis of the
step and pulse currents is important since a potential offset of the two currents could just
as easily present itself as two peaks in the net current. Of the two molecules, the

components of the FCSA voltammograms were better resolved than that of the FcPA

92



indicating that the constituents of the latter have significant overlapping potentials. Given
the propensity of these molecules to adsorb on the surface of ITO and the presudiss
of CV we hypothesized that the two peaks represent a diffusional and a sunfdiced
species.

In order toverify the origin of the two species in the CSW voltammogarams
concentratiordependenstudies were performed and the results are preden Figure

2.19.
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Figure 2.19 Cyclic square wave voltammograms of (a) ferrocene sulfcama (b)
ferrocene phosphonic acids at various concentrations. Voltammograms were resorded
a Ag/Ag+ referene electrode with an increment of 2 mV, period of 20 ms, amplitude of
50 mV andsamplingwidth of 1 ms.

Given the variation in the solubility of the two moleculd® maximumconcentrations
used in the study were different for tlveo moleculesAt concenrations of 0.25 mM and
lower, the sulfonic acid exhibits a single peak (peak 1); however, as the concentration is
increased beyond this point a shoulder begins to grow in at higher potential. At around 1

mM the shoulder is transformed into a fully grondgminant peak (peak 2), which
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eventually broadens and saturates at a concentration of approximately 7 mM. The
evolution of the voltammograms of FCSA with concentration suggests that pedkd. is

to surfaceconfinedFc groups angeak 2to diffusionaly free molecules in solutiohe

early saturation of the first peak at around 3 mM is indicative of having reached the
maximum limit of surface coverage. Any furthegsparenincrease in the intensity of the
peak beyond this point is attributed to the ovepiag contribution from the diffusional
specieqFigure 2.20. The saturation of the diffusional component at high concentrations
is believed to be the result of the limitations of the detector of the instrument. Lovric
developed a theoretical model thaaeined the effect of concentration on the shape of
the voltammograms in systems that comprise both diffusional and sadaoebed
species®™ The calculationspredictedthat in systems where a diffusional response is
complicated by adsorptiosystems, i increase in concentration will lead to a positive
shift in the diffusional peak, which is consistent with our observatlonsider to further
verify the identities of the species in solution various equivalence of tetrabutylammonium
hydroxide (TBAOH) lase was titrated into a 4 mM solution of FCSA and the CSW

voltammograms recorded (Figure 2.20).
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Figure2.20. Cyclic square wave voltammetry titration studies of ferrocene sulfonic using
tetrabutylammonim hydroxide (0.01 M solution). Voltammograms were recorded vs. a
Ag/Ag+ reference electrode with an increment of 2 mV, period of 20 ms, amplitude of 50

mV and sampling width of 1 ms. Legend depicts the equivalence of the base attaed to
FcSA solution.

The resuls show that as the equivalence of base is increased peak 2 decreases and
completely disappears at 1 eq. This directly shows that the second peak represents the
protonated form of the acid. At 1.5 eq. a new species directly related to thdaxiofat
the base is observed at ~ 0.9 mV. The second peak is always present regardless on the
amount of base addetowever, its intensity diminishes with increasing TBACHhe
reduction in intensity is attributed to the competition between the base and the
deprotonated molecule for the electroactive sites on the surface of the electrode. Based on
these results it is believed that the deprotonated molecule readily adsorbs to the surface of
the ITO and gives rise to peak 1.

Even though the peaks of the ppbenic acid are poorly resolved, arp peak

fitting (Figure 2.2b) some similar trends to that of the sulfonic acid emerge. For
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example, the higher potential diffusional peak (peak 2) shifts to more positive potentials
as the concentration of the solutiaincreased. However, there is no clear evidence of
saturation of either peak 2 or the peak at lower potential (peak 1) over the concentration
range investigated. Also, unlike FcSA, the FcPA peaks remain unresolved at all
concentrati ons . didsothat poordrssolutioa dfe peaksp at evarious
concentrations is likely due to strong adsorption influenced by repliSiorhe peak

fitting shown in kgure 2.2 indicate that while the diffusional species is the dominant
constituent in the CSWV of FcSét a concentration of 1 mM, it is the surfacenfined
component that dominates in the electrochemistry of FCPA. This confirms that FCPA

interacts strongly to the surface of ITO as was deduced from CV.
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Figure 2.21 Deconvolution of cyclic square wave voltammograms of (a) ferrocene
sulfonic and (b) ferrocene phosphonic acids. Voltammograms were recosiad
Ag/Ag+ reference electrode with an increment of 2 mV, period of 20 ms, amplitude of 60
mV andsamping width of 1 ms. Net currents are shown in black, and the component
indicated in purple and blue. Voltammograms were obtained using 1 mM solutions of the
redox molecules in a TBAP/ACN electrolyte. Voigt curves, which accounts for both
Gaussian and Lorériantypebroadening, were used to fit the CSWV data.
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From the RandlkSevcik relationship expressed by Equation 2.5 there is a linear
relationship between the peak current obtained from CV and the square root of the scan
rate. Analogously, the relatiome between peak current and the scan rate for a surface

confined species in CV can be expressed according to Equation 2.12

) — dl' 3 Equation2.12

where A is the ayanais thefcoveriige of thé redox motiesl e
the surface. Based on these two relationships and the trends observed in the CSWV
concentration studies we hypothesized that at low concentrations (~ 0.25 mM) the
surfaceconfined specieshoulddominate, which can be verified by examination & th
slopes of a plot of the log of curreva log of scan rate as was done earlier. As such, the
cyclic voltammograms of FCSA and FcPA were examined at low concentrations and the
results are summarized graphically in Figur222 and 2.3. Interestingly, ata
concentration of 0.25 mM of FcSA the CV is able to resolve both peaks, which was not
the case when the measurements were done using 1 mM solutions. In contrast, at the
lower concentration only one peak was observed in the CSW voltammogram compared to
the two that were seen before at 1ImM. A-log plot analysis of the peaks yielded
gradients of 0.65 and M3or peaks 1 and 2, respectively. This result confirms that the
peak at higher potential (peak 2) is the result of a diffusional species in solthien.
gradient of peak 1, however, suggests that there is a mixture of diffusional and-surface

confined species with a predominance of the latter.
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Figure 2.22 Graphical summary of CV and CSWYV results ofSRAcfor experiments
conducted using 0.25 mM and 1 mM solutions. CV were acquired at 0.1 V/s and CSWV
data were acquired using an amplitude of 50 mV, step height of 2 mV period of 20 ms
andsamplingwidth of 2 ms.
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Figure 2.23 Graphical summary of CV and CSWV results of FCPA for experiments
conducted using 0.25 mM and 1 mM solutions. CV were acquired at 0.1 V/s and CSWV
data were acquired using an amplitude of 50 mV, step height of 2 mV period of 20 ms
andsampling width of 2 ms.



The CV of FcPA acquired at 0.25 mM revealed a shoulder on the lower potential side of
the oxidative peak current. While the resolution was still poor, it at least confirms that
there is a second species present in solution as oddeei@re from CSWV. As was the
case with FcSA, the ability of CSWV to resolve the peaks of the FCPA species in solution
is diminished at 0.25 mM. A gradient of 0.73 was obtained frorrldgganalysis of the

the main cathodic peak of the 0.25 mM solutiohjoli again indicates a mixed system

with a predominance of surfacenfined species.

2.5.2.1Effect of amplitude, step height/increment and step time on the CSWYV profiles of

FcSA and FcPA

The effect of amplitude on the shapetioé voltammograms of FCSA andFA
are shown in Figure 242 As was the case for Fc and FcHA, as the amplitude is increased
so does the net current and peak width of the voltammograsmsexpected, the
resolution of the peaks in FcPA impaired by increasing amplitude due to the
concomiaint broadening of the peaks. However, the peaks in the FCSA voltammograms
are sufficiently far apart on the potential axis such that the increase in the amplitude has

minimal impact on their resolution.
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Figure 224 The effect of amplitude on the shape of the cyclic square wave
voltammogram of (a) ferrocene sulfonic acidnd (b) ferrocene phosphonic acid.
Voltammograms were recorded a Ag/Ag+ reference electrode with an increment of 2
mV, period of 20ms, andsamplingwidth of 1 ms. Voltammograms were obtained using
1 mM solutions of the redox molecules in a TBAP/ACN electrolyte The figure legend
indicates the different amplitudes used.
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Figure 225 The effect of increment on the shape of the cyclic square wave
voltammogram of (a) FcSAand (b) FCPA. Voltammograms were recordeda Ag/Ag+
reference electrode with an amplitude of 20 mV, period of 20 mssanglingwidth of
1 ms. Voltammograms were w@ned using 1 mM solutions of the redox molecules in a
TBAP/ACN electrolyte The figure legend indicates the different step heights used.

Figure 2.5 illustrates the impact of increasing the step height on the shape of the

voltammograms of FCSA and FcPH both cases, as step height is increased the peak
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potentials shift away from the formal potential and the net current increase. This is
similar to what was previously observed for Fc and FciBAsed on the diagnostic
criteria of CSWV both these molecalexhibit quasireversible behavior whether or not
they are surfaceconfined or diffusiodimited. The reversibility of these molecules is
further confirmed in Figure 2.2 which the behavior of the peak potential and peak
currents are plotted as a furmeti of period.The figure shows thatsathe period is
increased, the peak potentials converge and the current is reduced indicating a

guasireversibl@rocess for both the diffusional and surfaoafined species
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Figure 2.26 The effect of step time/period on the peak potentials and net current of the
cyclic square wave voltammograms of (@pd c) FcSA and (b and d) FcPA.
Voltammograms were recorded an Ag/Ag+ reference electrode with an amplitude of
20 mV, increment of 2 mV, andamplingwidth of 1 ms. Voltammograms were obtained
using 1 mM solutions of the redox molecules in a TBAP/ACN electrolyte
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2.6 Cyclic square wave voltammetry of ferrocene carboxylic acid
The CSW voltammogram of FcCA presents eledtemsical profile that is
strikingly different from the previous moledes (Figure 2.2} The net response of the
initial scan in the positive direction presents two peaks at approximately 257 mV and 808

mV. On the reverse sweep only one peak of signifigagrtater magnitude is observed

at approximately 94 mV.
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Figure 2.27 Cyclic square wave vatmmogram of ferrocenecarboxyli@acid.
Voltammograms were recorded an Ag/Ag+ reference electrode with an inarent of 2

mV, period of 20 ms, amplitude of 80 mV asamplingwidth of 1 ms. Net currents are
shown in black, pulse currents in blue and step currents in red. With the exception of the
net currents, solid lines indicate the currents on the forward swekplashed lines

represent the currents on the reverse sweep. Voltammograms were obtained using 1 mM
solutions of the redox molecules in a TBAP/ACN electrolyte

In order to deduce the origin of these peaks concentration studies were performed and the
resuts presented in Figure B2A small, peak is observed in these studies at higher

potential on the reverse sweep, which signifies that some amount of the diffusional
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species is still presems the concentration is increased, the peak at higher potential

the forward scan rapidly grows in and eventually becomes dominant. Using the same
treatment that was previously applied to FCSA and FcPA, this implies that the peak at
lower potential (peak 1) can be assigned to a sudanéned species and the pedak a
higher potential (peak 2) is attributed to the diffusional species. Since the corresponding
reductive current is not observed for the diffusional species on the reverse scan, it is
postulated thatnajority of theoxidized form of the molecule has a styaaffinity for the

ITO electrode and assumes a surfecrfined configuration upon oxidatiofhis is
postulated to be a result of a strong equilibrium constant that favors deprotonation and

subsequent adsorption of the oxidized solupbase species.
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Figure 2.28 Cyclic square wave voltammograms of (a) ferroceaeboxylic acidat
various concentrations. Voltammograms were recowded Ag/Ag+ reference electrode
with an increment of 2 mV, period of 20spramplitude of 50 mV and sampling width of
1 ms.The arrow indicates the direction of the forward scan.
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This is supported by the dominargductive peak observed in the reverse scan in the
region where the redox potential for the surfaoafined molecle is observed. This is

also why the magnitude of the reductive current is so much greater than that observed for
the oxidative peaks. The marked increase in the magnitude of the reductive current with
concentration suggests that we could be forming ray#ils on the surface of the ITO

electrode.

2.6.1.1Effect of amplitude, step height/increment and step time on the CSWYV profiles of

EcCA

The effect of amplitude on the CSWV profile of FCCA is shown in Figur. A2 was

the case with the other molecules, thé narrent and peak width increasesth
amplitude The reversibility of FCCA was assessed by examining the change in the shape
of the voltammogram as a function of step height/incren{ieigure 2.30. The results

show that the electrochemical reaction @aghed irreversibility with increasing step
height as the peak potentials shifted further away from the formal potential. This suggests
that the electrochemical process taking place at the surface of the electrode is

quasireversible.
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Figure 229 The effect of amplitude on the shape of the cyclic square wave
voltammogram of ferrocenecarboxylic acid. Voltammograms were recosdad\g/Ag*
reference electrode with an increment of 2 mV, period of 20 nassamplingwidth of 1

ms. Voltammograms were obtained using 1 mM solutions of the redox molecules in a
TBAP/ACN electrolyte The figure legend indicates the different amplitudes used
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Figure 230 The effet of increment on the shape of the cyclic square wave
voltammogram of ferrocenecarboxylic acid. Voltammograms were recovded
Ag/Ag+ reference electrode with an amplitude of 20 mV, period of 20 mssangling
width of 1 ms. Voltammograms were obtaéh using 1 mM solutions of the redox

molecules in a TBAP/ACN electrolyte The figure legend indicates the different step
heights used.
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However, examination of the change in the peak current and potential as a function of
period contradicts these resultsedto the divergence of the peak potential hwit

increasing peod (Figure 2.3}
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Figure2.31 The effect of step time/period on the peak potenfa@land net currentb) of

the cyclic square wave voltanograms of FEA. Voltammograms were recorded
Ag/Ag" reference electrode with an amplitude of 20 mV, increment of 2 mV, and pulse
width of 1 ms. Voltammograms were obtained using 1 mM solutions of the redox
molecules in a TBAP/ACN electrolyte

The divegence of the peak potential from the conventional behavior is believed to be due
to the fact that the diffusional neutral molecule is not regenerated on the reverse sweep

thereby making the process chemically irreversible.
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2.7 Evaluation of the kinetics ofcharge transfer from CSWV data
The mehod developed by the Bottomleyd@aip, and discussed in section 2.3.1,
was used to evaluate the kinetic parameters of charge transfer and the results are
presented in Tabl@.5 The rates were determinddr the solutim speciesby using

equation 2.8 and the diffusion coefficients determined from the CV measurements.

Table2.5 Solution phas€SWYV redox properties of ferrocene and ferrocene derivatives.
All measurementwere donevs aAg/Ag’ reference electrode

Fc FcCA FcPA FcSA FcHA
E° 83+2 3 219+ 3 281+ 3 304+ 4
Esuri k) 234+ 8 51+ 2 119+ 4 o)
U 0.40 d 0.56 0.46 0.45
U* k) 0.40 0.57 0.45 o)
k°(x10%m/s) 2.8+0.4 k) 53+1 3.2+0.5 2.9+0.6
ks(sh) d 3.0+1.5 3.0+2.0 5.0+3.6 d

*surface confined alpha values

ks surfaceconfined charge transfer rate constant

Therate constant for FCCA could not be determined by CSWV since the reduced species
was not observed on the srge sweepCSWV analysis of the phosphonic acid
diffusional component afforded the highest chargesfer kinetics and the largest
transfer coefficient. However, these values must be interpreted with caution since a
significant amount of the molecule aslsorbed on the surface of ITO and presents as a
strongly overlapping peak with the diffusional peak. Similar to the PA, FCSA also
adsorbs to the surface of the ITO, but with a significantly smaller overlap between the
surfaceconfined and diffusional spes. The diffusional component of FCSA had a

modest rate and an alpha value slightly lower than 0.5. Neither the hydroxamic acid, nor
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the ferrocene showed any evidence of surface adsorption and both molecules had
comparable ratednterestingly, Fc and FcM demonstrated the smallest and largest
driving force for the electron transfer process (based on their half wave potential) in
solution among the various molecules, respectivéiansfer coefficiers were also
determined for the surfaa@®nfined specieby employing the same methoded for the
diffusional moleculesThe results show that tla#phavalues obtainedbr surfacebound

FcSA and FcPA were comparablevith those determined for the diffusional species
which suggest that U values determined fr
confined molecules. Standard rate constants for the stotadmed species were
determined using a method that will be the subject of the next chapter. However, the
reailts presented in Table 2.5 show that the rate constant for the scofstsed

molecules areomparabldor the various anchoring groups used

2.8 Experimental
Ferrocene and ferrocene carboxylic acid were obtained from Sipniah and

Alfa Aesar, respedstely. All other molecules were synthesized as outlined below.

2.8.1Synthesis of ferrocenehydroxamic acid

This molecule was synthesized using a combination of two previously reported
procedure$® 33 Benzene (80 mL) was poured into a 250 mL round bottonzek fio
which ferrocenecarboxylic acid (1.0 g, 4.0 mmol) was subsequently added under nitrogen
with stirring. Oxalyl chloride (2.1 g, 17.0 mmol) was added dropwike syringe
followed by four drops of dimethylformamide (DMF). The mixture was allowed to sti

for 2 h at room temperature before the volatiles were removed under reduced pressure to

108



give an orangeed solid that was dried under high vacuum (ca. 20 mTorr) for an hour.

The orangeed solid was dissolved in ethyl ether (20 mL) and added dropwise to

solution of hydroxylamine hydrochloride (300 mg, 4.0 mmol) and sodium bicarbonate

(500 mg, 6.0 mmol) in DI water in O °C ice bath. The resulting mixture was stirred for 30

min and DI water (50 mL) was added to give an orange precipitate. The orangsasolid
consecutively washed with water, ethanol, ether, and then placed under high vacuum for
drying ( 460 mg, 42%)'H NMR (300 MHz,DMSO-dg) i 10. 50 ( s, 1H) , 4
4.33 (s, 2H), 4.17 (s, 5H)C {*H}Material NMR (300 MHz, DMSGds) U 167 . 58,
75.06, 70.14, 69.76, 68.2EI-MS calod for CyHiiFENO, (M™): 245.0139 found:

245.0132 Anal. Calcd forCi1H11FeNO,: C,53.91 H, 4.52 Found : C53.91 H, 4.29

2.8.2Synthesis of ferrocenephosphonic acid

The phosphonic acid was synthesized by modifyingratocol previously
reported byOmset al®¥ Dry tetrahydrofuran THF, 100 mL)was placed in a 500 mL
round bottom flask and purged with nitrogemder stirring. Ferrocene .(bg, 27 mmo)
was then added to the THF followed by potasstarttbutoxide (0.52 g4.6 mmo) and
the mixture allowed to stir for 20 min at room temperature. fldsk was placed in &8
°C acetone/dry ice bath and the tempera allowed to equilibrate fa period of 10 min
tert-Butyllithium (12 mL of a 1.7 M solution in pentane, 20 mmualas added dropwise
to the reaction mixture and tle®ntents of the flaskllowed to stir for 30 minDiethyl
chlorophosphate (8.¢, 27 mnol) was dissolved in dr$0 ml THF and then added
dropwise to the reaction anide mixtureallowed to stir for 40 min. The acetone bath was
removed andthe reaction mixture was allowed to gradually warm upreom

temperature. The reaction mixtumasthenwashed with a 1 M NaOH solutid200 mL)
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and then the aqueous layer extracted dithloromethane (DCM, 100 mLYhe organic

layer was collected and dried over MgS@olumnchromatography was performed on

silica gel on the resulting material using a DOMF (70:30) solvent system. The

sample was then dried undexcuum to obtain the pure phosphoregeadark brown oil

(359, 40% '"HNMR (300 MHz,CDC}) 4 1.34 (t, J = 7.5, 6H)
5H), 4.39 (m, 2H), 4.50 (m, 2HA Schlenk flask containing a magnetic stir lveais
evacuated to 20 mTorr arshckfilled with nitrogen three times and thevas purgel

unde nitrogen foran additionall0 min. The previously prepareghosphonatevas
transferredto the schlenk flaskia syringe and aecond syringe was used to add dry
dichloromethane (20 mL) to the phosphonate and the flask and its contents allowed to
purge under nitrogen and stiring for aretl10 min.Bromotrimethylsilane (2 mL, 15

mmol) was addediropwiseto the contentsf the flaskand themixture stired overnight

(~16 h). Thecontents of the flask wereoncentratecbn a rotary evaporator to give a

brown oil, whichwas dissolved in acetdnle (30 mL) and stirred fob minute. A pipet

was then used to add DI watdropwise until a yellow precipitate was formethe
precipitate was filtered and successively washed with DCM and then ethyl ether. The
solid was then dried under vacuum to gilie desired product as a yellow saofid2 g,

75% yield) '"H NMR (300 MHz, CROD) U 4. 48 (m, 2H), U 4. 41

3P (161.9 MHz, CROD) 24.32.

2.8.3Synthesis of ferrocenesulfonic acid
An oven dried 1000 mL thremecked round bottom flask containing a stir bar was

purged under nitrogen for 10 minutes. A thermometer pl@ased in one port to monitor
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the reaction temperature in order to ensure that it does not exceed 50 °C. Acetic
anhydride (70 mL) was added to the flask followeddaydcene (& g, 43 mmo) and the

mixture stirred under nitrogen for 2 min. Dichlorometha@0 mL) was added to the
contents of the flask and nitrogen purging continued for an additional 10 min.
Chlorosulfonic acid (3.0 mL, 43 mmol) was slowly added to the contents of the flask
over a period of 10 min and the mixture allowed to stir at roanpégature overnight.

The reaction was quenched by pouring the contents of the flask over ice and stirring for

an hour. The water was then removed under reduced pressure and heating (taking care to
not exceed 50C) to yield a dark green solid. A mortar gpeistle was used to crush the

solid and the powder extracted with boiling ether multiple times until the extracted
fractions were colorless. The fractions were collected and concentrated on the rotary
evaporator to give a brown liquid. The liquid was addedoluene to immediately
precipitate crystals. A second recrystallization from toluene afforded the pure product
(4.6 g, 40% yield'HNMR(4 00 MHz, DMSO) U 4.35 (s, 2H),
% NMR (100.58 MHz, DMSO) 2@), 68.2.(% 2C). (e, 5C)
quaternary carbon was not observ&dMS Calcd for GoHigFeQS (M™): 265.9700

found: 265.9705Anal. Calcd for CioH10FeQ:SA B,0: C, 42.27; H, 4.26. Found: C,

42.04; H, 4.35.

2.8.4Electrochemistry
Cyclic voltammetry (CV) and cyclic sgqre wave voltammetry (CSWV) were
performed using a CH1030A (CH Instruments) and Pine Instrument potentiostats,

respectively. Using the conventional three electrode configuration. ITO served as the
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working electrode, a Pt wire as the counter electrode,aandg/Ag as the reference
electrode (10mM AgN@ in 0.1 M tetrabutylammonium perchlorate (TBAP) in
acetonitrile electrolyte). ITO substrates were cut irtioc Ld pieces and then subject to
detergent solvent cleaning (DSC). This involves several steps: (1) scrubbing the
substrates with dilute Triton -X00 solution with the aid of a lifitee cloth, (2)
sonicating in Triton X100 solution for 10 min then ringy with distilled water, (3)
sonicating in distilled water for 10 min, (4) sonicating in ethanol for 10 min, and (5)
drying under nitrogen. The detergent solvent cleaned substrates were then Oxygen
plasma treated (Plasma Etch, PE50) for 10 minutes afiehwirey are immediately used

to conduct studies. All CV measurements were performed at a scan rate of 0.1 V/s unless

otherwise stated.

2.8.5Madificatio n of ITO for atomic force microscopy (AFM) studies

To assess the potential of the redox modifier to etchstimtace of ITO self
assembled monolayers of the molecules were prepared on the surface of the metal oxide.
Owing to differences in solubility and coverages observed in preliminary studies the
solvent system used for modification varied depending on thexreabdifier. The
phosphonic and carboxylic acid experiments were done in ethanol, the sulfonic acid in
chloroform, and the hydroxamic acid in tetrahydrofuran. Prior to modification the ITO
was prepared by using the cleaning protocol detailed in the peeweation. The
substrates were modified in 1 mM solutions of the acids for approximately 16 h after
which they were sonicated (5 min) in pure solvent (same solvent used during
modification) and dried under,NAFM was then performed on the samples using a

agilentN9524Bmicroscope.
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2.9 Conclusions

The studies undertaken in this chapter demonstrate that the sdlatied
electrochemical properties of the ferrocene modifiers can be complex and involve
multiple mechanisms. We were able to show that Fc and\fextHibited a diffusion
limited quasireversible electrochemical response under both CV and CSWV conditions.
In contrast, FCSA and FcPA undergo a quasireversible mechanisim that we were initially
only able to deduce by employing CSWYV techniques. Thesd@olphase studies
revealed that the use of CV to extract rate constants may lead to superficial analysis due
to the techniques inability to resolve solution phase and swetadened species whose
formal potential are close. CSWV may be a better todiiswregard. Whileve were able
to better identify the presence of two different populations in the solptiase CSWV
of FCPA, we were unable to completely resolve the peaks of the diffusional and-surface
confined species for FCPA due to the significardlap of their redox potentials. Peak
fitting was used to deconvolute the two species. FCCA proved to be another interesting
case of a mixed system. The electrochemical response of FCCA under CSWV analysis
shows both a surfagmonfined and a diffusional spies on the forward scan but only the
former on the reverse scan. Concentration dependent studies revealed that under the
experimental conditions used the oxidized form of the molecule has a greater affinity for
the ITO relative to the neutral form. Itirteresting to note that while Gvased logog
plots of currenvs scan rate provided evidence that the molecules strongly interacted
with the ITO surface, all the voltammograms only showed a single oxidation and

reduction potential at 1 mM.
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Using eletrochemical techniques we were able to determine rate constants for the
heterogeneous charge transfer. FCCA had the largest formal potentials and exhibited the
slowest electron transfer kinetics as determined both from CV and CSWV. The latter also
allowedus to determine a charge transfer coefficient value of 0.26 for the molecule,
which suggest that the energy barrier for electron transfer is skewed toward the reactant.
The surface confined and diffusional species in FCPA had comparable transfer
coefficierts that were both skewed toward the product side of the energy barrier. Similar
observations were made for FCSA with the barriers going in the opposite direction.
Relatively speaking, FCPA exhibited fast kinetics (5.3 £ 1) while the rate constant for
FcSAwere mostly modest (3.2 £ 0.5) under CSWV conditiorthe diffusionlimited

case
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CHAPTER 3 PROBING THE KINETICS OF CHARGE-TRANSFER FROM
SURFACE-CONFINED REDOX FERRO CENE MOLECULES

CONTAINING VARIABLE ANCHORING GROUPS

3.1 Introduction

This chapter exames the charg&ansfer kinetics between the chemically bound
(i.e., surfaceconfined) ferrocene modifiers and ITO. Here, the ITO surface is pre
functionalized with the ferrocene molecules and the modified electrode subsequently
used to study charg&rander kinetics between the redox molecule and the TCO. These

mechanisms are again investigated using CV and CSWV.

3.2 Evaluation of chargetransfer kinetics and coverage of surface
confined species using CV
In order to evaluate the Kkinetics of charge transfgr @V the Laviron
mathematical treatmdft was be used. As was the case for the Nichfls@md
Bottomley* ¥ methods used to study solutiphase kinetics, here a relationship is
devel oped t hat rel ates t hg) tos @ dimenmntess o n [
electrokinetic parameter (m) from which the rate constant can be determined. In this

approach the current measured is represented by Equation 3.1

i 3j3 s 3j3 s Equation3.1
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s AoPg24 % % Equation3.2

— Equation3.3

where d and m are descr i Band®&3 tespectivalisgisc al | y
the sufacce onf i ned r at e ¢ on s t @prasentfthe totalanoreolaygre t r a
coverage o0npitshe hseurcfoavceer,a gle  oxfis the govedagezok d s p €
reduced species. All other terms are as eefipreviously. Assuming a symmetric barrier

for charge transfer, a working curve (Figure 3.1) can be generated that relates the
separation in the peak potential from the voltammogram to the electrokinetic parameter

(m). Once m is determined equation 3.8 ba used to solve for the rate constant.

15 4

12 ]

T T T T T [ T T T T [ T T T T T T T T T
] 40 a0 120 160 200

nAEp (mV)

Figure3.1 Laviron working curve for deducing the electrokinetic parameter (m) from the
separation i n ppotth&kvoltanometinréspoase of a Suy&oafined
electroactive species. Working curve adapted from the work of La¥iron.
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The coverage afedox modifier on the surface is related to the amount of charge (Q)
passed during the oxidation of the surfaoafined molecule and is expressed

mathematically by Equation 3.4.

1 1 &4 Equation3.4

Q can be determined by integrating the backgremuatracted peaks in the cyclic
voltammogram. A percent monolayer coverage can be determased lon a theoretical

close packed model of electroactive ferrocene groups having coverage of ~# x 10

mol/cn?.B!

3.3 Evaluation of chargetransfer kinetics of surfaceconfined species

using CSWV

To determine the rate constant of charge transfer @8WV an approach
similar to the one described in chapter 2 is used. Here, working curves are generated that
relate the separation in peak potentials to the log of period (ms) for different rate
constants. The rate constants can subsequently be deducexhfowarlay of the
experimental data on top of the working curves. An example is shown in Figure 3.2 for

the surfaceconfined component of the FcSA discussed in the previous chapter.
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Figure3.2 CSWV workirg curves for determining the rate constant of charge transfer for
surfaceconfined species from CSWV. The legend depicts different rate constant for
which the theoretical curves were generated. The experimental data is for the-surface
confined FcSA compome discussed in the previous chapter. The method was adopted
from the Bottomley Grouf!

3.4 Characterization of ferrocenebased monolayers on ITO by Xray

photoelectron spectroscopy

A prerequisite to understanding the kinetics of charge injection beti¥€xmand
the redox moieties is a method for depositing the molecules of interest on the surface of
the metal oxide. To validate coverage, surfseesitive techniques such asray
photoelectron spectroscopy (XPS) are required. XPS is a photoelectrit-baf$ec
technique that provides molecular composition information at interfaces down to the
parts per thousands. In XPS, ctegel electrons within the first 10 nm of the surface are

excited by monochromatic-pay radiation, and consequently ejected touwsn where
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their kinetic energy is analyzed by a suitable detector (Figure 3.3). The kinetic energy of
the ejected electrons can, in turn, be correlated to a unique set of elemental core level
thereby providing information on the chemical identity and mmvnent of the molecules
and/or atoms. The relative composition of the various constituents at the interface can be
determined from the intensities of the various elemental peaks down to approximately

0.1%

. Ejected
Incident X-ray Photoelectron
\ Free Electron Level

Fermi Level

2p L2L3
2s Ll
Is . S ) K

Figure 3.3 Schematic showing the process ofray photoelectron spectroscopy.
Reproduced from UTEB!

Several solvents were used in the preparation of samples for XPS analysis; the
selection for a particular modifier was based on which solvent affordaximum
coverage on the metal oxide surf&¢&he details for cleaning and modifying ITO were
previously outlined in section 2.8.5. Briefly, A pieceloft  ITO Was placed in 1 mM

solutions of the various modifiers overnight (~14 h) at room temperature. The samples
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were then removed from their modification solutions, sonicated in fresh solvent for five
minutes to remove any physisorbed molecules, aed dried under a stream ob.N
Figure 3.4 shows the result of tK€®S studies that confirms the successful modification

of the ITO substrate with the ferrocene modifiers. The measurements were done at an
angle of 70° in order to increase the surface seitgiof the technique. In addition to the
characteristic lines of the ITO substrate, the surveys show clear differences in the
photoemission spectra among the substrates functionalized with the different modifiers
(Figure. 3.4a). All survey spectra sham increase in the C 1s signal upon modification

of the ITO film with the ferrocene modifiers, which is consistent with introducing a
carbonbased overlayer at the surface. The region of the spectrum in which the Fe (2p)
photoelectron line is observed (2¥eV) is not shown because overlap of the signal with
that of the In (3p) line. The high resolution spectra (Figure 3% $how the P (2p), N

(1s), and S (2p) lines that are unique to the FcPA, FcHA, and FcSA modifiers,
respectively. Unfortunately, FcClAad no unique molecular marker that could be used to
identify it by XPS, so the increased carbon content on the surface was taken as evidence

of successful modification.
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Figure 3.4 Low and high resolutin XPS spectra of surface modified ITO. (a) Survey

spectra of bare and modified ITO depicting the various photoemission lines. (b) High
resolution N (1s) line from FcHAnodified ITO, (c) S (2p) line from FSA modified ITO
and (d) P (2p) line from FcR&odified ITO. All spectra were obtained at an angle of
70°.

3.5 Monolayer formation kinetics on ITO

The time required to form a full monolayer of the molecules on the ITO surface

was evaluated by CV and coverage calculated by using equation 3.4. The results are

shown graphically in Figure 3.5.
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Figure 3.5 Surface coverage of ferrocebased monolayers on ITO as a function of

Time (h)

12

deposition time. Measurements were taken at a scan rate of 0.1 V/s against ah Ag/Ag

reference electrode.

It was found that the sulfonic acid reached maximum coverage after ~ 1 h, while the

carboxylic, phosphonic, and hydroxamic acids took 4 h. The data shows that the order of

maximum coverage is FCPA (93%) > FcSA (39%) >FcCA (25%) and FcB%)vhere

the percent coverage is based on a theoretical monolayer (4'%nidl/cnf). The

difference in coverage is believed to be a result of variations in the binding affinity of the

anchoring group for the surface of the ITO, the ordering/packinigeoimolecules on the

surface and their relative stability.

The adsorption kinetics of ferrocebased monolayer on ITO has been previously
shown to follow Langmuir isotherm profile.*% | n

= 0 ho#td) of molecules on th surface of the substrate is related to the bulk concentration

t hi

S

model

t

he

r el

(C*) of molecules in solution (i.e. the solution system used to prepare the functionalized

substrates) by Equation 3.5
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+# jp +# Equation3.5

whereKi s the Langmuir adsorption constant,
on the s Unfistheemaxdnmurh théoretical coage™ Assuming that all
adsorption sites on the surface of ITO are equivalent and that there is minimal interaction
between the molecules on the surface, a series of experiments were conducted to examine
the dependence of coverage of the concentratfaimne modification solutions and the
results fitted to a Langmuir isotherm (Figure 3.6). Concentrations representative of those
often reported in literature were used to conduct these studies. The results show that the
phosphonic and carboxylic acid hawee highest and lowest affinity for the ITO surface,
respectively. On average, the hydroxamic acid has a larger binding constant than the
sulfonic acid but given the error bars their affinity for the ITO surface can be considered
comparable. The fact thte trends in the binding constant show no direct correlation to
coverage obtained over time serves as an indication that molecular stability and packing

may play a significant role in the adsorption kinetics.
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Figure 3.6 Electrochemically determined Langmuir isotherm for the adsorption of the
ferrocene redox molecules on ITO. The CVs used to determine coverage were obtained
vs an Ag/Ad reference electrode.

The molecular footprint of the molecules uskidthis study was previously
visualized by Parlet al'® using Hartreeock optimized geometry (basis se856 G). In
this study, the maximum and minimum projection areas for molecules having various
binding configuration on the surface were determingdgua closepacked monolayer
model. The range of projection areas in angstroms for the molecules are: (i) FEPA, 24
U (i i) -4F8& SIA,( i2i5i4)1 Fctahd,d IBI)UFcThesda9resul 1
that there is significant variability in the degref coverage that can be obtained for any

one of these molecules, which was not observed experimentally. More sophisticated and

refined modeling may be required to fully understand molecular packing on the surface.
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In any organic electronic applicatiothe longterm stability of the surface
modifiers is crucial for the efficient performance of the device. As such, the
electrochemical stability of the modifiers on the surface was evaluated by subjecting the
surfacemodified ITO samples to 10 consecutiveltammetric cycles and coverage
monitored. These electrochemical experiments were conducted using a scan rate of 0.1
V/s against a Ag/Ag+ reference electrode. The observed reduction in coverage after 10
cycles was: 6% , 43%, 44% and 45% for FCPA, FCcSA,A@dd FcCA, respectively.

These results highlight the superior stability of phosphonic acids on the surface of ITO.

3.5.1Evolution of electron-transfer rate constant as a function of coverage using CV

The Laviron formalism was used to track the electransfer rate constant as a
function of coverage (i.e., increasing modification time). In these experiments, the pre
modified samples were prepared in 1 mM solutions and the rate constant determined
from the separation of the peak potentials. The resultsesktBtudies are presented in

Figure 3.7.
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Figure 3.7 lllustration of the evolution in rate constant as a function of coverage for (a)
FcPA, (b) FcSA, (c) FcHA and (d) FcCA. Dashed lines serve as a guitieefeye. All
measurements were done at a scan rate of 0.1 V/s uskuyAg’ reference electrode.

At the onset of modification with FCPA and FcSA higher values of charge transfer are
observed, which rapidly falls off at loading levels of approximatelyx10™ mols/cnf.
Beyond this point, the rate constant undergoes moderate fluctuations arouffdaBd. s

1.8 s' for FcPA and FcSA, respectively. The initial high rate constant observed for these
two molecules is believed to be due to the rapid adsormif independently anchored
redox molecules on the electroactive sites of the ITO surface. With prolonged exposure to
the modification solution more molecules begin to adsorb onto the surface resulting in

significant lateral interaction between the males, which reduces the rate of
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heterogeneous chargg@ansfer to an approximate constant level with further increases in
coveragé'® *® FcHA rapidly achieves an invariable level of electtransfer at low
concentrations, which suggest that the latera@raction of the molecules plateaus early

in the adsorption process. Given the small difference in coverage of FCHA on the surface
of ITO at the onset and end (i.e., when saturated coverage is achieved) we postulate that
the molecular footprint of the adrbed molecule limits the coverage and simultaneously
the observed rates of charge transfer. FCCA shows a great deal of variability in the rate
constant as a function of coverage. This is believed to be a result of the formation of
unstable monolayers offO due to its relatively low binding constant. Under the
condition of CV, the microstructure of the FcCA layer is constantly changing as

molecules rearrange on or desorb from the surface.

3.6 Evaluation of the redox properties of the surfaceconfined

ferrocene modifiers on ITO using CV

The redox properties of the surfagechored ferrocene derivatives were evaluated
using cyclic voltammetry. Voltammograms were obtained for saturated coverage of the
redox molecules on oxygen plasma treated ITO. The expeasmesre conducted using
0.1 M tetrabutylammonium perchlorate (TBAP) in acetonitrile (ACN). The
voltammogram of FcPAnodified ITO is shown in Figure 3.8 as an example; all the other
molecules exhibit similar behavior. All the voltammograms show the arngcipane
electron redox behavior that is well documented for ferrocene. At low scan rate (~0.1
V/s) the separation between oxidation and reduction peaks are minimal and the

voltammogram has a nearly symmetric profile. As was the case with solution phase
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voltammetry, this indicates a high degree of reversibility and fast cltiergsfer rates on

the timescale of the experiment
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| Figure 3.8_Cyclic voltammograms of saturated FCPA modifier on ITO at scan rates
ranging from 0.11V/s. Measurements were takes a Ag/Ag reference electrode.

However, as the scan rate is increased the peak separation and current increases and the
peak shapes becomes broader indicating a more sluggish -ttzangfer process. Rait

from equation 2.21 that there should be a linear relationship between the current and scan
rate for surfaceonfined species in CV. The relationship between current and scan rate is
depicted in Figure 3.9. The plots show that most of the molecliderot follow the
predicted linear trendt is postulated that the observecattering in the data @ue in

part to the fact that the molecules are being ejected from the surface as the potential is
scanned, which creates an additional diffusional compoimetihe observed current.

Further, the deviation can also be partly attributed to the structural changes in the
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monolayer, and the associated fluctuations in the lateral interactions, that occur under the

influence of the potential scan.
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Figure 3.9 Plots of currents. of scan rate for the various modifiers. The linear fits to
each plot is shown in black.

Table 3.1 and Figure 3.10 summarize the electrochemical response for saturated
monolayers of theedox modifiers on oxygen plasma treated ITO obtained at a scan rate
of 0.1 V/s. The voltammograms in Figure 3.10 show that the modifiers experience vastly
different microstructure and consequently, exhibit different electrochemical properties on

the surfae of ITO. The differences in the peak currents reflect the variations in the
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coverage of the molecules on the metal oxide surface, while the broad voltammetric
profiles (FWHM) suggest a heterogeneous surface environment. In theory, the peak
width at halfmax (FWHM) in an ideal monolayer is 90.6 mV for a @bdectron transfer
reaction at 25 °¢¥ Deviations from this value are generally attributed to-tsitsite
heterogeneity, intermolecular interactions, multiple populations of redox molecules on
the ekctrode surface or any combination of the aforementioned issues. On average, the
experimentally determined FWHM values ranged from 161mV to 342 mV thereby,
emphasizing the heterogeneous nature of the films formed on the electrode surface.
Based on the hallvave potential values, it can be deduce that the order of increasing
difficulty of oxidation for the surfaceonfined molecules investigated is FCCA < FcPA <
FcSA < FcHA. Interestingly, the order is very different from that previously obtained

from the stution phase CV studies, which was FcSA < FCPA < FcHA < FcCA.

Table 3.1 Electrochemical response of the various suram#ined ferrocene modifiers
on ITO All measurements of potential and rate constantsegted for a scan rate of
0.1 V/s vs Ag/Ag reference electrode.

FcPA FcHA FcSA FcCA
E12 (MV) 209 + 20 340 + 11 260 + 14 31+ 70
mE (MmV) 55 + 3 52 +8 64 £5 66 + 13
FWHM (mV) 342 + 24 166 + 7 161 + 2 282 + 12
ks (%) 22402 24+05 1.8 Q2 2.0+0.5
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Figure 3.10 Cyclic voltammograms of surfag®mnfined ferrocendased modifierys. a
Ag/Ag’ reference electrode. Measurements were taken at a scan rate of 0.1 V/s against an
oxygen plasma ¢éated working ITO electrode

This difference in g, values for the solutiophase and preodified electrode studies
show that the barrier to chargransfer is significantly altered by the adsorption of the
molecules on the surface of ITO. This is patiaecly obvious in the case of the FCCA
which proved to be the most difficult molecule to oxidize in solution and the easiest once
it was tethered to the surface of the ITO.

The Laviron formalistt! was used to calculate the rate constant for electron
trarsfer for the surfaceonfined molecules on ITO and the results are presented in Table
3.1. The values for the rate constant are significantly greater than those obtained from the
solution experiments discussed in the previous chapter. This is an expstkdince
the measured rated are no longer limited by diffusion as well as the fact that the
molecules are now in greater electrical contaith ihe electrode. As was observed in

chapter 2 the rate constants for the surfammfined molecules are comphle, which
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suggest that the molecules experience a similar barrier to charge trahgeseems to

be the case whether or not the molecules are absorbed from solutiornoodified on

the electrodeThe implication here is that in an OPV device theice of the tethering
group does not play a significant role in the rate of chtnagesfer across the inorganic
organic interface. However, recall from the introductory chapter that the work function of
the metal oxide electrode depends significantlythe number density of molecules on

the surface, which suggest that the phosphonic acid is the tethering group of choice

among this class of molecules.

3.7 The effect of surface pretreatment on the redox response of ITO

electrochemical

It has been demonsteal that the surface composition of ITO affects the
electrochemical kinetics of charge transfer between redox molecules and tH&T€O.
As such, in this section we set out to examine the influence of various surface
pretreatments on the kinetics of oppa transfer. Recall from chapter one that the surface
hydroxides play a key role in tethering the anchoring group of the acids to the surface of
metal oxides. Based on this premise, the hydroxyl content of the surface was altered by
using an acid (HI) and base (KOH) to etch the surface of the ITO. Detergent solvent
cleaned (DSC) and oxygen plasma (OP) treated ITO was also examined. In order to
assess the changes in the surface composition as a function of pretreatment XPS analysis

was conducted.
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3.7.1XPS assessment of the surface composition of ITO as a function of different

pretreatments

XPS was utilized to gain insight into the compositional changes that occur when
ITO is subjected to the aforementioned pretreatments. The results of the study are shown

in table

Table3.2 Pretreatmentiependent surface atomic concentrations of the ITO.

Atomic concentrations (%)
DSC OP HI KOH
In (3d) 36.1 28.0 29.0 36.8
Sn (3d) 6.4 4.1 5.0 6.5
O (1s) 57.5 67.9 66 56.7

Relative to the DSC treated substrate, the KOH treated surface showed marginal
increases in In and Sn and a slight reduction in the oxygen content. However, the OP and
HI treated ITO substrates showed a significant reduction in Sn and In and a salbstant
increase in the oxygen. In order to gain additional insight into the changes occurring at
the surface, high resolution spectra were obtained and analyzed.

Since the O (1s) coflevel photoemission line showed the most significant
changes in its shapaé composition after pretreatment relative to those of the metals

lines, it was used to conduct the analy’SisPeak fitting analysis of the O (1s) line has
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been shown before to be a suitable means of assess hydroxyl content on the surface of

ITO; this @proach was employed hef®: *® Figure 3.11 presents the high resolution O

(1s) lines for the ITO that have been subjected to the aforementioned surface

pretreatment. In order to increase the surface sensitivity of the technique, the

measurements weo®ne at an angle of 70°.
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Figure3.11 High resolution XPS O (1s) spectra of differently pretreated ITO. The spectra
shows four components: (i) fully coordinated,da oxygen (red trace), (i) oxygen
speces close to vacancy sites and at the surface (purple trace), (iii) hydroxyl oxygen
In(OH); (green trace) and (iv) adventitious carbon (orange trace).



All the peaks were fitted to with a model that that was previously developed in the
Armstrong Group athe University of Arizona for ITO surfaces; the details of the model
will be provided in the next chapter: 9 All peaks were fit with the minimum number of
components using a 70% Gaussian, 30% Lorenzian profile to provide reasonable fit to the
experinental data. The binding energy and full width at half maximum (FWHM) of the
peaks were fixed such that only the height of the components were allowed to vary.
Based on the Armstrong model, four different oxygen species were observed on the
surface of theTO. From low to high binding energy these species were determined to be:
(i) fully coordinated 1O, oxygen (red trace), (ii) oxygen species close to vacancy sites
and at the surface (purple trace), (iii) hydroxyl oxygen In(fXgieen trace) and (iv)
adventitious carbon (orange trace), which is consistent with what is reported in
literature™ *°. The results indicate that the hydroxyl content of the HI and KOH etched
surface were (8%) and (11.5%), respectively, which was much lower much lower than
thatof the DSC treated surface (15.4%). However OP etching provided a surface on

which the hydroxyl content was significantly increased to 24.5%.

3.7.2Assessing the kinetics of charge transfer for differently pretreated ITO
surfaces.
The Laviron formalisd}! was used to assess the kinetics of charge transfer
between the surfaemnfined ferrocene redox modifiers and ITO that has been pretreated
using the various protocols mentioned in the preceding section. Table 3.3 summarizes the

results from these studies.

138



Table 3.3 Rate constant and coverage for surfaoand ferrocene modifiers on ITO
pretreated with KOH, HI, OP, and DSC.

Rate constant (3) [% monolayer]

FcPA FcCA FcSA FcHA
DSC 1.3+0.2 1.6 +02 1.2+0.2 1.4+0.1

[56%] [8%] [26%] [8%]
KOH etch 1.7+0.2 1.92+0.1 15+04 23+0.2

[48%)] [28%)] [28%)] [15%)]
O, plasma 22+0.2 20+05 1.8+0.2 24+05

[89%] [25%] [39%)] [12%)]
HI etch 1.4+0.2 2.0+0.6 1.6+0.3 22+0.2

[65%] [18%)] [20%] [18%)]

The results depicted imable 3.3 shows that surface pretreatment significantly impacts
the coverage of the molecules on the surface of the ITO. From the table it can be seen
that the pretreatment protocol that affords the highest coverage tirCttsirface varies
among the different molecules. This observation is significant because it reinforces the
notion that pretreatment protocols should be treated as being system specific unless
experimental evidence suggest otherwise. This is importattidatevelopment of OPVs
where monolayers are often deposited on the TCO electrode to modulate the work
function. In the case of the phosphonic acid, the highest coverage (89%) and rate constant
(2.2 £ 0.2) were obtained using OP treated ITO. It is ngirming that the DSC treated

ITO consistently gave the lowest rate constant for FCPA as it is generally understood that
substrates prepared in this manner have a thin, tightly bound carbonaceous layer that
diminishes the electrical and electrochemical préps at the interfac&’ It is for this

reason why DSC surfaces a-acsuabltedref &tcaé
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KOH afforded the highest coverage (28%) for FcCA but the rate constant was
independent of the pretreatment protocol, not consigeDSC. Similarly, the rate
constants obtained for FCSA on activated ITO also appeared to be independent of
pretreatment and the highest coverage (39%) was obtained from OP etched TCO. FcHA
achieved its highest coverage (18%) from HI etching but, heretih@ rate constants

were almost comparable. Given the standard deviations associated with the CV derived
rate constants it can be concluded that the anchoring group has very minimal effect on the
electron transfer rate regardless of the pretreatment &sethermore no correlation
could be made between the hydroxyl concentration on the surface and the coverage
observed. One possible rationale for the observed discrepancy between the hydroxyl
concentration and the observed coverage is that the redoxutesi@say bind to sites on

the ITO surface that are not in good electrical contact with the remainder of the lattice as
was observed before by Donf&and Cartél®. Under these conditions, a high surface
hydroxyl concentration may lead to high coverafighe redox molecules on the surface;
however; because of the abundance of electrically inactive sites the measured apparent
degree of coverage is low. Collectively, the CV studies suggest that the barrier to charge

transfer is approximately the same #&tirthe molecules.

3.7.3Electronic structure of the metal oxideredox molecule interface.

To examine the effect of the various anchoring group on the electronic structure at
the ITO-molecule interface, ultrgiolet photoelectron spectroscopy (UPS) measurésnen
were performed on modified, oxygen plasma treated ITO samples. Briefly, UPS is

surface sensitive technique (2R nm probing depth) that can be used to determine the
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electronic structure at interfaces. An example, band structure of indium tin oxidks and

corresponding ultraviolet photoelectron spectroscopy (UPS) spectrum is shown in Figure

3.10. The spectrum is calibrated with the Fermi leve) @ zero since it separates the

occupied and unoccupied states. Another point of demarcation below thel&ezirat

low binding energy is the maximum valence band energyE which marks the onset

of occupied levels.

Figure 3.12 Schematic illustrating the electronic structure of ITO (left) and its
corresponding UPS spectrum (rightyBM represents valence band maximum, and CBM
band
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and the energy of the radiation sourceistheworkfc t i on (0) of the mat

by knowing all these features of a prototypical UPS spectrum one is able to construct
energy level diagrams that convey the interface electronic structure. The results of the

UPS measurements for the various ferrecemodifiers on ITO are presented graphically

in Figure 3.13.
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Figure 3.13 Energy level diagrams constructed from UPS for bare OP (far left) and
ferrocenemodified oxygen plasma treated ITO. Significanaehes in the valence band
maximum and surface dipole are shown in red. A band gap of 3.6 eV was assumed and
maintained throughout.

The UPS data reveal that the modified ITOs have comparable work functions thereby
confirming that the barriers to electroansfer are the similar. All the molecules reduce
the work function relative to the oxygen and concomitantly cause an increase in the

valence band maximum.
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3.8 Evaluation of the kinetics of chargetransfer using CSWV: a brief

summary

In this study we invgtigated the kinetics of charge transfer with the aid of CSWV
using the mdtod developed by the Bottomleyogip. As was the case for CV, ITO
electrodes with saturated coverage of the molecules were measured using & Ag/Ag
electrode as reference. Given tireater sensitivity of the technique relative to CV, we
hypothesized that CSWV would provide insight into any potential secondary processes
occurring during the measurement that were not observed during CV. Also, the
voltammograms should be better resolde to the intrinsic nature of the technique to
discriminate against background currents. Unfortunately, the results obtained from
CSWV proved to be unreliable as there was significant fluctuation in the experimental
result, specifically the peak potensiaFigure 3.14 shows the experimental plot of the
separation of peak potentials. period for the four molecules. As was the case for the
CV, the scattering of the peak potentials is indicative of heterogeneity in the monolayer.
This heterogeneity is fthrer compounded by the ejection of the molecules from the
surface of the ITO during the experiment. These perturbations change the local structure
of the monolayer resulting in random shifting of the peak potential position. Additionally,
each data pointatlected in the CSWV experiments were done with a different piece of
ITO; this changes the effective electroactive area exposed to the electrolyte and
consequently introduces more errors. For each ITO the packing of the monolayer will

vary, and these strtiral differences can give very different results. While similar issues
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arise during the CV measurements we postulate that they are less pronounced due to the

reduced sensitivity of the technique.
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| Figure3.14 CSWV plots of peak potentiais period. The experimental data represents
the surfaceconfined (a) FCSA (b) FcPA, (c) FcHA, and (d) FcCA. The potentials are
plotted on different scales to highlight the regions of interest while the maximum value
onthe xaxis reflect the highest period at which a current could be measured.

3.9 Experimental Section
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3.9.1Surface pretreatment of ITO

| TO substrates were cut into 14 1T 1a
cleaning (DSC). This involves several steps (1) scrubbing the substrates with dilute
Triton X-100 solution with the aid of a lifitee cloth, (2) sonicating in Triton -X00
solution for 10 min then rinsing with distilled water, (3) sonicating in distilled water for
10 min, (4) sonicating in ethanol for 10 min, and then (5) drying under nitrogen. All
substrates were subjected to DSC treatment prior to any subsequent actiayigen
plasma treated ITO were treated with ando@sma (Plasma Etch, PE50) for a total of 5
min prior to being used for modification and or measurement. In the case of the HI
activated substrates, the TCOs were exposed to 57% hydriodic acid (Signcé)Afoir
10 seconds, followed by rinsing with distilled water then ethanol and then drying under a
stream of nitrogen. In the KOH etch pretreatment the ITO was exposed to a 6 M aqueous

solution of potassium hydroxide prior to subjecting them to the samimgiand drying

procedure used for the HI etched substrates.

3.9.2Monolayer formation

In order to analyze the surfacenfined species slightly different protocols were
used depending on the objective of the experiment. The solvent system used for
modification varied depending on the redox modifier; the phosphonic and carboxylic
acids were done in ethanol, the sulfonic acid in chloroform, and the hydroxamic acid in
THF. In the case of the absorption kinetics experimentpld3ma treated ITO substrates
wereremoved at different time points from 1mM solutions of the various acids, sonicated

in the modification solvent, dried with a stream of nitrogen, and immeadiately used for
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electrochemical measurements. The adsorption isotherm studies differed in two ways
from the adsorption kinetic experiments: (1) the modification time was 4 h in each case
and (2) various concentrations of acid solutions were used to modify the electrode. For all
other experiments, 1 mM solutions were used to do the modification witldidicaton

time that exceed the minimum saturation time as determined from the kinetic curves.

3.9.3 Electrochemical measurements

Cyclic voltammetry was performed using a CH1030A potentiostat (CH
Instruments) in the conventional three electrode configuratiomlicCsquare wave
voltammetry was done using a Pine Instrument potentiostat. ITO served as the working
electrode, a Pt wire as the counter electrode, and an Agi&\ghe reference electrode
(10mM AgNO3 in 0.1M tetrabutylammoniumperchlorate (TBAP) in autite
electrolyte). All measurements were performed at a scan rate of 0.1 V/s. Measurements
were performed immediately after the electrodes were pretreated as outlined in the

previous section.

3.9.4XPS Studies

All XPS measurements were carried out on a é&aixis Ultrd° spectrometer
using a monochromatic Al (KU) sour ceoff Al Il
angle of 70° relative to the surface normal at pass energies of 160 eV and 20 eV for

surveys and high resolution data, respectively.

3.10Conclusion
The studies outlined in this work are geared towards understanding charge

transfer at the organitCO interface using an ITO electrode and four ferrocene based
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probes containing variable anchoring groups. Binding constants for the stofdosed

speces on Q@ plasma ITO substrates were determined by conducting concentration
dependent coverage studies and fitting the experimental data to a Langmuir adsorption
isotherms model. The order of decreasing binding strength was found to be FCPA > FCSA
> FcHA > FcCA, which showed a direct correlation with the electrochemically
determined stability of the molecules on the surface. Different surface pretreatments were
found to affect the surface composition of the ITO, and consequently the coverage of the
moleculeson the surface. However, no direct correlation could be made between the
surface hydroxyl content and the coverage obtained. We postulate that this is due to the
heterogeneity of the ITO surface, which presents as a mixture of electrically conductive
andinsulating regions at the surface. The CV determined rate constants on activate ITO
were comparable for all the molecules, which suggest that they all experience a similar
thermodynamic barrier during the chatgansfer processA similar observation was
made in chapter 2 for the surfacenfined redox species. A comparison of the kinetics
observed from the prmodified ITO samples and the surfamanfined species in the
solutionphase experiments reveal that the rate constants are the same given the error
associated with the measurement$is suggests that the anchoring group plays a

minimal role in mediating the kinetics of charge transfer.
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CHAPTER 4 BINDIN G OF FLUOROARYL MODI FIERS TO INDIUM ZINC

OXIDE SURFACE:

4.1 Introduction

As detailed in section 1.4 of the introductory chapter, the binding interaction
between small molecule surface modifiers and metal oxides dee&snmolecular
orientation of the molecules on the surface, and consequently, the magnitude and
direction of the surface dipole. Therefore, in order to reliably and reproducibly tune the
surface properties and energy levels at the organiganic interfacet is important to
have a clear understanding of the mode of binding of molecular modifiers to metal
oxides. As such, this chapter focuses on the binding of fluoroaryl acids, namely:
pentaflurobenzyl phosphonic acid (PFBPA), and pentaflurobenzyl carbdigfiBCA),
on the surface of indium zinc oxide (1ZO). Indium tin oxide is found ubiquitously
throughout the organic electronics society due to its use in solar cells, flat panel displays,
electrochromic windows and so BhHowever, owing to the rising sb of indium and
the simultaneous need for transparent conducting oxide with superior electrical, optical
and chemical properties there is a push toward alternative metal oxides. Indium zinc
oxide (1ZO) is one alternative metal oxide that is being aggelysiexplored as a
replacement for ITO and is reported to have greater stability, comparable sheet resistance,
and wide band gdf.*. The structures of the molecules are depicted in Figure 4.1. Aryl

fluorinated molecules were chosen because of theitively strong fluorine XPS cross
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section as well as the strong-FCvibration modes generally observed in infrared

spectroscopy.

F~ > °F e
L 0 i
P OH

Ho ©H
PFBPA PFBCA

Figure4.1 Structure of fluroaryl acids used to investigate binding orstintace of 1ZO

4.2 Characterization of thelZO surface

Before the binding mode of the fluoroaryl modifiers can be assessed the surface
composition of the metal oxide must first be determined. As such, XPS peak fitting
analysis was conducted on the oxygensmpla treated 1ZO. Indium oxide, indium
hydroxide, zinc oxide were utilized as controls to aid in peak assignment. All the peaks
were fitted to with a model that that was previously developed in the Armstrong Group at
the University of Arizona for ITO surfas! ® In the Armstrong method, peak fitting of
the high resolution photoemission lines with a 70% Gaussian, 30% Lorenzian curve was
found to provide reasonable fit to ITO profile. In addition, the binding energy and full
width at half maximum (FWHM) ofthe peaks were fixed such that only the height of the
components were allowed to vary. Each peak was fitted with the minimum amount of
components that were needed to provide reasonable agreement with the experimental

data. Table 4.1 and Figure 4.2 summarthe results from the peak fitting analysis of
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1ZO. In order to increase the surface sensitivity of the technique, the data was acquired

using angle resolve XPS (ARPS) at 70°.

Table4.1 Summary of bindingenergy and full with at half maximum values for @
and related indium hydroxide/indium oxide controls.

O (1S) [FWHM] In (3d) [FWHM] Zn (2p) [FWHM]
(eV) (eV) (eV)
3k 32 2P12 232
In,0; 5205[1.1] 4516[1.2] 444.1[L.2]

531.2[2.0] 452.6[1.4] 444.9 [1.3]
IN(OH);  531.2[1.4] 452.1[1.2] 444.7 [1.3]
532.6 [1.9] 453.3[1.7] 446.1[1.2]
Zno 529.8 [1.1] 1044 [1.4] 1020.9 [1.4]
531.3 [1.7] 1045.1 [1.7] 1022.1[1.7]
1ZO 520.5[1.2] 451.5[.2] 443.5[1.2]
530.3[1.8] 452.5[1.2] 445 [1.4]
531.2 [1.9]
532.7 [1.7]

The atomic concentration at the surface was determined to be 3%, 27% and 70% for zinc,
indium and oxygen, respectively. The results show that the O (1s) phssaaniine can

be fitted with four different components. The component at low binding enerpig (O
attributed to the fully coordinatedJB; oxygen species of the indium lattice. The

adjacent component (Qis assigned to oxygen near defect sites tiesurface of the

metal oxide (i.e., WO-In), which contribute to the conductivity of the TET! It is

reported that these oxygen species show up at higher binding energies (BE) because they
donate a fraction of their electron densities to uderdinated indium site$! The

binding energy of the third component,({>correlated well with the main component of

In(OH) and was assigned to hydroxide surface sp&cfe8 Component @ was
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attributed to adventitious contaminants such as CO and@@e surface of the metal

oxide!* &

0 (1s) line Coon In (3d)g/ line

532 530 528 526 448 446 444 442 440
Binding energy (eV) Binding energy (eV)

Intensity (a.u.)
o
®

Zn (2p)3p line C (1s) line

T B T T T 1 s T T T - i 1
1026 1024 1022 1020 1018 1016296 292 288 284 280 276
Binding Energy (eV) Binding energy (eV)

Figure4.2 High resolutionXPS gectra of the O (1s), In (3d)n42p), and C (1s) lines of
oxygen plasma treatdd O. Data was collected at an angle of 70°.

The atomic composition of the oxygen species of ITO was determined to be 19.0%,
21.9%, 52.5% and 6.6% in order of increasing binding energy. Both the indium and zinc
lines show two main species; that can be assigned to (i) the fully coordinated metal oxide
and (ii) metal hydroxides. A third component is observed in the In (3d) line that is

attributed to surface contaminatirf*  Further evidence of surface contaminants can be
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seen from the C (1s) spectrum, which shows the presences of at leadliffiereat

carbonaceous species.

4.3 PFBPA modification of 1ZO: towards optimal coverage

An important part of surface modification is choosing conditions that will afford
optimal coverage and high quality monolayers on the surface of the metal oxide. In this
study we examine the modification of IZO under three different experimental conditions,
namely: (i) room temperature (RT) modification for 24 hours, (ii) room temperature
modification for a week (1 wk) and (iii) high temperature deposition for 24 hoignste~

4.3 shows the evolution of the O (1s) peak as a function of the modification condition.

24hat70°C

Intensity (a.u.)

T T T
536 534 532 530 528 526
Binding energy (eV)

Figure 4.3 O (1s) core level spectra of PFBf#odified ITO depicting the impact of
various modification contions on the shapand constituent of the spectra. The structure
of the molecule used in this experiment is shown in the top panel.
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The modification was done in ethanol because this solvent system the highest coverage
on 1ZO. As previously mentioned in @pter 3, the shape and constituent of the O (1s)
photoemission line is very sensitive to any chemical changes that take place at the surface
of the metal oxide. The results depicted in Figure 4.3, for example, show differences in
the profile and compositioof the O (1s) line for the various modification conditions.
Generally, a relative decrease in the intensity of the components associated with the fully
coordinated metal oxides is observed after modification, which is consistent with the
formation of a nenolayer on the surface that attenuates the photoelectrons from the metal
oxide. Concomitantly, the component in the hydroxyl region increases in its relative
intensity further substantiating the formation of a monolayer. Figure 4.4 shows a
comparison beteen the P (2p) photoemission line of the PFBRédified 1ZO and the

free phosphonic acid. The spectra were calibrated to the C (1s) photoemission line at
284.6 eV. Upon binding to the surface of the metal oxide the P (2p) emission gets shifted
to lower birding energy, which is indicative of a greater electron density being placed on

the phosphorus atom.
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Figure 4.4 High resolution XPS spectra of the p (2p) peaks of free (bottom) and 1ZO
bound (top) PFBPA. Albinding energies were calibrated to the C (1s) peak at 284.6 eV.

Figure 4.5 depicts the F/In and F/C ratios for PFBR&dified 1ZO samples
prepared using the aforementioned modification conditions. All ratios were determined
from the high resolution FL§), C (1s) and In (3d) spectra (Figure 4.6) after correcting for

instrumental and sensitivity factors.
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Figure4.5 XPS-determined F/C and F/In ratios fBFBPAIZO samples prepared using
different modifcation proteols. Dashedine indicate the theoretical F/C ratio for a
pristine monolayer.
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Figure 4.6 High resolution XPS photoemission spectra for a PFBRAlified 1Z0
substrate showing the (a) C (1)) F (1s) and (c) In (3d) lines. The carbon spectrum
shows the fits to the different carbon species.

The F/C ratio can be considered as a measure of the quality of the monolayer on the
surface of the metal oxide. Since the only source of carbon amdn# on the modified

1ZO should be from the surface modifier, ratios lower than the theoretical value suggest
that there are contaminants on the metal oxide surface. Analogously, the F/In provides a
means of assessing the relative coverage of the meteaul the surface. The results
indicate that high temperature modification of 1ZO afforded the highest quality and
coverage of a monolayer on the surface of 1ZO. Water contact angle measurements were
acquired over four spots on the surface of PFBR#dified 1ZO and a value 84° £ 1 was
obtained, which is consistent with values reported for perfluroterphenyl thiols of'gold.
The surface morphology was visualized by AFM and the results are presented in Figure

4.7 below.
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Figure 4.7 Topographical AFM images of bare oxygen plasma treated 1ZO (a) and
PFBPAmodified 1ZO (b). The rms surface roughness determined over a 5 x 5 um scan
was measured to be 0.73 nm and 0.21 nm for a and b, respectively.

The AFM data Bows that the modified surface had a lower surface roughness than the

bare substrate, which indicates some degree of planarization of the I1ZO substrate.

4.3.1Quantification of surface coverage using XPS

Usually fractional monlayer coverage (f) can be deteech from contact angle
measurement by employing the Cassie equation shown below
Al O ZAT O p AT O Equation4.1)
where € 1Is the contact aanig theecontatt anglé @ theno d i f i
bar e s ub s is the econtaat ramgle éf a reference film. The reference film is

usually a thiol analog of the molecule of interest that is usually deposited and measured

on gold. Unfortunately, no suitable analog could be found for the molecsaesim this
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study so an alternate XRfised method developed in the Marder gf8ljor calculating
coverages on ITO was used. This approach relies on having an accurate model of the
structure of the metal oxide. To the best of our knowledge, no modets heen
developed for polycrystalline 1ZO so the crystal structure is used ITO is used instead to
approximate coverage. The method relies on comparing the F/In ratio from XPS to
theoretical values for a close packed monolayer of the acid on the surface of

A model of polycrystalline ITO developed by the Brédas group is shown in
Figure 4.8. The unit cell of the metal oxide comprise of 28 In and 4 Sn per layer with

each | ayer being separated by 3.32 U.

Figure4.8 Bulk In203 unit cell (cubic) with the (222) lattice plane highlighted in green.
Right: Top view of a rectangular, Gtdrminated ITO (222) surface slab, optimized at the
DFT level. The periodic rectangular supercell is indicatedsi@stitutions g randomly
distributed over the cationic positions throughout the Bigjroduced from Paramonov
and company’’

The intensity (I) of the XPS signal can be represented mathematically by Equation 4.2

O 0 Q_wéi Equation4.2
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whereli s t he wunscattered i ntcteonrelativeyto the sutfac&€ 1 s t
normal and d is the sampling depth (i.e., the distance from which the detected
photoelectrons originate) and & represent :
travel before the inelatically scatter (i.e., inelastic mfrae path). The decay profile for

the signal intensity as a function of @& 1is

[ntensity

Figure49Si gn al intensity as a function of dist
angle detection.

The total intensity for the electrons detected can be determined from the integration of
Equation 4.2 between 0O and 3a&, which is
originates. Since in the absence of attenuation the signal deteatédllveoequivalent to

the complete rectangular area shown in Figure 4.3, then we can correct for the attenuation
by dividing the experi ment al F/ I n rstion b
photoemi ssion | i ne™whichbased®rsthemadelpwe forodrdbg . 2 n

the Brédas group is equivalent to ~ 25 layers of ITO. This translates into 44 total indium
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atoms within 3a of the surface’d)w@iven t
surface can accommodate 4.4x14 moleculed. érhis gives a F/In ratio of 0.11, which

becomes 0.36 after attenuation is accounted for. Using this approach the approximate
coverage of PFBPA on the surface was found to be 72% of a theoretical monolayer (i.e.,

3.2x13* molecules crif).

4.3.2Evaluating the interaction between thePFBPA modifier and 1ZO by XPS
analysis

XPS analysis was used to provide insight into the local environment at the
interface and the interaction between the surface modifier and 1ZO. Figure 4.10 shows
the O (1s) spectrum of the lated PFBPA powder and a PFBfdodified 1ZO surface.
The PFBPAmModified 1ZO was prepared using the high temperature protocol and both

spectra were calibrated to the C (1s) photoemission line at 284.6 eV.
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Figure 4.10 High resolutionO (1s) XPS spectrdor (a) neat PFBPA and (HFBPA
modified 1ZO substrate. The dashed lines represent the components of the powder and the
solid lines are indicative of the components of the modified.IZO substidte.
measurments were done at normal angle and 70° for the powder and modified 1ZO,
respectively.
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As expected, the photoemission line of the powder shows the presence of two different
oxygen environment, which can be assigned to the phosphoryl oxygen at 532.4 eV an
the oxygen atoms in the®H groups at 532.5 eV. The ratio of the area of the peak was
2:1 (ROH : P=0), which is consistent with the structure of the molecule. The O (1s)
spectrum for the modified surface is shifted negatively relative to the neat paknges
consistent with what was observed before for the P (2p) peak (Figure 4.4). The spectrum
of the modified 1ZO shows four components at similar binding energies to those reported
for bare oxygen plasma etched 1ZO. In order to deduce the natune tifcal interface

environment an overlay of both spectra is presented in Figure 4.11.
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0.8
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538 536 534 532 530 528 526 524
Binding energy(eV)

Figure 4.11 Overlay of the high resolution O (1s) spectra of neat PFBPA powder and
PFBPAmodified 1ZO

The overlay bthe powder and the modified substrate show complete overlap between

the phosphoryl group in the neat powder and the hydroxyl region of the substrate. In

162



addition, there is also significant overlap between a fraction of the hydroxyl groups in the
powder ad the OH region associated with surface hydroxyls. Similar observations were
made by Paramonov and comp&hyho used a combination of density functional theory
(DFT) calculations and experimental data to deduce the binding mode of phosphonic
acids on idium tin oxide. In their calculations they examined the three different binding
modes that were most common upon structural optimization for phosphonic acids
adsorption on the surface of ITO. The modes include:

) Bidentate binding to two In sites with a fredosphoryl group. Here, the
oxygens participating in the bonding are expected to have a binding energy of
approximately 530.3 eV.

(i) A Dbidentate mode that involve the formation of a bond between the
phosphoryl group and In with additional hydrogen bondimgractions (P
O---H). The relative binding energies of the oxygen species were predicted to
be approximately 530.7 eV.

(i) Tridendate binding with an approximate binding energy of 530.6 eV.

Based on these theoretical predictions and our experimentat datdear that the region
assigned to the surface hydroxyls for the bare substrate gets increasingly complex upon
modification with the phosphonic acid owing to the large extent of component overlap.

As such, it is difficult to deduce the mode of bindirgm the overlay of the XPS data.
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4.3.3Evaluating the interaction between the PFBPA modifier and 1ZO by

vibrational spectroscopy

Infrared reflection absorption spectroscopy (IRRAS) is a very useful tool for the
determination of molecular structural infornmation thin films*® ! In this techniquean
IR beam reflected off aeflective surface at a grazing angle of incidenaed the
vibrational modes of the mekcules on the surfacexamined.As such the vibrational
spectroscopy technique was utilized ststudy to deduce the binding mode of PHBPA
on the surface of 1ZO. The studies were conducted using samples that had saturated
coverage of the acid on the surface. In order to facilitate accurate peak assignment the
monobasic and dibasic potassium saftthe acid were prepared by titrating PFBPA with
potassium hydroxidesée experimentpland their Fourier transform infrared radiation
(FT-IR) spectra acquired. An example of a titration curve for PFBPA is shown in Figure

4.12.

20 0.20
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=0.14
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Figure 4.12 Titration and first derivative curves for PFBPBourtesy of Zachary
Lachance (Pemberton Group, Univ. of Arizona).

18t Derivative
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In addition, the FIIR spectra of benzyl phoshonic acid (BPA) was also obtained as

control. The resultsfahe study are shown in Figure 4.13.
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Figure 4.13 FT-IR vibrational spectroscopy data of isolated PFBPA (black) and its
corresponding monobasic (red) and dibasic (blue) salts. Th&R Epectra of the nt
fluorinated BPA is also lown (purple). ThelRRAS of PFBPAmodified 1ZO is
presented in green. The main ndbonal modes used in the analysis are labaldith
Zachary Lachance (Pemberton Group, Univ. of Arizona)

The use of the salts helps us to pcedhe kinds of changes that are expected in the
vibrational spectrum of the pristine acid once it is tethered to the TCO; this will help to
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identify the mode of binding. The inclusion of BPA as a control experiment helps in the
identification of the GF dretch. The figure shows that theFCstretching modes are
preserved after modification and are observed at 975amd 1131cni*? ®IThe
symmetric PO(H) stretch (937 ci)™® ' is not observed in the IRRAS spectrum
thereby indicating that both-©(H) are tethered to the surface of the 1ZO. The
phosphoryl stretch at approximately 1260tia visible in the IRRAS spectrum, which
suggest that there is still some free phosphoryl groups on the surface & Pldraken
together, these results segythat PFBPA binds to the surface of 1ZO in a predominantly

bidentate manner.

4.4 PFBCA modification of 1ZO: towards optimal coverage

As was the case with the phosphonic acid, the conditions required for optimal
deposition of PFBCA were explored. Figurd¥.presents the F/In and F/C ratios for
PFBCA-modified 1ZO samples prepared as a function of the different modification

conditions. Similarly to the PFBPA, the surface modification was done in ethanol.
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Figure4.14 XPS-determined F/C and F/In ratios lBFBCA-IZO samples prepared using
different modification protocols. Dashed line indicates the theoretical F/C ratio for a
pristine monolayer.

As done previously, the ratios were determined from the higblugon F (1s), C (1s)

and In (3d) spectra after correcting for instrumental and sensitivity factors. The results
depicted in Figure 4.11 shows that highest coverage was obtained with high temperature
deposition; however, thencertainty in coverage wasuch greater at these elevated
temperatures. Interestingly, the quality of the monolayer formed, as depicted by the F/C
ratio, seems to be independent of the modification protocol used. The evolution of the
shape and constituents of the O (1s) photoemis@iigure 4.15) is similar to that
observed with FCPAnodified 1ZO. Here too, a significant increase is observed in the
hydroxyl component at high temperatures, which is paralleled with a reduction in the 1ZO
bulk oxygen species, which is consistent witle #heposition of an overlayer on the

surface of 1ZO.
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Figure4.15 O (1s) core level spectra of PFB@®Aodified ITO depicting the impact of
various modification conditions on the shagel constituent of thepectra. The structure
of the molecule used in this experiment is shown in the top panel.

Contactangle measurements on the PFB&bstrate provided an angle of 59 + 5, which
suggest that the monolayer was not as densely packed on the surface aspherpto
acid. AFM was used to examine the morphology of the PFB®@Aified substrate and

the results are presented in Figure 4.16.
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Figure 4.16 Topographical AFM images of bare oxygptasma treated 1ZOaj and
PFBCA-modified 1ZO (b). The rms surface roughness determined over a 5 x 5 um scan
was measured to be 0.73 nm antiBhm for a and b, respectively.

The surface roughness of the modified substrate was reduced relative the unmodified 1ZO
surface. Umg the XPS method previously discussed and a molecular footprint for

car boxyl i %thecoverdgs was @eterthined to be 42% of a monolayer. This is
consistent with having a less densely packed layer compared to PFBPA as was indicated

by the result®f the contact angle.

4.4.1Evaluating the interaction between the PFBCA modifier and 1ZO by XPS

analysis

The O (1s) spectrum of the isolated PFBCA powder and a PHBGQdfied 12O

surface is shown in Figure 4.17. As was the case with the PFBPA, the PRB@iAed
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IZO sample was prepared using the high temperature protocol and both spectra were

calibrated to the C (1s) photoemission line at 284.6 eV.

Normalized intensity
Notmalized intensity

540 5;58 5:116 5(%4 51%2 5;50 528
Binding energy (eV) Binding Energy (eV)

Figure 4.17 High resolution O (&) XPS spectra for (a)eat PFB@ and (b) PFEEA-
modified 1ZO substrate. The dashed lines represent the components of the powder and the
solid lines are indicative of the components of the modified.lIZO substidte.
measurements were done at normal angle and 70° for the pondienadified 1ZO,
respectively.

The photoemission spectra of the powder shows two distinct oxygen environment, which
we attribute to the carbonyl and the oxygen in th®K functional group at 534.3 and
537.5 eV, respectively. The ratio of the area ofdkggen components was 1:1, which is
in agreement with the structure of the molecule. Similarly to the phosphonic acid, the O
(1s) spectrum for the modified surface is shifted negatively relative to the neat powder. In
addition, the spectrum of the PFB@WAodified 1ZO shows four components at similar
binding energies to those reported for bare oxygen plasma etched 1ZO. An overlay of the

spectra of the powder and the bare 1ZO is presented in Figure 4.18.
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Figure 4.18 Overlay of the high resdlion O (1s) spectra of neat PFBCA powder and
PFBCA-modified 1ZO

Greater separation is observed between the isolated powder and the modified 1ZO O (1s)
spectra. There is almost no overlap between #@(lf) oxygen compoent and the O

1(s) line of the 1ZO. This suggests that all the hydroxyl group from PFBCA is tethered to
the surface. A more significant overlap occurs between the carbonyl group of the acid
and the oxygen line of the substrate is observed. Based ondhiis itas likely that there

are still unbounded carbonyl groups on the surface of the 1Z0.
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4.4.2Evaluating the interaction between the PFBCA modifier and 1ZO by

vibrational spectroscopy

In order more definitively determine the mode of binding of th&@aylic acid
on surface of 1ZO, vibrational spectroscopy measurements were performed and the
results are presented in Figure 4.19. The spectra of benzyl carboxylic acid (BPA) and the
monobasic salt are included for comparison. The salt was prepared apyditwith

KOH; the titration curve is shown in Figure 4.20.

V,(COO)

V,(COO) / V(C-F)
V(C-F) \Z \Z
PFBCA-IZO
18|[][] 1B|Dl] 14|[][] 12|[]D 1[]|00
4‘0'; ‘ V(C-F)
3:5] [ Vvi(c00) \Z
. \ | !
30 A0/ A |
-'g' ) 5_}__ N L_),J \L JL,_‘,__J}LHJ-#._,:* -v.‘l'-‘.__i,‘l‘-f.k Monobasic salt
§ TIv(c=0) V(C-0)
.E 201 Vv
3 ] BCA
N 15
= ] b(C-O(H) V(C-F)
1.043 V(C=O)
% ] ’Z V(C-F) 2
Z 051 PFBCA
0‘0_3 ring skeletal
1800 1600 1400 1200 1000

Wavenumber (cm")

Figure 4.19 FT-IR vibrational spgctroscopy data of isolated PFRQblack) and its
corresponding monobasic (resBlt The FFIR spectra of themn-fluorinated BQA\ is also
sown (purple). The IRRAS of PFB&modified 1ZO is presented in green. The main
vibrational modes used in the analysis are labal¢ith Zachary Lachance (Pemberton
Group, Univ. of Arizona)
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It can be seen from the spectrum loé tPFBCAmModified 1ZO that the & vibrational

modes of the isolated salts are preserved and appear at approximately 1018, 1127 and
1312 cm'.*® ¥ The symmetric and asymmetric stretch of the caboxylate anion is seen in
both the monodentate salt and theodified 1ZO at 1397 ci and 1605 cm,
respectively. This is coupled with the disappearance of the carbonyl vibrational mode at
approximately 1383 cth Qu et al Generally, the mode of binding can be determined
from the separation between the two cagpate vibrations'® A separation of greater

than 300 crit suggest monodentate binding, 1580 cm' indicates a bidentate bridging

mode and 6@L00 cnm" indicates a bidentate chelating mode. Using similar analysis our

separation value of 209 chsuggest a monodentate binding.

15 0.20
30.18
10.16
40.14
10.12
J0.10
-10.08
40.06
-10.04
40.02
o+ 0.00
0 100 200 300 400 500 600 700
Volume of KOH (uL)

1 St perivative

Figure 4.20 Titration and first derivative curves for PFBCAourtesy of Zachary
Lachance (Pemberton Group, Univ. of Arizona).
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4.4.3UPS derived energy level diagrams for PFBPAZO and PFBCA-IZO

substrates

Figure 4.21 shows the URfrived band diagram for oxygen plasma treated 1ZO,

PFBPAIZO and PFBCAIZO samples.

VL—Ff—— - ———- - =088 -------- -
—y o
5274 0.01 4624 0.07 4354013
CBM— . E——
Er —-Yommmm oo ) QU A -
VBM—Y. _______‘L_T _________ .
3.29+ 0.02 3.29+ 0.07 4| -0-15
0, plasma 12O PFBPA-1ZO 3.44+ 0.03
PFBCA-1ZO

Figure 4.21 Energy level diagrams constructed from UPS for bare(faP left) and
ferrocenemodified oxygen plasma treated ITO. Significant changes in the valence band
maximum and surface dipole are shown in red. A band gap of 3.6 eV was assumed and
maintained throughout.

The figure shows that the work function in boltle tmodified sample is reduced relative

oxygen plasma treated substrate. Interestingly, the valence band maximum of the
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PFBCA-modified sample shows a significant increase, which indicates that there is an

increase in the density of electrons at the surface.

4.5 Experimental section

The 1ZO films (510 nm thick) were prepared by sputtering onto gold coated glass
from a 70:30 (wt%) In203:Zn0O target in a chamber with base pressure of 4.5 mTorr.
PFBPA was synthesized according to a previously reported prétbead PFBCA was
obtained commercially (Alfa Aesafrior to modification the 1ZO was prepared by using
a modified DSC protocol. Briefly, thZO substrates were cut intat ¥ 1¢ pieces and
then subject to several cleaning steps: (1) scrubbing the sebsivith dilute Triton X
100 solution with the aid of a lifitee cloth, (2) sonicating in Triton-X00 solution for 5
min then rinsing with distilled water, (3) sonicating in distilled water for 5 min, (4)
sonicating in acetone for 5 min, (5) sonicatingthanol for 5 min and (6) drying under
nitrogen. The detergent solvent cleaned substrates were then Oxygen plasma treated
(Plasma Etch, PE50) for 10 minutes after which they are immediately modified with the
acids.The phosphonic and carboxylic acids agg modification were done in ethanol in
10 mM ethanol solutions. After modification, the samples are sonicated in ethanol for 5
min to remove any physisorbed layers before measurements were performed.

Titrations were done using 10 mM solutions of the ifedin ethanol (5 mL) and
a 0.17 M aqueous solution of KOH as the titrant. The titrant was added in aliqupts of
approximately 50 uL and the mixture stirred and allowed to equilibrate for 30 seconds
after each addition. The titration was monitored potengtrically. Monobasic and

dibasic salts were generate as appropriate for the acid based on the previously obtained
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titration curve by adjusting the pH of the acid solution. Upon achieving the desired pH
the solvent was removed and the salt dried undarwaand heating. FIT analysis is
then performed on the salts in KBr pellets. ThelRTspectra for the isolated acids were
also done in KBr.

AFM was performed on the samples using an agiN®%24B microscope and
PM-IRRAS measurements were conducted ngsia Nicolet Nexus 670 FIR
spectrophotometer with a HINDS PE®D photoelastic Modulator at the University of

Arizona by Zachary Lachance.

4.6 Conclusion:

In this chapter we set out to determine the binding mode of PFBPA and PFBCA to
the surface of 1ZO. W were able to develop a model that chemically describes the
surface of 1ZO. Based on a combination of IRRAS and XPS measurements we were able
to predict that the phosphonic acid binds to the surface in a bidentate manner while the

carboxylic acid is bounth a monodentate configuration.
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CHAPTER 5 DIELECTRIC NANOCOMPOS ITES FOR ENERGY STORAGE

APPLICATIONS

5.1 Dielectric polymer host materials for high energy density
applications
The development of efficient, higgnergy density dielectric materials for

electrical energy storage is an enabling technofogyhe advancement of contemporary
electronic devices such as integrated circuits, field effect transistors, mobile devices and
hybrid electric vehicle8* Among this class of materials are polymeric systems which
are well recognized for their highdakdown strength (> 300 V/um), low dielectric loss
(< 2%) and relatively fast discharge sp&&t.Recall from chapter 1 that the stored

energy density (U) in dielectric films is generally expressed as shown in Equation 5.1:

5 _%A$ Equation5.1

whereE is the applied electric field anD is the electric displacement. Therefore, in
additionto having a high breakdown strength, a large electric displacémdmcth is
obtained through high permittivityis also desirable in order to maximize the storage
capacity of dielectric material¥.Unfortunately, most polymeric systems that are utilize

in capacitor applications generally suffer from low dielectric constant (< 15) which, in

turn, limits their achievable energy density. Biaxially oriented polypropylene (BOPP), for
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example, has remained the commercial stitime-art for numerous yearsbause of its
high breakdown strength (~730 V/um); however, its low permittivity (~2.2 at 1 kHz)
limits the energy density to about 1.2 J#¢t 1Y The dielectric properties of some of the

commonly used polymers are summarized in Table 5.1.

Table 5.1 Summary of the characteristics of commonly used dielectric polymers.
Reproduced from Rabuff!

Polymer film Permittivity Dielectric Loss factor Energy
strength (% at 1 kHz) density (J/cc)
(V/pm)

Polypropyler 2.2 640 <0.02 1-1.2

Polyester 3.3 570 <0.5 1-15

Polycarbonate 2.8 528 <0.15 0.5-1

Polyethylene naphlate 3.2 550 <0.15 1-15

Polyphenylene sulfide 3.0 200 <0.03 1-1.5

Poly(vinylidene fluoride) (P(VDF)) and its derivatives offer dqutial alternative
for achieving high energy density dielectric films owing to both their high permittivity (>
12) and dielectric strength (> 300 V/pf).*? The large permittivity originates from the
polar GF bonds (~ 2.1 Debye) that are found aldhg polymer backbone, which
facilitate the packing of the polymer chains into macroscopic semicrystalline ddffains.
P(VDF)based polymers have several polymorphs, four of which are depicted in Figure
5.1. The chains in t heaphsaremmaageditigtragauciie del t a
transgauche (TGTQ conformation and their crystalline domains occupy similar size
unit cell . However , -pghdsearedorigpted sech theo they oancel i n

each other rendering the polymorph fmslar. h contr ast , the dipol e
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phase point in the same direction render .|

polymorph has a trarsanstransgauche (TTTGTTTG) arrangement with theFC
dipoles oriented at an angle; thereby making the phase poldr{ptease thas an dilans
(Tms4) conformation with the dipoles arranged perpendicular to the chain axis, rendering

the phase highly polar.

A a-phase B F\ G
E € M —
8 l 8 \.’ﬁ -
g T -
1 v A
b=0.964 "M b=0.964 nm .'* 0‘? -
C yphase D f-phase “” \.’“
- aga | .| o™ - -
7 & ) P | omge” 69
© Q‘,
5=0.958 nm =0.964 nm .“ _z‘
Figure51Unit cell s of (A) Umsof B/DF ciystals(vi@dendo , an
alongtheeax es and schematic chain conformati on
(9), amd b)G)phBses. Red, cyan and blue sph

respectively. The projections of the dipole moment adicated by green arrows.
Reproduced from Zhu and Wal{g.

While these systems have substantial storage capacity, the P(VDF) homopolymer and
various P(VDF) copolymers suffer from large polarization hysteresis which precludes
efficient extractior(i.e. thetotal amount of charge)f the stored enerd/.

One method of mitigating the large hysteresis is to prepare terpolymers that
incorporate bulky monomeric groups into the main chain of P(MiSed polymers,

which serve as molecular defect sites that mi@ra reduction in the Curie transition
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temperature thereby facilitating the ferroeleeparaelectric transitiof™ This makes it

easier to achieve high dielectric constants under ambient conditions. Similar results have
been obtained for terpolymepsepared by the incorporation of chlorotrifluoroethylene
(CTFE) monomer units into the copolymer poly(vinylidene fluotidiéuoroethylene)
[P(VDF-TrFE) thereby converting a ferroelectric system into one that is a relaxor
ferroelectric™>*® and consecgntly increasing their capacity to store enerngyé infra).
Therefore, in addition to the high breakdown strength and large dielectric constant of
P(VDF)based terpolymers, their ferroelectric relaxor behavior makes them promising

candidates for higlenegy density capacitors.

5.2 Enhanced permittivity and energy density in neat P(VDFTrFE -
CTFE) terpolymer through control of morphology.

In addition to the chemical composition of the polymeric backbone, the dielectric
properties of P(VDFpased polymers cdpe significantly influenced by their crystalline
structure and morpholody” These properties, in turn, are highly dependent on the
processing conditions used to prepare the films. Several processing methods have been
developed that allow for the contied formation of various crystalline polymorphs, and
consequently, the ability to tailor the microstructure of the polymers for various
electroactive applicatiodd?¥! Although a fair amount of work has been done to
examine the impact of the chemicalngoosition of P(VDRbased terpolymers on their
crystalline phases and dielectric performafité>*® much less attention has been given

to their processing, albeit an integral component for optimization of these systems.

182



In this study, we report on ¢hdielectric properties of a terpolymer thin film,
poly(vinylidene  fluoridetrifluoroethylenechlorotrifluoroethylene) [P(VDHTFE-
CTFE)], with a highly crystalline fibrillar morphology as obtained through a simple spin
coating and thermal treatment praseghe terpolymer investigated herein has an optimal
composition of 78.8 mol % VDF, 7.2 mol % TrFE and 14 mol % CTFE, which yields a

permittivity of ~50 at 1 kHZ*" > The structure of the polymer is shown below.

poly(vinylidene  fluoridetrifluoroethylenechlorotrifluoroethylene) [P(VDHTFE-
CTFE)]

While this terpolymer system has typically been processed by drop casting, we show that
the use of spin coating films followed by thermal treatment and then quenchinghrom t
melt allows for a marked enhancement in dielectric constant, as well as high energy
density. Furthermore, we present a detailed study of the morphology and its impact on the
dielectric properties that are relevant for capacitor applications. A thorougstigation
of the energy storage capacity via polarizabectric field (RE) and chargelischarge
(C-D) measurement on the films is also presented.

The P(VDFTrFE-CTFE) terpolymer films were prepared using two different
processing methods (sésperimental section The first methodNI1), involved casting

of the terpolymer film, drying at elevated temperature &), cooling to room
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temper atodfe®, wiiltihftdi stilled water and a fi
of the top electroded” In the second method@), the terpolymer was dissolved in dry
N,N-dimethylformamide (DMF) and then thin films were prepared by -spating
followed by a soft bake, drying overnight at 120 °C (above the melting temperature), and

finally thermal quencimg.

5.2.1Characterization of the morphology and phase composition of the terpolymer
The morphology of the as prepared films was evaluated using scanning electron
microscopy (SEM). Figure 5.2 presents the SEM top surface image of theAfimdB

that were pregred from the as synthesized terpolymer usiiigandM2, respectively.

- 3 ) ¢ P

Figure5.2 Top surface SEM image of neat P(VE-CE fiI: (a and c) film A,
and (b and d) film B high and low resolutiongpectively. Images acquired by Yunsang
Kim (Perry Group).
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The SEM images reveal a qualitative difference in the morphology of the two terpolymer
films. The images show distinct crystalline and amorphous phases in both films but the
density and apparentz& of crystalline domains observed in filBrare much more
pronounced. This suggests that thermal treatment of the terpolymer well above its
melting point (~ 79 °CG)"! and subsequent nucleation and crystallization is important for
the formation of the dese, fibrillar morphology observed in fill. This difference in
morphology can have significant effects on the dielectric properties of the films as the
character of the crystalline domains are known to be responsible for the high permittivity
in P(VDF) baed polymer§3! AFM analysis of the films provided the RMS surface

roughness values of 1.5 aBdb nmfor films A andB, respectively (Figure 5.3).

Opm 2 4 6 8 10 12 14 16 18 Opm 2 4 6 8 10 12 14 16 18
1 L | L | 1 H |
10.0 nm

[ 10.0 nm

Figure5.3 AFM images of neat terpolymer films prepdrey the two different methods.
Both films were prepared from the as synthesized terpolymer using M1 (left) and M2

(right).
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Figure 5.4 shows the room temperatureay diffraction (XRD) patterns of films
A andB. A thorough evaluation of each sample wasalusing a Gaussian peak fitting

analysis and the results are presented in Table 5.2.

Table 5.2 Lattice constant and coherence length for the terpolymer prepared using
different conditions

Inter-chain spaéng | Coherence length
(A)/[phase] (hm)
Film A 4.73/[nonrpolar] 20.27
4.58/[polar] 4.05
Film B 4.78/[nonpolar] 30.20
80 °C annealing 4.75/[nonpolar] 26.45
4.68/[polar] 4.23
No annealing 4.69/[polar] 2.15
P(VDFTrFE) 70:30 mol% 4.45/[polar] 8.83

Fim B showed a -phase r{0g0) diffradtion peak at approximately 18.54°
(equivalent to an interchain crystal spacing of 4.75 A), which is consistent with the angle

of the reflection typically observed forthenpro | ar U phase™Pihet he t e
XRD of a copolymer poly(vinylidene fluoridiifluoroethylene ) [P(VDFTrFE)] 70/30

mol% was included for comparison and was found to have a interchain crystal spacing of
4.45 A.This demonstrates that the terpolymer has a larger interchaincgistahich is

often attributed to the incorporation of the bulky, chlorinated monomer into the
polymeric backbone since chlorine has a greater van der Waals radius than fftdctihe.

Film A shows a (020) diffraction peak at a two theta of 18.75°, wiviehattribute to an

overlap of the (100) -phasedA higbe?dngle diffradtidneeak i on s
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centered at 19.37A was al so o kpbaser(M@adndand

b-phase (110) reflections. The higher angle diffractiopeaps in the region where the
f er r o edphase tofrthe P(VDHTFE) (two theta ~19.80°) is typically observed for

copolymers with VDF content between 50 and 80 mbfo3”

700
] ——No annealing
600 - ——80 °C annealed
] —— Copolymer
500 - ——Film A
] ——FimB

Normalized intensity

L d . . ; . . A d 1
16 17 18 19 20 21 22 23
Two theta (%)

Figure5.4 XRD (200, 110) eflection of terpolymer Films A and B. Films that represent
intermediary steps in the M2 process (i.e. no annesaingnnealing at 80 °C for 10 min)
are also included. The spectrum of a copolymer p(MBFE) 70:30 mol % film is also
shown. All the specé&rwere normalized for thickness. Data acquired by Dr Kathaperumal

(Perry group)

On this basis we conclude that @ processing technique gives rise to a predominance
of nonpolar domains, along with amorphous phasée terpolymer, whil®l gives a
mixture of polar and nopolar domains, again with amorphous phase.

In order to track the evolution of crystal formation during the second method,

XRD data of films that represented intermediary steps iMig@rocess were evaluated.
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The film that was noannealed (i.e. spin coated and allowed to dry at room temperature)
showed a s mal | -phasedut vas mostly amdrphousbin nature. This
suggests that in the absence of annealing the polar phase seems to be the
thermodynamically stable crystal plkam the terpolymer. Annealing at 80 °C for 10
mi nutes provided a-pdaksl|1aD andi OR0) at H8WOE° rahdd .62, n g
respectively. Subsequent annealing at 120 °C overnight gives a predominanpiglaon
(020) microstructur€&® 2° This demonstrates that the Higemperature treatment
foll owed by quenching i s hphagencongentard feyot i v e
ferroelectric behavior in the terpolymer.

Assessment of the coherence lengths of the crystallites (L) of the varioes phas

was determined via XRD using Scherrer formalism (Equation 5.2)

, Equation5.2

where oray wawelxengt h, B is the full wi dt h
the angular position of the diffraction pdaR.The results of the Scherrer analysis are

shown in Table 5.2. The size of crystallites in the-polar ptase progressed from being
nonexistent under rooftemperature drying conditions to 30.2 nm after figimperature

treatment at 120 °C followed by quenching. In the polar phases of the differently
annealed films, the intezhain spacing of the films remainslatively constant regardless

of thermal treatment while their coherence lengths show a small difference between the

annealed and neannealed samples. It is evident from these results that not only is the
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formation of the nonpolar phase promoted by ghergfrom high temperature but the
size of the crystallites formed increases with the temperature of the thermal treatment.

FT-IR measurements were performed on fildksand B in order to provide
molecular structural information (Figure 5.5). The vibratlsmectrum of filmA shows
three characteristic absorption bands at 505, 616, and 129@vhioh are attributed to
the Chbending mode in the TTTGTTTG' conf or ms
TGTG' conformation, and the @Btretching vibration of the attans (T4 b phase,
respectively'® ¥ Film B shows a similar crystalline composition with the exception of a
dimini shed o phase. HR specttum mpR(MDHEB) preparech e F T
usingM2 is also presented. The copolymer film is comprised solely of a strotiguas|
b phase suggesting that this polar phase i
the copolymer™* 26 28l Therefore, while the introduction of CTFE units into the
copolymer backbone contributes to the destabilization of the polar phase it promotes the

f or mat i ophaseand theltansedqient ferroelectric relaxor behavior.
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Figure5.5 FT-IR spectra of the terpolymer films: (1) film B and (1) film A which were
prepared by M2 and M1, respectively. The spectrum of a copolymer pIVEE) 70:30
mol % (I1l) prepared via M2 was also inclkedl for comparison.

5.2.2Dielectric characterization of terpolymer films

The effect of processing method on the dielectric constant and failure statistics of
the films was investigatedwing to the statistical nature of dielectric breakdown, the
failure analyis was performed on the films using Weibull statisfis” In this approach
the cumulative probability of failure @P at an applied electric field (E) is given by

Equation 5.3.

0% p ADGD % rjy Equation5.3
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where 92 is the threshold electric field
estimated value dE at which the cumulative probability is 63.2% dmds the Weibull
parameter which represents the scattering in the measured dielectric strength values. In
order to analyze the experimental data using the Weibull approach, thebititp of

failure is arranged using a median ranking approximation thatbeaexpressed in

equation 5.4
0 H —&; Equation5.4
where n is the sample size, and i is the index2 (B, én) . T hwe fieldsraeea k d o

arranged in ascending order and failure probability based on positioning is determined

from equation 5.4 at each field. The para

from a linear fit of log Evs log[-In(1-P)]. Figure 5.6 shows the exptas of these plots

for films A and B. Beta represents the sl

field when the probability of failure is 63.2% (i.e-12e).
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Table5.3 Dielectric charactertees of neat terpolymer films A and B prepared using the
two methods.

Film A Film B
[M1] [M2]
Thickness (M) 2040 3.9+0.1
Relative permittivity (at 1 kHz) ~50 77 + 16
Dielectric strength (V/um) 96 + 40 261 + 62
Wei bull paramet 2902 5.6 +0.2

aThe error bars associated with the dielectric measurements reflect the standard deviation

of the average values.
P Propagation of error from Weibull analysis was used to determine the uncertainty in

Wei bul | parameteengti b) and dielectric str

10
(a) = FilmA (b) 10
——Linear fit

14| rR%=0.938

m FimB
—— Linear fit

14 [R2=0.915

0.1

-In(1-P)
-In(1-P)

0.01 4 0.01 4
1E-3 T T T T T 1E-3 T T T T
20 40 60 80 100120140160 150 200 250 300 350
Electric field (V/pm) Electric field (V/um)
Figure5.6 We i bul | anal ysis plot for raw breakdov

(a) Film A and (b) Film B.

Assuming a threshold of zero, the parameters can be substituted into reduatitm
determine the probability of failure as a function of electric fidlde dielectric and
breakdown analysis results for the two films are shown in Table 5.3. As mentioned

above, Films A and B represent samples prepared from the pristine/as iggathes

192



terpolymer using M1 and M2, respectively. Dielectric spectroscopy measurements reveal
that the film prepared using M2 has a higher permittivity than those prepared via M1.
Film B has a rather high dielectric constant of 77 (at 1kHz) which, to theobestr
knowledge, is the highest relative permittivity value reported for a neat organic
fluoropolymer material. The increase in dielectric constant relative for B relative to film
A is believed to originate from the increase in the amount of crystaiptease domains,

as indicated by the microstructure in the SEM images (Figure 5.2), which are able to
undergo substantial polarization in the presence of an electrid'fielidis important to

note that when film A is réissolved in dry DMF and processinto films via M2 (film

C) the high permittivity observed in film B is reproduced (Table 5.4) thereby
demonstrating the consistency of the processing methods. However, while the fiims A
and B exhibit marked differences in permittivity they both dematestrelatively low
dielectric | oss at 1 kHz.

(tan U0 < 0.04)

Table 5.4 Dielectric characteristics of various neat terpolymer films prepared using the
Methods 1 and 2 ([M1] and [M2]). The error bars associatéth the dielectric
measurement s, with the exception of b,
values. Propagation of error from Weibull analysis was used to determine the uncertainty

r

e

in Wei bul

par ameter

(b)

gbiityg.a s ur e

of

Film C
[M2]

Film D
[M2]

Film E
[M2]

Film F
[M1]

Thickness (uUM)

8.5+0.3

47+0.1

3.1+0.1

15-25

Relative permittivity (at 1 kHz)

72+5

57 %5

62 +3

~ 50

Dielectric strength (V/um)

128 + 27

116 + 49

222 + 48

90

Wei bul |

par amg

55+0.6

1.7+0.1

1.9+0.1

4.7

br eak

Film C was prepared by réissolving filmB in dry DMF then preparing a fresh sample

using M2. Film D represents a sample that has been prepared hdgrom a
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terpolymer solution that has been allowed to age for fourtmsor-ilmsE and F were

prepared vidvi2 andM1 using atmosphere equilibrated and dry DMF, respectively.

The impact of solvent quality as well as polymer solution aging on the dielectric
performance of the films was also examined and the results aent@@sn Table 5.4.
Films E andF represent samples prepared using atmosphere equilibrated and dry DMF,
respectively. The results show a reduction in the permittivity, dielectric strength and
Weibull modulus of filmE, relative to filmB, although both fihs were prepared using
M2 which indicates that the presence of moisture in the DMF is deleterious to the
properties. While the permittivity anls of film F did not improve relative to filmA
under the same preparation protochll{, the Weibull modulus siwed significant
improvement in filmF. Furthermore, if the solution used to prepare the film is allowed to
age for a period of four months under ambient conditions prior to making filmsM&ing
(film D) the dielectric properties are diminished relatieefitm B. Based on these
findings it is evident that the use of anhydrous solvent is critical for obtaining high
dielectric constant and dielectric strength terpolymer films with moderate Weibull
moduli. Taken together, these results indicate that thelsletathe method used to
prepare terpolymer films have a marked impact on the morphology, crystallinity and
consequent electrical performance of the dielectric material. Specifically in the case of
the terpolymer, the dielectric properties can be maxithizemaking films from freshly

prepared, dry DMF solutions using thi2 method reported here.
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5.2.3Assessing the energy storage capacity of the terpolymer films

Polarizatiorelectric filed (PE) measurements were performed on fiBnto
determine its energy stge capacity. The stored energy can be determined from the
integration of the region above the curve and the ordinate as illustrated in Figure 5.7. The
results of the FE measurements are shown in Figure 5.8. The unipelardésponse of
the film at fields up to ~ 470 V/um are shown in Figure 5.8a; the loops show relatively
narrow hysteresis, small remnant polarization, and relaxor ferroelectric behavior, all of
which are desirable properties for achieving efficient, high energy density storage
materials However, the gradual widening of the loops with increasing field indicates that
some energy loss is being incurred possibly from conduction and/or charge injection at

high fields** 32!

U =jEdP

Electric Polarization, P

Applied Electric Field, E

Figure5.7 P-E curve of a ferroelectric material. The stored energy is equal to the shaded
under the FE curve.
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Figure 5.8 Unipolar RE curves of film B prepared from the as synthesized terpolymer
using M2 (a) and theotresponding recoverable energy density and extraction efficiency
curves (b).Each unipolar FE curve was obtained on a single device at different

maximum field until catastrophic failurBashed lines serve as guides for the eye.

Additionally, the RE cuves also show a reduction in the polarization response at ~150
V/um which is evidence of displacement saturation. Figure 5.8b shows the values of the
discharged energy density and extraction efficiency as a function of the applied field as
determined fronthe integration of the areas between the charge and discharge curves of
the RE loops and the ordinat®.Unlike linear dielectrics, which show a quadratic energy
density dependence with electric field, the terpolymer exhibits alinear behavior as

the field is increased. In addition, the extraction efficiency appears to taper off rapidly
prior to the onset of dielectric saturation at ~150 V/um. For example Bfiahich gave

a maximum extractable energy density of ~9.7 3/am- 470 V/um did so onlwith an
extraction efficiency of about 50%. It is clear that the onset of early polarization
saturation (i.e. saturation at a field that is much lower than the breakdown field strength)
and conduction/leakage at high fields imposes a limit on the acleegabrgy density

and the extraction efficiency. This serves to reinforce the notion that consideration must
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be given to extraction efficiency when assessing the discharged energy density for
various capacitor applications. Therefore, it may be advantagemulevelop high
permittivity terpolymer systems in which the threshold for dielectric saturation is much
closer to the breakdown field of the film. Recall that the impetus behind the synthesis of
the terpolymer was the introduction of a bulky CTFE monengroup into the main

chain of P(VDFTrFE) in order to reduce the size of the crystalline domains and
simultaneously lower the energy barrier for ferroelegtacaelectric phase transition
giving rise to high dielectric constaft! Furthermore, in orer to delay the onset of early
dielectric saturation the polymer system would have to be optimized such that it has a
lower permittivity value that allows for the energy density to be maximized at higher
field.) It therefore stands to reason that a systiic study of the chemical composition

of the bulky monomer as well as the crystallization behavior of the resulting terpolymer
is needed to properly understand and control the relaxor ferroelectric behavior.

Key to the development of fluoropolymer enesigrage materials are the design
and processing of dielectrics that are capable of rapidly storing and nearly
instantaneously delivering large amounts of energy in an efficient manner. As such we
conducted chargdischarge (€D) measurements on FilBi to examine it energy storage
capacity under pulsed conditions. A schematic of theigsetsed in €D measurements is
shown in Figure 5.9. In this technique, the device under test (DUT) is initially charged by
applying a known DC field through a charging citcdfhe DUT is then discharged
through a load resister of known value and the current output monitored through a known
resistor. An oscilloscope integrates the output voltage over time to calculate the released

energy.
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HV relay

H.V.

oscilloscope

50 MQ 100 kQ

Figure5.9 Schematic of chargdischarge circuit.

Figure 5.10 shows the-D results. FilmB shows a maximum extractable energy density

of ~ 27 J/cm which is almost three times as high as that achieved urBecdnditions.

It is also impeotant to highlight the fact that under pulsed conditions fields up to ~ 604
V/um can be achieved prior to the occurrence of catastrophic failure, which is markedly
higher than the fields reached under the longer timescale of breakdown testing. Since,
both C-D and breakdown testing are performed until catastrophic failure, the superior
performance of the terpolymer film under pulsed conditions is believed to be a result of
the ability of the material to withstand electrical and mechanical stress develgbed in
dielectric during measurement, as well as the differences in the timescales of the

techniques.
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Figure 5.10 Discharged energy density of film B as determined from chdiggharge
measurements. Stad ar d deviation (18) in theé&fomeasur
measurements.

5.3 Dielectric properties of nanocomposite films comprised of high
permittivity P(VDF -TrFE -CTFE) terpolymer and phosphonic acid

modified barium titanate nanoparticles

The namocomposite approach towards the development of dielectric materials
generally involves the incorporation of high permittivity particles into a low dielectric
constant polymer matrix. In this study we examine the dielectric properties of
nanocomposite thifilms formed between phosphonic acid surtawectionalized barium
titanate nanoparticles and poly(vinylidene fluortdéuoroethylene
chlorotrifluoroethylene) P(VDHTIFE-CTFE), which exhibits marked reduction in

permittivity contrast relative to oth@onventional systems. The permittivity of the neat
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