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ABSTRACT

ENGINEERING PHTHALOCYANINES AND CARBON COMPOSITES FOR USE IN SENSING,

MICROFLUIDICS AND DYE SENSITIZED SOLAR CELLS

The focus of this thesis is on fundamental and applied electrochemistry in the areas
of photovoltaics, sensors, and microfluidics. Photovoltaics are important as they are needed
to reduce the amount of greenhouse gases, pollution, and reliance on finite energy sources
that are currently associated with energy production. A thin film photovoltaic device
known as a dye sensitized solar cell (DSSC) is studied in his work. Specifically the cathode
of the DSSC is studied in detail. A new method to create a highly transparent and catalytic
DSSC cathode coating is proposed. The phthalocyanine based coatings have ~97%
transmittance at 550 nm and low charge transfer resistance of ~1.3 1 cm?, representing
one of the best cathode coatings in terms of transparency and charge transfer resistance to
date.

Electrochemical sensors and electrochemical microfluidics can be used to monitor
air, water and soil pollution, both of which can occur from anthropogenic and/or natural
sources. Quantifying this pollution is vital for human and animal safety. Electrochemical
sensors are also used for health diagnostics and are commonly applied in blood glucose
monitoring. It is projected that wearable forms of electrochemical sensors will emerge as a
vital class of real-time point-of-care sensors to monitor health indicators in the near future.
To advance the field of electrochemical sensors and electrochemical microfluidics low cost,

easily miniaturized, patterned, and shaped electrodes are needed. The work here



introduces a new fabrication method for carbon composites which enables electrodes to be
patterned and made into micron features in a facile manor through solvent or melt
processing. The composites are also shown to be easily integrated into microfluidic devices,
demonstrated with the assembly of electrochemical droplet microfluidics. The ease of
fabrication of the new composites represents a milestone for the widespread use of low
cost carbon composites in complex electrochemical systems. Within this thesis, Raman,
SEM, XRF, and a wide range of electrochemical redox species and techniques are used to
determine what factors affect the electrochemical activity, capacitance, and conductivity of

the carbon composites.

Finally, phthalocyanines for uses in electrochemical catalysis are a recurring theme
throughout the thesis. Chapter 4 is dedicated to creating new types of electropolymerizable
phthalocyanines. Cobalt phthalocyanine is integrated into the carbon composites from
Chapter 2 for uses in thiol oxidation and the sensing of thiols. The thiol of interest was
dithiothreitol (DTT) which is used in the “DTT assay”. The DTT assay is a chemical measure
of oxidative potential of particulate matter, and is commonly used to try and understand
health effects relating to air pollution. Here, low volume disposable cells, as well as flow

based sensors are developed for the detection of DTT.
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CHAPTER 1: INTRODUCTION

The thesis is written in a “journal format” for manuscripts that have been, are in the
process of being submitted, or have been accepted. To form a uniform document that
adheres to thesis guidelines, some sections of the manuscripts have been rearranged and
some of the supplementary information has been added to the body of the thesis document.
It was also necessary to add additional background information on some sections. As the
work presented here is quite diverse there is not a unifying introduction, conclusion and
future work chapters. Instead, the background is reported at the beginning of each new
chapter, similar to that of a normal journal publication. Each chapter contains a conclusion
and future work section.

In Chapter 2 the development and characterization of thermoplastic carbon
composite electrodes is introduced. This work focuses on the development of a generic
electrode substrate to perform electrochemistry for a wide range of platforms and
techniques. Electrochemistry is entering nearly a 100 year history, and the range of
electrode geometries and cell types are incredibly diverse. It is often difficult, however, to
pattern and shape carbon electrodes for applications such as microfluidics or small scale
voltammetry. The work in this chapter proposes a new method to pattern, shape and
manipulated carbon composite electrodes. It was found that these new electrodes had
excellent electrochemical activity and were highly conductive with only the use of simple
graphite. Because of its low cost, graphite is a focus of study in terms of electrochemical
performance. Graphite is a highly complex material and can be full of oxides and metallic

impurities and these issues are discussed and tested in this chapter. The thesis chapter



largely consist of the content from a publication in the Journal of the American Chemical

society titled “Patternable Solvent-Processed Thermoplastic Graphite Electrodes”.

Chapter 3 continues the work of Chapter 2, demonstrating the integration of the
newly proposed carbon composites into microfluidics. A new binder material is proposed
(poly-caprolactone) which enables electrodes to be melt-processed. This is yet again a new
strategy to fabricate the new class of carbon composite electrodes. Poly-caprolactone (PCL)
is also used to seal microfluidic devices. Methods and methodology are presented to ease
the process of both microfluidic fabrication and carbon electrode integration into
microfluidic devices. Electrochemical sensing within droplet microfluidics are
demonstrated as a high level application of the new devices. The work with PCL

microfluidics is tentatively aimed for submission to the journal Lab-on-a-Chip.

Also contained in Chapter 3 is the application of the carbon composites for use as
thiol sensors. Specifically, the composites are used for the sensing of the dithiol
dithiothreitol (DTT). dithiothreitol is frequently used to gauge oxidative potential of
particulate matter though the use of a chemical assay. The assay is known as the “DTT
assay” and investigates the catalytic reaction of aerosol particulate matter (PM) with
dithiothreitol (DTT). In the assay the free thiol DTT is oxidized into a disulfide, the
oxidation of DTT is proposed as a mimic of the biological response of PM in the human
body. To perform the assay, quantitatively knowing the concentration of the thiol is
required, which is then correlated to the rate that the PM and the thiol are reacting. In this
chapter section fluidic devices as well as small scale electrochemical devices are proposed

for the quantitative detection of DTT. Initial results indicate that the composite electrode



devices are promising for automation of the DTT assay, as well as low volume single

container experiments.

Chapter 4 begins with the synthesis of various phthalocyanine (Pc) derivatives. Pcs
are a historically important class of molecules for a variety of electrochemical applications,
including thiol sensors. The goal of this work was to produce stable electropolymerized
thin films of phthalocyanines. Electropolymerization enables the tunable growth of
polymeric films on the electrode surface. Thiophene, and diphenylamino appended
phthalocyanines were chosen as synthetic targets. Electropolymerization of thiophene Pcs
was relatively unsuccessful, and ultimately the diphenylamino-Pc was found to be the most
promising electrode coating. The diphenylamino-Pc derivatives are a completely new class
of polymerizable Pcs and have potential applications in electrochromics, sensors, energy

storage, or electrochemical catalysis.

Finally, Chapter 5 introduces electropolymerized tetraaminophhthalocyanines as a
new cathode material in DSSCs. The work compliments and validates the need and value of
electropolymerization to produce catalytic electrode coatings, highlighting the work in
Chapter 4. These DSSC cathode coatings are tested for the key parameters of charge
transfer resistance, optical transparency, and stability. It was found that the films are one of
the more catalytic and transparent to be reported in the current DSSC cathode literature.
This work was published in the Journal of Materials Chemistry A titled “Highly transparent

DSSC cathodes based on tetraamino phthalocyanine polymer films”.

To summarize, the efforts of the work contained within this thesis provide new

methodologies for working with carbon composites as well as phthalocyanines. The new



methodologies were developed through an extensive review of the literature, which often
was wide in scope, greatly extending past the immediate field of study. It is through the
scavenging and adapting of ideas and concepts from the literature that the research efforts
within this thesis have found any success. The impact of this work is then dually rooted in

both new chemistries and materials and utilizing and recognizing past research efforts.



CHAPTER 2: DEVELOPMENT AND CHARACTERIZATION OF THERMOPLASTIC CARBON

COMPOSITE ELECTRODES

2.1 Introduction

Overview

This chapter highlights the electrochemistry and fabrication of carbon composite
electrodes. Most of the content is taken from a publication in the Journal of the American
Chemical Society titled “Solvent Processed Thermoplastic Graphite Composite Electrodes”.
Follow up work to this initial paper is also contained within this chapter which highlights
the aqueous solvent window of the composite electrodes. Metallic impurities and surface
oxides of the commercial graphite source are discussed as they pertain to the
electrochemical activity of the composites. Overall, this chapter proposes a new
methodology for fabricating carbon composites and presents multiple characterization
techniques of these materials. The fundamental work lays a foundation for Chapter 3 which
details the integration of the composite electrodes into flow cells, microfluidics, and

SEensors.

Background on graphite and its electrochemistry

To begin, it is worthwhile to briefly discuss the structure of graphite, which is made
of stacked layers of graphene. The layers are composed of a large conjugated network of
sp? carbon sheets. The sheets are held together with weak interactions from the
delocalized  bonded conjugated network.! In Figure 2.1 (left) an idealized example of the

stacked structure of graphite is shown, the layers have a spacing of 0.335 nm. However, the

5



layer spacing can vary significantly by thermal treatment, graphite oxidation, intercalation
or exfoliation of the graphene sheets.2-3 On the edges, graphite has either of two chemical
environments which are often called zip-zag or arm chair edges. Other useful nomenclature
is the term edge and basal planes, which are shown in Figure 2.1. The terms are often used
in an electrochemical context, as the different planes have dramatic effects on the

electrochemistry of graphitic materials.

metallic impurities
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carbonaceous impurities

Figure 2.1 (left) Stacked graphene sheets representing a layered graphitic material. (right)

Quasi-realistic depiction of chemical environments found in typical graphitic carbon
materials.

In reality, the graphite used in this work (and most studies in general) is
polycrystalline with crystalline domains that range from about a micrometer to just a few
nanometers. Commercial graphite is often ball milled or broken up mechanically cleaving
the sp? structure which then can react with oxygen in the air.#-¢ This can leave a myriad of
oxygen functional groups on the surface of the graphite, some of which are shown in Figure
2.1 (right). The processing can also leave a variety of defects in the graphite structure
including vacancies as well as dangling sp® moieties.* 7 What are also present in

commercial and natural graphite are carbonaceous and metallic impurities.8



The diverse chemical environments depicted in Figure 2.1 can greatly impact the
electrochemical properties. One of the biggest effects is seen between the edge and the
basal planes. For quite some time it was thought the basal plane was inactive.” However,
recent work from the Unwin group has demonstrated that if the carbon surface is clean, the
basal plane is nearly as active as the edge plane.19-11 In practice, the basal plane fouls fairly
quickly from adsorbed adventitious carbon, and this fouling is nearly unavoidable. A high
density of edge sites have then been a recent focus in electrochemical research, involving
the use of graphene, carbon nanotubes, and edge plane highly ordered pyrolitic graphite.1?
Under normal lab conditions edge plane graphite is highly electrochemically active and

isn’t nearly as prone to fouling as the basal plane.

Oxides drastically affect the electrochemistry of graphite based electrodes.
McCreery, who is arguably a foremost pioneer in the understanding of the electrochemistry
of graphitic carbon, has an excellent review which covers the interactions with oxides.? As
an example, molecules like dopamine are thought to adsorb to oxygen groups, which can
facilitate electron transfer. The electrochemistry of aqueous iron almost entirely

disappears when the surface is devoid of oxides.13

Besides oxides, certain types of impurities can impact the electrochemistry at a
carbon electrode. Two common impurities are carbonaceous and metallic debris.
Carbonaceous impurities can take the form of small highly oxidizes clusters. A recent paper
highlights the removal, isolation, and the catalytic nature these particles.1* The small

particles can be highly electrochemically active and confuse the apparent source of



catalysis. This has been an issue with the characterization of carbon nanotubes and

graphene.

Small amounts of metallic impurities such as iron or manganese can also dominate
the electrochemistry of a carbon material. Related, metal impurities within carbon
materials have been shown to be extremely difficult to remove.1>-16 Later in the chapter,
metallic impurities are discussed in more detail and the data suggest they may play a role

in significantly decreasing the solvent window of commercial graphite.

Background on carbon composite electrodes

Carbon electrodes have been widely used because of their favorable electroactivity,
biocompatibility, chemical stability, high conductivity, wide potential window, and low
cost. Common carbon electrodes include glassy carbon, screen-printed carbon (SPE),
carbon paste (CPE), boron doped diamond (BDD), carbon black, pyrolytic graphite, carbon
nanotubes, and graphene.? The breadth of applications of carbon based electrodes is
diverse and includes batteries,!” fuel cells,'8 waste water treatment,19-20 supercapacitors,?!

anti-static applications,?2 and chemical sensors,23-24 just to name a few.

One challenge with carbon electrodes, however, is the trade-off between ease of
fabrication and electrochemical performance. Composite carbon electrodes (CEs), as first
demonstrated by Adams, tackle the issue of ease of fabrication.2> CEs are made from carbon
particles held together with a binder and are among the easiest carbon electrodes to make
and pattern. To assemble CEs a broad range of binders including wax,2¢ ionic liquids,2”
epoxy,?® and plastics such as poly(methyl methacrylate),29-31 Teflon,32-33 and

polyethylene34-36 have been used. While carbon CEs are easy to fabricate, they generally

8



suffer from low conductivity and slow electron transfer Kinetics. As a result, there remains
significant interest in developing CEs that are easy to fabricate, low cost, highly conductive,

and have high electrochemical performance.

Among binder materials, poly(methyl methacrylate) (PMMA) has been largely
ignored and only a handful of unique reports exist on its use as a binding medium for CE.
The lack of use of PMMA as a binder is odd considering its low cost, ready availability,
solubility in a variety of solvents, and popular use in analytical devices.37 Methacrylate
thermoplastic CEs have been known for several decades,38 but have largely relied on either
tedious fabrication methods,?%-3% or methods that limit patterning.3® More recently, an in-
situ polymerization method for making PMMA:carbon nanotube electrochemical devices
was developed,31 40 as well as a single example of an impregnation technique to fabricate
PMMA:graphite electrodes.#! While these reports provide a basis for the current studies in
this chapter, it is generally unclear how CE processing conditions such as surface
treatment, particle size, carbon source, and binder:carbon composition can be used to

improve electrode fabrication, patterning, conductivity, and electrochemical performance.

In this chapter, a new solvent assisted fabrication technique generating electrodes
referred to as ThermoPlastic Electrodes (TPE) is reported. TPEs can be easily patterned via
template printing, embossing, and laser cutting, into a variety complex geometries,
including flow channel and pillar arrays with micron-sized features. As expected the
electrode conductivity increased with an increase of carbon in the TPE, but the

conductivity varies by nearly an order of magnitude as a function of carbon type.



Following conductivity measurements, electrochemical characterization using cyclic
voltammetry and electrochemical impedance spectroscopy in comparison to glassy carbon,
screen-printed carbon, and Pt electrodes was carried out. The TPE outperforms both
commercial carbon electrode types and performed similarly to Pt with ferricyanide as the
redox probe. A variety of inner and outer sphere redox probes designed to test different

electron transfer processes were then evaluated.

Surface treatments, including polishing, sanding, and plasma exposure, provide the
ability to tune the reactivity, activating and deactivating the electrode for certain chemical
systems. Remarkably, with surface treatments, the TPE gives comparable electrochemistry
towards the highly surface sensitive redox probes of dopamine and ascorbic acid to that of
the more difficult to prepare electrode materials of graphene, carbon nanotube and/or

highly ordered pyrolyzed graphite.

Finally, the electrodes were characterized through scanning electron microscopy
(SEM) and Raman spectroscopy to elucidate changes in the electrode composition from the
surface treatments. Major structural changes of the TPE surface are seen in the SEM images
for each treatment. Interestingly, the Raman spectra suggest that the quantity of edge type
defects (crystallite domain size) did not drastically change, with no vacancy or sp3 defects
being introduced upon surface treatment. Overall, the TPEs provide a significant stepping
stone for future advancement in the fabrication and integration of composite carbon

electrodes into high end electrochemical systems.

10



2.2. Results and Discussion

Fabrication, templating, and patterning of ThermoPlastic Electrodes (TPE)

To address the key problem of ease of fabrication and templating, reported is a
simple and low cost solvent assisted fabrication method as an alternative to air-free in-situ
synthetic conditions commonly used with PMMA composite electrodes.*2-43 Templating
TPEs to make complex electrode geometries is straightforward as illustrated in Figure
2.2A. To make the electrodes a PMMA template is cut or etched with the CO; laser, and a
semi-solid TPE material is pressed into the PMMA template. Applying pressure (~50 psi)
to the TPE while drying was found to be crucial to achieve a defect free and uniform
electrode material. Additional details can be found in the methods section on the process.
The gum-like consistency of the partially dried TPE material allowed for easy fabrication of

electrodes with micron-scale dimensions.

The ~150 um spot size of the CO; laser defined the lower size limit of attainable
features within the PMMA templates. Figure 2.2B shows 150 pm band electrodes, as well as
an individually addressable disk electrode array containing nine 150 pm electrodes. The
electrode arrays would be challenging to fabricate with traditional carbon materials, but
can be readily fabricated with the solvent assisted TPE system shown in Figure 2.2A. For
patterning based on cutting methods, 1 to 2 mm thick TPE sheets were made by pouring
the mixture into a small mold. Once fully dried, the TPE sheets were cut using a CO2 laser to
create electrodes with complex geometric shapes, demonstrated in the top of Figure 2.2C.
The CO: laser TPE cutouts, when heated slightly above the Ty (~121 °C from Plaskolite)

with applied pressure (~50 psi), were readily moldable into premade PMMA templates.
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The entire process is shown chronologically moving from the top to the bottom in Figure

2.2C.

Despite the mass loading in the TPE being comprised largely of graphite, it was
envisioned that embossing could be used to create intricate patterns into the TPE material.
Figure 2.2D shows a series of structures embossed directly into the TPE, including
microfluidic channels and a pillar microarray. Creation of unique structures like the pillar
array are particularly attractive for applications where high electrode surface areas are
needed to maximize faradaic or non-faradaic currents.*44> At low carbon content for all
particle sizes, the TPE retains PMMA-like character and is easily embossed, while at a
higher carbon content the TPE cannot be shaped into micron sized features due to the
reduced PMMA binder content. We found a rough upper limit for carbon content to
generate well resolved embossed features to be 1:2 (PMMA:carbon) for the 11 and 20 pm

particles, and 1:0.6 for <500 nm particles.

The <500 nm particles were the most versatile for embossing intricate features,
perhaps owing to the small particle size which potentially allowed for facile rearrangement
of the carbon polymer matrix. The difference in the quality of embossed features can be
seen in Figure 2.2 (D1 & D2), where the 1:2 11 um TPE has rounded edges, and the <500
nm TPE was nearly a perfect negative of the template. It should be noted that the
embossing parameters were not optimized, and this initial embossing work represents a
starting point for more in-depth studies. The next sections explore how mass loading

impact electrode conductivity and electrochemical performance.
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ThermoPlastic Electrode (TPE) Fabrication

T TRLE Tt

Dissolved Graphite mixed
PMMA with PMMA

"Gum like" Hot pressed Sanded TPE 5 mm diameter
A templated TPE to dryness test TPE

500 pm

Figure 2.2 (A) General fabrication method for making templated TPEs. (B) 1:2 11 pm TPE
with 14 individually addressable 150 um wide bands, and an array of 150 um diameter
individually addressable TPE. (C) Laser cut TPE letters, which were hot pressed into a
premade matching templated. (D1) Serpentine micro-channel SU-8 template (top) and the
negative embossed image into a 1:0.3 <500 nm TPE. (D2) channels embossed in a 1:2 11
um TPE. (D3) Hot embossed pillar array using 1:0.3 <500 nm TPE.

Conductivity measurements

High electrode conductivity is critical to minimize ohmic drop and improve
electrochemical performance of composite electrodes. Figure 2.3 shows a comparison of
conductivity as a function of electrode composition. As expected, TPE conductivity
increased with increasing carbon content. The conductivity of the <500 nm TPEs did not

reach saturation and was limited by physical electrode integrity. This trend was also
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observed for the carbon black particles (50 nm). The conductivity of the 11 um TPEs
increased initially but then decreased at higher loadings. The decrease may be due to
particle agglomeration at higher mass loadings, which could limit the total number of
conductive pathways. A similar conductivity trend to that of the 11 um TPE was previously
observed for a carbon nanotube/graphite/epoxy composite.#¢ Similar to the 11 pum
particles, the conductivity of the 20 um TPE increases until reaching a saturation point at a
1:3 PMMA:carbon ratio. The conductivities in Figure 2.3 are consistent with the literature
on carbon composites with similar carbon mass loadings, while the values of the 11 pm
TPEs are considered high.46-48 A recent report on a graphene screen printed electrode
proposed an “extremely high” conductivity of 11.2 S m-1.23 By comparison, the best
performing 11 um TPE reported in this section exhibited an average conductivity of nearly

700 Sm-1.

The high conductivity of TPE arises most likely from increased numbers of low
resistance particle-to-particle contacts.#® The contact resistance (quality of contact)
between particles, as well as the number of contact points determines the conductivity of
composite materials. In the proposed TPE system the contact quality and number of
contacts will invariably be affected by the particle size, processing technique (pressure),
particle shape, and polymer-particle wettability.#9->4 Therefore, given the complexity of the
TPE system the relationship between electrode composition and the exact mechanism that
governs a low or a high conductivity isn’t completely clear. It is clear, however, that the

particle source has a profound effect on the resulting conductivity.
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Besides providing conductivity information, the data in Figure 2.3 can also be used
to define lower and upper PMMA:carbon mass loading thresholds that allow for a usable
electrode. Here, the low carbon mass loading range is defined by a conductivity of ~10 S m-
1, below this threshold significant contributions to ohmic drop are observed in an
electrochemical cell. The upper limit of mass loading is defined by mechanical instability of
the electrode caused by lack of binder. Figure 2.3 is also useful for defining the minimum
carbon loading required to achieve the maximum electrode conductivity. Higher binder
content (low carbon loading) yields electrodes that are more robust and easier to emboss.
Given the broad applicability of the TPE system, the construction of this plot is then highly
recommended and invaluable when working with new particle types or new polymer

binders.
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Figure 2.3 Conductivity as a function of various ratios of PMMA:carbon with differing
particle type and size. The 20 pm, 11 pum and <500 nm were graphitized carbon and the 50
nm particles were acetylene carbon black.
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Electrochemical characterization of TPE

Electrochemical experiments were selected in order to highlight the range of
electroactivity of the carbon based TPEs. Initially, the capacitance of various TPE
compositions was quantified, as it is a major contributor to background signal and
negatively affects the sensitivity and detection limits in electrochemical sensing
measurements. Additionally, cyclic voltammetry and electrochemical impedance
spectroscopy (EIS) were used with a variety of redox probes to inform on the
electrocatalytic activity. The redox probes were chosen as to understand the impact of
surface treatment (polishing, sanding with 600 grit paper, and plasma exposure) on the

electrochemical properties of the TPEs.

No Surface Yes
sensitive?
Ru(NH). 23 Surface oxide  Yes Fet2/+3
F u(NH)s sensitive? V23
errocene s
Methylene blue Eu
Co(phen); ™/ No

No Adsorption Yes

required? |

Fe(CN)g 3 Dopamine
Ascorbate NADH

Figure 2.4. Flow chart for describing electrode surface sensitivity towards various analytes
proposed by McCreery. The analytes in green were tested in this work.
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As proposed by McCreery (Figure 2.4), species such ferricyanide, ascorbic acid,
dopamine, and Fe2*/Fe3+ have electrochemical responses which are heavily reliant on the
chemical composition at the carbon electrode surface.l3 5556 For brevity, the 11 pum
particles in a PMMA to carbon ratio of 1:2 are highlighted in the main text due to their
favorable embossing characteristics, high conductivity, electrochemical stability, and lower
capacitance. Similar data for TPE fabricated with 1:3 20 um and 1:0.55 <500 nm particles

can be found in Appendix I (Figure S2.1) in this chapter.

Capacitance of TPE

Electric double layer (EDL) values of TPEs were calculated from cyclic voltammetry
(Figure 2.5) using a 0.5 M KCI solution. The current from the cyclic voltammograms is
directly related to the capacitance via Equation 2.2 in the methods section. Figure 2.5
shows increasing capacitance with increasing carbon content for all electrodes. For all
ratios, the capacitances of the 11 pm and 20 um TPEs were higher than common planar
electrodes. Typical capacitance values for planar metal (platinum, gold) electrodes are 20
uF cm2, glassy carbon electrodes are 24-36 uF cm, and basal and edge plane graphitic
carbon electrodes are <2 pF cm2 and ~60 pF cm2, respectively.® The 2x to 20x increased
capacitance of the 11 uym and 20 pm TPEs above what is expected for planer edge or basal
graphite points towards an electrode that contains some porosity and surface roughness,
especially in the higher carbon to PMMA ratios. The <500 nm had capacitance of 35 + 15 pF
cm-2, which is more consistent with a planar carbon electrode, and similar to a commercial

DropSens CPE (average capacitance of 37 uF cm-2).
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Figure 2.5 (left) Averaged cyclic voltammograms (N=3) from the various surface
treatments performed on a 1:2 11 um TPE. (right) Geometric area normalized capacitance
as a function of PMMA:carbon mass loading and particle size with sanded electrode
surfaces. For clarity a break was placed in the Y-axis, causing truncated error bars for the
20 um data.

Lastly, it was found that the surface treatments did not greatly affect the capacitance
(Figure 2.5), however, the untreated electrodes had a large decrease in capacitance (~ 8 pF
cm2), most likely from surface deactivation caused by excess plastic binder coating the
graphite particles. The surface deactivation is also consistent with the following sections
which examine electrochemical properties with different redox probes as well as the

electron microscopy of the TPE surface.
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Comparison to commercial electrodes

A comparative study of TPEs to commercially available carbon and Pt electrodes
was performed using cyclic voltammetry and EIS (Figure 2.6). Ferricyanide was used as the
redox probe because it is surface sensitive and a popular molecule for initial electrode
characterization.? DropSens CE have been reported to have a more favorable electroactivity
compared with other commercially available composite electrodes and make for a suitable
comparison to TPEs.57 The cyclic voltammograms show peak separations of 140 mV, 90
mV, 400 mV, and 110 mV for glassy carbon, Pt, screen printed carbon, and TPE electrodes,

respectively.

The 10 mM concentration and 500 mV s-1 scan rate induce high current densities,
which can be difficult for an electrode to meet. However, using these conditions the TPE
had a peak current of 500 pA cm-?, close to the ideal peak current density (510 pA cm2) as
calculated from the Randles-Sevcik equation (Equation 2.4), and the highest of all
electrodes tested. Peak separation is often used for extracting kinetic information,
however, in this instance cell resistance/ohmic drop cannot be ruled out as a contributing
factor to peak separation. Therefore, EIS was used to gain insight into electrode kinetics as
it can decouple cell resistance/ohmic drop from charge transfer resistance. It is noteworthy
that the peak separation with the TPE is more like glassy carbon and platinum, most likely

from the intrinsic high conductivity.
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Figure 2.6. (A) Cyclic voltammetry of a 1:2 11 pm sanded TPE, Pt, GC, and DropSens
electrodes with potassium ferricyanide redox couple (10 mM), Scan rate was 500 mV s-1,
(B) impedance spectra (Nyquist plot) taken directly after the cyclic voltammograms. Note,
the spectra are manually shifted on the x-axis for clarity.

In Figure 2.6B the TPE with surface treatments are compared with screen-printed
carbon, Pt, and GC electrodes. The spectra are shown in apparent decreasing charge
transfer resistance (diameter of semi-circle) with the spectra manually shifted on the x-axis
for clarity. The impedance spectra for the sanded and plasma treated TPEs have no
discernible charge transfer resistance. Under these conditions, TPEs appear Kkinetically
similar to Pt and seemingly are outperforming glassy carbon and screen-printed carbon
with the ferricyanide redox probe. Attempts were made to sand and plasma treat the
screen-printed carbon electrode similar to the TPE, but in both cases electrode
performance did not improve. Interestingly, polishing the TPE had a detrimental effect on

charge transfer resistance. The SEM images in the following section show that graphite
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particles are significantly rearranged with polishing and may give a clue into the origin of

the increased charge transfer resistance.

Finally, the stability of the TPEs was tested over the course of 3 days with
ferricyanide using the simplest surface treatment (sanded). The electrodes were tested,
rinsed with Millipore water, then left in ambient air. The cyclic voltammograms in Figure
S2.2 show a 14% and 1% loss of peak current after the first day, which is unchanged on day
3, for the 11 and 20 pm TPEs, respectively. Through cycling and aging both the 11 and 20
um particles saw nearly a 10 mV increase in peak separation. In contrast, the <500 nm TPE
saw a 30% and 50% decrease in peak current after the first and second days, with nearly a
200 mV increase in peak separation after 3 days of aging. It seems likely that the freshly
sanded/cleaved surface of the TPE is picking up contamination slowly from the ambient
conditions, and the fouling mechanism is heavily dependent on the particles used in the
TPE. Similar fouling characteristic have been seen with freshly cleaved HOPG under ultra-

pure and ambient conditions.>8

Surface insensitive probe

Ru(NH3)62+/3+ was used to establish Nerstian voltammetric responses from the TPE
and to gauge the non-surface reliant activity of the electrode (Figure 2.7A). Ru(NH3)e2+/3* is
well known to be insensitive to the electronic and/or chemical structure of the electrode
surface and has been used to calculate electrochemically active surface area.>® It was
observed that untreated TPE gave a lower current density (140 * 50 pA cm-2) than
theoretically predicted (240 pA cm-2), suggesting surface deactivation. Interestingly, the

untreated electrode appears to display microelectrode behavior, evident from the quasi-

21



sigmoidal shape of the voltammogram, most likely arising from “active islands” of graphite
on the TPE surface. Microelectrode behavior is a well-known characteristic of some
composite electrodes.®® When TPEs are sanded, polished, or plasma treated, the
electrochemical activity is substantially higher. At a 100 mV s-1 scan rate, peak separation
for the TPEs are close to Nerstian at 61 + 2 mV. Since the peak currents are close to
theoretically predicted, large amounts of nano- or microscopic porosity are not expected.
Porosity can cause an increase in peak current in a cyclic voltammogram from thin layer
effects within the porous electrode material, which can be problematic with
electrochemical characterization of small carbon particles like carbon nanotubes, graphene
and potentially composite electrodes.t1-¢2 The increased surface area can make an

electrode material appear more catalytic than it actually is.

Oxide sensitive probe

The Fe2+/3+ redox couple is known to be highly sensitive to surface oxides.5563 The
cyclic voltammograms in Figure 2.7B show a drastic difference in peak separation with the
various surface treatments. After plasma exposure, the TPEs exhibit well defined reversible
peaks, implying the addition of quinone functionality. The peak separation for a plasma
treated surface is 150 mV, which is comparable to an electrochemically heavily oxidized
highly oriented pyrolytic graphite (HOPG) electrode, that was held at an oxidation potential

of 2.2 Vvs. Ag/AgCl (3M KCI).13

Sanded and polished surfaces have peak separations nearing 400 mV, more akin
with GC electrodes polished under ambient conditions. Plasma generation of oxides on

graphite is well known and is most likely the cause of the peak separation decrease.*
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Oxygen groups generated from milling or sheering by the manufacture of the micron sized
carbon particles could explain the partial activity of the sanded and polished electrodes
towards Fe2+/3+.65 [t can thus be concluded that the graphite most likely contains quinone
functionalities with all surface treatments, with plasma treatment yielding the highest

population of oxygen moieties on the carbon surface.
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Figure 2.7 Cyclic voltammograms of a 1:2 11 um TPE with Ru(NH3)s2*/3*, 1 mM ascorbic
acid (AA), 1 mM dopamine (DA) in 0.1M phosphate buffer at pH 7.4. The electrolyte for
Ru(NH3)e2*/3+ was 0.5 M KCl. Dashed lines represent cyclic voltammograms after the
electrode has been cycled in the respective solution for 25 cycles.
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Surface sensitive probe

The oxidation of ascorbic acid (AA) is an irreversible two electron, two proton
process, that is highly surface sensitive.6¢ The electrochemical oxidation of AA can be
problematic and numerous electrode modifications have been proposed to enhance
electrode kinetics.67-68 The voltammetry of AA at TPEs (Figure 2.7C) appeared to have no
pre-concentration effects, in agreement with predicted responses and aligned relatively
well with predicted peak currents. Calculation of theoretical peak current (343 pA cm-2)
requires a different equation than the previously used Randles-Sevcik equation as detailed
in the methods section (Equation 2.3). The polished electrode gave a lower peak current
and a ~400 mV positive shift in the peak potential relative to the sanding condition,
demonstrating the extreme surface sensitivity of AA oxidation. The onset potential of the
sanded TPE (-0.05 V vs. SCE) is similar to or better than that of electrodes composed of

carbon nanotubes or graphene,®?-70 and lower than edge plane HOPG (0.2V vs. SCE).71-72

With the sanded TPE, the peak does not shift to higher potentials with repetitive
cycling, although the peak current decreases by 26% after 25 cycles. The current for the
plasma treated TPE had excellent stability and remained essentially constant through
repetitive cycling. One explanation for the stability may be from the introduction of
additional oxygen moieties on the plasma treated TPE, which have been shown to give an
enhanced and stable electrochemical response for AA, DA and uric acid.”® The appendix
(Figure S2.1) contains cyclic voltammograms for TPEs with 20 um and the <500 nm

particles with AA. The 20 um particles had similar voltammetry to the 11 pm TPE, while the
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<500 nm based TPE typically had lower peak currents and increased overpotentials with

sanding and polishing conditions.

Lastly, the reproducibility of the 11 um TPE was examined with AA; representative
data are shown in Figure S2.3. For two separate TPEs, repeatedly sanded (n = 6), peak
current RSDs of 5.1% and 8.0% were observed. The RSD of peak current across 8 individual
electrodes was 15.4%. In addition, the oxidative peak location was quite sensitive to

sanding with an average across all eight electrodes of -0.023 + 0.016 V vs. SCE.

Surface adsorption dependent

The electrochemistry of dopamine is known to be variable on different types of
graphitic surfaces. For example with HOPG, there are accounts of low activity on the basal
plane compared to edge plane sites.”* It is also known that the cleanliness of the surface
and preparation of basal plane HOPG greatly affects the voltammetry of dopamine.”>
Figure 2.7D shows that the peak locations are in general agreement for clean graphitic
surfaces, with the oxidative peak current occurring at 0.18 V vs. SCE.”> It was found that the
peak currents with TPEs and dopamine do not follow the Randels-Sevick equation for a two
electron oxidation (490 pA cm-2). The observed current was closer to a four electron
process, arising most likely from dopamine pre-concentration (adsorption) on the surface
as seen for other composites.’¢ Similar trends were also seen for 20 um TPE, and the <500

nm based electrodes (Figure S2.1).

Dopamine fouling (at 1 mM) is reportedly different for edge plane and basal plane
graphite. For HOPG, the oxidation peak potential shifts only slightly with edge plane

fouling, while the peak current is reduced to roughly 50%, before becoming relatively
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stable.”> With TPEs, the fouling appears to be edge-plane dominated for sanded and
polished electrodes. Remarkably, the peak current and peak location for plasma treated
electrodes at 1 mM remains stable with cycling. Similar to the cycling stability of AA, the
enhanced stability towards DA may again be related to an increase in oxygen

functionalities.”3

The reproducibility of the 11 um electrodes was tested with the same conditions as
in Figure 2.7D using DA. For three individual TPEs, which were each repetitively sanded (n
= 6) to expose a fresh surface, the RSDs for oxidative peak current were 6.0%, 4.7%, and
11.7%, for an average of 7.5%. The RSD for oxidative peak current across eight different
individual TPEs was 11.8%, implying that reproducibly is dominated by the surface
treatment. The oxidative peak location had an RSD of 4.5% for the eight individual TPEs,
and an average RSD of 1.7% for three individual electrodes repetitively sanded. Unlike AA
the reproducibility of DA in terms of peak location seems more favorable across different
electrodes with a standard deviation of 0.007 vs. 0.016 V for DA and AA, respectively.
Overall, considering the highly surface sensitive nature of DA and AA, the general

reproducibility of TPEs is promising.

SEM Characterization of TPE surface treatment

The electrochemistry of TPEs is profoundly affected by surface treatment. SEM and
Raman spectroscopy were used to gain insight into structural or chemical changes
following the surface treatments. The SEM images in Figure 2.8 show a significant
difference in the TPE surface as a function of treatment method. First, the untreated

surfaces (top left) appear to be coated with a polymer film. The lack of charging implies
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that the polymer film is thin, given that electrons can efficiently migrate to conductive
networks in the TPE. Second, relative to the untreated electrode, the sanded electrode (top
right) has large jagged domains of exposed graphite. The sanded surface is highly complex
and undoubtedly contains a myriad of unique carbon chemical environments, including

edge planes, ideal for facilitating electrochemical charge transfer.

Third, the polished TPE (bottom left) has a drastically altered surface containing
clumps or islands where individual graphite sheets are almost unobservable, which may
explain the significantly diminished electrochemical response. Finally, the plasma treated
electrode (bottom right) is seemingly devoid of polymer binder on the surface, and the
removal of binder has exposed thin (semi-transparent) sheets of graphite (inset). One
hypothesis as to the origin of the thin graphite sheets is that sheer force from sanding is
exfoliating the graphite. The excess PMMA is then removed from the exfoliated graphite via
the plasma treatment, which ultimately creates graphene-like regions on the surface of the
TPE. Sheer force has been reported to produce high quality graphene in large quantities.””
Additionally, the plasma treated and sanded 11 pm electrode are strikingly similar to a
graphene film mechanically pressed onto a plastic substrate.” TPEs made with the 20 um
particles had morphologies similar to the 11 um particles for the respective surface
treatments (Figure S2.4). The <500 nm TPE, while appearing nothing like the 11 um and 20
pum, also had much less diversity than the 11 pm electrodes as a function of electrode

treatment (Figure S2.5).
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Figure 2.8 SEM images at 5,000x of a 1:2 11 um TPE subjected to the various surface
treatments. The insets are at 50,000x magnification of the surface.

Raman characterization of TPE

Finally, the TPEs were characterized with Raman spectroscopy to observe chemical
changes occurring on the electrode surface which could impact electrochemical
performance (Figure 2.9 & S2.6). The spectra in Figure 2.9 represent the average of 49
individual spectra. For all treatments, peaks associated with polycrystalline sp? carbon are
clearly present (Lorentzian peak fitting results are shown in Table S2.1).72 Although

mechanical exfoliation of the graphite via sanding or polishing might shift the G’ peak
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position towards lower wavenumber from thinning of the graphite sheets, no significant
peak shift between different surface treatments was seen.89 Additionally, changes in the
number of sp3 defects from treatments would increase the width of the D and G peaks,

which was also not observed.8!

Considering mechanical abrasion, plasma treatment, and sheer are known to
introduce defects and drastically change graphite composition, it seems unlikely that these
processes are not happening in some amount at the TPE surface.”> 82-83 The lack of changes
seen in the spectra are perhaps from the Raman laser probing sub-surface within the TPE,
rather than Raman scattering from the outermost electrode surface. The similarities
between the untreated sample and other treatments seems to support this hypothesis. It is
also possible that graphite particles are not changing in a sufficiently large enough quantity

as to largely affect the Raman signal. A combination of these two points is also logical.
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Figure 2.9. Raman spectra of a 1:2 11 um TPE subjected to various surface treatments.
Graphite crystallite domain sizes are listed above each spectra and based on calculations
provided in the appendix taken from the data in Table S2.1. Color code is the same as
Figure 2.7.

The Lorentzian peak fitting of the spectra can be used to elucidate small changes.
The D/G peak intensity ratio can be used to gauge the amount of disorder in a graphite
sample.84 Related to the amount of disorder is the crystallite domain, and a general
equation based on the D/G ratio can be used to estimate the crystallite domain size
(Equation 2.5 in methods section).85 The calculated domain sizes are listed in Figure 2.9
above the spectra and indicate there is a slightly larger crystallite domain in the untreated
and sanded samples, with polishing having the smallest crystallite domain. A similar trend
was seen with the 20 pm based TPE (Figure S2.6). The <500 nm TPE had essentially no

crystallite domain size changes among surface treatments. The smaller domain size, seen

30



with the 11 pm & 20 pm particles is reasonable since plasma treatment and polishing are
secondary, coming after an initial sanding step. The values in Figure 2.9 imply that the
changes in crystallite domain size are small, but give evidence towards polishing and

plasma treatment chemically altering the carbon particles or removing larger particles.

The plasma treated TPE had the largest standard deviation associated with the
crystallite domain (27 nm), as well as the largest relative standard deviation (28%). The
larger standard deviation would suggest a more heterogeneous surface, qualitatively
consistent with the SEM images. Finally, while it is clear that the surface treatments can
induce some effect upon the carbon at the TPE surface, at this time, relating these

differences to changes in the electrochemistry is not straight forward.
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Figure 2.10 Plot of D/G versus D’/G ratio of a 1:2 11 um, 1:0.6 < 500 nm, and 1:2 20 um
TPE with various surface treatments. The color scheme is the same used for Figure 2.7.

Finally, within the literature on Raman spectroscopy of sp? carbon the type of
defects that are most present in a sample can be estimated. By comparing the D/G ratio
with the D’/G ratio, the type of defects can also be inferred.8¢ The lines in Figure 2.10 are
slopes (D/D’ ratio) which represent specific defects, where a slope of ~13 indicates sp3
defects, ~7 indicates lattice vacancy, and 3.5 indicates boundary or edge defects.86 A
separate study on the exfoliation of graphite proposed a slope of 4.2 for edge defects, and is
represented as a dotted line in Figure 2.10.87 Both the 11 pm and 20 pm particles fall into
the region of edge defects, labeled as ‘Boundary’ in Figure 4. The <500 nm particles have
the highest D/G ratio and are in a region having vacancy defects. Changes in the D/D’ ratio
among particle sizes is negligible upon surface treatment, supporting that within the

resolution of this technique no new defects are introduced into a specific carbon type.
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Investigation into electrochemical reactivity of some commercial carbons

The next section highlights the electrochemical reactivity of four new commercially
sourced carbons. In the previously discussed sections the voltammetry is mainly studied as
a function of surface treatment, with only 3 different carbons being compared. In this
section the new carbons as well as the previously explored 11 um carbon are examined for
their aqueous solvent window. The aqueous solvent window is defined as the potential at
which the electrode oxidizes or reduces the solvent. The solvent window is important for
aqueous sensor development, in that a decreased solvent window can hinder the
usefulness of an electrode. The currents from oxidizing or reducing water can overlap with

the analyte of interest and completely overwhelm the signal from the analyte.

The new carbons are labeled 3569 which is from Asbury carbon and is -100 mesh,
meaning the carbon contains particles that passed through a mesh size of 150 um. MG is
from Great Lakes Graphite and is reported as a 15 um particle. The Alfa-HP is a ~4 um
particle which has a reported high purity of 99.9995% trace metals, supplied from Alfa
Asaer. The 2299 particles (Asbury) are 3-4 pm in size, are low cost, and a lower purity
carbon (97.5%). Since the 11 pm particles used earlier performed well they were chosen

for study in this section also.

Table 2.1 has information on the metallic impurities of these samples, as it was
expected that these impurities may affect the solvent window of the various carbons. The
data was collected by X-ray fluorescence spectroscopy (XRF) and details can be found in
the methods section. The table shows that there is a wide range of metallic content

depending on the carbon type. Somewhat as expected, the less pure 2299 particles had the
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highest amount of metal impurities, with 10,740 ppm of iron, a common metallic impurity
in graphite. The 11 pym and MG particles also have higher iron content, which is also

consistent with their reported purities of 99%.

M. Pumera is heavily active in the study of metallic impurities within carbon and
their effects on electrochemical catalysis.5 In one example study the voltammetry to
hydrogen peroxide and hydrazine was tested with carbon nanotubes having various iron
concentrations. It was found that as little as 10 ppm could contribute significantly to the
electrochemical catalysis to peroxide and hydrazine.l6 Clearly seen in Table 2.1 the
concentrations of many metals greatly exceed 10 ppm and, relying on Pumera’s
conclusions, may impact the electrochemistry of the TPE system. It should be noted that
the data in Table 2.1 will be validated in the future with inductively coupled mass
spectrometry (ICP-MS) as this is a more accurate metal quantification method. A
motivation to validate the XRF data is that the purity of the Alfa-HP sample does not align
with the manufacturers claims. The Alfa-HP sample should have low ppm or sub-ppm

metal content.

Table 2.1 Values are in ppm for metal content in commercial graphite determined by XRF.

Specific
Sample area Size
ID Bi Cu Fe Mn Ni S Ti w m3g1 pm purity
3569 0 83 536 91 <LOD | <LOD | 249 301 5 <150 99.9
2299 65 1186 | 10740 93 49 2870 66 na 405 ~3 97.5
Fisher
11 pm 30 307 2042 | <LOD | <LOD | <LOD 71 na na 7-11 99
Alfa-HP | 27.84 | 2284 | 9853 | 44.2 | 8225 | <LOD | <LOD | 322.6 na ~4 199.9995
MG 2244 | 1294 | 4267 | 26.09 | 10.7 na <LOD | 192 na ~15 99
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Initially the conductivity of the particles was tested as this is invaluable in finding
the working ranges for carbon loadings and also quantifying the peak conductivity.
Somewhat surprisingly the conductivities vary by nearly an order of magnitude with
different particle types, this is demonstrated with the 2299 vs. Alfa-HP particles. The
Raman data (Figure 2.11) suggest that particles that have a higher degree of crystallinity
may have a higher conductivity. Low crystallinity in carbon materials can induce defects
which hinder electron transport and diminish conductivity.88 This is in agreement also
with the carbon black and <500 nm conductivities shown earlier in Figure 2.3, which are
smaller and less crystalline particles. The max conductivity was 1500 S m-! which is high
for a through-plane measurement, as well as double that of the previously best particle (11

um) tested.
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Figure 2.11. (left) Conductivity of various commercial graphite powders in TPEs. (right)
Raman spectra of individual graphite powers, inset values are the crystal domain sizes.
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Solvent window of TPE electrodes in acid and base

In this section the solvent window was explored in solutions of 0.5 M H2S04 and in
0.1 M pH 7.4 phosphate buffer. The mechanisms shown in Scheme 2.1 and Scheme 2.2
represent water splitting at an electrode surface. At the negative electrode water or
protons are reduced upon adsorption to the electrode surface to create hydrogen gas. The
process is often referred to as the hydrogen evolution reaction (HER). At the positive
electrode water or hydroxide is oxidized in a four electron process which creates oxygen

gas.

HER is a multi-electron process, and in general is difficult to perform with a carbon
electrode. The suppression of this reaction on carbon electrodes makes carbon ideal for
performing generic electrochemistry, because of the larger solvent window. Platinum
which is often used in electrochemistry is one of the most active HER catalyst,8° which
limits its uses in aqueous media as a sensor. The search for non-noble metal catalyst is a
topic of intense research in the field of HER, typically transition metals and their alloys are
found in the literature. Nickel is one of the best HER catalyst, however, other metals found

in Table 2.1 such as copper, iron, manganese are also active for HER.8%-93

Acid Alkaline
Volmer step- H30* + e — Haq +H20 H20 + &0 — OH- + Haq
Heyrovsky step- Haq + H30* + e — H2 + H20 Hadg + H20 + e — OH- + H»
Tafel step- Haq + Hag — H2 Had + Haa — H2

Scheme 2.1 Elemental reaction steps for hydrogen evolution reaction (HER) in acidic and
basic conditions. Haq designates an adsorbed proton to electrode or catalyst surface.
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Oxygen evolution reaction (OER) is arguably more difficult than HER, involving
multiple adsorption steps and the transfer of four electrons. Platinum is less catalytic for
OER, but the expensive metals of iridium and ruthenium are highly active.?4 As with HER,
there are massive research efforts dedicated to finding new catalyst for OER. Cobalt based
catalyst are well studied which began with what is known as Noceria’s catalyst.?> Besides
cobalt metal catalyst, Ni, Mn, and Fe are also active for OER, however these are typically in
the form of mixed metal oxides.?® To conclude, both HER and OER are catalyzed in the
presence of transition metals, it then seems within the realm of possibility that these

impurities may impact the solvent window the TPEs.

Acid Alkaline
H20 +b — H* + e+ OH-b HO-+b— OH-b +e-
OH-b — O-b + H* + e HO-+ OH-b — 0O-b + H20 + e
H20 + O-b — H* + e+ OOH-b O-b + OH-— e+ OOH-b
OOH-b —b+0;+H*+ e OOH-b+OH-— b + 02+ H20 + e

Scheme 2.2 Elemental reaction steps for oxygen evolution reaction (OER) in acidic and
basic conditions. The -b designates adsorbed species to the electrode or catalyst surface.

The solvent window of the 11 um particles is shown in Figure 2.12 and it is apparent
that there is a substantial difference in the solvent window which changes with carbon
loading. The solvent window decreases significantly with increased carbon ratio to PMMA

in the composite. There also seems to be an apparent decrease in the current related to
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oxygen reduction, this is demonstrated with the dotted lines representing a N, degassed

solution.

The solvent window for the 1:3 11 um particles is roughly from -0.25 V to 0.9 V
(1.15 V total). In stark contrast, when the particle mass ratio is 1:0.9 the solvent window
extends to -1.3 V to 1.2 volts (2.5 V total). The solvent window with the lower ratio is over
twice that of the higher ratio. As shown in the previous figures, cyclic voltammograms in
this chapter of a one electron process at 1 mM, have peak currents that are in the range of
250 pA cm-2. In the case of the 1:3 ratio the background current is approaching this current.
The high background current is highly undesirable for performing analytical
electrochemistry, since electrochemical signals from pM concentrations of analytes are

often needed.
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Figure 2.12 Solvent window of the 11 pm particles with different carbon loadings.
Voltammetry is aqueous 0.1 M phosphate buffer at pH 7.4 with a scan rate of 100 mV s-1..
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It should be noted that in Figure 2.12 the scan rate is 100 mV s-1, a common scan
rate for performing generic electrochemistry. This scan rate is not often used to study HER
or OER reactions. Instead slower scan rates are used which help to negate some effects
from capacitive charging, and surface redox chemistries. Slower scan rates also keep the
currents lower which intern reduces ohmic drop. To further study the carbon materials in
this section a scan rate of 5 mV s-1 was chosen, which should give a more accurate depiction

of the catalytic nature of the various TPE for OER and HER.

Figure 2.13 shows voltammetry in the same solution as Figure 2.12, and it appears
that there are wildly different activities for HER and OER with the various commercial
carbons. As in Figure 2.12 there is difference between the high carbon content and low
carbon content 11 pm TPE, however, the major difference now only appears around -1.5 V
vs. SCE. The real onset of HER is roughly -1.4V vs. SCE, and this is the same for the low and
high mass loading of the 11 pm TPEs. The only difference is the magnitude of the current,
which can be partially explained by the increase in surface area of the TPE with the 1:4 11

um TPE.

Noteworthy, the scale of the graphs in Figure 2.13 have changed which highlight
current densities that are more relevant to studying HER. Catalysis of water splitting is
often reported and quantified at 10 mA cm-. It is very interesting that at 10 mA cm-2 the
high carbon content 2299 particles have a lower over potential than platinum. It is unclear
whether this is still a surface phenomenon where moieties are being reduced on the 2299
particles or whether it is the Volmer step in Scheme 2.1 in alkaline media. A somewhat

recent paper has shown that transition metal hydroxides can initiate the Volmer step in
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alkaline solutions to a higher degree than Pt. However, these transition metal hydroxides
were poor at initiating the Tafel step, so it was found that a bi-functional catalyst of Pt and
metal hydroxides was the most efficient at HER.?7 Perhaps the 2299 particles are initiating
the Volmer step through metal content or on the carbon surface, which may explain the

large drawn out currents.

Interestingly, the 2299 particles in a low carbon to binder ratio are almost
completely deactivated for HER. The dependence on ratio is consistent with the 11 pm
particles. In the bottom left of Figure 2.13 the higher purity carbons are shown, as well as a
highly ordered pyrolitic graphite (HOPG) electrode, which was oriented to have the edge
planes exposed. The HOPG electrode is meant to serve as a control for the other high purity
graphites. The HOPG seems to be the most active of the electrodes, with the Alpha-HP being
the most deactivated. It should be noted that the HOPG electrode had high capacitance
values of over 2000 pF cm2 (rough surface) which may be inflating the apparent catalytic
activity of the electrode. In general, for HER there appears to be a trend that the less

crystalline and more metal rich electrodes have increased currents.
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Figure 2.13 Solvent window of TPEs in 0.1 M phosphate buffer at pH 7.4, scan rate of 5 mV
s'1. All solutions were purged with N».

The trends for OER in Figure 2.13 are nearly the same as with HER. For the 11 pm

particles the 1:4 ratio is the second highest in current density followed by the high ratio

2299 particles. Again for both the 11 um and the 2299 particles the lower ratio is

significantly deactivated. As mentioned earlier Pt is not highly active for OER, which may

explain the lower current densities. The higher purity increased crystallinity graphites

were largely inactive for OER, with HOPG again having the largest current densities. At the

present, it is somewhat unclear if the current past 1.4 V vs. SCE is from OER or from

oxidation of the electrode surface.
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Briefly, the same electrodes in Figure 2.14 were tested in acidic media as the
mechanism of HER and OER is quite different and should potentially have differing current
responses between the various carbon sources. In acidic media the rate limiting step is
typically the Tafel step. This rate limiting step leads to sharp drops in current that are seen
with both the platinum and graphite electrodes. In contrast to the voltammetry at pH ~7
the voltammetry in acid was nearly the same for both low purity and high purity graphites,
as well as for HOPG. It can be tentatively concluded that the voltammetry in acid for HER
with the carbon electrodes is mainly dominated by the graphitic carbon. For OER at the
various electrodes in acid they appear to again follow the same trends as in Figure 2.13.
The high ratio 2299 and 11 pm particles are the most active with the higher purity

electrodes being almost inactive for OER.
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Figure 2.14 (Top) edge plane HOPG platinum and various commercial carbons in 0.5 M
H>S04. All solutions were purged with No.

One continuing theme for increased current density related to OER and HER is that
an increase in particle to binder ratio causes increases in current. To investigate the surface
of different ratios of carbon SEM images were acquired for the electrodes tested in Figures
2.13 and 2.14. The images are located in Figure 2.15 and show that the 2299 particles look
drastically different from the other carbons. The 2299 particles appear much smaller and
devoid of the large jagged sheet-like structures seen for the 11 pm, Alpha-HP, and 3569

particles. One other noticeable feature is that the higher ratios of the 2299 and also the 11
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um particles have a rougher surface that contain pockets or pitting. This roughness should
increase the surface area of the electrode and therefore increase the number of catalytic

sites. Increased numbers of catalytic sites would be consistent with the observed

voltammetry thus far.
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Figure 2.15 SEM images of TPE electrodes with various commercial carbons and ratios of
PMMA:carbon.
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Metal and oxide sensitive redox probes

While the data on HER and OER is useful, there is little information gained on where
the catalysis originates from. It seems possible that there may be non-graphitic sources of
catalysis given the vastly different electrochemical responses. To try and further elucidate
the source of catalysis, the electrodes tested for HER and OER were tested with hydrazine
and hydrogen peroxide. Both of these molecules are proposed to be sensitive to metallic
impurities within carbon materials. Metals such as iron can drastically lower the oxidation

over-potential of hydrazine and the reduction of peroxide.1¢
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Figure 2.16 Hydrazine oxidation at various TPEs. Scan rates were 100 mV s! with 1 mM
hydrazine in 0.1 M phosphate buffer pH 7.4.

In Figure 2.16 similar trends to that seen for OER and HER are observed. The trend
of higher mass loadings of carbon enhancing electrochemical activity is again a theme. This
is further demonstrated by not just testing a high and low concentration of the 11 um
particles but five different ratios. It appears that after the 1:2 ratio the 11 um electrode
becomes increasingly activated for hydrazine oxidation. Again this is most likely to a higher
surface coverage of catalytic sites arising from the increased carbon content. The high

purity 3569, MG, and Alfa-HP carbons are highly deactivated, showing large over-potentials
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along with decreased current densities. The most deactivated electrode was glassy carbon

which is a form of amorphous graphitic carbon.

Finally, in contrast to the OER and HER of the composites, the 2299 particles were
quite active in both the high and low ratio for hydrazine oxidation, meaning whatever is
driving the catalysis is in large quantity within the particles. Caution should be taken in
relating hydrazine electrochemical activity to metal impurities. This discretion is often not
taken in many examples within the current literature. P. Unwin has shown with scanning
electrochemical microscopy that defect and oxide rich cavities within graphite can greatly
enhance the electrochemical signal to hydrazine.?8 Also, a recent paper has highlighted that

metals, defect sites, or oxide groups can all be catalytic for hydrazine oxidation.??
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Figure 2.17 Hydrogen peroxide reduction at various TPEs. Scan rates were 100 mV s-1
with 2 mM hydrogen peroxide in 0.1 M phosphate buffer pH 7.4. The spectra have been
background subtracted. All solutions were purged with N».
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Peroxide was also briefly tested with a few select electrodes to further confirm the
trends of electrochemical reactivity seen with hydrazine and the OER and HER
experiments. Like hydrazine, electrochemical activity towards hydrogen peroxide and
other peroxides are supposedly indicators of metallic contamination. Indeed, the general
trends for reactivity are consistent, in that the higher mass loadings of the 11 um and 2299

particle are much more active than the lower mass loadings of the same particles.

In general, none of the TPE are extraordinarily catalytic for hydrogen peroxide
reduction. When the equation for an irreversible electrochemical reaction (Equation 2.3) is
used for the conditions in Figure 2.17, a peak current of 2 mA cm2 is predicted. Only the
most active 11 pm and 2299 particles are close to this current density, and both electrodes

have wide or non-existent peaks. The wide drawn out peaks are indicative of slow kinetics.

Finally, as discussed earlier oxygen moieties have previously been reported to
catalyze reactions such as the oxidation of hydrazine. To investigate these moieties
aqueous iron was used. The use of this molecule to test for the presence of oxides was
discussed earlier in the chapter. The cyclic voltammograms for this redox indicator are

shown in Figure 2.18 for a few specific examples of the TPEs.
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Figure 2.18 Electrochemistry of 6 mM aqueous iron sulfate in 1 M KCl at 50 mV s-1.

The hypothesis of increased exposure of catalytic sites at higher carbon mass
loadings seems to be again confirmed with the e 11 um particles. The particles had nearly a
non-existent signal towards aqueous iron when in the 1:0.9 ratio. The voltammetry
transforms into the largest peak heights and smallest peak separation at high 11 um carbon
to PMMA ratios. The data suggest that the 11 pm particles most likely contain a higher
content of oxygen groups than the MG, 3569, and Alfa-HP particles. The 2299 particles in
the high ratio had no discernable peaks due to a high background current. However, it is
interesting that the low ratio 2299 TPE had well defined peaks, which indicated that there

are potentially a large number of oxides present.
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2.3 Conclusion and Future Work

Overview

In general, the work in the last section investigating the electrochemical reactivity of
commercial carbons may raise more questions than it answers. While it could be easy to
quickly relate the increased activity of the less pure carbons to metallic impurities, this may
not be accurate. The catalysis may arise from oxides, metals, edge plains, carbonaceous
debris, or possibly some unknown chemical species. Pores within an electrode have also
been shown to greatly enhance catalysis in a few applications.100-101 The SEM images of
TPEs suggest that there may be a significant amount of porosity in the high ratio TPEs. The
removal of bubbles from the surface is also proposed to catalyze reactions that evolve gas
such as OER, HER, and hydrazine oxidation.192 Perhaps efficient gas removal is playing a
role in TPE catalysis as well. In the future work section there are some proposed methods
to further characterize the oxides present on these carbons as oxides seem like a possible

source of enhanced catalysis.

To summarize the chapter, the work presented highlights the fabrication of solvent
processed thermoplastic electrodes and their resulting physical, Raman, and
electrochemical characterization. The unique fabrication method enabled an electrode
material which demonstrates easy fabrication, high conductivity, and excellent
electrochemistry. Through judicious selection of the particle type, particle-to-binder ratio,
and surface treatment, the electrochemical and physical properties can be varied greatly.
The electrode material also adds the ability to create micron size features using an array of

common fabrication methods, including embossing. Of significant importance is that these
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new low cost graphite electrodes can realize high electrochemical activity when properly

activated, similar to that of more exotic carbons like carbon nanotubes, graphene or HOPG.

Future work

Future work of these carbon composites could be quite diverse, the ability to
pattern electrodes, tune the reactivity, as well as couple or mix in catalyst opens many
opportunities for electrochemical applications. Applications that include coupling
patterned TPEs to paper based microfluidics, flow cells, small volume electrochemical cells,

bipolar electrodes, biosensors, disposable electrodes, and integration into microfluidics.

Besides new devices, the carbon within TPEs should be further characterized. The
work presented in this chapter does little to quantify the type of oxide groups found on the
surface of the electrode. Characterizing these oxides could help with predicting and
troubleshooting the electrochemical performance of TPEs. Oxides are well known to effect
sensor performance as well as the electrochemistry to charged electrochemically active
species. The oxides could also be used to covalently graft molecules onto carbon for sensing

applications.103

Titration is a proposed method to determine various forms of oxides. The technique
involves a simple acid base titration which is known as a Boehm titration.104-105 [t has been
reported that the titration can be used to quantify alcohol, quinone, and carboxylic acid
groups on the carbon surface. One down fall is that it doesn’t specifically tell you the type of
quinone. In general the technique requires a high level of analytical chemistry skills but

conversely doesn’t require expensive equipment or chemicals.
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Ideally multiple techniques should be used to determine the identity of oxides. X-ray
photoelectron spectroscopy (XPS) could also be used to compliment the Boehm titration.
Practically though, fitting of the peaks as well as adventitious carbon may bring doubt to
the actual amount, type and identity of the oxide present on the surface. Infrared
spectroscopy (IR) could also be tried; however, the low concentration of oxides relative to
the carbon can make obtaining a signal difficult. IR was tested extensively for the 11 pm
particles used in this chapter. The particles should possess a fair amount of oxides but no

real discernable spectra could be obtained.

To aid with obtaining a spectroscopic signal, tagging of the oxide groups could be
explored. A review by the well-known electrochemist R. Compton,196 highlights various
methods to tag and probe the type of oxides on graphitic surfaces. Quinones can be tagged
with 2,4-dinitrophenylhydrazine , which then is electrochemically active as well as Raman
active. To determine ortho-quinone concentration, ortho-phenylenediamines can be used
which specifically react with ortho-quinones. The ortho-phenylenediamine molecules can
be made to be electrochemically active which can then be used to quantified ortho-quinone
concentration by exploiting the surface contained redox electrochemical signal. Carboxylic
acids can be tagged using acyl chloride chemistry, through the reaction with 4-nitrophenol.
The nitro-derivatized carbon provides an electrochemically active moiety which can then

be used to quantify the carboxylic acid content.

Now that a relative base line for electrochemical performance, processability, and
conductivity has been established with graphite, other carbons should also be tested within

TPEs. A logical next step is to use graphene, carbon nanotubes as well as carbon fiber.
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There are a number of reasons to test these carbon types, in the case of carbon nanotubes
or carbon fiber, the increased aspect ratio of these carbons should significantly enhance the
conductivity.18 Mixtures of particle types and sizes like carbon black mixed with graphite
can also be used to increase conductivity.197 Graphene and CNT are also widely used as
sensors and their electrochemical response to various analytes using TPEs would be a

valuable comparison to the graphite based TPE.

The integration of these materials into TPE may bring significant difficulties, and a
firm understanding of dispersing the particles within a thermoplastic matrix that is well
founded in the literature is advised. One such technique maybe be through the use of shear,
where a kitchen blender is used to exfoliate graphite in the presence of a stabilizer.18 In
this case, the stabilizer would be the thermoplastic binder material used to make the TPE.

Sonication is also a tried and true method of dispersing graphene and carbon nanotubes.10?

Finally, the TPEs could be used for the sensing of a variety of molecules. Carbon
often fouls less than platinum and is quite active for the electrochemistry of biomolecules.
There are a number of reports of carbon based electrodes for sensing of dopamine,
norephedrine, ascorbic acid, uric acid, and many others. The carbon type, the plastic or the
surface treatment may significantly impact the voltammetry for sensing. This chapter has
already shown that the electrochemistry is greatly affected by the particle type as well as
the binder to graphite ratios. When developing a sensor, judicious choice of the
composition of the electrode will most likely be necessary. The ability to pattern the TPE
into microelectrodes also enables their use for high level sensing applications such as

tissue on a chip, gas sensors, or embedded within microfluidic devices. The low cost of the
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TPEs makes them a candidate for disposable sensing applications for use in point-of-care
health diagnostics as well. Preliminary work on TPE sensor development will be discussed
in Chapter 3 titled “Applications of TPEs within flow cells, microfluidics, and sensors”

which also deals with future applications and directions of TPEs.

2.4 Materials and Methods

Reagents

Poly(methyl methacrylate) PMMA was Optix from Plaskolite, and was used as the
TPE binder and the template material. Carbon sources were synthetic graphite powder 7-
11 micron 99% (Alfa Aesar), acetylene carbon black 100% compressed (STREM
Chemicals), synthetic graphite powder <20 micron (Sigma-Aldrich), and carbon
nanopowder <500 nm 99.95% trace metal basis (Sigma-Aldrich). Chemicals were
potassium ferricyanide 99% (Sigma-Aldrich), potassium phosphate monobasic 99.8%
(Sigma-Aldrich), potassium phosphate dibasic (98%) EMD chemicals, potassium chloride
99-100.5% (Sigma-Aldrich), hexaammineruthenium(III) chloride (Sigma-Aldrich), ascorbic
acid 99% (Sigma-Aldrich), dopamine hydrochloride (Sigma-Aldrich), iron (III) nitrate

nonahydrate (Fisher), 1,2 dichloroethane (Fisher).

Fabrication of TPE-Step 1 Electrode Fabrication- Solution preparation

Scrap centimeter sized PMMA sheet (Optix, Plaskolite) were massed and placed in a
vial, then mixed with dichloroethane typically in a ratio of ~5 mL solvent to 1 gram of

PMMA, and kept for a period of months as stock solutions. When using dichloroethane the
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small pieces of PMMA dissolved in about 24 hours depending on the size. Dichloroethane
and chloroform were found to be aggressive solvents for dissolving PMMA, acetone, ethyl
acetate, and DMF were also effective solvents. Toluene, xylenes, and propylene carbonate
(PC) could dissolve the PMMA, however the process took much longer requiring a week or
many weeks to fully dissolve. Once fully dissolved, carbon was added and the solvent level
was then adjusted to achieve a uniform mixture. A consistency of viscous oil was found to
be desirable for the Solvent/PMMA/Carbon mixtures. Before use the mixture was vortex
mixed for ~ 3 minutes, typically in a 20 mL scintillator vial. If the mixture is too viscous
efficient mixing will not occur. Sonication was not used in order to avoid any alteration to
the chemical structure of the particles or the binder. The resulting mixtures were kept as
stock solutions and were seemingly indefinitely stable and only required remixing by

vortex before use.

Fabrication of TPE-Step 2 Electrode Fabrication- Templating

The electrode mixture was poured onto silicon wafers, which served as an inert
non-stick surface. The solvent loaded electrode mixture was constantly worked with a
small wooden stick on the wafer sheet to facilitate solvent evaporation while in a fume
hood. Once the material could be formed into a ball of stiff chewing gum like consistency,
then it was firmly hand pressed into the PMMA template. A CO: laser (Epilog) was used to
cut and etch PMMA electrode templates from stock PMMA sheets. The electrode was then
placed into a heat press consisting of two brass plates, a piece of PDMS was placed on one
side of the electrode. A temperature of ~60 Celsius with a pressure of ~50 psi was used. If

the TPE mixture is too full of solvent, or too high of a temperature or pressure is used, the
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finished electrode may be deformed or the template may be disfigured. In most cases the
electrode was left overnight under pressure and heat. However, after a few hours it
appears almost all of the solvent is removed. The dried electrode was then sanded with 200
or 300 grit sand paper to remove the excess TPE material, then finished with 600 grit sand
paper for a smother surface. The electrode and the template can be further smoothed by
following sanding with polishing with alumina. To finish the electrode, a wire was attached
to one side of the TPE using silver paint, and covered with two part epoxy. The entire

process is shown schematically in Figure 2.2A.
Conductivity measurements

Resistivity (inverse of conductivity) was measured by a two point probe (Fluke 187
Multimeter, accuracy of 0.01 (1) placed on two opposing faces of a TPE cylinder. The faces
of the cylinder were coated with a thin layer of silver paint to compensate for contact
resistance. Typical dimensions were in the range of a diameter 5-2 mm and 3 mm length. In
the cases of very low resistivity, longer cylinder lengths and smaller diameters can be used.
The dimensions of the cylinder were adjusted to try to keep measured resistances above 1
(1 to minimize error. It was also found important to subtract background resistance

inherent with a metal to metal contact, which was variable and typically around 0.3 Q.

0.5D)?
" 7( )

p=R and o=1/p Equation 2.1.
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Equation 2.1 describes conductivity and resistivity, where p is resistivity, R () is

resistance, D is diameter of disk (m) and is related to the cross-sectional area, L (m) is

D .
>
L

Figure 2.19 Example of a templated cylinder TPE used for conductivity measurements.

length, and ¢ (S/m) is conductivity.

Electrochemical measurements and surface treatment

Electrochemistry was performed with a CHI 660 potentiostat, using a calomel
reference saturated with KCl (SCE). The counter electrode was a 1:3 PMMA:carbon TPE
plate made using 20 pm particles with an area that exceeded the working electrode by at
least 10-fold. Potassium ferricyanide solutions were 10 mM, using a 0.5 M KCI solution.
Impedance measurements were done at the E1/2 of the ferricyanide redox couple taken
from cyclic voltammetry at 100 mV s-1, perturbation voltage was 10 mV, with a frequency
range from 100,000 Hz to 0.1 Hz. Dopamine, ascorbic acid, iron nitrate solutions were in a
0.1 M phosphate buffer solution at pH 7.4. Hexaammineruthenium(III) chloride
experiments were at 1 mM in a 0.5 M KCl solution. The platinum electrode had a diameter
of 1.8 mm, TPE electrodes were 5 mm diameter, glassy carbon was 3 mm diameter, and the

DropSens electrode was 4 mm in diameter. The surface treatments were plasma exposure
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(after sanding) for 3 min at 35 W in ambient air, wet sanding with 600 grit paper, and

polishing with 0.05 micron alumina for ~ 1 minute with firm pressure.

Capacitance Measurements

The capacitance was measured with cyclic voltammetry using the current response
at 0.2 V vs. SCE, with a totaled sampled region of -0.1 to 0.5 V vs. SCE, and a scan rate of 100
mV s-1. Capacitance was calculated using Equation 2.2, where Cgreq is the geometric area
normalized capacitance, V is the scan rate (V s'1), lanodic + lcathodic is the width of the cyclic

voltammogram at 0.2 V vs. SCE.110

I icl+|1 i .
Carea — (| anodlc|2 |VCathoch|) Equatlon 2.2

Irreversible peak current calculation

Ip = 3.01x105n[(1—a)ng] /2 ACD/2p1/2 Equation 2.3

Were Ip is the peak current, n is the number of electrons, a electron transfer coefficient, A is
area, C is concentration, D diffusion coefficient, v is the scan rate.l1! The electron transfer

coefficient used here was 0.5, and the ascorbic acid diffusion coefficient was 6.5E-¢ cm/s.112
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Reversible peak current calculation

Equation S3 is a simplified version of the Randles-Sevcik equation assuming a
temperature of 25 °C. Were Ip is the peak current, n is the number of electrons, A area, C
concentration, D diffusion coefficient, v is the scan rate. Dopamine coefficient of 4.15E-¢
cm/s taken from previous literature, 3 ferricyanide 6.67E¢ cm/s,114 and

hexaammineruthenium (III) chloride 7.9E-¢ cm/s.58

Ip — 2 69x105n3/2ACD1/2p1/2 Equation 2.4

Spectroscopy

The Raman spectra were obtained by Zack Nilsson and the data was processed by
Justin Sambur. A JEOL JSM-6500F field emission scanning electron microscope was used at
a 15 keV accelerating voltage to capture images. Raman spectroscopy was performed on an
Olympus IX-73 optical microscope with an Ondax THz-Raman laser source (5 mW, 532 nm
laser with a 1.2 pm spot size). The Raman signal was collected in a backscattering
geometry, passed through a Horiba iHR-550 Imaging Spectrometer, and detected on a
Synapse Back-Illuminated Deep Depletion CCD. Individual spectra were acquired for 60 s

across a 1 mm by 1 mm sample area. The crystallite domain size was calculated using
Equation 2, were L, is the domain size in nm, 4, is the wavelength of the laser, (I—D) is the

G

ratio if the peak intensity of the D and G bands.
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-1
Lo (nm) = (2.4 x 1071°) 2} (2) Equation 2.5
G

The XRF data was collected at the University of Notre Dame in the Peaslee lab. The
instrument used was a SciAps X100 series XRF, it used a 40kV Au anode to produce the x-
rays, and has a 20 mm-2 SDD detector to measure the resultant fluorescence. External
calibration with NIST SRM-2586 was performed, which was found to be quantitative within

5% for the dominant trace elements.
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CHAPTER 3: APPLICATIONS OF TPEs WITHIN FLOW CELLS, MICROFLUIDICS, AND

SENSORS

3.1 Introduction
Overview

The chapter is segmented into two separate sections focusing on different
applications of the TPE system developed in Chapter 2. The first application discussed is
the development of a new melt processed TPE which uses poly-caprolactone as the binder
material. Droplet microfluidic devices are demonstrated with a novel method of fabricating
poly-caprolactone sealed microfluidics. The methods proposed enable microfluidics with
integrated electrodes to be rapidly fabricated using simple tools in a non-laborious way.

The second section details methods for quantifying aerosol toxicity through the
dithiothretiol assay (DTT assay). Initially spectroscopic methods are used to perform the
DTT assay for a pilot study involving personal air sampling. Later, electrochemical methods
are introduced that demonstrate sensing DTT in both static solution and in flow. A focus for
the device design was ease of fabrication that doesn’t sacrifice quality. O-ring based flow
cells are described which are extremely versatile and can be coupled to microfluidics or
used as standalone devices. Band electrodes, tubular flow-through cells, and wall-jet

electrodes are demonstrated.
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Introduction to electrochemical microfluidics

The work presented in this section entails the coupling of electrochemistry with
microfluidics. Microfluidic devices, often referred to as “lab on a chip”, enable the ability to
perform chemical separations, complex sequential mixing, and chemical reactions all
within a small platform.! Microfluidics enable high throughput sample analysis as well as
low analyte and reagent volumes. Molecular detection within microfluidic devices is
performed with a variety of techniques including spectroscopic, conductance, or
electrochemically.2 While it is highly desirable to couple electrochemistry with a
microfluidic chip it is often difficult. Most often platinum or gold electrodes are used, the
electrodes are created by vapour deposition or lithography.? However, Pt and Au
electrodes are expensive, can be prone to fouling, and typically are not fully integrated into

the microfluidic substrate.

Pyrolized carbon is one alternative to noble metal electrodes. Pyrolized carbon
electrodes are made by thermally annealing a carbon precursor such as photo-resist at
1000 °C in a reducing atmosphere. The pyrolized electrodes enable the ability to create
intricate micron features with favorable conductivity and electrochemical activity.*> The
high heat needed to pyrolize the carbon is however troublesome, making the integration

into solely thermoplastic based microfluidics impossible.®

An alternative to noble metals and pyrolized carbon electrodes are carbon
composite electrodes. Carbon composites are an attractive electrode material because they

are low cost and allow for sensing moieties or catalyst to be integrated into the electrode.”-8
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However, carbon composite electrodes are often poorly integrated into microfluidics
because they have raised features (printing) and/or have limited physical stability.?-11
Methods of integration are also often tedious which involve micro-molding using harsh
chemicals,!? or are painstakingly inserted after the device is sealed.13 Overall, the difficultly
in carbon composite electrode integration can lead researchers to place electrodes in the

waste area of the microfluidic device, diminishing their response.1*

PDMS-based carbon composite electrodes have been proposed, but are limited to
this single type of material. The PDMS composites also suffer from low conductivity and an
apparent diminished electrochemical activity.!> In general, only a handful of reports exist
on full integration of carbon composite electrodes into thermoplastic substrates. The
electrodes are typically made with epoxy as the binder material.16-17 One drawback of
epoxy electrodes is that once hardened the electrode can not be manipulated. Depending
on hardening time of the epoxy, the graphite must be mixed and placed in the template

under a time constraint.18

Herein, a new type of binder material (poly-caprolactone) is proposed which allows
for the easy integration of carbon composites into traditional thermoplastic substrates
used in microfluidics. The use of poly-caprolactone (PCL) as a binder overcomes the issues
encountered with epoxy electrodes, were the electrodes need to be mixed and integrated
into the substrate under a time constraint. The PCL based composites are also seamlessly
integrated into the substrate, with no raised features. As of yet, PCL composite electrodes

have not been demonstrated in the literature, despite PCL’s nearly ideal properties for
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making composite electrodes. The key properties being that PCL melts at 60 °C, is resistant

to many common organic solvents,1? biocompatibility, and is low cost and readily available.

3.2 Results and Discussion
Fabrication of melt processed PCL patterned electrodes

To fabricate microfluidics with integrated electrodes it requires patterning of the
electrode material onto or into a substrate. Patterned PCL and graphite electrodes were
assembled via Scheme 3.1. These electrodes can be used as a substrate for electrochemical
microfluidics or can be used as standalone electrodes. The process is simple and begins
with dissolving PCL in dichloromethane (DCM) followed by mixing graphite powder with
the dissolved plastic. The graphite, solvent, and plastic mixture is then poured out onto a
silicon wafer and mixed until it becomes a semi-solid. The semi-solid is then left in air to
fully dry. The dried material can be stored and is seemingly indefinitely reusable. The dried
material could also be shaped or ground up and stored as a powder, pellets, sheets, or

blocks.
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Scheme 3.1 Generic fabrication of melt processed PCL composite electrodes.

To make patterned electrodes, the dried composite is heated above the melting
point of PCL and then hot pressed into templates. The templates shown in Figure 3.1 were
generated with a CO2 laser. Any technique which delivers pressure and heat could be used
to make the electrodes, such as a hot plate and large weight, or clamps and an oven. In this
work a heated press was used. The excess material is then removed with a razor blade

(while still pliable), followed by smoothing the surface with sand paper.

The roughness of the electrode is determined by the sand paper used to remove the
excess electrode material. Upon sanding with 600 grit sand paper the roughness of the
electrode is estimated to be 1 um or less as determined by the resolution limit of the optical
profilometry instrument used. A smooth well integrated surface is important for sealing

microfluidics and is a major advantage of this new fabrication method. As shown in Scheme
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3.1, the electrodes can be patterned in 3 dimensions. Patterning in 3 dimensions allows for
a well-defined electrode area and the ability to make contact pads for backside connections

to the potentiostat.

Conductivity and capacitance of PCL based electrodes

Cell resistances within microfluidics can be quite high arising from the small
solution volumes and micron channel dimensions.2? Conductivity is therefore important for
the performance of a microfluidic integrated electrode system. If the composite electrode
materials are highly conductive they can be made into very small or thin geometries,

without exacerbating cell resistances.

The conductivity of different carbons were tested at various ratios of graphite to
PCL. The carbons chosen were the MG, 11 um, 3569, and carbon black. These carbons had
higher conductivities and solvent windows, which was described in Chapter 2. Figure 3.1A
shows the conductivity as a function of the carbon:PCL ratios. As expected, conductivity
increases with increasing carbon content, but the conductivities were lower than the
PMMA-based electrodes. As an example, the maximum conductivity for the MG particles
was 1000 S m! with the use of PMMA and with PCL it is about half of that value. The exact
reason for this unknown, but it could be from the graphite particles being encased or

coated to a higher extent with PCL, diminishing particle-particle contact.
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Figure 3.1 Conductivity (A) and capacitance (B) of various carbon ratios and carbon types
with PCL as the binder material. The electrodes used in this figure were fabricated by
Kaylee Clark, she also collected the electrochemical data and plots.

The capacitance of the PCL composites was measured with the same method as in
Chapter 2 and is shown in Figure 3.1B. The composites using PCL had similar capacitance
values to the composite made with PMMA as the binder. However, it does appear that with
the higher ratios, the capacitance values with PCL are somewhat larger. The 11 pm
particles in a 1:3 ratio highlight this trend where the PCL electrodes have about three times
the capacitance as the PMMA based electrodes. With PMMA the 1:3 11 pm particles had
~300 puF cm2vs. ~ 1000 pF cm2 with the use of PCL. The exact cause of the increased
capacitance is not known at this time. Most of the electrodes had capacitance values much
larger than 60 pF cm-2, which is the value of a planar edge plane HOPG electrode. The
increased capacitance indicates that the electrodes have significantly increased surface
roughness over a planar electrode. Taking into account the capacitance and conductivity
data, moving forward the MG particles in a 1:2 ratio were chosen to integrate into

microfluidics. This composite composition has adequate conductivity, a lower capacitance,
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and a lower carbon content that allows the electrodes to be easily melt-processed. Lower
carbon ratios are typically easier to use when fabricating templated electrodes, the
composites retain more of the thermoplastic character. The MG particles also had a larger

solvent window which was measured and discussed in Chapter 2.

Fabrication of PCL sealed microfluidics with integrated carbon composites

PMMA was chosen as the microfluidics substrate, as well as the use of a CO; laser to
create the microfluidic features. Devices are fabricated by cutting channels into one piece of
PMMA followed by sealing this to a second, typically unpatterned, piece of PMMA. PMMA is
reported to be one of the best plastics for use with a laser cutter/engraver in regards to
quality of cut.?2122 When heated with the laser PMMA depolymerizes back to methyl
methacrylate, which then is vaporized; these qualities may explain the better cut quality
over other plastics that decompose or melt.23 PMMA also strongly adsorbs the energy (mid
infrared) from a CO; laser, has low thermal conductivity, a low heat capacity, which are all

excellent traits to created well resolved micron features.?4

Sealing of microfluidics can be a difficult task and there are many different proposed
methods. PMMA-based microfluidics can be sealed with a variety of techniques,2> which
include thermally,2¢ plasma treatment,?’ plastisizers,?8 microwave treatment,2? ultrasonic
assisted bonding,3? or solvent bonding/welding.31-33 Another common technique is the use
of a thin adhesive layer to join the two halves, the adhesive can be commercially sourced or
made in house.34-36 There are pros and cons to all sealing methods and in practice it was
found that the popular methods of thermal and solvent sealing are quite difficult,

inconsistent, and often lead to clogged or deformed channels, or devices that leak.
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Another method to seal the microfluidics is to apply a thin layer coating of a lower
melting point thermoplastic such as poly-caprolactone (PCL) or polylactic acid (PLA) to the
PMMA surface. The thin polymer coating has a lower Tmeit than PMMA, PMMA begins soften
~121 °C, were PCL completely melts at 60 °C. When heated under pressure, the PCL
coating allows the two pieces to be bonded without deforming the PMMA.37 There is
currently just a single report on the use of PCL to bond microfluidics,38 which used a spin-

coater to create the PCL thin layer.

To make the coating process easier a “push coating” method was developed. Push
coating was recently proposed as a simple method to create thin uniform coatings.3?
Scheme 3.2 shows the process of applying a thin PCL coating, as well as the sealing of the
microfluidic device. It was found that DCM in a ratio of 1 part (grams) PCL to 100 parts
(grams) of DCM provided a coating thickness of 3 + 1 um. The thickness of 3 pum was chosen
as to not interfere or clog the channels, but also to supply a sufficient layer of PCL to

facilitate sealing.

In contrast to the other report of PCL sealed microfluidics,3® the work herein was
constrained to put the PCL film on the channel layer. Scheme 3.2 shows that after the thin
layer is applied a CO; laser is used to ablate a channel into the PMMA. We chose the
rastering setting to create the channel. With settings of 25 speed and 30 power (30 W
laser) it provided about 150 pm deep channel that was ~200 pm wide at the top. Full
optimization of these parameters was not explored for this initial proof of concept study.

Related to this, there are many literature reports on CO; laser ablation of PMMA for
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optimizing the shape, width, depth and quality of channels for microfluidic applications.40-

42
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Scheme 3.2 (top) Process for “push coating” to create a thin PCL layer onto PMMA.
(bottom) Fabrication of PCL bonded electrochemical microfluidic droplet generator. The
Channel is filled with a red dye.

Creating a fluidic connection to the microchip can be problematic and often the
connections are permanently glued in place.?5> Here, the connections to the chips were
made with a unique laser cut PMMA and O-ring reversible interface, which is shown in
Figure 3.2 (interface layer). PMMA was etched to accommodate an O-ring and then tapped
to accept threaded standard microfluidic fittings. The interface piece is simply bolted to the
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sealed chip. The interfaces were leak free and provided a fast and easy way to interface to

the microfluidic chip.

Figure 3.3 (left) Optical profilometry characterization of the pinching architecture used for
droplet generation. (right) Image of electrodes interfaced to a channel in a sealed device.

Figure 3.3B shows that the electrodes are both apparently well integrated into the
substrate as well as sealed to the channel layer. Since the electrodes are made with PCL
they formed a leak free bond to the other half of the microfluidic chip. Like the channels,
the width of the electrode is around ~200 microns which is approximately the resolution of

the laser cutter.

Overall the new method for creating microfluidic devices proposed in Scheme 3.2 is

ideal for rapid prototyping. The interface piece can be left as a constant and the channel
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designs can be iterated as needed. While it isn’t difficult to make electrodes, it was also
found that the electrode layer was reusable many times over. Prying the chip apart with a
razorblade and sanding the electrode provided a fresh electrode layer that could be

repeatedly reused.

Electrochemistry of PCL composites integrated into droplet generators

Droplet microfluidics are a unique analytical tool.#3 One of the main advantages of
droplet microfluidics is the ability to rapidly mix reagents in nanoliter to picoliter volumes.
In droplet microfluidics mixing can occur nearly three orders of magnitude faster than in
laminar flow microfluidics. The increased mixing arises from the small volume of the
droplets as well as recirculating flow within the droplet.#* Droplet microfluidics are an
exciting tool which enable applications such as single cell analysis, droplet-based chemical

synthesis, drug screening, nano-particle fabrication, and small-scale cell cultures.43

Electrochemistry of droplets was first reported in 2008. The initial work used
electrochemistry to determine the droplet frequency, droplet size, and droplet velocity.*> A
follow up publication from the Crooks lab used a novel squeeze-zone to pinch the droplet,
greatly enhancing the reproducibility of the electrochemical sensing of droplets.#¢ Droplet-
based electrochemistry has also been demonstrated for a hand full of applications
including cancer cell recognition,%” 4-aminophenol detection,*8 glucose sensing,*® and
others.>0-51 Very recently it has been proposed that internal recirculating convection within
droplets can enhance an electrochemical signal from increased mass transfer to the

electrode surface.52
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Electrochemical signal enhancement is not always easily obtained and this property
of droplet microfluidics is promising for the development of their use in electrochemical
sensors. In general, there are not a large number of reports that demonstrate
electrochemically probing the redox properties within droplets and the field is arguably in
its infancy. A possible reason for the lack of publications in this field is a difficulty in the

fabrication of electrochemical microfluidics.

In this work pinching droplet generators were chosen for the microfluidic design. It
was found that this design more easily generated droplets than the T-junction prototypes
tested. There are a variety of ways to generate droplets and this useful review highlights
the various geometries that can be used.>?® Figure 3.4 demonstrates droplets being
generated in the newly proposed PMMA microfluidic devices. On the left oil droplets are
being generated. The devices used to generate oil droplets were simply plasma treated, ~ 1
minute ambient air, before heat sealing to ensure a hydrophilic surface and good wetting of
the surface by water.5* In practice, the PMMA devices worked well both with plasma
treatment and without for the generation of oil droplets, however, they performed quite

poorly for generating water droplets.
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Figure 3.4 Demonstration of droplet generation in PCL sealed microfluidics. The left device
(A) shows oil droplets in water with a green dyed aqueous carrier phase, and the right
device (B) contains water droplets (red dye) in oil.

Making water droplets requires the surface of the channel be fully hydrophobic.
Difficulty in making water droplets with PMMA has been addressed previously, and surface
modification was needed to create a sufficiently hydrophobic layer.>>-57 To make the
channels hydrophobic the device was first plasma treated after assembly following
literature precedent.5?” The channel was then exposed to light-weight mineral oil and
salinizing agent solution for 3 hours. The mineral oil is the same used as a carrier phase in
Figure 3.4. The reactive species generated on the surface of PMMA during the plasma
treatment reactant with the salinizing agent and form covalent bonds with the surface of
the channel.>” Once treated the microfluidic chips could generate aqueous droplets for

hours.
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The electrochemistry within the droplet generator is shown in Figure 3.5. 15 mM
ferricyanide was used to generate an electrochemical signal, this solution was then mixed
in flow to create differing concentrations. When the data is shown for a total of 1 minute of
sampling, peaks are not observable. At the total flow rate of 8 pL min-1 the aqueous space
between the oil droplets are generating electrochemical signals at a rate of ~4 per second.
The plugs of green aqueous solution can be seen in Figure 3.4. Overall, the peak shapes are
somewhat as expected and are logical for a plug of solution flowing over an electrode. The
peaks also appear to be quite uniform. It is interesting that the baseline current increases
with increasing concentrations of ferricyanide. It may be possible that thin layers of
aqueous carrier phase may be in contact with the electrode at all times, which are

providing this background current.

In Figure 3.5C a calibration curve created from the peaks in Figure 3.5A is shown.
The calibration shows good agreement between changes in flow rates and the analyte
concentration changes. Overall, as an initial proof of concept the device is shown to be
capable of electrochemical sensing of aqueous carrier phase plugs, the chips were stable to

oil for a period of days, and had consistent droplet generation and electrochemical signal.
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Figure 3.5 (A) Electrochemistry of PCL enable electrochemical microfluidics for droplet
generation and electrochemical detection. The values in the legend are the flow rates (uL
min-1) of the 15 mM ferricyanide-Blank electrolyte. (B) Zoomed in region of Figure 3.5A. (C)
Calibration curve for randomly selected peaks from Figure 3.5A (n=6), error bars are
present but are to small to be visible.

The electrochemistry of water droplets stabilized in an oil carrier phase are shown
in Figure 3.6. There are a few contrasts to the electrochemical data obtained for the oil in
water droplets. One main difference is that the background current is quite low, which is
most likely caused by the oil carrier phase being non-conductive. The non-conductive
nature of the oil should completely shut off capacitive and faradaic currents between

aqueous droplets.
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Figure 3.6 Water droplet generation within a PMMA PCL sealed device. (top) Initial run
measuring 1 mM ferricyanide aqueous droplets. (bottom) Current response after 30
minutes of droplet generation measuring 1 mM ferricyanide aqueous droplets.

At the bottom of Figure 3.6 the current response after 30 minutes of electrochemical
testing is shown. After the device was continuously used for 30 minutes the peaks became
completely erratic. It is unclear as to the cause for the inconsistencies, but it may stem from
the devices becoming less hydrophobic over time, causing streaking or smearing of the
droplets over the electrode surface. It may also be that the droplets are not making good
contact with the electrode. Throughout all of the testing, the device was still visually

making stable droplets, so the later hypothesis may be the most likely. Overall, it is highly
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promising that aqueous droplets could be created and sustained over the course of a few

hours, as well as periodic intervals of consistent electrochemical signals from the droplets.

Summary of PCL sealed carbon composite integrated microfluidic devices

To conclude this section, a new method for fabricating patterned electrodes was
introduced using a novel PCL melt based technique. Through the use of an adapted PCL
bonding method, electrochemical microfluidics could be easily fabricated. Electrochemical
detection within droplet microfluidics was demonstrated for both water in oil and oil in
water droplets. The methods proposed here should directly apply to any number of
microfluidic application requiring integrated electrodes. This new system represents a fast,
simple, low cost method to make high-end microfluidic devices with integrated carbon

composite electrodes.

Future work for droplet microfluidics

A logical next choice for future work is to try and stabilize the signal of aqueous
droplets. This may be achieved by increasing the size of the channel in the zone of droplet
generation. This would increase the size of the droplet. The droplet would then be passed
over a smaller channel which contains the electrodes. The squeezing of the droplet should
help to make better contact with the electrode and hopefully create a reproducible sensing

environment.

Droplet sorting within microfluidics is now a common practice,>8 and devices to
perform sorting should be easily fabricated with the methods proposed in this section. The

sorting is accomplished with an electric field which is generated by two electrodes
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embedded in the microfluidic device. The electrodes used for sorting are not in contact
with solution. Depending on the analyte/contents within a droplet, the droplet can be
directed into side channels, were the analyte can then be electrochemically probed (Figure

3.7 left).>8 The charged particles are directed in the presence of an electric field.
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Figure 3.7 (left) Channel design for electric field sorting of charged droplets. (right)
Schematic for a free flow electrophoretic (FFE) device with integrated electrodes.

Besides sorting, the new PCL based system of making microfluidics with integrated
electrodes could be used to create devices for electrophoresis. A lesser used type of
electrophoresis called free-flow electrophoresis (FFE) would be an interesting design to
study.>® With FFE solution is passed between two polarized plates, depending on the
charge of the analytes within the solution, the analyte will begin to separate within the
electric field. One advantage of free flow electrophoresis is that the separated analytes of
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interest can be collected and stored for off chip analysis. Shown in Figure 3.7(right) the
separated analytes can also be electrochemically probed as they pass into the segmented

collection zone.

One major issue with constructing FFE devices is the need to get the electrode inside
of the separation zone without actually contacting the solution.®0 Ideally the electrode is
separated from the solution by a very thin layer of insulating material. If the electrode is
too far from the solution the electric field is greatly diminished. Conversely, if the electrode
is inside of the separation zone and exposed to the solution, large amounts of gas and
electrolysis by-products are formed from solvent decomposition. The decomposition
products can interfere with detection. Given the ease and ability to elegantly pattern
electrodes in 3-dimensions with the PCL system, FFE would be a perfect example to show

the utility of the melt-based fabrication method.

Quantification of oxidative potential of particulate matter

The second part of this chapter focuses on conducting measurements and
developing sensors for determining the oxidative potential (OP) of particulate matter (PM).
Indoor and outdoor pollutants in the form of small particulate matter (PM) are a major
source of respiratory illness and early mortality.61-6¢ It has been reported that cities with
higher PM levels have higher incidents of morbidity that scales linearly with increases in
PM.3 Related, anthropogenic increases in fine particulate matter are expected to cause

premature deaths of an estimated 3 million people.®?

A large fraction of PM consist of secondary organic aerosols (SOA) created in the

atmosphere from a combination of sunlight, man-made and natural volatile organics and
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small molecules.®8 A major source of toxicity from PM is thought be from the generation of
reactive oxygen species (ROS) in the human body leading to cellular oxidative stress. PM
also contains redox active metal species such as iron, and copper, as well as quinones, and
amorphous carbons, which can all generate ROS within the human body.®°-71 The generated
ROS is typically in the form of hydroxyl radicals (-OH), superoxide (02-), hydroperoxyl
(HO2) and hydrogen peroxide (H202).7273 Overall, the mechanism of ROS generation in the

human body is complex and remains a topic of intense study.”4

Particles that are 2.5 um or smaller in aerodynamic diameter, which are designated
as PM;;, are considered more dangerous since these particles can travel deep into the lung
and infiltrate into the circulatory system.?>76 Once in the circulatory system, PM can affect
bodily systems and cellular functions.”” While ROS is continuously made in the body as part
of normal cellular function, antioxidants can be overwhelmed with excess ROS generation

from PM and lead to cellular damage.

Often, only PM2 5 mass or particle numbers are used as an indicator of health risk of
so called “bad air days”.’® The PM2s measurement devices are typically positioned around
cities, for example China has 946 monitoring stations in 190 cities. These monitoring
stations can also measure SOz, NO2, PM2s, PM1g, CO, and O3 at a resolution of minutes or
hours.”? While the chemical sensor information is useful to track air quality, these sensors

do not provide any information on the actually toxicity of the air or its OP.

There are a number of ways to test air quality and toxicity towards humans which
include the use of living organisms,8° in vitro cell culture,! or chemical methods.8? The

work in this thesis section measures oxidative potential (OP) of PM through a chemical
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method. The method utilizes the chemistry seen in Scheme 3.3. The molecule dithiothreitol
(DTT) is used as a surrogate to mimic the reaction happening between antioxidants within
the human body and PM. The seminal paper by Cho et al,?3 introduced the DTT assay and
correlated the method to human health outcomes. Now common practice, the DTT assay is
used in the presence of PM as an indicator of ROS human health risk.82 84 Recently, hospital
visits have been positively correlated to increased DTT assay activity of sampled air.8>
Overall, the DTT assay is proposed as a method of mimicking glutathione chemistry within
the body. DTT is more reactive than glutathione which can speed up the time scale of
measuring the toxicity of airborne PM. However, since DTT is not found in the human body
and has different reactivity rates with PM than glutathione, it does call into question the

validity of the assay.8¢

Particulate matter (PM)

#]: -2 H HO/,‘

2, S
Dithiothreitol (1 2e HO’Cé

(reduced) H
HS/\/\/SH Dithiothreitol
H (oxidized)
OH

Scheme 3.3 Simplified reaction scheme for the reaction of particulate matter (PM) with
dithiotheirtol (DTT).

In Figure 3.8 the generic mechanism typically used to measure DTT is shown. The
mechanism involves the use of Ellman’s reagent (5,5'-dithiobis-(2-nitrobenzoic acid) which

rapidly reacts with a thiol (DTT in this case) at slightly basic conditions. The product of the
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reaction is 2-nitro-5-thiobenzoate, often referred to as TNB. TNB has a main adsorption at
412 nm which is readily detectible with UV-Vis spectroscopy. On the right of Figure 3.8 the
UV-Vis spectra of the DTT assay is shown. The spectra show the absorption signal from
TNB diminishes over time if DTT is exposed to particulate matter, when compared with a
non-PM loaded control solution. In simple terms, the more DTT that is consumed in the
presence of PM, the more the UV-Vis signal of TNB will decrease, which indicates increased

oxidative potential of the PM.
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Figure 3.8 (left) reaction scheme for the colorimetric detection of thiols using Ellman’s
reagent. On the right is the UV-Vis spectra of the DTT assay. The dotted lines are the signal
after 50 minutes in the DTT assay.

Working off the hypothesis that DTT consumption correlates to oxidative potential
within humans, a study was performed which collects PM onto filters. The work developing
the air sampler to collect PM onto filters was largely orchestrated by Casey Quinn and the

Volkens group and has been submitted for publication.8” To collect the PM a wearable
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Automated Microenvironmental Aerosol Sampler (AMAS) was used (manuscript pending).
The AMAS active aerosol sampling device contained four separate filter channels that
sampled PM2s from microenvironments. The exposure microenvironments were home,
school, and other. The “other” microenvironment designated any environment that was not
home or school. An algorithm using GPS switched the device to sample air from specific
environments onto individual filters. The pilot study was conducted with high-school-aged
children in the Fresno, California area. The AMAS collected PM; filter samples (n=126
microenvironments) were evaluated for both black carbon,888° and oxidative potential.?0-92
The black carbon data will not be discussed in the thesis section. The PM loaded filters

were then used in the DTT assay to gauge OP.
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Figure 3.9 Personal oxidative potential exposure measured through the DTT assay from
high-school-aged children in Fresno, California. The bottom right graph plots error as a
function of volume of air sample for a specific filter.

The data in Figure 3.9 show the OP values measured from the filter samples from
the AMAS sampler. As is typical for this field, the reactivity of the filter in the DTT assay
was normalized by the amount of air that passed through the filter. More often used to
normalize the reactivity is the PM mass, however, in this work the PM mass was not
measured because it was very small. Many of the filters were estimated to contain less than

10 pg of PM which can be quite difficult to measure accurately. When normalized to sampled
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air volume the OP values are similar to those previously reported for urban, rural, or

roadside PM.92

The most notable aspect of these results is the error within the measurements. The
errors are correlated to the volume of air sampled. When the volume sampled is less than 2
m-3 large amounts of uncertainty are introduced. The dependence of air sampled on
uncertainty is demonstrated in all the graphs in Figure 3.9, and is highlighted in the lower
right hand graph. Future sample collection should then be aimed at collecting a minimum
sampled mass equal to the black carbon LOD (0.49 pg), this would equate to 11.2 ug PM
mL-1 in the DTT assay (based on an estimated ambient BC:PM ratio of 0.04 and a 500 pL
dilution volume for the DTT assay). The filters and the resulting solution in the DTT assay
would then be loaded with a mass to volume ratio that is near 10 pg mL-1, which has

previously been recommended for the DTT assay.?!

Overall, the “home” OP data appears to be the most reliable which is where the
students spent a majority of their time and the highest volume of air was sampled. The
unique property of the AMAS system was that it draws in air over the filter that the subject
was actually breathing in. When looking at the data for “home” in Figure 3.9 sample 3, 7,
and 11 had elevated DTT consumption rates, and samples 9, 26 and 31 had lower rates
than the other samples. While these are only single data points, this information could be
beneficial to understand what factors determine high or low OP in certain environments. If
these factors are better understood, strategies could then be put in place to limit the OP for

a given environment.
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The work for the Fresno student pilot study used spectroscopic methods for
conducting the DTT assay. Some issues encountered with the method were tedious
amounts of pipetting when mixing the reagents for the process shown in Figure 3.8. The
large amount of pipetting limited the number of samples that could be run at one time
(n=10). The minimum volume that could be used was also 500 pL, since aliquots from the
sample needed to be withdrawn and tested at periodic time points. In the Henry lab,
electrochemistry has been proposed as a way to simplify measuring the concentration of
DTT.?0 However, for the Fresno study electrochemical methods were not used since the
electrochemical microfluidics used previously were somewhat tedious to make, and at the
time of the study were not optimized to use smaller sample volumes. The work in the next
section uses the TPE system to build new devices for flow based concentration

measurements of DTT as well as static based detection methods.

Development of electrochemical TPE sensors for the DTT assay

This section introduces TPE modified with cobalt phthalocyanine (CoPc) for the
detection of DTT. CoPc is a common sensing moiety for electrochemical detection of
thiols.?3 Chapter 4 goes into detail on the nature of the catalysis of phthalocyanines as well
as the general synthesis of the molecules describes here. In Figure 3.10, the structure of a
phthalocyanine coordinated to a thiol is shown. It is through this coordination that the

oxidation of thiols, including DTT is catalyzed.

Cobalt tetraaminophthalocyiane (CoTAPc) can be electrochemically polymerized as
shown in Figure 3.10B. When the electrode is cycled to a potential above 0.7 V vs. SCE a

polymer film grows on the electrode surface. A chemical reaction for this film growth is
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proposed in next chapter, which deals with this type of polymer more in-depth. The film
thickness can also be tuned by repeated cycling.?* The polymerized film provides a high
surface area electrode coating, with an increased density of the active cobalt centers. The
basic amine groups on CoTAPc may also provide a unique catalytic environment. Thiol
oxidation is catalyzed in the presence of base because it involves the loss of a proton
(Scheme 3.3). A recent report with a porphyrin complex containing pendant amine groups
greatly enhanced the reduction of COz by having the basic nitrogens close to the metal
center.?> It is possible with CoTAPc free amines could hydrogen bond with the thiol and

help to facilitate proton loss.
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Figure 3.10 (A) Cobalt phthalocyanine (CoPc) and cobalt tetraaminophthalocyanine
(CoTAPc) coordinated to a thiol. (B) Electropolymerization of CoTAPc, inset show FTO
coated with CoTAPc. (C) Various forms of electrodes modified with CoPc and CoTAPc in the
presence of 1 mM DTT at pH of 7.4. (D) TPE electrodes with differing carbon:CoPc ratios in
the presence of 1 mM DTT at pH of 7.4.

Figure 3.10C has three different electrode modifications with phthalocyanines. The
CV of the bare glassy carbon electrode demonstrates the need for a catalyst modified
electrode. The glassy carbon electrode is completely inactive towards the oxidation of DTT.
When CoPc is dropcasted onto the glassy carbon surface a clear DTT oxidation peak forms
at a voltage of ~0.02 V vs. SCE. When CoPc (12%) was mixed directly into TPE material

there was an increase in the current response over dropcasting. Increases in current
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typically correlate to increased catalysis. The CoTAPc had the highest peak current as well
as a decrease in the over-potential needed to oxidize DTT. The peak for oxidation of DTT
occurs at -0.22 V vs. SCE on the CoTAPc modified electrode, which is nearly 200 mV lower
than CoPc. The amine moieties as discussed earlier may be causing the increased catalytic
properties of CoTAPc. Of note, the CoTAPc electropolymerization process requires the
electrode be immersed in DMF, this solvent dissolves TPE that are made with PMMA. At the
present it is unclear how dissolving of the electrode material will affect catalysis. The
CoTAPc coating also needs to be applied before a day of testing of DTT, which is then an
added step. Finally, it was found that CoTAPc was not stable in the solid state, and the
usability of the material is around a month. The lack of stability limits the utility of CoTAPc

as sensing medium.

Since the TPE modified with CoPc is the easiest to create, it was tested via CV in
Figure 3.10D to determine the effect of increased amounts of catalyst within the TPE
matrix. Based on the current responses seen in Figure 3.10D there appears to be no major
signal enhancement with increased catalyst loading. It is advantageous that the CoPc
catalyst is effective at a meager 12% carbon:CoPc mass percentage. While CoPc is low cost

(~$15/g Sigma), it still is the highest cost per gram material within the TPE.

The DTT assay which was performed for the Fresno study was carried out in 1.5 mL
centrifuge tubes. The tubes were used once and thrown away for concerns over
contamination. The DTT assay is also performed at 37 °C with the vials nearly fully
submerged in a temperature controlled water bath. Ideally then, the assay could be

performed in the vial without the need to remove aliquots for spectroscopic sampling and
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multiple pipetting steps. In Figure 3.11, a cap TPE is proposed which was used for

seemingly invasive free DTT sensing within the 1.5 mL centrifuge tube.
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Figure 3.11 Photographs of a cap sensor containing TPE electrodes for the sensing of DTT
within a 1.5 mL centrifuge tube. (right) graphs of cyclic voltammograms of DTT
consumption in the presence of 2 uM of the model oxidant 1,4-naphthoquinone. DTT
starting concentration was 75 pM, with a reaction temperature of 37 °C.

The cap sensor utilized a CoPc-modified (12%) TPE made with PMMA and carbon
black (CB) in a PMMA:CB ratio of 1:0.3. From previous chapters, carbon black had low
capacitance values, which is why it was chosen here. The cap fits snuggly into the
centrifuge tube and is leak free. The upper right graph in Figure 3.11 shows the loss of peak

current relating to the oxidation of DTT over the course of 60 minutes. A major advantage

98



of using electrochemistry to monitor DTT concentration is that data points can be collected
as fast as once a minute. This system was not without flaws; in practice it was found to be
difficult to take an initial measurement at t=0, and this data point was left out of Figure
3.11. The initial heating of the vial and the solution seemed to affect the peak current of the
initial measurement. However, once the sensor and the solution were heated the

measurements stabilized. Preheating the vial and sensor may help to overcome this issue.

Overall, good agreement between the spectroscopic method and the e-chem cap
sensor was observed. The data labeled UV-Vis-1 and UV-Vis-2 used the same stock
solutions as that in the e-chem vial. The E-UV-Vis vial had solution directly removed from
the cap sensor and tested spectroscopically as an additional control. As expected all of the
UV-Vis measurements were nearly identical. While the data from the e-chem method is
slightly shifted from the UV-Vis measurements, the slope is nearly the same. This proof of
concept is quite encouraging for the development of a static electrochemical method to
perform the DTT assay. Overall, the TPE CoPc modified electrodes do not appear to be
fouling and they have a sufficient current response to measure as little as 20 um DTT. The

cap sensor is also sandable, which enables it to be reused many times over.

Previous work in the Henry lab utilized electrochemical flow cells to measure DTT
concentration for the DTT assay.?¢ The flow cells can be coupled to instruments like an auto
sampler and potentially enable high throughput automation of the DTT assay. Therefore,
the new TPE based electrodes are of interest for use in flow cells. Many methods to make

flow cells with TPEs were attempted, these consisted of sealing microfluidics with solvent,
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or with double sided adhesive. In general these devices did not perform well, were of a low

quality, and had issues with obtaining a reproducible functioning device.
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Figure 3.12 (top) Double sided adhesive (50 um thick) based fluidic cell for the detection
of DTT. (bottom) Flow injection analysis using the adhesive based flow cell. Injection
volume was 20 pL, with a flow rate of 200 pL min-1, and applied voltage of 0.3 V vs. carbon
reference. The calibration plot was constructed with the peaks shown in this figure.

Figure 3.12 demonstrates flow injection analysis from a double sided adhesive
sealed fluidic TPE. The top of Figure 3.12 shows the pieces used for assembly, microfluidic
tubing was glued into the counter electrode layer and sealed with epoxy. In general this
specific device had reproducible oxidation of DTT and functioned as a sensor in the
concentration ranges used in the DTT assay. In practice, the flow sensor was not stable
over the course of days or even hours. The sensor does however show that with TPEs, DTT

can be detected in flow. Ideally, the TPEs would be integrated into a flow system that does
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not require epoxy to glue in fittings, could use a commercial reference electrode, and allows
for quick regeneration of the electrode surface. In the future work section flow cells are

proposed which meet all of these requirements.

Future work

O-ring based fluidic devices are shown in Figure 3.12. The devices have many
improved features over the adhesive based devices discussed earlier. The devices are
simple and rely on stacking of layers. There are two interface layers which use standard
threaded microfluidic fittings (top and bottom layer). The body of the fluidic cell then
consists of a layer to form a channel or well which allow for solution to flow over an
electrode layer. The orange arrows in Figure 3.12 show the direction of flow for the various
electrode designs. The ability to interchange electrode designs is also an advantage of these
O-ring based devices. Band electrodes, wall-jet and tubular flow through devices are all
easily made and assembled. As with the microfluidic devices discussed in this chapter these

O-ring devices were fabricated entirely with the CO; laser cutter.

The devices in Figure 3.12 were briefly tested with ferrocenylmethyl-
trimethylammonium (FCTMA). The oxidation of FCTMA is a one electron process which is
fairly insensitive to the surface of the electrode. The three electrode designs were tested
with low concentration of FCTMA for a rough idea of the limit of detection. The data
suggest that the wall-jet configuration has the best signal to noise, followed by the band
electrodes, and lastly the tubular electrodes. The tubular electrodes had the highest
background current and were unable to resolve a signal from 1 pum FCTMA. In contrast the

wall-jet electrode had well defined peaks for injections of 1 pum FCTMA.
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Figure 3.12 Exploded view of O-ring based fluidic device with interchangeable TPE
electrodes.(right) electrochemistry from injections of ferrocenylmethyl-

trimethylammonium (FCTMA) within the O-ring fluidic devices. The TPE used was 3569 in
a 1:3 Carbon:PMMA ratio. Flow rate for all cells was 300 puL min. Band electrode had a
channel width of ~1 mm. The channel/tube for the tubular electrode was created with a
150 pm drill bit. The spacer was CO; laser cut from copy paper.

The work with the O-ring base flow cells is quite promising as an initial proof of
concept. Because the cells are bolted together they are highly robust and leak free. They
can easily utilize a commercial reference electrode. Conveniently, the waste is neatly
contained within an attached reservoir. The electrode layer is sandable, making it reusable
many times over. Also, the spacer layer can be made of materials of various thicknesses,

which can change the volume of liquid the electrode sees. The electrode layers are also easy
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to fabricate with the TPE system, and the carbon type, amount of carbon in the TPE, or

catalyst type within the electrode layer could be changed and iterated rapidly.

Work is already underway to utilize the wall-jet configuration for use in the
automation of the DTT assay. Kathleen Berg (Henry lab) is using the wall-jet coupled to an
HPLC auto sampler. The aim is to try and fully automate the DTT assay, greatly increasing
sample throughput. Initial results indicate that CoPc/TPE O-ring flow cells are stable
enough to sense DTT over the course of hours or days. The flow cells are not just useful for
the DTT assay and should have use for a plethora of flow based analytical electrochemical
applications. The cells could also be used to measure and investigate electrochemical
kinetics. Crooks has shown that band electrodes in laminar flow cells like the ones shown
in Figure 3.12 are analogous to rotating ring disk electrochemistry.> The O-ring layered

structure could also work well for prototyping redox flow batteries or microbial fuel cells.

3.3 Conclusion

In conclusion, PCL has enabled the integration of carbon composite electrodes into
complex microfluidics. PCL has also enabled fast and highly robust sealing of
electrochemical microfluidics. The general approach to fabrication is universal and could
apply to any thermoplastic type with only minor modification of the fabrication method.
This work has significant impact for electrophoresis applications, droplet microfluidics,
bipolar electrodes, tissue on a chip, or any other application requiring small well integrated

electrodes.
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Finally, oxidative potential through the use of the DTT assay was measured both
spectroscopically and with electrochemistry. A pilot study using a novel AMAS unit to
collect PM on filters exposed the need to decrease the volume of solution used in the DTT
assay, or increase the volume of air sampled. The large error associated with low sampled
air volumes made many of the OP measurements unusable. Systems like the TPE cap
sensor may help with lowering the error associated with filters that have low PM loading.
The demonstrated cap sensor should be able to operate with 100 pL or less, where the
spectroscopic method required 500 pL. In theory this should increase the signal from the
DTT assay by a factor of 5, and in the case of the Fresno study would have made most or all
of the OP measurements statistically significant. Lastly, flow based electrochemical cells
were created for use in the measure of DTT. Overall, it was found that the TPE material
modified with CoPc was useful for sensing DTT within flow cells. However, the flow cells
lacked stability and were tedious and difficult to fabricate in a reproducible manner. The

future work addresses these issues with new O-ring sealed fluidic devices.

3.4 Materials and Methods

Methods PCL section

The PCl was from a commercial source called Thermorph. The devices were sealed
by placing a PCL coated piece (containing a laser cut channel) of PMMA and a non-coated
piece between two aluminum plates. Two pieces of rubber were placed between the metal
plate and the PMMA. Screw type C-clamps were then used to applied pressure on the

plates. The screw clamps were tightened to near the maximum amount of turns (this could
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be tuned as needed). Often many clamps were used to maximize pressure per area. The
assembly was then placed in a circulating oven for ~10 minutes at 80 °C (might be longer
depending on oven). The assembly is left to cool either in air or placed in a refrigerator to
speed the cooling process. The plates must be cooled under pressure to seal. If efficient

sealing is not seen, the process can be repeated, repositioning of the clamps may be needed.

Electrochemistry and conductivity measurements

Electrochemistry was performed with a CH Instruments 660 potentiostat. A SCE
reference was used for all experiments except in adhesive based flow cells which used a
carbon reference. Conductivity measurements were conducted in the same manner as
Chapter 2, using through-plane conductivity measurements as previously reported.” The
disks used for conductivity were 2 mm, which had ~3 mm thickness. Electrochemsitry
chemicals were provided as follows, Potassium chloride (Sigma), potassium phosphate

(Sigma or Fisher) ferricyanide (Sigma). All aqueous solutions used 18 Q1 Millipore water.

DTT assay chemicals and materials

Ultrapure water (18.2 MQcm) from a Mill-Q system was used for the preparation of
solutions and cleaning of supplies and equipment (Merck Millipore, Darmstadt, Germany).
Phosphoric acid (EMD), potassium phosphate monobasic 100.1% purity (Sigma),
potassium phosphate dibasic 100.1% purity (Baker), copper sulphate pentahydrate
(Sigma), dithiothreitol(DTT) (Acros), Ellman’s reagent(DTNB) 5,5'-dithiobis-(2-
nitrobenzoic acid) (Pierce), 2,2,2-Trifluoroethanol (Sigma), Chelex® 200-400 mesh sodium

form (BIO-RAD).
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Chelex treatment

As a one-time pretreatment, the Chelex was washed with 3 liters of deionized water
to remove any slightly soluble Chelex moieties, and then treated with washing (a few liters)
with high purity 0.1 M phosphate buffer to adjust to pH to 7.4. To make buffer solution for
use in the DTT assay, high purity potassium dibasic and monobasic phosphate buffer was
made into 0.1 M individual solutions. The solutions were then combined incrementally
until a pH of 7.4 was reached. Roughly 200 mL of the pH 7.4 phosphate solution was then
added to ~50 grams of the pretreated Chelex in a Nalgene bottle, which was shaken
periodically for a period of 1 to 3 weeks while being stored in a 3 °C refrigerator. After the
1 to 3 weeks time lapse the buffer solution was placed in a plastic syringe and filtered
through a 0.22 um PVDF filter (CELLTREAT). The filtered Chelex treated buffer was then

stored in a Nalgene container and typically used within a few weeks.
DTT Assay protocol

The 15 mm filters were cut in half and the 25 mm filters were quartered with
ceramic scissors (Kyocera); one filter half or quarter was used for the DTT assay. The DTT
assay was performed similar to the traditional method.83 However, quenching with acid
was not necessary as the samples were run immediately after DTNB addition, eliminating
two pipetting/dilution steps in the process. The reaction of DTNB and DTT is near
instantaneous at pH 7.5, and we found a 1.5 molar excess (3 moles DTNB: 1 moles DTT)
was sufficient for quenching, this then prevents the UV-Vis peak from DTNB interfering

with the peak TNB peak at 412 nm.
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To run the DTT assay, filters were placed in 1.5 mL centrifuge tubes (Eppendorf)
and wet with 15 pL of 50/50 2,2,2 trifluoroethanol and MilliPore water. Trifluoroethanol
has been reported to aid in wetting the surface of the filter and has been used previously in
similar studies.?® 500 uL of buffered 75 pM DTT solution was then added to the vials, which
was made fresh minutes before running the assay. Stock 0.001 M phosphoric acid with a
concentration of 4.5 mM of DTT, diluted by the Chelex buffer, was used to make the 75 uM
DTT solution. The dilute acid stabilizes the DTT and enables the stock 4.5 mM DTT solution

to be used through a day of testing, these solutions were remade fresh after 24 hours.

The vials were placed in a 37 OC water bath. At time points 0, ~15, ~30, and ~45 minutes
100 pL aliquots were removed from the vials and added to 400 pL of stock DTNB solution.
DTNB was ~56 pM in 0.1 M phosphate buffer at pH of ~7.5. The DTNB stock solution was
stable for at least a month with storage in a 3 °C refrigerator. Spectra were measured
within 15 minutes of reacting DTT with DTNB and absorbance at 412 nm was used to
measure concentration. The concentration was calculated with Beer’s law using a molar
extinction coefficient of 14150 M-1 cm2. For all trials two blank DTT decay rates were
measured, blank rates were also recorded in the presence on non-PM loaded filters as a

control for any filter related activity.
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CHAPTER 4: SUBSTITUTED PHTHALOCYANINES- SYNTHESIS, CHARACTERIZATION AND

ELECTROCHEMISTRY

4.1 Introduction

Overview

Phthalocyanines (Pc) are a high value molecule used widely in both fundamental
research and commercial applications.! Commercially, Pcs are found in compact discs,
paints, dyes for textiles, and even tattoos.2 Cobalt-Pc is used industrially for removing the
odor from sulfur compounds found in petroleum.3 Overall, in excess of 60,000 tons of Pcs
are synthesized annually.* From a research stand point, Pc have been studied for LCDs,> gas
sensors,® non-linear optics,” drug delivery,2 photodynamic cancer therapy,’ water
splitting,10 a catalyst for methanol oxidation,1 CO; and oxygen reduction,12-13 sensitizers
and hole transport layers in solar cells,14-1> electrochromics,1® and fundamental studies on
imaging of single atoms.17 Pcs are also widely used in sensing, with applications in field-
effect transistor (FET) sensors, solid-state ionic and capacitance sensors, mass-sensitive
sensors, surface acoustic-wave (SAW) measurements, chemiresistive gas vapor sensors,

and electrochemical sensors.18

Electrochemical sensors are a focus of this thesis and a motivation for the work
presented in this chapter. Pcs have a long and successful history within the field of
electrochemical sensing. A small list of example sensors, which is in no way all-
encompassing, includes the sensing of hydrogen peroxide,? dithiotheritol,20 cystiene,?!

glutathione,?2  epinephrine and norepinephrine?3  2-mercaptoethanol and 2-
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mercaptoethanesulfonic acid,?* acetic acid,2> thiocyanate and selenocyanate,2¢ rutin,?’ 4-
chlorophenol,?® guanine,?? acetaminophen,3? diethylstilbestrol,3! ascorbic acid,3? dissolved
oxygen,33 4-aminophenol,3* dopamine,3> NADH,3¢ bisphenol-A,35 phosphate,37 glyphosate,38
nitrite,3? caffeine,*0 I-dopa,* hydrazine,*! carbaryl,*? carbofuran and diuron,*? dipyrone,*4

and heavy metals including Ag* and Hg?2+.45-47

It is the enormous potential of Pc materials that have motivated the work presented
within this chapter. The chapter details the synthesis and electrochemistry of new Pc
derivatives specifically designed for electrochemical polymerization and potential
electrochemical catalysis applications. Electropolymerization allows for uniform electrode
coatings, as well as control over the coating thickness. A brief overview of the
electrocatalysis of phthalocyanines is discussed in this chapter, the background underlies
the molecules chosen for synthesis and also motivates future work with the newly
synthesized Pc derivatives. Pc enabled sensors are discussed in Chapter 3, and some of the
knowledge and themes from this chapter can be applied there as well. Chapter 5 will
introduce  catalytic  electrochemically grown polymer films made from
tetraaminophthalocyanine which further underscore the utility and applicability of

polymeric Pc electrode coatings which are presented in this chapter.

General synthesis of phthalocyanines (Pc) and substituted Pcs

The first phthalocyanines were unknowingly synthesized in chemical factories from
1907 to 1927. The initial reports of a highly stable and brightly colored compound are now
understood to be phthalocyanine complexes. The colored products were the side reaction

from the use of 1,2 di-substituted benzene derivatives, such as phthalonitrile, combined
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with a metal.48 Around 1934, Linstead and coworkers were the first to elucidate the
structure and report the synthesis of phthalocyanines.#? The initial work by Linstead gave
chemists the understanding and tools to realize the synthesis of thousands of different Pc

derivatives.

The exact mechanism behind the synthesis of phthalocyanines is not fully known.
However, the process involves the cyclization of 4 monomer units around a metal center,
often referred to as cyclotetramerization. Cyclotetramerization to form Pcs occurs when
four di-substituted molecules form oligomers that template around a metal center. One of
the more popular di-substituted precursors being phthalonitrile.>9 A proposed mechanism
for phthalocyanine formation is presented in Figure 4.1.51 The process is catalyzed in the
presence of a base, the strong hindered base 1,8-Diazabicycloundecene (DBU) is commonly

used with the di-nitrile synthetic route.
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Figure 4.1 Phthalonitrile synthetic route and proposed reaction mechanism for
phthalocyanine cyclotetramerization.

In step one of the reaction, a base is proposed to attack the carbon on the cyano-
group, which initiates a ring closure. Similar molecules to the product in step one have
been isolated as an intermediate, observed as a nickel chelate in the synthesis of NiPc.52
The second and third steps most likely happen quickly and involve templating the newly
formed diiminoisoindoline-based oligomers around the metal, followed by repeated or
concerted nucleophilic attack. The formation of the diiminoisoindoline derivatives often
make the reaction mixture a deep red color, which soon changes to deep blue/black upon

phthalocyanine formation. Importantly, step 3 involves the oxidation of the base, to
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provide 2 e- to the Pc final ring structure. In the case where an alcohol is used as the base,

the alcohol is oxidized to form an aldehyde.>2
Overview on the functionalization of Pcs

Derivatives of phthalocyanines can be easily synthesized. Since Pc synthesis is a
focus of this chapter, it is worthwhile discussing briefly some popular synthetic strategies
for creating derivatives. Reasons to make derivatives of the Pc structure are to change the
optical or electronic properties, tune solubility, create or prevent aggregation, enhance
catalysis, improve chemical resistance or stability, or enable incorporation into polymeric
materials.>0. 53-54 Derivatization can be done before or after cyclization, however, often it is
performed first as it is easier to characterize the small molecule Pc precursor. Every
position on the ring is available for derivatization, a few simple derivatives are shown in

Figure 4.2.
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Figure 4.2 (left) Phthalocyanine starting materials commonly used to form the core Pc
cyclotetramerization product. (right) commercially available phthalonitrile derivatives
commonly used for creating Pc derivatives.
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Shown in Figure 4.2 (left) are starting materials commonly used in Pc synthesis,
starting materials that contain the amide, anhydride and carboxylic acid moieties require a
nitrogen source, most often urea. The nitrogen source converts the oxygen containing
functional groups to diiminoisoindoline, the process happens in-situ, enabling
cyclotetramerization and formation of the Pc ring. Anhydrides are inexpensive, as is urea,
and this particular synthetic route is one of the lowest costs ways to produce Pcs. The
anhydride route is a dirty process for phthalocyanine synthesis. If possible, the

phthalonitrile route is preferred.>>

When making a Pc derivative, it is often useful to work with starting materials that
are commercially available. Figure 2.2 (right) shows some common commercially available
phthalonitrile derivatives. Useful molecules for functionalizing phthalocyanines are halides,
especially chloro, bromo, or iodo groups.>¢ Halides can undergo Suzuki coupling or
Buchwald Hartwig reactions,>” as well as others.58-59 Phthalonitrile is an extremely useful
reagent as it can undergo a nitro-displacement in the presence of a base and a sufficient

nucleophile.® Both nitro displacement and Suzuki couplings are used in this chapter.

Overview & background on the catalytic nature of phthalocyanines

Phthalocyanines are commonly used in catalysis, they are exceptionally chemically
stable and can be highly catalytically active. The molecules that are synthesized and tested
electrochemically in this chapter are meant for generic electrochemical catalysis
applications and it is worth discussing the underlying factors effecting the catalysis of Pcs

briefly in this section.
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Phthalocyanines can be made without a metal center; however, Pcs containing a
metal center are most often used for catalysis. The metal center provides a coordination
site to facilitate catalysis. Common metals found in Pcs are Mn, Fe, Cu, Ti, Zn, Co, Ni, Ru, Sij,
most of which are first row transition metals. First row transitional metals like Fe, Ni, Co,
and Cu are normally found in the 2+ state, the Pc ligand carries a 2- charge, which makes a

neutral molecule.

Figure 4.3 shows the orbital filling for Fe, Ni, Co, and Cu phthalocyanines and is
adapted from an article on the magnetism of phthalocyanines.>3 Fe and Co are typically
used in catalysis for applications in thiol oxidation, oxygen reduction, or CO; reduction.t1
FePc and CoPc are described in simple terms as having more d-orbital character, where
these unfilled D orbitals are available to coordinate or bind to a reactant and facilitate
charge transfer (catalysis).1? It has been shown with scanning tunneling microscopy that
CoPc has a prominent D2 protrusion. In contrast there is a hole where the metal center is
located in CuPc. 62 NiPc and CuPc often make for a poor catalyst, attributed to their mostly

full d-orbitals.

FePc CoPc NiPc  CuPc
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Figure 4.3 (left) Orbital filling for various un-substituted phthalocyanines.
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The diagram (Figure 4.3) is a generic representation of un-substituted phthalocyanines
d-orbital energy levels. The relative energies of the metal-Pc macrocycle frontier orbitals
can shift based on the type of metal center, electron donating or withdrawing groups on the
Pc ring, adsorption onto a substrate, as well as interactions with strong or weak field

ligands in the axial position on the metal.63-6

Oxygen reduction reaction (ORR) catalysis is a good example of the influence of the
electronic structure of the metal center. CoPc has been reported to bind with O; in a head
on configuration, in contrast FePc binds side-on with oxygen. The frontier orbitals are
thought to influence the type of binding. The difference in the binding orientation of CoPc is
reported to facilitate the 2 e- reduction of oxygen, while FePc is a 4 e- process.66-67 An
excellent and thorough review by Zagal, Nyokong, and Bediouia, summarizes reactant and
catalyst orbital interactions for a variety of reactions.8 For brevity, these interactions will
not be gone into detail here and a more generic approach to thinking about phthalocyanine

catalysis will be considered.
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Figure 4.4 Cartoon of the various factors affecting catalysis of M-Pcs.

Figure 4.4 depicts various influences affecting the catalysis of M-Pcs. Depending on the
application these factors can be addressed when synthesizing or proposing new
phthalocyanines for catalytic applications. Ligation of the metal center or adsorption to a
substrates can have dramatic effects on the electronic structure of the metal center in Pcs.®3
In a seminal work, FePc axially coordinated to pyridine showed a large increase in the
catalysis of ORR.%° Through the use of Extended X-Ray Absorption Fine Structure (EXAFs),
a shift in the spectra of pyridine-FePc was correlated to a more positive Fe center, and a
change in symmetry of the metal atom upon ligation with pyridine. These properties were
thought to contribute to the enhanced catalysis towards ORR with the pyridine ligated

FePc.

Electron withdrawing and donating substituents on the Pc ring have been extensively

studied for a variety of catalytic applications. An excellent example was demonstrated with
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a family of fluorinated Pc derivatives for use in thiol oxidation. It was shown that electron
withdrawing groups on the ring decreased turn over frequency for thiol oxidation, however
the complexes were much more stable and a large increase in turn over number was

achieved.”0-71

The environment around the metal center can also influence catalysis. Unique
environments can be created through an electropolymerized polymer which is depicted on
the right side of Figure 4.4. The web of polymeric material may induce steric effects which
could greatly effect catalysis.”2 Polymeric materials can also mimic enzymes which have
intricate substrate, active site and binding site interactions needed to catalyze difficult
reactions.”3 The conditions used in electropolymerization can create a high surface area
and additional coverage of active catalytic sites.’* Related to this, the proposed new Pc
derivatives in this thesis chapter should create an entangled web of polymeric
phthalocyanines, including nanoconfinments,’”> which may uniquely influence

electrocatalysis.”6-77

Finally, volcano plots are often used to determine the optimum Pc catalyst for a given
reaction. Volcano plots can help a chemist develop a new catalyst based on previous
knowledge of certain Pc derivatives for a specific catalytic application. The plots are based
off the Sabatier principle in heterogeneous catalysis. The Sabatier principle describes the
interaction of the reacting molecule with the active catalyst site. For optimum catalysis the

interaction should not be too weak nor too strong.”8
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Figure 4.5 Volcano plot of hypothetical phthalocyanine derivatives for a generic catalytic
process.

Figure 4.5 is a graphical representation of this concept, which was adapted from a
review on Pc catalysis.®! In the first half of the plot, the current density increases (increased
catalysis) with an increase in the reactant-to-active site bond strength. As the bond
strength increases the interaction between the reactant and substrate is to strong and

negatively effects catalysis.

Strategy for the synthesis of new electropolymerizable Pc derivatives

The strategy chosen was to modify the phthalocyanine ring with polymerizable
moieties of thiophene, methoxy-thiophene, and diphenylamine. Conducting polymers such
as poly-thiophene, poly-pyyrole, poly-aniline, have been known for quite some time and

are well studied.”” These molecules undergo a radical polymerization mechanism which
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creates aromatic chains. This process is depicted at the top Figure 4.6 for thiophene. The

general mechanism is the same for triphenylamine polymerization.80

The conductivity of these polymers depends on an ion doping mechanism. It is a redox
mechanism which incorporates or ejects ions based on the potential applied to the polymer
film.”* Thiophene and its derivatives have some of the highest conductivities for organic

materials,8! which was a motivation for their initial use in this work.

Thiophene derivatives of Pcs have been reported, but are not well known. Only a hand
full of reports exists on their synthesis and electrochemical behavior. T. Nyokong is
prominent in field of the Pc electrochemistry and has two papers on thiophene appended
Pcs. However, polymerization of these molecules was not attempted.82-83 There is also one
other report of a zinc thiophene appended Pc, but again, polymerization was not
attempted.8* Considering the lack of knowledge on simple thiophene Pc derivatives, the
molecules shown at the bottom of Figure 4.6 where chosen as a starting point. Nickel was
chosen because this metal center is the easiest to electrochemically polymerize in the case

of tetraaminophthalocyanine.8>

It should also be noted that a few reports on thiophene derivatives attached to Pcs do
exist. Swagger’s group published a single paper on a Pc based biological mimic
functionalized with ethylendioxythiophene.8¢ There is a single report of a unique 2,5-di-2-
thiophen-2-yl-pyrrol-1-yl Pc derivative which was successfully electropolymerized. Yildz
and co-workers created Pc polymers using a (2-thienyl)dioxy moiety.8” In practice these

derivatives are much more complicated to make and require higher cost starting materials.
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The proposed Pc derivatives shown in Figure 4.6 (bottom) are based on low cost readily

available starting materials.

O= OO0 5 O-0~ 0L

QéO _Jgﬂ O g

Figure 4.6 (top) Mechanism for polymerization of thiophene, (middle) diphenylamine
polymer structure. (bottom) Target thiophene derivatives synthesized in this work. The
molecule on the left shows possible ring positions and the molecules to the right depict one
of 4 possible isomers.

The last Pc derivative proposed for synthesis is based off of triphenylamine.
Triphenylamine is a relatively newer polymer material.88-89 Often triphenylamines are
investigated as derivatives. As an example, thiophene is a popular molecule to attach to
triphenylamine which can tune the polymerization and redox properties.?®-°1 Various

derivatives have also been examined as hole transport layers in photovoltaics.?2-%4
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The literature on diphenylamine derivatized Pcs is even more sparse than thiophene
Pcs derivatives. There is a single report of a similar molecule to that of the target
diphenylamine Pc shown in Figure 4.6, however, it was a 3-membered ring sub-
phthalocyanine, and electrochemistry was not attempted. The second report is of
triphenylamine attached to the Pc ring, electropolymerization of this molecule readily
occurred, and it was shown to be electrochromic.?> In contrast, the approach in Figure 4.6

has the triphenylamine moiety incorporated into the Pc ring.

4.2 Results and Discussion

[nitially 4-bromo-phthalic anhydride was used in the Suzuki reaction seen in Figure 4.7.
The reaction was successful in making the desired coupling with thiophene. The
phthalocyanine synthesis was then attempted using urea and the anhydride but the
synthesis was unsuccessful. Recalling the discussion around Figure 4.2, the anhydride
route to Pc synthesis is somewhat crude and is probably not the best choice for
synthesizing new derivatives of phthalocyanines. It was decided to convert 4-bromo-
phthalic anhydride to 4-bromo-phthalonitrile. The reaction conditions for the conversion
are relatively mild and utilize economical chemical feedstocks.>¢ In practice, it was found
that high yields and pure products could be made easily with the reactions in Figure 4.7.
Note that when making derivatives of phthalocyanines the ability to convert phthalic
anhydride (or phthalic acid) is quite powerful in cases where the cyano group may be

vulnerable or deactivating.
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Figure 4.7 Conversion of 4-bromo-phthalic anhydride into 4-bromo-phthalonitrile.

The Suzuki-Miyaura reaction, or Suzuki coupling, was used to couple thiophene to
phthalonitrile. The palladium(0) catalyst is quite sensitive to moisture and air and
precautions were taken to remove them from the reaction flask. The coupling was
performed with a Shlenk line, heating glassware under nitrogen to remove moisture, and a
desiccant was used to scrub water from the nitrogen tank. Despite the efforts, the yields
were low and the reaction proceeded slowly. The results are surprising since electron
withdrawing groups on the halogen containing reactant typically increase oxidative
addition, which typically is the rate limiting step in Suzuki couplings.?® Nonetheless, 4-(2-
thienyl)-phthalonitrile and 4-(3-thienyl)-phthalonitrile were synthesized and the identity

was confirmed by proton 'H-NMR and mass spectrometry.
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Figure 4.8 Suzuki coupling of 4-bromo-phthalonitrile with 2-thienylboronic acid.

Via Figure 4.9, the nickel derivative of the thiophene appended Pc synthesis was
attempted. 1-octanol with DBU was used in the reaction, which is a common environment
for the synthesis of Pcs. An oil bath to heat the flask (double boiler) is a useful tool to
prevent the phthalocyanines from thermal decomposition. Precipitated Pc on the flask wall
can become heated and lead to decomposition. The reaction created a blue black solid, and
the resulting material was purified with copious rinsing with acetone as well as stirring in
acid and base, common purification methods for Pcs.5? Synthesis of the 3-position on
thiophene was conducted using 3-thienylboronic acid and the reaction proceeded nearly
identical to the 2-position. Synthesis of the phthalocyanine proceeded similar or the 2-

position also.

N
"
A
\)—
/Y
N/
—
N /A
i N -"“R‘N PN

DBU

_— //, ) 2 | }4:;- Ty,
ST Octanol ]: [ M—Ni—n J: L
0 ) A A | N

W == —_— S
. z/’/}_ -N G bl IN\J NN T »
e ~160 °C L5 ~ s~
xf = "\‘ b
b 8 ¢
e p—

NiCl, p—y

8

Figure 4.9 Reaction of 4-(2-thienyl)-phthalonitrile with nickel chloride to make nickel-4-
(2-thienyl)-phthalocyanine.
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Characterization of thiophene appended Pcs

Proton NMR was unsuccessful as a method to characterize and validate the
synthesis of the thiophene derivatives. Deuterated sulfuric acid, DMSO, and DMF were
attempted as NMR solvents with no real discernable peaks. Aggregation of these molecules
is most likely the cause of the lack of a signal by NMR.?7 The UV-Vis spectra is seen in Figure
4.10, were the typical Q (~685 nm) and Soret (~305 nm) bands are shown. The spectra do
not provide many details on purity, however they are quite convincing that the target
phthalocyanine was successfully made. The spectra is very similar to the zinc thiophene Pc

derivative mentioned earlier.84
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Figure 4.10 UV-Vis spectra of nickel 4-(3-thienyl)-phthalocyanine and 4-(2-thienyl)-
phthalocyanine in DMSO.
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Electrochemistry of thiophene Pc derivatives

The electrochemistry of nickel 4-(2-thienyl)-phthalocyanine is shown in Figure 4.11.
The electrochemistry is somewhat odd in the negative region. There are redox processes
occurring at -0.5 and -1.13 V vs. SCE, which are in the range of the typical 2 e- ring
reduction of the Pc ring,°8 however they are ill defined and irreversible. Pc ring reductions
are not always, but are often reversible and well defined. The negative region does
however look very similar to a previous report of a thiophene appended zinc
phthalocyanine derivative.?3 Why the ring reductions are not reversible is unclear at this

time.

Upon cycling of the monomer there is apparent increased current over the blank
signal. The increase in current starts to occur at 0.6 V on the first cycle and then slowly
increases in oxidation potential to about 1 V vs. SCE. The oxidation voltage is similar to that
described for 3-phenlythiophene (Figure 4.13), which is a similar functional group. The
current is also decreasing with increased cycle number, this could be from an insulating

film being deposited on the surface of the electrode.

When the electrode was cycled repeatedly on an FTO substrate a very light blue film
was observed, however, this film is not electrochemically active, and appears to be
insulating. Because the 2-position on the thiophene ring is blocked it may come as no
surprise that the polymerization was not successful. However, given that there are 4
thiophene groups that can react per phthalocyanine and the whole structure is aromatic,
polymerization should definitely be possible. Possible reasons for the failed polymerization

are discussed later in this section.
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Figure 4.11 Electrochemistry 4-(2-thienyl)-phthalonitrile. (inset) is a 4-(2-thienyl)-
phthalonitrile film deposited onto FTO. Black trace is a glassy carbon electrode in blank
electrolyte solution. Green arrows indicate decreasing current with repeated cycling.

The electrochemistry of nickel 4-(3-thienyl)-phthalocyanine is shown in Figure 4.12
and it has the typical process that would be expected for this molecule. There are two very
well defined ring reductions occurring at -0.75V and -1.1 V vs. SCE. This is quite interesting
since the previous derivative had irreversible ring reductions. A somewhat reversible
partially hidden peak is visible at around 0.6 V vs. SCE, possibly from the Ni2*/Ni3+
oxidation.8> When scanning the potential to 1 volt an additional redox process most likely
occurs from the oxidation of the thiophene moiety. Several attempts were made to
polymerize this molecule and all were unsuccessful. When scanning the voltage up to 1.5V
and between 0.7 V vs. SCE there is no conductive film formation. Both solvents of DMSO
and DMF were used with the same results. 4-(3-thienyl)-phthalocyanine is only soluble in

DMF and DMSO.
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Figure 4.12 Electrochemistry of the 4-(3-thienyl)-phthalocyanine in DMSO.

Possible reasons for failed electropolymerization

The literature of thiophene derivatives is quite extensive, and there are a few
derivatives that are analogous to the Pc-thiophene derivatives. Examples of similar
thiophene derivatives are shown in Figure 4.13. Molecule 1 which is likely most similar to
the Pc derivatives is reportedly non-polymerizable.”® Molecules 2-3 in Figure 4.13 are
polymerizable = however. © The  oxidation potentials of  bithiophene and
ethylenedioxythiophene are much lower than thiophene, this may be the reason for the
lack of polymerization of molecule 1. The authors attributed the lack of polymer film

growth from the radical not being stable and reacting with the solvent.®®

The unstable radical hypothesis is in somewhat of a disagreement though when
considering that 3-phenylthiophene is readily polymerizable from acetonitrile, it was also

reported to be more stable than thiophene.10 However, Pc derivatives synthesized herein
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are required to be in DMF and DMSO which have solvent windows around 1.1 V vs. SCE.
This solvent window is right near the polymerization range of the Pc thiophene derivatives,
it is possible that decomposition products of the solvent are interfering with

polymerization, practically there is little that can be done about this.

As discussed previously when thiophene derivatives such as bithiophene or
ethylenedioxythiophene are attached to Pc this enables polymerization.8¢ One can draw a
conclusion that there needs to be a thiophene moiety with a lower oxidation potential
attached to the Pc ring to facilitate polymerization, around the region of 1.2 V vs. SCE. It is
conceivable that the radical is migrating onto the Pc ring, where it is no longer available for

coupling.
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Figure 4.13 Values for redox potentials of thiophene derivatives, (middle) Benzene
thiophene derivatives for comparison to Pc thiophene derivatives. Oxidation potentials are
taken from previous literature.100-102

Poor m-orbital overlap may be an issue as to why there isn’t a steady film growth on
the electrode. If the polymers are forming oligomers with twisted units, the Pc-thiophene
m-overlap will be poor. Poor orbital overlap of the Pc unit and thiophene could cause the
polymers to be non-conductive and limit the formation of a electrochemically conductive
polymer. The orbital overlap is shown in Figure 4.13, where a twist would break up the m
delocalization. It is these orbital interactions that are the cause for the high conductivity of
the planer structure of graphene.l93 To exploit this concept a recent paper used aldol

condensation to make a conductive polymer that is completely flat and rigid having double
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bond linking units, greatly increasing charge carrier mobility.104 If it is a conformation issue
with the non-polymerization of Pc-thiophene there isn’t a straight forward methodology or
set up conditions to test this hypothesis. Overall, the lack of film formation or difficulty is
discouraging for the wide spread and facile use of these films. For real world use the
electropolymerization must be tolerant of small impurities and readily occur under a range

of conditions.

Synthesis of nickel 4-(3-methoxythienyl) phthalocyanine

4-(3-methoxythienyl) phthalocyanine was chosen as a synthetic target next. The
molecule should be readily synthesized, the starting materials are also low cost and
reaction conditions are quite mild. The logic behind trying investigating this molecule is
that the ether group may increase solubility by hindering aggregation. This may enable the
use of acetonitrile or DCM as a solvent for electrochemistry, which both have larger solvent

windows than DMSO and DMF.

With this derivative the thiophene moiety is also isolated from the Pc core, the
radical would then be isolated on thiophene, and therefore allow for polymerization.
Additionally this derivative is similar to methyl-thiophene which has a lower potential for
polymerization than bare thiophene. This molecule is then a good candidate to test some of

the proposed hypothesis discussed previously for causes of failed polymerization.
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Figure 4.14 Synthesis of 4-(3-methoxythienyl) phthalonitrile and 4-(2-methoxythienyl)
phthalocyanine.

The synthesis was attempted according to Figure 4.14, this route has also been
reported previously by Nyokong. In that report 3-thiopheneethanol was used for the
synthesis of Co, Mn, and Zn Pc-thiophene-derivatives.82 Interestingly, in that work the
precursor 4-(2-ethoxythienyl)-phthalonitrile was reported as a green compound. Here the
synthesis of 4-(3-methoxythienyl)-phthalonitrile was observed as off white in color.
However, after being exposed in air a light a green color begins to show in the dried
material. The previous synthesis reported of a green solid is most likely in error and the

green color is some form of impurity.82
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The synthesis of nickel 4-(3-methoxythienyl) phthalocyanine was straight forward
and the conditions used were similar to the synthesis of the last thiophene Pc derivatives. A
dark purple/blue solid was isolated with a 52 % yield. Again, this compound was only
soluble in DMF and DMSO, which was somewhat unexpected given the difference in
functional groups. Characterization by proton NMR was unsuccessful. The UV-Vis spectra of
the compounds show that the peaks at 675 nm and shoulder at 612 nm for the Q-bands and
a very broad intense absorption starting at 415 nm extending to 300 nm for the Soret band.
The spectra is quite similar to the previous thiophene derivatives and also in close

agreement to the other report of the Mn, Co, and Zn ethoxythienyl-Pcs.82
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Figure 4.15 UV-Vis and color of nickel 4-(3-methoxythienyl) phthalocyanine complex in
DMSO.

The electrochemistry of the new derivative was noticeably different than the
previously tested derivatives. Figure 4.16 shows an initial oxidation initially starting at
~0.8 V vs. SCE. There are two ring reduction peaks which are occurring in the expected

range of -0.9 and -1.3 V vs. SCE. When the compound was tested for oxidative polymer film
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formation it was found that under the right conditions a film could be made. The
polymerization apparently begins at 0.9 V, and the current grows in with repeated cycling
of the electrode. What is quite interesting is that the film de-absorbs from the electrode
surface upon cycling to negative potentials, this is indicated by the sharp pointed reductive

peak, followed by a loss of electrochemical signal from the polymer.
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Figure 4.16 Electrochemistry of 4-(3-methoxythienyl) phthalocyanine in DMSO.

Some take away messages relating to the voltammetry are that there is a relatively
small working window for this newly reported polymer. The potential window occurs at
0.5 V through 0.9 V vs. SCE, this small window is not ideal for chemical sensors.
Additionally upon cycling the polymer in solution by cyclic voltammetry there was a
decrease in current response, typical of some sort of degradation of the conductivity
mechanism. While it is quite significant that this is the first report of the polymerization of

this phthalocyanine derivative, it appears to have little value in electrochemical catalysis.
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An excellent advantage of working with Pcs are that derivatives are easy to make, and a
different polymerizable moiety is tested next, which moves away from the use of

thiophene.

Synthesis of 4-(diphenylamino)-phthalonitrile

Triphenylamine was chosen as a new type of electro-active polymerizable derivative
of Pcs. Working off the hypothesis previously formed, triphenylamine was chosen as it has
a low initial oxidation potential of ~0.7 V vs. SCE and polymerization is typical at a
maximum potential of 1.2 V vs. SCE.?3 This should provide the appropriate redox match and

enable electropolymerizable Pc derivatives.

To make the di-nitrile triphenylamine precursor the reaction in Figure 4.17 was
used, which is based off a previous reported synthesis of this molecule. In that work 4-
(diphenylamino)-phthalonitrile was synthesized via nitro-displacement with a reported 86
% yield after 12 hours of reaction time.l5 When attempted under nearly identical
conditions (DMF was in place of DMAC) there was no discernable formation of products.
When the reaction was left to stir for over 3 days upon a second attempt, the formation of
4-(diphenylamino)-phthalonitrile was observed. At the present it is unclear why this
reaction proceeded much slower than the previous example. The report of this molecules
synthesis via this method is the only known example, and given the issue of reproducibility

in chemical research,1%6 the vastly conflicting results are not all that surprising.
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Figure 4.17 4-(diphenylamino)-phthalonitrile synthesis via nitro-displacement.

Objectively, a possible reason for the slow reaction rate may be from steric
hindrance from the bulky aryl groups, in which nothing can be done with. The literature on
nitro-displacement mechanisms is not all encompassing. However, DMSO is often used as a
solvent in these reactions, along with elevated temperatures in excess of 100 Celsius.107-108
Cesium carbonate is also reported to enhance nitro-displacement reactions.19? With this in
mind follow up smaller scale reactions were attempted in DMSO, at room temperature and
with elevated heat, the efforts did not seem to increase the formation of the products
significantly. The elevated temperature did however appear to cause the starting material

to degrade, which simplified purification to some extent.

Cesium was also placed in the reaction in excess with no major significant changes
in the reaction time or increase in yields. The yields of 4-(diphenylamino) phthalonitrile
when scaled up were however quite sufficient to attempt synthesis of copper and nickel 4-
(diphenylamino)-phthalocyanine. Overall, the reaction described in Figure 4.17 will yield 4-
(diphenylamino)-phthalonitrile but is far from optimized, a higher yielding synthesis of this
molecule should be investigated if a more prolonged and intensive study of diphenylamine

functionalized phthalocyanines is pursued.
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Synthesis and characterization of 4-(diphenylamine)-phthalocyanines

The synthesis of nickel and copper 4-(diphenylamino)-phthalocyanine proceeded
smoothly under normal phthalocyanine synthesis conditions. The reaction color upon
addition of the base (DBU) turned a deep red color, followed by a black dark blue tone after
20 minutes, as expected. The obtained solid was dark blue, insoluble in acetone and
methanol, however it was quite soluble in chloroform and dichloromethane. The
compounds take on a very odd light pink color when dissolved, a major contrast to most Pc

derivatives which appear either intensely dark green or blue in color.
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Figure 4.18 Synthesis of nickel 4-(diphenylamino)-phthalocyanine.

The UV-Vis spectra in Figure 4.19 show the normal Q and Soret bands associated
with Pcs. The peak located at ~ 500 nm is tentatively associated with the diphenylamine
moiety integrated into the Pc ring structure.195 The shift of the Q-band to 725 nm was
somewhat expected and is associated with an extension of aromaticity of the Pc ring. This is

a 50 nm shift from the previous methoxy thiophene Pc derivative, which shouldn’t have
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increased aromaticity. The spectra is also in very good agreement with the sub-
phthalocyanine diphenylamine derivatives. In that work they saw a 51 nm shift difference

from the un-derivatized core unit to the diphenylamine derivative. 105
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Figure 4.19 UV-Vis spectra of nickel 4-(diphenylamino)-phthalocyanine in
dichloromethane (DCM), and the spectra of an electrochemically polymerized film on ITO.
(right) nickel 4-(diphenylamino)-phthalocyanine dissolved in DCM.

Electrochemistry of copper 4-(diphenylamino)-Pc

The electrochemistry of the diphenylamine derivatives was noticeably different
than with the thiophene appended Pcs. In the negative region two well defined ring
reductions are observed, these occur at -0.85 and -0.13 V vs. SCE. In the positive region
there are redox peaks at 0.6 V, 0.9 V, 1.1 V and an irreversible wave starting around 1.3 V

vs. SCE. The peaks at 0.6 V, 0.9 V are consistent with literature on triphenylamines.8°
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Figure 4.20 (left) Electrochemical polymerization of copper 4-(diphenylamine)-Pc in DCM.
(right) copper 4-(diphenylamine)-Pc modified electrode in a blank electrolyte DCM
solution.

Upon repeated cycling a polymer film begins to grown on the electrode. The
conductivity window in the positive region appears to be from -0.5 V to 1.4 V vs. SCE. The
modified electrode was moved into a blank electrolyte solution to confirm the existence of
the formed polymer and the electro-active film had nearly identical responses to that
formed in solution. Further testing showed that the polymer film only forms above ~1.25 V

vs. SCE and is related to the semi-irreversible process shown in Figure 4.20.

The black arrows shown in the left image of Figure 4.20 are most likely charge
trapping peaks. Charge trapping occurs when an insulating layer surrounds charged areas
in the polymer, when a sufficient over-potential is applied the insulating layer becomes
conductive and the charge is released. Charge trapping is well known for conjugated
conducting polymers.110 Interestingly, the trapped charge peaks look nearly identical to a

bis-carbazole-Diimide conductive polymeric film.111  The nickel derivative was also
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synthesized and had nearly identical behavior as seen with the copper compound. This is
similar to tetraaminophthalocyanine electrochemically grown polymers were the

electrochemistry of the copper and nickel derivatives are almost identical.8>

4.3 Conclusions and Future Work

In general, the success in polymerization of 4-(diphenylamine)-Pc derivatives is
extraordinarily promising, and represents a new class of Pc conductive polymers, of which
there are few examples of within the literature. Importantly, these polymers are stable to
repeated cycling, are redox conductors at both negative and positive potentials, making

them excellent candidates for electrochemical catalysis.

The work with the thiophene appended phthalocyanines sheds light onto the type of
molecule that should be attached to the Pc ring to facilitate electrochemical polymerization.
While still a working hypothesis, it appears that lowering the oxidation potential of the Pc
substituent is a potential strategy to obtain polymeric electrode coatings. Based on this
work and previous literature examples the attached polymerization moiety should have an

oxidation potential around 1 to 1.2 V vs. SCE.

The work presented in this chapter is also the first reported examples of the nickel
4-(2-methoxythienyl)-phthalocyanine, nickel 4-(3-thienyl)-phthalocyanine, and nickel 4-
(2-thienyl)-phthalocyanine  complexes. Therefore, the synthesis and general
characterization is of value to the field of phthalocyanines as a whole. Also of interest is the

electropolymerization of nickel 4-(2-methoxythienyl) phthalocyanine. While ultimately this
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molecule was determined to be of limited use, the polymerization is novel and has yet to be

reported in the literature.

Future work

The future work discussion focuses mainly on the triphenylamine phthalocyanines.
These derivatives were the most stable and besides this thesis work there are no current
reports on these molecules. These two points make the continuation of examining
triphenylamine phthalocyanines a high priority. As mentioned in the introduction
phthalocyanines are well studied for electrochemical catalysis, this is an area that could
easily be explored with this new type of polymer. While currently only the nickel and
copper diphenylamine Pc derivatives have been synthesized, the cobalt and iron
derivatives would be much more interesting for applications in oxygen and CO reduction,
or thiol oxidation. The discussion in the introduction highlights the importance of these
metals for catalytic applications. Conceivably, the new diphenylamine Pc derivatives should
provide a high surface area network of highly active metal centers, highly desirable for

catalytic applications.

Phthalocyanines are known as a N4 macrocycles because of the 4-coordinating
nitrogen pyyrole units. Underscoring the importance of the work herein, N4 carbon
graphitic materials are being aggressively explored for electrochemical catalysis.112-114
These materials are made by creating nitrogen rich graphitic materials which are capable
of coordinating iron or cobalt analogous to phthalocyanines. Specifically they are known as
Co-Nx-C or Fe-Nx-C as the general structure and composition of these materials is not

completely known. By synthesizing the iron and cobalt diphenylamine Pc derivatives they
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could be compared to the massive efforts reported for Co-Nx-C or Fe-Nx-C materials, and a

logical place to begin is with the study of oxygen reduction reaction.

Besides changing the metal center, synthetically the 3-position should also be
explored in terms of polymer film formation and catalysis of the diphenylamine
phthalocyanines. The synthetic scheme is shown in Figure 4.21. The increased sterics may
pose a serious problem with the synthesis of the 3-substitued molecules, however, similar
sterically hindered molecules have been formed within the literature.11> The interesting
property of this derivative is that the phenylamine rings cannot lay flat, the rings then must

be upright or near upright. The effect is shown on the right side of Figure 4.21.
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Figure 4.21 Synthesis of iron 3-(diphenylamino)-phthalocyanine. (Right) 3-dimensional
representation of iron 3-(diphenylamino)-phthalocyanine, showing the steric effects of the
3-position.

The new orientation of the diphenylamine rings may introduce some unique effects

catalytically, whereby creating a pocket around the metal center. The lack of the ability of
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the rings to lay flat will drastically alter the ability of the Pc to aggregate, most likely

completely changing the solubility and processability.

The 3-position also enables options for new derivatives of this type of molecule.
Since the phenyl rings are so close to the Pc ring it can enable close proximity functional
groups to the metal center. In Figure 4.22 the 3-position derivative is shown with a
pyridine derivative attached to the phenylamine ring. This derivative could be synthesized
in a relatively facile route. The proposed reactions use well known chemistries and
commercially available starting materials. Having pyridine moieties attached to the
phenylamine ring would allow for tuning the redox nature of the Fe metal center on-site,
which, at the present appears to be completely novel.11¢ The ring attached pyridine should
be much more stable than attempting axial coordination with single molecules. While this
newly proposed molecule may not be polymerizable, it could be tested as a catalyst in

composted electrodes or drop-casted onto an electrode surface.
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Figure 4.22 Proposed new synthetic targets for next generation diphenylamine Pc
conducting Pc catalyst.

Finally, given the overall novelty of these diphenylamine Pcs, the applications are
not limited to just electrochemical catalysis. The molecules could be used as gas sensors or
electrochemical sensors. The introduction highlights the very broad range of sensing
capabilities of Pcs. Pcs are also proposed for electrochromic materials which is an
application that can be readily explored. Lastly, both Pcs and triphenylamines are
extensively studied as hole transport layers in photovoltaics and organic light emitting
diodes, applying the new dipheylamine Pc derivatives to these applications is another

possible avenue for further research.
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4.4 Materials and Methods

Electrochemistry

Electrochemistry was performed with a CHI 700E potentiostat. All electrochemical
experiments used a platinum counter electrode, SCE reference, with either FTO or a glassy
carbon electrode with diameter of 0.0706 cm-2 working electrode. All scan rates were 100
mV s-1. The electrolyte used was tetrabutylammonium tetrafluoroborate at a concentration
of 0.1 M. Phthalocyanine concentrations were ~2 mM. All solvents were degassed with N

for at least 5 minutes prior to use, with a typical solution volume of around 2 mL.

Chemicals

2-thienylboronic acid (Oakwood), 3-thienylboronic acid (Oakwood),
dimethylformamide (Sigma), Tetrakis(triphenylphosphine)palladium (Fisher), 3-methoxy
thiophene, 2-thiophenemethanol (Sigma), dimethylsulphoxide (Sigma), dichloromethane
(Fisher), DBU (Alfa), octanol (Fisher), diphenylamine (Sigma), ethyl acetate (Sigma),
Hexane (Fisher), 4-nitrophthalonitrile (TCI) 4-bromo-phthalonitrile (Oakwood), thionyl
chloride (Fisher), ammonium hydroxide (Sigma), sodium hydroxide (Fisher). In the
Appendix for this chapter example reactions are provided with details on synthesis and

purification of  the Pc precursors and the resulting derivatives.
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CHAPTER 5: PHTHALOCYANINE MODIFIED ELECTRODES FOR DSSC CATHODES

5.1 Introduction

Overview

Dye sensitized solar cells (DSSC) are a class of thin film solar cells. DSSCs uniquely
rely on photoelectrochemistry to generate electricity through the adsorption of light. This
means that DSSCs are not fully solid materials and have liquid junctions. In the beginning,
the concept of DSSCs originated from work highlighting dye sensitization of a
semiconductor to generate photocurrent.l3 The concept culminated with the seminal
paper from Gratzel and O’Reagan, where a fully functional DSSC was demonstrated.! At the

time of writing this thesis chapter (2018), the original paper has over 25,000 citations.

The seminal paper incorporated an anode and cathode combined with iodine as the
redox shuttle or mediator. The cathode material was platinum and the anode consisted of
mesoporous TiO; layers sensitized with a ruthenium dye.! The initial report achieved an
impressive 7.12% efficiency, with a 10% photocurrent degradation over 2 months of

illumination,! setting a very high bar for the newly discovered photovoltaic devices.

Since the original paper nearly every aspect of the DSSC has been studied with great
detail. For brevity the particulars of all the processes occurring in a DSSC will not be gone
into with great detail. For background, an energy diagram of the general processes
occurring in a DSSC are shown in Figure 5.1 The orange arrows in the diagram represent
the ideal path an electron travels to perform work in a DSSC. The first part of the process,

labeled 1, is excitation of the sensitizer or dye. Dyes are chosen and engineered to have
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long excited lifetimes and fast injection into the conduction band of the TiO; layer.* The
injection process is label 2 in the diagram. At the cathode an electron reduces the mediator
(process 3). Reduced mediator molecules can then diffuse to the anode to reduce the
oxidized dye and complete the circuit (process 4). The black arrow in the diagram
represent the maximum voltage obtainable in the solar cell which is the difference between
the conduction band of TiO2 and the E° of the mediator. This amounts to roughly ~1 Vin a
cobalt bipyridine mediated DSSC. In practice 1 V is typically not obtainable since there are

efficiency losses within the cell.

The purple arrows in Figure 5.1 show some of the efficiency loss mechanisms. The
dotted purple line represent relaxation of the excited dye, however this process is not
favorable with current sensitizers. The purple arrow showing electrons moving from the
conduction band of the TiO> to the dye or the mediator are most common (recombination).
Dyes can be engineered to limit the recombination, there are additives which adsorb to the
TiO2 to block the surface also limiting recombination.> Choosing mediators that have
slower electron transfer rates for reduction is an additional strategy to impede

recombination.t
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Figure 5.1 Energy diagram for cobalt bipyridine mediated DSSC. The orange and purple
arrows represent electron transfer processes. CB designates the conduction band and VB is
the valence band.

To improve DSSCs performance typically researchers have focused on the anode
side of the solar cell. In the first demonstration of DSSCs ruthenium dyes were used and
they are still a popular dye.” To lower costs, organic dyes have been develop and now have
efficiencies that meet or exceed ruthenium based dyes.8-2 Relevant to the work in this
chapter and Chapter 4, phthalocyanines (Pc) have been extensively studied as sensitizers in
DSSCs.10-12 One of the highest efficiency DSSC to date was made with a porphyrin (similar
structure to Pc) sensitizer.13 Pcs and porphyrins are desirable because they have a high

molar absorptivity and as shown in Chapter 4 they can be easily derivatized.
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For the mediator solution, iodine has been historically used, but now new redox
shuttles of polypyridyl, copper coordination complexes, tempo, or ferrocene are quite
popular.6 1416 The newer mediators have the ability to reach a higher theoretical
photovoltage and are less corrosive than iodine. These new mediators have also been
coupled with gel electrolytes to make quasi solid state DSSCs, limiting evaporation issues
seen with the earlier acetonitrile based DSSCs.17 The TiO; layer is a topic of immense study,
many different strategies have been proposed to try and minimize slow diffusion through
the mesoporous TiO; network and maximize the sensitizer loading.18-20 At the present
there is an expanding plethora of materials and chemical strategies in which to fabricated a

DSSC.

Quite promising for the commercial outlook of DSSCs, the issue of expensive dyes,
volatile solvents, and corrosive mediators have been addressed. Current DSSCs can now
readily achieve modest efficiencies (~5-10%) with low cost, readily available materials and
can be fabricated with standard commercial techniques. While DSSCs may not be installed
in mass on roof tops or in large arrays, they have the most potential for use in building
integrated photovoltaics. Because of the colored semi-transparent properties of DSSC they
are ideal for applications such as windows or building facades. They also could have uses in
disposable electronics, since they can be made at a low cost with non-toxic materials. The
rest of the Chapter 5 describes the development of a transparent catalytic coating for DSSC
cathodes. The goal of these coatings is to enable use of DSSCs for transparent solar cell

applications.
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Cathode development for DSSCs

As discussed in the previous section, much attention has been placed on
optimizing and understanding the anode and mediator components.2113 [t has only
been recently (past ~5 years) that significant effort has been made on cathode
optimization, with a near exponential increase in newly proposed cathode materials
for both iodine and polypyridyl (and others)-based DSSCs.22-25 Historically, platinum
has been used as a catalyst to facilitate electron transfer at the cathode.26-2° While
the electron transfer kinetics with a platinum cathode are often sufficient for
research purposes, the underlying cost is impractical for large scale production.
Additionally, advances relating to increasing the efficiency of DSSCs have revealed
that sluggish electron transfer and limited transparency at a platinum cathode can
hinder the overall performance of a DSSC.30-34 Noble metal cathodes, including gold,
can also present stability problems due most likely to surface fouling.3> Therefore,
the lack lustre performance and high cost of noble metal cathodes has led to

research into alternative materials.

Graphene,30-32 36 carbon nanotubes,37-3° carbon nanofibers,4? carbon black,41
poly-aniline,*243 polydioxythiophene (PEDOT),#48 and others,*951 have been
proposed as DSSC cathode materials. time consuming to make and have elaborate
fabrication methods, which could lead to elevated cost.38 40. 43 While many materials
have been proposed, there still remains a need for stable, cheap, highly transparent

cathode materials.
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A transparent cathode allows for bifacial solar cells,52-53 a potential major
advantage of DSSCs, in that nearly all angles of irradiance can generate
photocurrent. Sequentially stacked DSSCs, which can enhance efficiency and tune
voltage, are also possible with a clear cathode.5* Transparent cathodes can also
reduce the cost of DSSCs; a back illuminated DSSC can utilize less expensive anode
substrates like Ti foil and stainless steel.5> Additionally, by using substrates other
than FTO, it leaves the option of growing TiO> films directly on the substrate with
advanced control over morphology.>¢ 57 Transparent cathodes are also desirable to
make colored photovoltaics for windows and consumer products.>8-60 Kavan
detailed the need for a transparent highly catalytic cathode, with a focus on the
transmittance at 550 nm (near the solar power maximum).23 The proposed optimal
values are a charge transfer resistance of 1.3 2 cm?, and a 100 % transmittance at
550 nm (T550).22 Therefore, an inexpensive, stable material meeting these

conditions would be the “holy grail” for a DSSC cathode.

Herein, we explore electrochemically polymerized nickel
tetraaminophthalocyanine (NiTAPc) films as novel DSSC cathode materials.
Phthalocyanines (Pcs) have a rich history in electrocatalysis due to their chemical
stability, high activity, and low cost.61-6¢2 Pcs are used commercially in many
applications such as data storage (CDs), paints, printing inks and tattoos.®3-65 More
specifically, the use of metal tetraaminophthalocyanine-modified electrodes are
widely varied, were they have been shown to be useful in sensors, are
electrochromic, and have possible energy storage applications.®¢-70 Previous studies

on polymeric tetraaminophthalocyanine films demonstrated them to be catalytic for
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a variety of electrochemical reactions.t7-68 71-73 More importantly, it has been
reported that M-TAPc films have favourable electrochemistry towards ruthenium
and cobalt tris(bipyridine) complexes.’* However, in that work the conditions were
not the same as those of a DSSC, nor were the electrochemical techniques used fully
comparable to those found in current DSSC cathode research.’# The present study
highlights conditions in a typical DSSC, as well as optimizing the NiTAPc films for a
high transparency. Serendipitously, it was found that very thin layers of NiTAPc with
a high transparency were the most catalytic, achieving a T550 of over 95% and Rt
below 1.3 Q cm-2. The findings imply that tetraaminophthalocyanines are an
immediate candidate for use as back and front illuminated (bifacial) DSSCs, as well
as opening the door for the use of a wide range of phthalocyanines as cathode

materials in DSSCs.

5.2 Results and discussion

Electropolymerization of NiTAPc

Initially, the polymerization of NiTAPc was examined on FTO (Figure 5.2A),
demonstrating the typical redox process previously reported for this polymer.®® At
~0.25 V vs. SCE the Ni3*/2+ couple is proposed, with oxidation of the amine
functionalized ring occuring at ~0.7 V vs. SCE. Other redox process of the polymer
are two ring reductions at -1.00 V and -1.45 V vs. SCE (not shown).®® Upon cycling
the electrode past ~0.7 V vs. SCE the formation of a conductive polymer occurs, with

increasing current as a function of cycle number.%°
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Figure 5.2 (A) Electropolymerization of 2 mM NiTAPc in DMSO on a FTO electrode
with 16 CV cycles. Inset shows the structure of NiTAPc monomer. (B)
Polymerization of a 2-cycle film on a gold electrode with the use of an EQCM, dotted
lines represent the right Y2 axis (blue).

Figure. 5.2B shows the deposition of the polymer as a function of current, with
the use of EQCM to determine the mass change during polymerization.’s Equation
5.1 in the materials and method section was used to relate frequency change to the
mass change. On the initial anodic sweep (cycle 1), the first mass increase is
speculated to be from ions or NiTAPc monomer adsorbed onto the electrode. The
mass increase appears to start at the the Ni3+/2* redox process at ~0.3 V vs. SCE,
plateauing around ~0.65 V vs. SCE. Adsorption is likely at potentials less than 0.65 V
vs. SCE since polymerization does not occur below this voltage.®® The second mass
increase event occurs above 0.65 V, most likely from polymerization. The mass
increase is continued on the cathodic sweep until ~0.6 V where it plateaus. To our
knowledge EQCM has not been used previously to examine the polymerization of
NiTAPc, however, the mass change events corroborate the earlier redox assignments
for metal-TAPc electropolymerization.®®
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Mass loading is related not only to electrode performance, but cost can be
considered from the measured mass gained from EQCM experiments. Solvent,
electrolyte, and porosity can all inflate the mass change seen in EQCM experiments
of film growth,76-77 however, they will be not accounted for here. If an assumption
that only NiTAPc is being deposited on the electrode, ~6 pg cm-2 of material was
deposited after the first cycle and ~4 pg cm-2 with the second cycle, for a total of 10
ug cm2, Using 10 ug cm-?, the cost of a 2-cycle film was estimated to be $0.65 m-2,
The material cost is based on synthetic cost of NiTAPc using retail sources and
assumes a 50% yield. Additional details on cost analysis can be found in Table 5.1.
While the cost analysis is not all encompassing, as an estimate, it demonstrates that
NiTAPc can be a potentially cost effective and a scalable option as a polymeric

coating for DSSC cathodes, as well as other catalytic electrochemical applications.

Charge transfer resistance to CoBipy

The data shown in Figure 5.3 is the Nyquist plot from a NiTAPc 2-cycle film in
a thin layer cell. The Nyquist plot was constructed from electrochemical impedance
spectroscopy (EIS) and the experimental details can be found in the methods
section. The thin layer cells contain Co(bipy) and have the expected spectra for a
simple charge transfer process where the cobalt metal center is switching from the
2+ to the 3+ oxidation state. Impedance is quite useful to evaluate electrochemical
kinetics because the processes of diffusion and charge transfer are often decoupled.

Importantly, cell resistance is also decoupled from charge transfer resistance.
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Figure 5.3. Typical 2-electrode symmetric cell (containing Co(bipy)) impedance spectra
(Nyquist) for a 2-cycle NiTAPc film on a glassy carbon electrode. The circuit elements
present in the circuit diagram are pointed out relative to their respective location on the
Nyquist plot. Experimental fit is also shown as a black line.

EIS spectra can be modelled with circuit elements which define the individual
processes. Most if not all commercial potentiostats provide software for modelling
EIS spectra. The combination of the circuit elements of a resistor, capacitor and
resistor in series, and an open boundary finite-length Warburg element are shown
on the right of Figure 5.3 (Randles circuit). This circuit describes a charge transfer
process in a thin layer two electrode electrochemical cell, where both layers are
electrochemically active.3? In general, the data from the symmetric cells fit well to

the proposed model as seen in Figure 5.3 as the black trace.

Upon successfully polymerizing NiTAPc and demonstrating the ability to

adjust the mass and/or film thickness, the electrode coatings were investigated for
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their catalytic properties towards the popular Co(Bipy) DSSC mediator through the
use of EIS.2% It was found that the charge transfer resistance increased with the
number of deposition cycles, as shown in Figure 5.4. The thin 2-cycle NiTAPc films
gave R values in the range of 0.5 Q cm?, with 2.3 0 cm? for a 6-cycle film, and 23 Q
cm? for 16-cycle films. The 16-cycle film Nyquist plot cannot be fit with a simple
Randles circuit. The spectra is better fit with two kinetically controlled processes,
where a second charge transfer process is denoted here as R¢ (polymer). The
additional charge transfer process is not uncommon in DSSC cathode research and it
has been attributed to ionic mobility within the pores of PEDOT.4> A similar second
transfer process was also seen with a porous graphene coated FTO electrode.3? An
alternative explanation for the second charge transfer process may be from the rate
of electron transport though the polymer matrix, which would scale with film
thickness,%8 this has been seen with other polymeric catalytic coatings as well.”® The
calculated R for the 16-cycle film is then the sum of Ret (polymer) + Ree Co(Bipy),

and values of 9 0 cm2and 14 QQ cm? were found, respectively.

Propylene carbonate was chosen as the solvent to minimize evaporation
during testing, but the data in Figure 5.4 demonstrates that an R¢: using acetonitrile
of 0.7 Q cm? (2-cycle film) can be achieved. Acetonitrile is a popular solvent for
testing DSSC’s,”° therefore the NiTAPc films should perform well in the solvent. The
similar R of PC and ACN is unusual as increased viscosity is typically related to
slower kinetics with Co(bipy).80 Perhaps the high Co(Bipy) and additive
concentrations used here are causing deviations from previous observations for

Co(bipy) in ACN and PC, where nearly an order of magnitude slower kinetics was
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seen in PC.80 In any event, both higher viscosity PC (2.5 cP), and lower viscosity ACN
(0.33 cP),”? do not have vastly different charge transfer resistance to Co(bpy) in this
system. Both solvents have an R below the desired 1.3 Q cm?. Finally, the
reproducibility of Rct was briefly examined with the 2-cycle cells in PC, and a value of
0.67 = 0.26 Q2 cm? was found for 10 symmetric cells (20 electrodes total) over the
period of one year. Overall, the lack of any highly specific set of optimized conditions
to achieve R values below 1.3 Q) cm? is promising (Figure 5.6) for practical use of

these coatings.
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Figure 5.4 Impedance spectra of Co(Bipy) in PC at glassy carbon (GC)modified with
NiTAPc. The 2-cycle film was also tested with Co(Bipy) in acetonitrile (ACN).
(Bottom)The 2-cycle and 6-cycle NiTAPc modified electrodes are fit to a standard
Randles circuit (blue outline). 16-cycle film was fit with the modified circuit which
combines the green and blue outlines in the circuit diagram. Spectra are manually

shifted on X-axis for clarity.

Polarization curves and Tafel plots of the symmetric cells used in Figure 5.4
can be found in Figure 5.5. In a Tafel plot a steeper slope that approaches plateau
sooner is indicative of fast kinetics,#! this is seen with the 2-cycle and 6-cycle films.
The 16-cycle and GC Tafel plots approached plateau with a slightly less steep slope,

which agrees with the larger charge transfer resistance seen in Figure 5.5. The fast
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kinetics of NiTAPc observed by EIS are then qualitatively corroborated with the

Tafel plots.
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Figure 5.5 (A) Cyclic voltammetry of bare glassy carbon as well as electrodes coated with
NiTAPc formed through increasing cycle numbers. (B) Tafel plots derived from Figure 5.5A.
The data was collected with a scan rate of 10 mV s-! in propylene carbonate based
mediator.

Increased mass transfer resistance which can lower steady state current is
seen with some DSSC counter electrode (CE) coating.#? Therefore, measuring
diffusion coefficients is important for CE characterization. Diffusion coefficients of
Co(Bipy) were calculated with PC as the solvent. Values of 9.8x10-7 + 1.2x10-7 cm?2 s-1
were calculated from the diffusion region in the Nyquist plots for all cells shown in
Fig. 5.4 (details methods). Diffusion coefficients were calculated a second way by
using the limiting currents from the polarization curves in Figure 5.5 and values of
6.2x107 £ 0.7x107 cm? s were found (see methods). The polarization curves may

be more accurate since they more resemble a working DSSC. As shown in Figure 5.5
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the 16-cycle film has a reduced limiting current, possibly from mass transfer
resistances induced by the thicker film, further demonstrating the enhanced
performance of thinner NiTAPc films. Both methods for measuring diffusion

coefficients gave values that are similar to previous reports of Co(Bipy) in PC.80

Optical transmittance and charge transfer resistance to Co(Bipy)

The polymer films were examined with UV-Vis spectroscopy to determine the
relationship between transmittance and cycle number. Figure 5.6 shows that the
transmittance decreases with increasing cycle number, as expected. The
transmittance of the NiTAPc films mimics the monomer spectra and has typical Q
and Soret band adsorptions at 716 nm and 304 nm along with shoulders at 639 nm
and 418 nm, respectively. The monomer UV-Vis spectra can be found in the methods
section Figure 5.15 and agrees quite well with a previous report for NiTAPc.81
Additionally, the broadening of the peaks seen in Figure 5.6 are typical of polymeric
and layer-by-layer Pcs.82-83 Interestingly, the thin films show an interference pattern

from ~750 nm to 1000 nm that is indicative of a highly uniform coating.84

Visually, the absorptions of poly-NiTAPc create a deep green color on the FTO
substrate for thicker films (bottom Figure 5.6). The 2-cycle NiTAPc film seems to
have a less pronounced green appearance, probably from the thinner film having a
more uniform transmittance from 300 nm to 900 nm. While the films are not fully
transparent in the entire visible region, they are highly transparent at 550 nm near

the solar spectrum power maxima (Y2 axis Figure 5.6).8>
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Figure 5.6 Transmittance spectra of FTO coated with poly-NiTAPc with various
cyclic voltammetry cycle numbers. The transmittance of FTO was subtracted.
(Bottom) images of coated electrodes as a function of cycle number.
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In Figure 5.7, the 1-cycle electrode made from 0.5 mM NiTAPc had a
transmittance of 97.5% and Rc of 1 2 cm?, which is very close to “the holy grail”
values mentioned in the introduction. An apparent linear relationship is seen for the
2 mM condition, and the linear fit was Y = -2.7(x0.1)X+ 97.5(+0.8) with an R2 of
0.993. Since thin films appear to be the most catalytic and have the highest
transmittance, a lower monomer concentration was also tested to see if
polymerization could be slowed down. The equation for the 0.5 mM condition was Y

= -1.2(x0.4)X+ 98.7(%1), implying that (within error) the rate of film formation can
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be adjusted. Lower NiTAPc monomer concentrations may help with further

optimization, whereby fine tuning the transmittance and Rc:.
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Figure 5.7 Transmittance of NiTAPc films at 550 nm as a function of CV cycle.
Charge transfer resistance is located on the Y2 axis. Circles are R¢t with blue
connecting lines, squares are the transmittance with black lines as the linear fits.

Effect of 4-tert-Butylpyridine on R to Co(bipy)

4-tert-Butylpyridine (TBP) is a common additive to DSSCs,8¢ but it has been
shown to have deleterious effects on the charge transfer kinetics at the cathode.3>
While the kinetic effects of TBP are known at the anode (recombination),8¢ it is
rarely studied at the cathode. TBP effects are shown in Figure 5.8 where the R at
glassy carbon increases from 9 . cm?2 to ~20 Q2 cm? upon the addition of 0.2 M TBP.
The increase may arise from adsorption of TBP to the carbon surface. McCreery has

shown that a glassy carbon electrode contaminated with adventitious carbon can be
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cleaned with pyridine to improve kinetics, implying that pyridine strongly interacts
with carbon surfaces.8” In our work, the pyridine is never removed from the system,
which may explain the different result. If adsorbed to the surface, TBP has an
aliphatic moiety which would likely further hinder electron transfer. The opposite
trend was seen for a glassy carbon electrode modified with a 2-cycle NiTAPc film.
The NiTAPc-modified electrode had a nearly 60% decrease with R¢ with the
addition of TBP. Apparently the TBP is not fouling the electrode in the same manor
on NiTAPc films as it is with GC. Changing solvent dynamics with TBP may explain a
lower Re. Murray,8? as well as others,88-89 have discussed various solvent effects for
reaction rates of polypyridyl complexes, which can be related to ion-pairing, double
layer effects, and viscosity. However, a detailed analysis of why TBP is lowering the

Rct will not be done here.
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Figure 5.8 Nyquist plots highlighting the effect of TBP on the charge transfer
kinetics of 2-cycle NiTAPc modified and unmodified glassy carbon electrodes. Dotted
lines are without TBP. Spectra are manually shifted on X-axis for clarity.

Stability of NiTAPc in CoBipy mediator solutions

The stability of catalytic coatings are of concern in DSSC applications given
that the films are required to maintain catalysis over years of continued use.?0
Briefly, NiTAPc 2-cycle films were investigated for stability (Figure 5.9). The 2-cycle
NiTAPc films maintained excellent stability under cycling. After 2000 cycles, the Rt
value had a negligible increase from 0.4 to 0.6 { cm2. However, in another set of
experiments, after 24 hrs in mediator solution (ambient conditions), the R value

increased from 0.5 Q cm? to 1.7 2 cm?, and on the fourth day climbed to 2.5 Q cm?2.

The stability over four days suggests that the NiTAPc films have some
kinetically slow physical or chemical change within the polymer, which is increasing

the Rt value over time. It was thought that ambient oxygen was causing a change in
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the chemical structure of the NiTAPc films, however, stability experiments
performed in oxygen free (< 1 ppm) drybox conditions gave similar results. The
doping mechanism of metal-TAPc can change with the donor number of the
solvent,82 suggesting the slow change in R¢ could be related to the ion/solvent
doping mechanism in PC. Related, remarkable stability of 1 million cycles has been
reported for poly-aniline (a similar polymerizable moiety to NiTAPc) in ionic
liquids,®! attributed to a more reversible intercalation/doping mechanism. It is
conceivable that a different solvent or electrolyte system may stabilize the NiTAPc
polymer, whereby stabilizing the Rc in a working DSSC. Solvent and electrolyte

effects would make for a logical follow-up study to this initial work.
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Figure 5.9 (A) Impedance spectra of the 2-cycle films after repeated CV cycling at
400 mV s'1 from -0.5 to 0.5 V in DSSC mediator solution in a symmetric cell. (B)
Spectra taken after days of aging in mediator solution. Spectra are manually shifted
on X-axis for clarity.
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XPS analysis of NiTAPc coated electrodes

To further examine the effects of cycling and aging on the NiTAPc films XPS
measurements were performed. The “fresh” designation are for NiTAPc (2-cycle)
films created about 1-2 hrs before XPS measurements. The “cycled & aged” films
were left in mediator solution for 2 days, as well as cycled 1500 times. Figure 5.10
has a representative survey spectrum for a NiTAPc 2-cycle film. The presence of tin

in the spectra suggests that the NiTAPc film is only a few nanometers thick.
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Figure 5.10 Atomic percentage from XPS for NiTAPc (2-cycle) on FTO, and after
aging for 2 days and cycled 1500 times. Nickel had a percentage of 0.32 + 0.17% for
fresh film and 0.24 * 0.10% for the aged film. Error bars are from six individual
electrodes for both conditions. Inset is a typical survey scan of a fresh 2-cycle
NiTAPc film.
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Interestingly, the spectrum lacks a fluorine signal that could arise from the
substrate or the PF¢ electrolyte. Sulphur from DMSO was also not present. The only
potential electrolyte present was chloride, possibly from the reference electrode or
from lithium perchlorate. Not all the samples had measurable Cl, and the samples
that did were <2 atomic %. A carbon to nitrogen ratio of 2.6 would be expected in
pure NiTAPc, however, a ratio of ~5.2 was found in typical spectra. The difference is
most likely from adventitious carbon. The bar graph in Figure 5.10 shows that,
within error, the Sn, N, C, and Ni elemental atomic % (from peak area) is not
changing significantly for the two conditions. However, the O 1s atomic % does
appear to be slightly increased for the aged films. This is examined further in the

high-resolution spectra in Figure 5.11.

The high resolution XPS collected for carbon, oxygen, tin and nitrogen are
shown in Figure 5.11. The shape of the C 1s and O 1s peaks change significantly with
cycling, shifting to higher binding energies. One hypothesis for the peak shift could
be that propylene carbonate has been incorporated into the polymer. PC
incorporation would most likely raise the carbon %, however, this is not observed
(Figure 5.10). Alternatively, if NITAPc was replaced by other carbon rich species,
that would explain the different binding environments seen in Figure 5.11. Related,
in Figure 5.10 it appears that on average the N and C content is lower for aged films,
as well as increased Sn signal, somewhat supporting the loss of NiTAPc with aging
hypothesis. Loss of material and polymer rearrangement is not unprecedented with

N4 macro-cycles, were poly-(tetraaminophenyl) porphyrin was reported to have a
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loss of oligomer/polymer material during aging & cycling.?? If NiTAPc is lost, it may

then be replaced by species from the mediator solution, or adventitious carbon.
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Figure 5.11 Typical high resolution C, O, Sn, and N XPS of 2-cycle NiTAPc films on
FTO before and after being cycled and aged. Grey bars represent general binding
energies for specific chemical environments.

Lost NiTAPc, if occurring, may expose surface hydroxyls on the FTO a possible
reason for the higher binding energies seen in the O 1s peak in Figure 5.11.93
Oxidative attack on the Pc ring structure could be a possible explanation for the C 1s
and O 1s peaks, but this seems unlikely since phthalocyanines are notoriously stable
under ambient, as well as harsh, conditions.®> Overall, there is no simple answer at

the present for changes to the C 1s and O 1s peaks, nonetheless these chemical
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changes could be related to the instability of the poly-NiTAPc films. Finally, the
nitrogen peak is changing very little, indicating the N binding environments are not
drastically changing, this is promising because poly-NiTAPc are formed through

amine linkages.

5.3 Conclusion and Future Work

Overview

Thin layer nickel tetraamino phthalocyanine polymer coated cathodes were tested
for electrochemical catalysis in cobalt mediated DSSCs. The thin films were found to be
highly catalytic and highly transparent, having a Tsso of ~95%. The coatings were
determined to be sufficiently stable during testing in a fundamental research setting;
however, under the conditions tested, long term stability was not achieved. The findings
warrant further examination of phthalocyanines for transparent cathodes in DSSCs.
Continued research need not be limited to tetraaminophthalocyanine polymers, and a wide
variety of central metals and ring substituted single molecule and polymeric
phthalocyanines are worth investigating. Phthalocyanines are currently made on the ton
scale for the dye industry, meaning they are cheap to produce, and are generally
considered safe for consumer use. This fact is highly motivating for future examination of

this already prolific class of molecules for DSSC applications.
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Future work

The future work relating to Pc coated electrodes would most likely benefit from
developing strategies to stabilize the Pc on the surface of the electrode. Stabilizing coatings
of Pc would not only benefit work with DSSCs but also generic application in
electrochemical catalysis which utilize Pc (see Chapter 4). Related, the copper
(diphenylamino) films made in Chapter 4 were tested for their catalytic activity with
Co(bipy), but they were found to be inactive, possibly from not being sufficiently

conductive at the potentials needed to facilitate electron transfer to Co(bipy).

Another method to apply phthalocyanines to an electrode surface could be from
covalent bonds. Carboxylic acids can react with FTO to form a covalent linkage. The Elliott
lab has shown that an osmium (bipy) complex grafted to FTO can serve as a relatively
stable and transparent DSSC cathode.#® Tetracarboxyphthalocyainines are a well-known

compound which could be used within this covalent electrode modification scheme also.

Vapor deposition of phthalocyainines is quite common. Sublimation is also a method
used to purify phthalocyanines.?* Vapor deposited Pcs should be able to be applied in the
thin layers needed for an optically transparent electrode. One issue may however arise
from the layer being slightly soluble in the solvent used in the DSSC. To try and avoid
desorption from the electrode, the Pc vapor deposited films could be pyrolized. Pyrolysis of
Pc films forms a graphitic nitrogen rich conductive network. Pyrolized Pc has been used

previously in supercapacitor and fuel cell application with success.?5-96

Finally, the work with conductive polymers and ionic liquids is quite interesting in

terms of enhanced stability.? When in the presence of ionic liquids some conducting
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polymers can be stable for up to a million charge discharge cycles. Investigating the
stability of the NiTAPc films in ionic liquids is a logical next step to achieve temporal
stability of Pc based cathodes. Ionic liquids have been proposed for use in DSSCs, which
makes working with them as a stabilizer relevant.?7-9% QOverall ionic liquids, to the best of
knowledge, have not been explored with polymerizable Pc. This work with ionic liquids
would have broad impacts for applications such as charge storage, electrochromics, or

possibly synthetic electrochemistry.

5.4 Materials and Methods

Electrochemistry in symmetric cells and UV-Vis measurements

The electrochemistry was performed on a CHI-750 potentiostat.
Polymerization was done in a 3-electrode cell with 2.5 cm?2 Pt counter and saturated
calomel (SCE) reference electrodes. Electropolymerization was done starting at -0.1
and swept to 0.85V, followed by a return scan, all at 100 mV s-1. The polymerization
solution was 2 mM NiTAPc (except Fig. 4) in dimethylsulfoxide (Alfa) with 0.1 M
tetrabutylammonium hexafluorophosphate (Sigma).®® The mediator was composed
of 0.3 M [Co2+(Bipy)3](PFe)2, 0.055 M [Co3+*(Bipy)3](PFs)3, 0.2 M LiClO4 (Sigma), 0.2 M
4-tertbutylpyridine (TBP) (Sigma) in propylene carbonate (PC) (sigma) or
acetonitrile (ACN) (Sigma). The two electrode cells used FTO (Sigma) or glassy
carbon (Tokai) and a 25 pm Kapton spacer with working area 1 cm?2. AC impedance
measurements were conducted from 0.1 to 10000 Hz, at 0 V with perturbation

amplitude of 10 mV.
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Nickel tetraaminophthalocyanine was synthesized using the phthalonitrile
route, details can be found in further down in this section. NiTAPc characterization
by H1-NMR, IR, and UV-Vis are in Figure 5.13-5.14. For UV-Vis measurements, a thin
layer cell was used, with a 25 pm Kapton spacer and neat PC between two NiTAPc
coated electrodes, bare FTO in the same configuration was used for background

subtraction.

XPS measurements

X-ray photoelectron spectroscopy (XPS) was performed with a 5800
MultiTechnique XPS system, with Al Ka x-ray source. The high resolution spectra
were fit with CasaXPS, using a Shirley background. The spectra of NiTAPc have been
shifted by 1.2 eV as a correction to align the Sn 3d and O 1s peaks with known values
for FTO. For FTO, Sn peaks occur at 495 eV for 3ds,2 and 486.5 eV for 3ds,2, and the
O 1sin SnO2 is at 530.5 eV.100 General assignments for the O 15,101 N 1s,102-103 gnd C 15101

are taken from previous literature precedent.

Mass determination with EQCM

A Gamry EQCM 10M was used to monitor mass changes, using a gold coated
10 MHz quartz crystal with a working area of 0.209 cm-2. The added mass onto the
electrode was related to the change in frequency using a reduced form of the Sauerbrey
equation.194 Af is the change in frequency, Cs is the calibration constant (226 Hz cm? pg1)
for a 10 MHz quartz crystal. NiTAPc film formation typically caused a change in frequency
no greater than 0.3 %, this is well under a 2 % change in frequency, which is the general

acceptable limit to use Equation 5.1
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Af = Cf(Amass (pg cm2)) Equation 5.1

Calculation of diffusion coefficients of Co(Bipy)

Using Nyquist plots obtained from symmetric cell impedance, diffusion coefficients
were calculated with the CH instruments software with an open finite diffusion circuit
element. Fitting is shown in the Figure 5.3. The circuit element is described by Hauch for
diffusion within a symmetric cell,34 iw are variables determined from fitting the spectra, W
is the Warburg parameter, D is diffusion coefficient, § is the diffusion layer thickness (/), for

a symmetric cell 6=0.5*L

D w / [ ;
Ky = = Zppen Finite = Etanh( %) Equation 5.2

By measuring the limiting current in symmetric cell slow scan cyclic voltammetry
experiments, the diffusion coefficients for Co(Bipy) was calculated using Equation 5.5,34
were 6 is the diffusion layer thickness, n is the number of electrons, F is Faraday’s constant.

c is the concentration of the limiting species [Co3*(Bipy)s3].
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D _ ]limiting (g)

nFc

Equation 5.5

Synthesis of nickel tetranitrophthalocyanine (NiTNPc)

To a 25 mL round bottom flask fitted with a condenser, 10 mL (129 mmol) of DMF
was added and heated to 110 °C, while being degassed (Nz) with stirring. 1.307 g (5.5
mmol) of NiCl;*6H;0 was then added, followed by 4.15 g (24 mmol) of 4-
nitrophthalonitrile. The whole mixture was then brought up to 140 °C, the reaction was
blue in color. Then 0.8 mL (5.25 mmol) of 1,8 diazabicyclo(5,4)undecene (DBU) was added
and the reaction turned a maroon color. The reaction temperature is above the boiling
point of DBU, however, the reaction is under mild reflux. Roughly 20 min later the reaction
mixture appears to be heterogeneous black/dark blue in color. 40 min after reaching
140°C, another 0.3 mL (1.97 mmol) of DBU was added, the reaction seemed to fume
slightly. An oil bath is recommended for heat control, as to not char any precipitated

reaction products from heat gradients.

The reaction was stopped 5 hours after the last addition of DBU and was poured
into 50 mL of water, and was left to sit overnight. The suspension was filtered and washed
with 200 mL of water. The material formed a thick cake, which appears to be slightly
soluble in acetone. The solid was then stirred in a 0.5 M HCl solution then filtered and
washed with copious water. The cake was then stirred in 0.5 M NaOH, then vacuum filtered.
The filtrate was light brown in color. Again, the solid was stirred in 0.5 M HCI filter and
then treated again with 0.5 M NaOH, filtered, and finally washed with copious water. At this
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point, the consistency of the solid was quite fine, and was similar to wet clay. Some of the
solid was pulling though the filter paper, given the small particle size, a fine pore size frit is
recommended. Chunky solids can trap impurities and the phthalocyanine should be ground
up if they are present. The wet solid was then brought to a pH of ~7, then dried in a
vacuum oven over night at ~70 °C. Total mass of the recovered solid was 2.39 grams (3.18

mmol), 57.8 % yield.

Synthesis of nickel tetraaminophthalocyanine (NiTAPc)

1.72 g (2.29 mmol) NiTNPc was added to ~50 mL of water, then 10.1 g (42 mmol)
of sodium sulfide was added. The RBF (100 mL) fitted with a condenser was then placed in
an oil bath. The reaction was held at ~70 °C with stirring for ~ 8 hrs. The mixture was then
vacuum filtered, and washed with copious amounts of water, then washed with 100 mL of
acetone. The solid was stirred in 0.5 M HCl, vacuum filtered, then washed with water. This
procedure was repeated with a 0.5 M NaOH solution. The solid was then neutralized (pH
~7) and washed with copious water, followed by ~50 mL of methanol in aliquots. The cake
was then placed in vacuum oven and dried at 80 °C for 18 hrs. The recovered mass was 1.1

g (1.64 mmol), 71.6% yield.
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Figure 5.12 Reaction scheme for the synthesis and a proposed structure for the oxidative
polymerization of nickel tetraaminophthalocyanine. Four isomers of the monomer are
possible.
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Figure 5.13 1H-NMR spectra of NiTAPc monomer in DMSO-ds.
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Figure 5.14 FTIR spectra of monomeric NiTAPc powder.
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Figure 5.15 UV-Vis spectra of NiTAPc monomer in dimethylformamide (DMF).
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Table 5.1 Estimated costs for synthesis and coating electrodes with poly-NiTAPc. Film
mass is taken from 2-cycle EQCM experiments in the main text. 0.5 M solutions of NaOH

and HCI used for NiTAPc purification were left out as they contributed a negligible amount
to the cost.

Source

Step-1

Purity
(%)

Purcha
se
amount

Cost
(dollar

)

Dollar/
g

g/mol

Mole

equiv.

Dollar/g
of
chemical

(2)

100

4- >98
nitrophthaloni
trile (TCI
America)
accessed 11-
11-2017
DBU (Sigma)
accessed 11-
11-2017
NiCI*6H20
(Acros
Organics)
accessed 11-
11-2017
DMF (Sigma)
accessed 11-
11-2017

192 1.92 173.13 4 1.76

>98 2500 855 0.342 152.2 0.1 0.00689

>98 1000 202 0.202 237.7 1 0.0636

>99.5 42480 1405 0.0331 73.09 23.5 0.0752

NiTNPc

755.2 1.87

Step-2

sodium >98 500
sulphide
(9H20) (Acros
Organics) 11-

11-2017

92 0.184 240.18 20 1.39

NiTAPc 100%
yield cost

635.2 3.26

NiTAPc 50 %
yield cost

635.2 6.52

Estimated cost of electrode coated with 2-cycle NiTAPc film

Cost
$/m?2
0.652

Film

ug/m?2

100000

mass per

$ Dollar /ug
0.00000652
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APPENDIX

CHAPTER 2: DEVELOPMENT AND CHARACTERIZATION OF THERMOPLASTIC CARBON

COMPOSITE ELECTRODES
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Figure S2.1. Cyclic voltammograms of a 1:0.55 < 500 nm, and 1:3 20 um TPE with 1mM
ascorbic acid (AA), 1mM dopamine (DA), at 100mV/s, in 0.1 M phosphate buffer at pH 7.4.
Orange = polished, green = sanded, grey = plasma treated, black = untreated. Dashed lines
are a cyclic voltammograms after the electrode has been cycled in the respective solution
for 25 cycles.
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Figure S2.2. Stability data for a 1:0.55 <500 nm TPE, 1:2 11 pm TPE, and 1:3 20 um TPE
over the course of 3 days in 0.5 M KCI with 1 mM ferricyanide at 100 mV s-1. The dotted
lines are after repeated cycling (25 cycles) in ferricyanide on the first day of testing. The
electrodes were left, dry, in ambient atmosphere between trials, Fresh solution was used
for each day of testing and minor changes in concentration from day to day may be
expected.
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Figure S2.3. (left) Cyclic voltammetry of 11 um TPE in a ratio of 1:2 PMMA:carbon with 1
mM AA in phosphate buffer at pH 7.4. (right) Cyclic voltammetry for 8 individual 11 pm
TPE in a ratio of 1:2 PMMA:carbon with 1 mM AA in phosphate buffer at pH 7.4. Scan rates

for all trials were 100 mV s-1.
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Figure S2.4. SEM images of a 1:3 20 um TPE with various surface treatments.
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Figure S2.6. Averaged Raman spectra of a 1:3 20 um and 1:0.55 <500 nm TPE with
various surface treatments. The crystallite domains are above the respective spectra.
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Table S2.1 Average and standard deviation of PMMA:Carbon of 1:2 11 pm, 1:3 20 um and
1:0.55 <500 nm TPE with various surface treatments.

D+G

20 pm 2D’ D+G

2D’ peak 2D’ peak D+G

location | error | Height | error | Width | error | location | error | Height | error | Width | error
untreated | 3239.5 2.6 54.0 6.5 23.2 2.8 2941.5 3.4 42.7 4.0 42.7 7.7
sanded 3238.9 2.0 73.4 9.6 14.3 2.1 29411 2.8 36.7 8.6 441 7.8
polished 3239.7 1.6 89.4 9.2 14.8 1.3 2939.8 1.9 66.1 16.6 | 45.1 4.5
plasma 3239.2 2.0 79.9 6.2 18.1 2.1 2939.3 2.3 48.9 19.3 | 45.0 3.9
20 pm 2D peak | error | 2D error | 2D error | G peak | error | G error | G error

location Width location Width

Height Height

untreated | 2702.8 1.4 386.9 304 | 60.0 1.4 1574.4 1.3 862.8 469 | 183 0.6
sanded 2701.7 1.5 532.1 447 | 60.5 1.2 1574.9 0.9 10189 | 55.2 | 19.7 0.7
polished 2702.2 1.3 519.6 386 | 61.1 1.0 1575.9 0.5 999.8 85.7 | 19.1 0.7
plasma 2703.2 1.6 470.4 41.6 | 60.4 1.3 1575.7 1.0 990.2 68.7 | 189 0.5
20 pm D’ peak | error | D’ error | D’ error | D peak | error | D error | D error

location Width location Width

Height Height

untreated | 1611.4 2.4 24.0 11.0 | 22.5 3.8 1342.8 1.8 109.7 11.0 | 36.7 2.1
sanded 1616.0 2.1 50.9 12.0 | 81 3.7 1343.4 1.0 231.2 395 | 351 1.4
polished 1616.9 1.5 78.1 144 | 8.6 2.1 1343.0 0.9 287.4 38.7 | 34.1 1.0
plasma 1615.4 1.5 54.4 6.8 7.3 2.3 1343.2 1.1 203.3 318 | 37.5 1.4
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11 pm 2D’ D+G
2D’ peak | err 2D’ err | D+G peak | err D+G err
location | or Height | error | Width or location or Height | error | Width | or
untreated | 3238.0 1.7 | 56.1 8.0 17.7 2.0 | 29426 21 | 81.7 246 | 418 4.8
sanded 3238.1 2.0 | 63.7 8.9 17.3 1.7 | 29389 1.9 | 479 17.0 | 53.7 8.7
polished 3239.6 22 | 679 103 | 15.2 1.3 | 29411 2.7 | 64.2 14.0 | 339 2.2
plasma 32385 1.8 | 60.1 8.8 13.9 1.7 | 29394 2.0 | 68.1 239 | 483 7.3
11 pm 2D peak 2D 2D G peak G G
location Width location Width
Height Height
untreated | 2701.3 0.6 | 402.6 238 | 60.1 1.9 | 15745 09 | 821.0 56.1 | 19.5 0.5
sanded 2701.3 09 | 4446 312 | 588 1.1 | 1573.6 1.2 | 9798 72.0 | 19.2 0.5
polished 2701.4 1.3 | 507.1 39.6 | 599 1.0 | 15749 0.8 | 997.7 108. | 18.9 0.5
7
plasma 2701.8 1.6 | 4144 30.1 | 61.5 1.8 | 1574.3 1.6 | 929.2 583 | 20.0 1.0
11 pm D’ peak | err | D’ error | D’ err | D peak |err | D error | D err
location | or Width or location or Width | or
Height Height
untreated | 1614.2 1.6 | 414 102 | 83 24 | 1344.0 14 | 1575 12.7 | 35.0 1.8
sanded 1614.6 19 | 441 4.7 5.5 2.5 | 13423 1.8 | 169.0 19.2 | 343 1.5
polished 1616.9 24 | 675 136 | 7.2 2.8 | 1342.0 1.8 | 275.2 373 | 324 0.6
plasma 1613.6 23 | 613 179 | 114 39 | 13427 1.5 | 234.7 70.2 | 35.1 1.4
400 nm error | 2D’ error error error | D+G error error
2D’ 2D’ D+G D+G

214




peak Height Width peak Height Width
location location
untreated | NA NA NA 2918.5 1.7 37.3 4.4 40.8 8.6
sanded NA NA NA 29211 41 17.5 3.5 44.0 13.5
polished NA NA NA 29215 3.3 36.6 6.9 53.4 12.0
plasma NA NA NA 2919.5 29 38.1 6.0 44.7 7.8
400 nm 2D peak 2D 2D G peak G G
location Width location Width
Height Height
untreated | 2670.9 1.3 4131 214 | 70.7 3.1 1562.0 1.0 551.0 323 | 348 0.8
sanded 2670.4 1.5 287.0 8.2 75.1 3.8 1561.4 0.8 468.8 11.2 | 355 0.8
polished 2670.0 0.8 425.6 17.5 | 68.8 1.9 1560.8 0.8 570.6 20.1 | 35.3 0.7
plasma 2670.5 1.3 513.2 17.1 | 71.6 35 1561.2 0.7 635.2 27.7 | 345 0.9
400 nm D’ peak | error | D’ error | D’ error | D peak | error | D error | D error
location Width location Width
Height Height
untreated | 1598.3 1.1 47.0 8.1 17.6 2.6 1330.1 1.1 345.1 12.6 | 387 0.5
sanded 1598.1 0.5 35.4 8.4 14.4 2.4 1330.1 1.3 295.4 9.5 40.6 1.2
polished 1598.2 0.5 35.8 9.4 14.6 3.0 1329.3 0.8 340.5 8.7 38.0 1.1
plasma 1598.1 0.4 43.0 7.8 20.1 2.6 1330.3 1.2 370.1 16.2 | 39.6 0.3
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APPENDIX I

CHAPTER 4: SUBSTITUTED PHTHALOCYANINES- SYNTHESIS, CHARACTERIZATION AND

ELECTROCHEMISTRY
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Synthesis of 4-bromo-phthalonitrile

The synthesis started with the commercially available and economical 4-
bromophthalic anhydride (24.2g). Following a well-known procedure of converting the
anhydride into an isoindole with formamide, care was taken not to let the reaction get
above 140 °C. The isoindole was then converted into a di-amide with ammonium
hydroxide.>¢ These reactions were found to be robust and straight forward, with yields

upwards of 90%, which is in agreement with previous published results.

The synthesis of 4-bromo-phthalonitrile proceeded as follows. To a 150 mL dried
round bottom flask submerged in an ice bath and attached to a Shlenk line (~0 °C), 36 mL
of thionyl chloride (0.5 mol), and 50 mL of DMF were added while under nitrogen
atmosphere. The thionyl chloride and DMF were degassed via a stainless steel needle
submerged in the liquid, with light stirring for ~45 minutes. 18.7 grams (0.77 mol) of solid
4-bromo-1,2 diimido benzene was then added under nitrogen. The reaction was left to stir
for 14 hours, over the course of many hours the ice melted and the reaction warmed to
room temperature. The reaction mixture was then very slowly poured onto ice, left to stand
for 10 minutes, and then vacuum filtered. The remaining solid was washed with copious
amounts of DI water. The resulting mass was dried in a vacuum oven at 60 °C for 12 hours.
After drying, 14.4 grams of a bright white solid was massed, for a 90 % yield, and an overall

yield of ~70 %.
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Synthesis and characterization of 4-(2-thienyl)-phthalonitrile

The synthesis was performed many times, with a typical reaction having 4-bromo-
phthalonitrile (1 mole eq.), 2-thienylboronic acid (97%) (1.35 mol eq.), sodium carbonate
(8 mol eq.), palladium tetrakis triphenylphosphine (0.045 mol eq.), dioxane (17 mL/ 1
gram 4-phthalonitrile). Solvent was added to a dry round bottom flask attached to a
Schlenk line. The solvent was vigorously degassed with stirring for 15 minutes. The catalyst
(stored under argon at ~-15 °C) was then added under nitrogen and left to stir for 5
minutes, followed by addition of 4-bromophthalonitrile. The mixture was then heated to 60
oC with an oil bath, and stirred for 15 minutes; the color went from orange to light yellow.
The NazCO3 was then added under nitrogen, much of which does not dissolve. The reaction
is then monitored by GC-MS, and typically conversions of ~50% are seen within 12 to 24
hours. However, complete disappearance of the starting material took anywhere from 3 to

6 days.

When the reaction had finished it was poured onto a small amount of ice, the
organics are then extracted with diethylether in a separatory funnel. The dissolved solid is
run through multiple plugs of silica to remove triphenylphosphine and triphenylphosphine
oxide impurities. The ether is then removed via rotary evaporation, and the light brown
solid is recrystallized from methanol or toluene. The resulting solid is pale white, with

typical yields in the range of 60-70%. Purity was confirmed with 1H-NMR and GC-MS.

Synthesis and characterization of 4-(3-thienyl)-phthalonitrile

The synthesis of 4-(3-thienyl)-phthalonitrile proceeded in the same manner as 4-(2-

thienyl)-phthalonitrile, however, 3-thienylboronic acid was used in place of 2-
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thienylboronic acid. No real apparent differences in the behavior of the reaction or yield

where observed.

Synthesis of nickel 4-(2-thienyl)-phthalocyanine

To a 25 mL round bottom flask fitted with a condenser, 0.0544 g of nickel chloride
(NiCl2*6H20), 0.192 g 4-thienyl phthalonitrile, 0.034 mL of 1,8-Diazabicycloundec-7-ene, 4
mL of hexanol and 4 mL of octanol were added. The mixture was slowly brought up to 150
oC and left for 14 hours. The suspension was then cooled to ~70 °C and poured onto ice.
The ice solid mixture was then vacuum filtered and washed with copious amounts of water.
While in the vacuum filter, the solid was washed with 150 mL of acetone, 150 mL of ethyl
acetate, and 100 mL of ethyl ether in portions. The resulting solid was then dried in a
vacuum oven overnight at ~60 °C. The dried solid was then dissolved in chilled sulfuric
acid, and poured onto ice which caused precipitation of the phthalocyanine. The green solid
was recovered by vacuum filtration, washed until the filtrate was pH neutral, then dried in
a vacuum oven over night at ~60 °C. The recovered lustrous dark bluish black solid had a
mass of 0.085 g, for a ~47% yield. The solid is seemingly only soluble in DMF, DMSO and

sulfuric acid.

Synthesis of 4-(3-methoxythienyl)-phthalonitrile

To a 25 mL round bottom flask fitted with a condenser, 0.34g of 2-(2-
thienyl)methanol was added, 10 mL of DMF, 2.3 g of K2CO3, 0.41g of 4-nitrophthalonitrile.
The mixture was brought up to 55 oC in an oil bath, and held there for 24 hours under
ambient atmosphere. It is unknown if the reaction required this amount of time. The

resulting mixture was poured into 100 mL of DI water and placed in the refrigerator for
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~20 minutes, and then vacuum filtered, followed by washing with copious amounts of DI
(at least 500 mL in portions). The semi wet solid was then dissolved in a mixture of
diethylether and ethyl acetate and run through a plug of silica packed in a fritted funnel. A
small amount of bright green impurity is left in a top layer in the silica. The solvent was
removed by rotary evaporation and light heating, where an oily yellow liquid was
recovered. The oil was covered and placed in a freezer where a light yellow solid
precipitated; the solid was then dried in a vacuum oven at room temperature for 24 hours.
0.38g of a pale yellow solid was recovered for a total yield of 67%. The solid was stored in

air in a freezer until used for phthalocyanine synthesis.

It is acknowledge that previous reports with this and similar reactions used a
nitrogen atmosphere and a reaction time of 7 days, with DMSO as a solvent. The obtained
product is reported as a green solid. In our hands, excessive handling during work up and
long exposure to ambient condition on the bench top seemed to spontaneously produce a

green impurity.

Synthesis of nickel 4-(3-methoxythienyl) phthalocyanine

To a 25mL round bottom flask fitted to a condenser fitted to a Schlenk line, then
0.48g of 4-(3-methoxythienyl)phthalonitrile, 0.123g of NiCl; and 0.6 mL of 1,8-
Diazabicycloundec-7-ene, and 7 mL of octanol were added under a nitrogen atmosphere.
The mixture was heated to 70 °C in an oil bath for 3 hours, then the temperature was
ramped up to ~160 °C for 16 hours. The mixture was allowed to cool and poured into DI
water, vacuum filtered, and washed with copious amounts of water. The solid was then

washed under vacuum filtration with many aliquots of acetone (~ 200 mL total), and finally
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with 100 mL of diethyl ether in aliquots. The dark purple solid was dried in the vacuum

oven overnight at 40 °C for 24 hours. Final obtained mass was 0.21 grams for a 52% yield.

Synthesis 4-(diphenlamino)-phthalonitrile

In one iteration, to a 2-neck round bottom flask 40 mL of dimethyl formamide was
added along with 2.5 g of 4-nitrophthalonitrile, the solution was degassed and stirred for
15 minutes with N2. 10 g of K2CO3 was then added under blanket of nitrogen. K2CO3s is not
fully soluble in the mixture. 3.9 g of diphenylamine was then added to the reaction flask,
the mixture was then allowed to stir with degassing for 10 minutes. After the addition of
the amine the solution went from a purple color to a dark red. He reaction was stirred
under nitrogen for 7 days total at R.T and monitored with thin layer chromatography.
Example TLC plates can be found in the Appendix (Figure X), he plates were run with 1:4
ethyl acetate to hexane. Two columns were run with 1:4 ethyl acetate to hexane solution,
the fractions containing small amounts of starting materials were recombined and run

through another column to obtain 0.46 g of 4-diphenylamine phthalonitrile (10% yield).

Synthesis of nickel 4-(diphenylamino)-phthalocyanines-

0.028g of nickel Nickel chloride (NiC12*6H20), 6 mL of octanol, 0.04 mL of DBU, and
0.14 g of 4-(Diphenylamino)phthalonitrile were added to a 2-neck round bottom flask with
condensor. The mixture was degassed with N2 for 10 minutes, the reaction was then
slowely heated to 140 Celsius with stirring. The heat was administered with an mineral oil
bath. The reaction was left to stir for 6 hours under a blanket of nitrogen. The reaction was
stopped by pouring the black/blue mixture onto ice/water mixture and left to stand for 1

hour. The octanol and water then vacuum filtered off, followed by rinsing with copious
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amount of DI water. The solid was then rinsed with 8 aliquats (~15 mL each) of methanol.
The solid was collected from the filter and stirred in 15 mL of 0.1 M NaOH for 20 minutes
with stirring, followed by collection by vacuum filtration. The process was repeated with
0.1 M HCL. The solid was then rinsed in the filter flask with copious amounts of water until
netral, followed by washing with 50 mL of acetone and 50 mL methanol in aliquots. The
blue black solid material was then dried in a vacuum oven at 50 Celsius overnight. The final

obtained mass was 0.06 g, for a 41% yield.

Synthesis of copper 4-(diphenylamino)-phthalocyanine-

The synthesis of the copper derivative was identical to 4-diarylamine nickel 4-
(diphenylamino)-phthalocyanine except copper chloride (CuClz*2H20) was used. The
reaction used 0.17 g of 4-(diphenylamino)-phthalonitrile as the limiting reagent and

achieved a 55 % yield.
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Figure S4.1 'H-NMR of 4-bromo-phthalonitrile in CDCls.
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Figure S4.2 TH-NMR of 4-(2-thienyl)-phthalonitrile in DMSO.
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Figure S4.3 GC-MS of 4-(2-thienyl)-phthalonitrile.

PROTON_1-kk-121_01

7.24

1.1 %‘Ou_l—kk—m

T

0

zed Intenstty
25
Normalized Intensity

Normali

A Aty U T
765 7.60 755 7.50 745 7.40 7.35

T T T T
7.95 7.90 7.85 7.80 775 7.70
Chemical Shift (ppm)

T T T
7.0 65 6.0 55 5.0 45 40 35 30 25 20 15
Chemical Shift (ppm)

Figure S4.4 'H-NMR of 4-(3-thienyl)-phthalonitrile in CDCls.

224



5.00

10.00 11.00

16.00

Figure S4.5 GC-MS of 4-(3-thienyl)-phthalonitrile.
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Figure S4.7 GC-MS of 4-(3-methoxythienyl)-phthalonitrile.
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Diphenylamine
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4-nitro-phthalonitrile

‘ Impuritites

Figure S4.9 TLC plate of the reaction mixture from the synthesis of 4-(diphenylamino)-
phthalonitrile. The 4-nitro-phthalonitrile has been consumed. TLC plate was run with 1:4
ethyl acetate:hexanes.
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