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ABSTRACT 

Catherine Grace McKenas: PREPARATION AND CHARACTERIZATION OF 
CHEMICALLY MODIFIED AMORPHOUS CARBON ELECTRODES 

(Under the direction of Matthew Lockett) 
 

Chemically modified materials are an important component of dye-sensitized solar cells. 

Metal oxides are a common electrode material in dye-sensitized solar cells; the dye molecule that 

undergoes photon absorption must be attached the metal oxide nanomaterial. While dye 

molecule attachment can be covalent or non-covalent in nature, covalent linkages offer an 

advantage due to their greater stability. However, covalent modifications of metal oxide surfaces 

degrade upon exposure to electrochemical cycling, rendering the chemistry inefficient for use in 

solar cells where long-term stability is needed.  

Amorphous carbon is an attractive alternative material to replace metal oxide film electrodes 

due to its semi-conducting nature and ability to be readily chemically modified. In this work, I 

developed four new strategies to modify amorphous carbon films, including approaches 

compatible with: thiol-ene click reactions, azide-alkyne click reactions, and direct surface 

attachment with an in situ Grignard reaction. These surface modifications were fully 

characterized with: x-ray and ultraviolet photoelectron spectroscopies, scanning electron and 

atomic force microscopies, water contact angle measurements, and cyclic voltammetry. The 

analysis of these covalent modifications revealed low coverages and formation of disordered 

monolayers. The monolayers formed by many of the covalent modification strategies for metal 

oxides are disordered in nature; this makes the electron transfer through these monolayers more 
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complex than traditionally accepted models of electron transfer for self-assembled monolayers 

on gold. These modified amorphous carbon films make a great test-bed to understand electron 

transfer through disordered films; therefore, the electron transfer through these films was 

analyzed. Overall, this work outlines new chemistries on amorphous carbon as well as offers a 

new perspective on understanding electron transfer through disordered films.
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CHAPTER 1—AMORPHOUS CARBON THIN FILMS AS AN ALTERNATIVE 
MATERIAL IN DYE-SENSITIZED SOLAR CELLS 

1. Introduction 

1.1 Energy Crisis  

In 2018, the Intergovernmental Panel on Climate Change (IPCC) predicted a global 

temperature increase of 1.5oC from pre-industrial temperatures as early as 2030 if significant 

effort was not made to reduce anthropogenic contributions to climate change. Such an increase in 

global temperature will lead to unfortunate consequences; some examples include: extremities in 

regional climate, disappearance of different ecosystems, food insecurity, and increased poverty. 

While anthropogenic emissions are unlikely to be the sole cause of a global warming of 1.5oC, 

they will still contribute to climate change. The emission of greenhouse gases from the burning 

of fossil fuels is one such anthropogenic contribution.1 Therefore, there has been a push towards 

finding alternative energy sources that do not generate greenhouse gases.  

 

1.2 Solar Cells  

1.2.1 Overview 

In order to meet the increasing demand for alternative energy sources, harnessing solar 

energy through solar cells is an ever-growing field. The amount of energy from the sun is 

equivalent to 120,000 TW which is 6000-times more than the world-energy consumption;2 

therefore, if a solar cell is able to harness just around 20% of the sun’s energy, that would be 

enough to meet our energy demands. While there are a number of solar cells that have been 



2 

developed, there are also certain criteria that the ideal solar cell needs to meet. These criteria 

include: 1) efficiency, as measured by a percentage, which describes the fraction of energy from 

the sun that was converted into electricity; 2) stability, which describes how well the device 

retains its structure and efficiency over time and upon exposure to different environments; and 3) 

cost, which describes the amount of money required in price/peak Watt ($/W) to make the cell. 

Solar cells can be loosely categorized into the following: silicon-based, group III-IV, thin 

film chalcogenide, dye-sensitized, organic, perovskite, and multi-junction cells. While there are a 

number of reports in the literature of efficiencies of different solar cells, only those efficiencies 

that were confirmed by a designated test center3 were considered in this discussion. Currently, 

multi-junction cells comprised of group III-V elements have obtained the highest efficiencies, 

around 45%, closely followed by perovskites and crystalline silicon.3 Unfortunately, group III-V 

elements are expensive making it difficult to generate a cost-effective solar cell.4 Perovskite-

based solar cells have yet to meet short-term and long-term stability requirements, and an 

alternative approach to mitigate the use of toxic elements (such as lead) in perovskites is still 

being investigated.5 While dye-sensitized solar cells (DSSCs) have only achieved efficiencies 

around 12%,3 there is still quite a push to investigate DSSCs as they offer a non-toxic, low-cost, 

and stable approach towards developing ideal solar cells.2 

 

1.2.2 Dye-Sensitized Solar Cells 

Introduced in 1991, DSSCs consist of mesoporous, semiconducting oxide materials, usually 

TiO2 nanoparticles, that are functionalized with dye molecules (Figure 1).6 Upon 

photoexcitation of the dye, an electron is injected into the conduction band of the semiconductor. 

The resulting oxidized dye is regenerated upon reduction by an electrolyte—typically an 
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iodide/triiodide redox couple. There are a number of electron transfer processes in DSSCs that 

are not energetically favorable and require large overpotentials. The injection of an electron from 

the dye complex into the conduction band of the oxide is one such electron transfer reaction. The 

required overpotential for this electron transfer reaction is one of the main reasons solar cells 

have not achieved their maximum theoretical efficiency of ~32%.7 Previous studies have 

indicated that the kinetics of the electron injection is dictated by the molecular orientation of the 

dye relative to the metal oxide surface as well as the alignment of their respective energy 

levels.8,9 The kinetics of electron injection can be tuned by changing the linkage length or type of 

attachment chemistry used to anchor the dye to the TiO2 nanoparticle. Current methods used to 

anchor dyes onto TiO2 nanoparticles include adsorption methods via the interaction of terminal 

acidic groups with the terminal hydroxyl groups on TiO2; however, this attachment method has 

shown to lead to detachment and degradation of the dye complex upon electrochemical cycling.10 

 

2. Metal Oxides 

2.1 Overview 

When considering the metal oxide material for a DSSC, there are a couple of characteristics 

that the material needs to have: thermal stability, chemically inert, non-toxic, and cheap. 

Additionally, the semiconductor should have high band-gap energy to limit unwanted electron 

recombination, and a nano-structured mesoscopic morphology to maximize surface area for dye 

attachment.4 

Traditionally, anatase TiO2 has been used as the metal oxide nanoparticle material in dye-

sensitized solar cells because it is is inexpensive and non-toxic. Unfortunately, the density of trap 

states in TiO2 is problematic as it slows down the electron transfer process. ZnO offers a lower 
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density of trap states and longer carrier lifetime as compared to TiO2; however, ZnO is not stable 

under the acidic conditions often encountered in dye-sensitized solar cells. Nb2O5 offers a larger 

bandgap energy than anatase TiO2 and better chemical stability than ZnO. However, there exist 

few studies that explore the electron transfer process when Nb2O5 is used.11 

Nanoparticles are the traditional form of nanomaterial used in dye-sensitized solar cells; 

however, the diffusion length for an electron through a nanoparticle film is around 15-20 µm due 

to morphology and porosity of the film,12 making unwanted electron recombination reactions 

more favorable. To decrease this diffusion length while maintaining a high surface area, there 

has also been exploration into other types of nanomaterials that are one-dimensional, such as: 

nanorods, nanofibers, and nanowires. These materials have shown great promise as alternative 

nanomaterials for dye-sensitized solar cells;11 however, further studies are needed to fully 

understand the properties of these materials before extensive use in DSSCs.   

 

2.2 Chemical Modification of Metal Oxides 

There are about six different categories of functional groups that will react with oxide 

materials: silanes, phosphonates, carboxylates, catechols, alkenes/alkynes, and amines.13 Of 

these chemistries, only silanes and alkenes/alkynes form covalent attachments on metal oxides; 

the other functional groups attach through electrostatic interactions. While there have been 

numerous studies characterizing these attachment chemistries on different metal oxide materials, 

there are still significant downfalls. Silane and phosphonate linkages are prone to hydrolysis 

upon exposure to reaction conditions commonly encountered in dye-sensitized solar cells. 

Catechol and alkene/alkyne attachment chemistries form multilayers, which is undesirable as 

monolayer formation is required for dye-sensitized solar cells. Finally, depending on the metal 
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oxide material and modification chemistry used, some combinations form more well-ordered 

monolayers than others. For example, silanes form extremely well-ordered and well-packed 

monolayers on glass, but not nearly as well on TiO2. Therefore, depending on the material, 

careful consideration must be taken when choosing the modification chemistry to attach organic 

molecules to the surface.  

 

3. Alternative Semiconductor Materials 

3.1 Silicon 

Semiconductors are not only important materials in dye-sensitized solar cells, but the 

microelectronics industry as well.14 For example, the ability to modify semiconductors with 

molecules is not only applicable to attaching dye molecules to these materials for solar cell 

applications, but also to prevent formation of self-terminating insulating oxide layers within the 

microelectronics industry. Therefore, the microelectronics industry spurred interest in other 

semiconductor materials such as gallium arsenide, germanium, and silicon. Silicon is a common 

semiconductor material that is used in other types of solar cells as it is inexpensive, lends itself to 

large-scale production, and is non-toxic. Therefore, there has been much interested in 

understanding the reactivity and stability of the surface of silicon.15 

One of the important features that a semiconductor needs to have for solar cell applications is 

the ability to tune its work-function; this value directly impacts the interfacial energy level 

alignment between monolayers and the silicon substrate itself.14 This energy level alignment is 

important as it dictates the charge transfer process within the solar cell. Due to its crystalline 

structure, silicon can be doped with n-type (donors) or p-type (acceptor) atoms to fine-tune the 
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interfacial energy level alignment. Silicon can also be chemically modified in a directional and 

stable manner; in particular, a Si-C bond is exceptionally strong and can withstand oxidation.  

Silicon can be chemically modified in vacuo and under ambient conditions using wet 

chemical approaches. Under vacuum, silicon, commonly the (001) crystal face, undergoes 

surface rearrangement. This surface rearrangement favors the formation of dimers; therefore, 

cycloaddition reactions have developed as one approach to functionalize silicon with organic 

monolayers.16 Another in vacuo approach involves the cleavage of X-H bonds in thiol, amino, or 

hydroxyl groups (X = S, N, or O) for surface attachment.17–20  

Ambient chemical modification strategies offer more experimental control over monolayer 

formation. This approach requires an etching step to remove the native oxide layer of silicon 

followed by a passivation step to prevent unwanted oxidation.16 A wet chemical hydrogen-

termination is the most common passivation step; however the hydrogens are still labile and 

subject to oxidation over time. Chlorine-termination results in a more reactive surface and silane 

self-assembled monolayers allow for well-ordered films. There have been a number of studies 

that utilize molecules with a terminal alkene functionality which requires initiation via a 

chemical,21 thermal,22 or photochemical23 method; these monolayers are often disordered. Silicon 

can also react with thiols, aldehydes, and alcohols under ambient conditions; however, these 

reactions also form disordered monolayers.  

 

3.2 Carbon-Based Materials 

Recently, there has been interest in exploring carbon-based materials due to their intrinsic 

stability and ability to modify their surfaces using common organic reactions. Furthermore, 

carbon-based materials have tunable semiconductor-like properties via the sp2/sp3 ratio, allowing  



7 

them to be used as an alternative material in solar cells.24 A generic way to classify a carbon-

based material is by the relative amount of sp, sp2, or sp3 character (Figure 2).25 Four different 

allotropes of carbon will be discussed: diamond, graphite, glassy carbon, and amorphous carbon. 

A brief overview of carbon-based nanomaterials will tie up the end of this section. 

 

3.2.1 Diamond 

Diamond is a material that is made up of sp3 hybridized carbons in a tetrahedral 

configuration forming a crystalline lattice. Diamond is a commercially expensive material; 

deposition processes to grow diamond films usually involve a plasma-initiated vapor deposition 

from a methane source. In order to enhance conductivity, diamond can also be doped with boron 

or nitrogen, via incorporation of such a source during deposition. Boron-doped diamond (BDD) 

films are an attractive electrode material.26 Due to its optical transparency, BDD films have 

found application as a photo-catalyst platform for nitrogen reduction.27 One of the first examples 

of chemical modification of diamond involved the photochemical attachment of alkenes to form 

DNA arrays.28 Unfortunately, not all molecules are compatible with 254 nm UV light required to 

utilize this attachment strategy; biomolecules readily degrade under this part of the UV spectrum. 

Furthermore, this photochemical approach is a radical-mediated attachment mechanism; 

therefore, this type of attachment strategy can be prone to multilayer formation. Another 

common approach for the functionalization of diamond is through the electrochemical 

reduction29 or chemical grafting30 of aryl diazonium molecules. The electrochemical approach 

results in multilayer formation; whereas the chemical approach results in homogenous 

monolayers. 
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3.2.2 Graphene 

Graphite is a material where 100% of the carbon atoms are in the sp2 configuration. 

Graphene is a material that can be derived from graphite where the carbon atoms are arranged in 

a two-dimensional honeycomb crystal lattice structure.31 Graphene has outstanding electrical and 

thermal conductivity making it a popular material in the microelectronics industry. There are two 

different planes present in graphite-based materials: the edge and basal planes.32 Therefore, 

uniform chemical modification of these materials is difficult, as different chemistries will 

preferentially react with the edge or basal plane. This effect leads to non-homogenous coverage 

of graphite-based materials.  

 In order to chemically functionalize graphene, many approaches start with graphene 

oxide (GO).33 The presence of the hydrophilic oxide groups allows for solubility in various 

solvents, and the labile oxygen functionalities at the edge planes of this material allow for ease of 

further chemical modification. Generally speaking, there are two routes to chemical 

modification: covalent and non-covalent attachment.  

 Covalent modification strategies can be broadly categorized into the following four 

groups: nucleophilic substitution, electrophilic addition, condensation, and addition.31 Most 

nucleophilic substitution reactions take advantage of the epoxy groups present at the GO surface 

and utilize amine-terminated molecules for chemical attachment to GO. Electrophilic additions 

displace a hydrogen atom with an electrophile; a common example of this is the spontaneous 

grafting of aryl diazonium salts.34 An example of a condensation reaction is the condensation of 

isocyanate compounds with GO.35 Finally, an example of an addition reaction is the 

cycloaddition of azomethine ylide.36 Non-covalent modifications strategies utilize Van der 

Waals, hydrophobic, or electrostatic interactions. While non-covalent modifications have been 
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widely used on graphene,31 the main downfall is that long-term use of modified materials require 

covalent modifications as this approach favors more stable linkages. 

 

3.2.3 Glassy Carbon 

 Glassy carbon materials are characterized as “ribbon-like” structures of sp2 carbon atoms. 

This material is well known in the electrochemistry world as it is a common electrode material. 

As this material is made via the controlled pyrolysis of polymers, it is easy to add dopants to this 

material by simply introducing dopants during the heating process.  

 Many of the chemical modifications that have already been discussed have also been 

applied to glassy carbon materials, such as the aryl diazonium salt reduction approach.37 Another 

approach involves the electrochemical hydrogenation and chlorination of glassy carbon films in 

order to attach thiol-terminated molecules.38 This chlorination approach was first described by 

Bansal et al. via the halogenation and subsequent alkylation via a Grignard reaction of silicon 

surfaces.39 This wet, chemical approach introduced by Bansal offers a facile method for 

halogenation of materials. Similar to the photochemical attachment of alkenes to diamond 

previously discussed, glassy carbon can also photochemically react with alkenes and alkynes.40  

 

3.2.4 Amorphous Carbon 

Amorphous carbon (aC) films are a mixture of sp2 and sp3 hybridized carbons; this ratio is 

dependent on the deposition parameters used. Given the presence of sp3 hybridized carbons, this 

material is often referred to as diamond-like carbon (DLC).25 Therefore, this material has many 

of the advantages that diamond does, such as: mechanical hardness, chemical inertness, and a 

wide band-gap. As the roughness of this material is dependent on the sp2/sp3 ratio, the deposition 
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parameters dictate the root-means squared roughness. One study investigated the following 

deposition approaches: RF glow discharge, DC magnetron sputtering, and carbon ion beam. 

They found that the overall roughness of these films was less than 0.4 nm when using an RF 

glow discharge deposition, less than 1.5 nm when using DC magnetron sputtering at room 

temperature, and less than 0.3 nm using a carbon ion-beam.41 The resistivity of the film is 

dependent on its thickness, but is generally around 50 mΩ/cm for films thicker than 50 nm; this 

characteristic has caused interest in developing aC films as electrode materials.42  

The chemical modification approaches previously discussed, as applied to amorphous carbon 

substrates, are summarized in Figure 3. A typical pre-treatment of aC films involves 

hydrogenation in a plasma chamber. This pre-treatment ensures that dangling bonds at the 

surface have a hydrogen atom.24 A wet, chemical approach to chlorinate aC films has been used 

to install alkyl thiols and alkyl groups via Grignard reactions.43,44 Reactions of aryl diazonium 

salts have also been applied to amorphous carbon films via a spontaneous covalent attachment 

mechanism.45 Photochemical attachment of alkenes using 254 nm light has also been explored on 

aC films, but the downfalls of this approach previously described for diamond also apply to aC 

films.46,47 While each of these strategies offers a unique approach to install molecules on aC 

films, there are inherent downfalls for each approach. The Grignard reactions are limited by the 

ability to form a Grignard reagent out of the desired functionality; these reactions involve 

carbanions which are strong nucleophiles, making them difficult to couple to certain reagents 

such as biomolecules.24 The aryl diazonium salt reduction reactions are known to form 

multilayers, making it difficult to obtain monolayer coverage.32 Finally, the photochemical 

approach requires initiation with 254 nm photons, which limits the types of functional groups 

that can be used due to the possibility of unwanted radical side reactions.  
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3.2.5 Carbon-Based Nanomaterials 

 Other types of carbon-based materials include nanomaterials such as carbon nanotubes 

and graphite particles. These materials have excellent electrical, thermal, and mechanical 

properties, but increase the available surface-area for dye-attachment due to the high surface-to-

volume aspect ratios. There have been efforts to use carbon-based nanomaterials to replace many 

components of a DSSC, including the transparent electrode, counter electrode, semiconducting 

material, and electrolyte.48 However, when carbon nanomaterials were used as an active-layer in 

solar cells, the highest efficiency recorded was only 1.3% possibly due to the impurity of the 

material which resulted in unwanted electron recombination.49 Therefore, further investigation of 

carbon nanomaterials towards applications of DSSCs is needed to fully understand the potential 

of this approach. 

  

4. Characterization Methods 

The surface characterization of modified materials requires a multi-instrumentation approach, 

as no single technique can simultaneously answer questions about its structure, topography, 

chemical composition, electronic and physical properties. A recent study revealed that out of 13 

different research groups who had performed studies on the surface modification of silicon using 

alkenes, half of the papers used three or fewer techniques.50 This analytical problem is not only 

applicable to modified planar materials, but to nanomaterials as well.51 Reasons for incomplete 

characterization range from the high cost associated with certain instrumentation to the expertise 

needed to maintain, use, and analyze the data from certain instrumentation. In order to form a 

more-complete picture of the modified materials in this work, microscopy, spectroscopy, 
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electrochemistry, and other surface-centric methods were used. The rationale and importance of 

each technique will be discussed below. 

 

4.1 Microscopy 

When trying to understand the morphology or topology of a material, microscopy methods 

become important to include in analysis. For a DSSC, the surface area of the material needs to be 

maximized in order to attach a large number of dye molecules to the material; while certain 

materials, such as silicon, are atomically flat, many materials are not. Atomic force microscopy 

(AFM) is a technique that allows one to probe the roughness of the film by utilizing a 

mechanical probe. First introduced in 1986, this technique has atomic resolution making it an 

ideal method to image modified materials to understand how chemical functionalization 

influences surface roughness.52,53 

Scanning electron microscopy (SEM) is a technique that rasters an electron beam across the 

surface of a material to image the topography and composition. Depending on the detector used, 

this technique can be sensitive to different signals arising from the interaction of the electron 

beam with the material. Two such signals are secondary and back-scattered electrons. Secondary 

electrons give information about surface topography.54 Back-scattered electrons are sensitive to 

elemental changes in the sample as the signal from back-scattered electrons is dependent on 

atomic number.55 Therefore, detection of back-scattered electrons is frequently used as a way to 

image patterns generated via photo-initiated reactions.56,57 

4.2 Spectroscopy 

Spectroscopic techniques are of importance when determining the elements, molecular 

structure, or types of bonds present at a modified surface. X-ray photoelectron spectroscopy 
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(XPS) is an elemental analysis technique that probes only the top 10 nm of the surface.58 As X-

rays interact with the material, core electrons are emitted and sorted by binding (or kinetic) 

energy. The core electrons of each element have unique energies. The bonding environment can 

slightly alter these energies by a few eV, providing information about the bonding patterns at the 

surface. For example, XPS can not only deduce a semi-quantitative atomic concentration of 

carbon in a sample, but also reveal the type of binding environment the carbon was in (i.e.: C-O, 

C=O, etc.). For metals, XPS can distinguish the number of oxidation states present at the surface 

of a material. Therefore, when trying to confirm successful modification of a material, XPS is 

powerful technique. 

Ultraviolet photoelectron spectroscopy (UPS) is a technique that bombards the material with 

ultraviolet (UV) photons and measures the emitted photoelectrons.59 This technique reveals 

information regarding the electronic structure of the material. One such energy called the work 

function of the material is a measure of the amount of energy needed to eject an electron from 

the material into vacuum. This value becomes very important when considering generating 

functional, modified materials for DSSCs; as the surface is chemically modified, the work 

function can be monitored to understand how the modification changed the energetics of 

photoelectron ejection.  

Fourier-transform infrared (FTIR) spectroscopy is a technique that measures the amount of 

IR light absorbed by a sample.60 Molecules will undergo different types of vibrational modes 

depending on their electronic structure. IR spectroscopy is sensitive to molecules with dipole 

moments. For example, CO2 has two stretching modes, symmetric or asymmetric, but only the 

asymmetric stretching mode is IR active because that mode has a change in dipole associated 

with it whereas the symmetric stretch does not. Therefore, this technique is useful when 
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determining functional groups present in material. When coupled with an attenuated total 

reflectance (ATR) accessory, this technique can be used to measure surface modifications of thin 

films.61 Infra-red reflection-absorption spectroscopy (IRRAS) is a technique that is sensitive to 

the orientation of molecules at a modified surface.62 However, both ATR and IRRAS are not 

very sensitive to sub-monolayer coverage making it only ideal for materials modified with a full 

monolayer. 

 

4.3 Cyclic Voltammetry 

As electron transfer processes are what define the efficiency for a DSSC, it is important to 

use a characterization technique that can assess the electron kinetics of the modified material 

when employed as an electrode. Cyclic voltammetry measures the current response of a redox 

active analyte when a triangular potential wave is applied with respect to time.63 Conventional 

cyclic voltammograms of diffusion-limited electron transfer are characterized by their “duck-

like” shape and have a peak-to-peak separation of 57 mV/n, where n is the number of electrons 

being transferred during the reduction (or oxidation) process. However, a surface-bound electron 

transfer process should ideally have a peak-to-peak separation of 0 mV, as there are no diffusion-

limiting processes occurring.64 Interestingly, this 0 mV is rarely observed experimentally as there 

are non-idealities in surface-bound electron transfer.40,56,73–76,65–72 CV data of a modified surface 

allows for quantification of surface coverage, via the integration of the current resulting in 

charge.  By obtaining data at multiple scan rates, a rate constant can be determined through 

analysis of a “trumpet” plot.77 Therefore, CV is an excellent technique when assessing the 

electron transfer kinetics between a surface-bound species and electrodes making it an ideal 

method to characterize materials for DSSCs.  
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4.4 Other Methods  

An additional surface-centric method called goniometry measures the contact angle of a 

water droplet on a modified material to assess the relative degree of hydrophobicity.78,79 This 

technique is a simple and rapid way to assess changes in the chemical composition of modified 

surface, but it is important to couple AFM measurements with this analysis as it is also sensitive 

to changes in roughness. This technique also gives a macroscopic analysis of the surface; 

therefore, this technique cannot detect if the coverage is homogenous or heterogeneous given the 

averaging effect of the analysis.  

 

5. Overview of Work 

The goal of this work was to identify and characterize new chemical modification approaches 

for aC films (Figure 4), providing alternative strategies for linking chromophores to a surface 

via a monolayer. The first three chapters of this work focus on click chemistries, specifically the 

thiol-ene and azide-alkyne click reaction. The fourth chapter utilizes an in-situ Grignard reaction 

for chemical modification. Within these chapters, the surface modifications were robustly 

characterized with water contact, AFM, XPS, UPS, SEM, and electrochemistry. When feasible, 

these modified materials were examined as electrode materials to evaluate electron transfer 

reactions for molecules bound to a surface. To determine the robustness of each surface 

modification, they were each evaluated using the following four criteria when experimentally 

possible: selectivity, surface coverage, stability, and electron transfer kinetics. These four themes 

dictated the direction of the work after the completion of each chapter. For example, chapter two 

introduced a chemical approach involving the modification of aC films with thiol groups to 

perform thiol-ene click reactions. While this modification was successful, it did not rank highly 
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in any of the four criteria. Chapter three introduces the modification of aC films with vinyl 

groups to perform thiol-ene click reactions. This approach improved on stability and surface 

coverage, but not in the other two criteria. Chapter four illustrates the surface modification of aC 

films with azide groups to perform azide-alkyne click chemistry. This approach improved on 

selectivity, but was not as robust in the other three criteria. Finally, chapter five introduces an 

approach to modify aC films via an in-situ Grignard; this reaction greatly improved on each of 

the four criteria. 

Overall, this work offers promising new chemistries for the selective modification of aC 

films to form stable attachment between dye molecules and the semiconductor surface. The hope 

is that these aC films could be a promising alternative to metal oxide materials in dye-sensitized 

solar cells, as they offer more robust surface chemistries with greater stability. 
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5. Figures 

 

Figure 1.1.  Diagram of a dye-sensitized solar cell showing the different electron transfer 

processes: (1) upon photo-excitation, an electron in a dye molecule is excited from its highest 

occupied molecular orbital (HOMO) to its lowest unoccupied molecular orbital (LUMO); (2) this 

electron is injected into the conduction band of the metal oxide nanoparticle; (3) the electron 

travels through the metal oxide material and the transparent electrode; (4) the electron travels 

through external circuitry where work is done; (5) the redox couple reduces the oxidized dye; 

and (6) then the couple is regenerated at the counter electrode. 
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Figure 1.2. Ternary phase diagram of amorphous carbon. Reprinted from25 with permission. 
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Figure 1.3. Modification strategies for carbon-based materials: (a) Grignard reactions via a 

halogenation step; (b) aryl diazonium salt reductions; and (c) photochemical attachment of 

alkenes. Reprinted from24 with permission. 
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Figure 1.4. Overview of modification schemes presented in this work: (a) thiol-ene click 

modification via a thiol termination; (b) thiol-ene click modification via a vinyl termination; (c) 

azide-alkyne click modification via an azide-termination; and (d) in-situ Grignard modification. 
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CHAPTER 2-THIOL-ENE MODIFIED AMORPHOUS CARBON SUBSTRATES: 
SURFACE PATTERNING AND CHEMICALLY MODIFIED ELECTRODE 

PREPARATION1 

1. Introduction 

The reliance of the microelectronics industry on silicon has prompted a number of chemical 

strategies to passivate its surface.1–3 While many of these surface chemistries reduce the rate of 

silicon oxide formation, they cannot prevent it from occurring. Carbon-based materials are an 

attractive alternative to silicon because their electronic properties are tunable, they are relatively 

chemically inert, and they do not readily oxidize under ambient conditions or when interfaced 

with aqueous solutions.4–6 Thin films of amorphous carbon (aC) have been applied to a number 

of materials, imparting the chemical stability of carbon while preserving the chemical and 

physical properties of the underlying substrate.  

The electronic, optical, and chemical properties of can be experimentally controlled through 

the introduction of particular functional groups.5,7,8 Photo-catalyzed reactions are an attractive 

means of selectively patterning surfaces with different functional groups or molecules of interest. 

Alkene-containing molecules have been directly attached to the surface of diamond and 

amorphous carbon substrates with an ultraviolet (UV) light-catalyzed reaction. The conditions 

needed to promote this reaction (λ=254 nm, greater than 12 hours) limit the types of functional 

groups that can be introduced to the surface. There is a need for alternative chemistries capable 

of modifying the surfaces of carbon-based materials, in a photo-addressable manner.  

                                                      
1 This article previously appeared as an article in Langmuir. The original citation is as follows: McKenas, C. G.; 
Fehr, J. M.; Donley, C. L.; Lockett, M. R. Thiol-Ene Modified Amorphous Carbon Substrates: Surface Patterning 
and Chemically Modified Electrode Preparation. Langmuir 2016, 32 (41), 10529–10536 
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Due to their selective reactivity, thiol-click chemistries9,10 are an attractive means of 

modifying the surface of aC films. The thiol-ene reaction involves the addition of a thiol radical 

across an alkene. This particular reaction is appealing for surface modification because it is 

rapid, largely independent of solvent, and compatible with photo-patterning as the reaction is 

initiated with near-UV light.11 We present here a chemical strategy for modifying the surface of 

aC films with thiol-ene chemistries by first installing terminal thiol groups with a two-step wet 

chemical process. Similar two-step strategies have been used to modify the surfaces of carbon, 

silicon, and germanium substrates with Grignard reagents or alkanethiols.12–17 Unlike previously 

described methods of preparing thiol-modified carbon nanotubes or nanodiamond substrates,18–20 

our strategy does not expose the surface or its underlying substrate to prolonged exposure of 

harsh chemical conditions.  

Variations of thiol-ene reactions have been used to append organic and biological molecules 

to the surfaces of silicon, glass, diamond, and polymeric materials such as polyethylene 

terephthalate (PET).21–32 Our strategy also differs significantly from these previously reported 

examples because: i) We install terminal thiols on the surface, instead of alkene groups. The thiol 

groups expand the possible attachment chemistries that can be utilized because the surface is not 

only compatible with thiol-ene reactions, but also Michael additions and the formation of 

disulfide bonds. ii) We install the terminal thiols directly onto the surface, eliminating the need 

for chemical spacers present in other examples. Several studies have shown that the length of the 

chemical spacer separating the surface and the molecule of interest can greatly affect its 

reactivity and its charge transport properties.33  

Here, we thoroughly characterize aC films during the thiolation process, optimize the 

reaction conditions needed to modify them with thiol-ene reactions, and demonstrate the utility 
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of these thiol-terminated surfaces with examples of photo-patterning and the preparation of 

chemically modified electrodes. 

 

2. Experimental Section 

2.1 Chemicals and materials.  

All reagents were used as received, unless otherwise noted. Acetonitrile, dimethyl sulfoxide 

(DMSO), ethanol (200 proof), hydrogen peroxide (30%), sodium chloride, sodium hydrosulfide 

flakes, and conc. sulfuric acid were purchased from Fisher Scientific. Anhydrous benzene, 

benzoyl peroxide, 1-bromoundecane, 11-bromo-1-undecene (BUD), 2,2-dimethoxy-2-

phenylacetophenone (DMPA), anhydrous N,N-dimethyl formamide (DMF), phosphorus 

pentachloride, tetrabutyl ammonium iodide (TBAI), tetrabutyl ammonium perchlorate, and 

vinylferrocene were purchased from Sigma-Aldrich.  

 

2.2 Thin film preparation and modification.  

Thin films of 25 nm amorphous carbon were deposited onto silicon (100) substrates, by DC 

magnetron sputtering (Kurt Lesker PVD 75) a graphite target (Plasmaterials). The chamber was 

kept under argon at a base pressure of 5x10-5 Torr and a deposition pressure of 3x10-3 Torr. Prior 

to usage, all silicon and quartz substrates were cleaned in piranha solution (3:1, 96.3% H2SO4: 

30% H2O2) at 160oC for 20 minutes. Caution: piranha solutions react violently with many 

organic materials and should be handled with extreme care. 

Amorphous carbon films were hydrogen terminated in a 13.56 MHz inductively coupled 

hydrogen plasma (Diener Electronic) for 10 minutes prior to usage. The films were chlorine-

terminated in a nitrogen-purged reaction vessel containing a 5:1 volume ratio of 100 mM PCl5 
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and 40 mM benzoyl peroxide in anhydrous benzene (80oC, 1 hour). Films were rinsed in ethanol 

and dried under a stream of nitrogen before being placed in a nitrogen-purged reaction vessel 

containing 10 mM TBAI and 500 mM sodium hydrosulfide in anhydrous DMF. Thiolation 

reaction conditions were 50oC for 8 hours, unless otherwise noted. The surfaces were rinsed with 

water and ethanol and dried under a stream of nitrogen prior to characterization or further 

chemical modification. 

To attach alkene-containing molecules to the thiol-terminated surfaces, each surface was 

spotted with 4-6 µL of a neat alkene liquid. In some reactions the alkene liquid contained 1% 

(w/w) of a radical initiator, DMPA. A quartz coverslip (0.50 mm thickness, Ted Pella) was 

placed on the films to ensure homogeneous coverage of organic liquid across the surface, and 

illuminated with a mercury arc lamp (Newport, 275 W) equipped with a 300 ± 100 nm dichroic 

filter. A 360 ± 15 nm bandpass filter (Newport) was used in some experiments, as noted. 

Surfaces were sonicated in ethanol to remove non-specifically adsorbed organic molecules, 

rinsed with ethanol, and dried under a stream of nitrogen prior to analysis. TEM grids (SPI 

Supplies) were utilized in surface photo-patterning experiments. 

 

2.3 Thin film characterization.  

Static water contact angles were measured from 1 µL droplets of RO water using a Ramé 

Hart goniometer equipped with DropImageCA software. Reported values are the average of at 

least three droplets, placed in different regions of the surface. Scanning electron microscopy 

(SEM) images were acquired with a Hitachi S-4700 Cold Cathode Field Emission SEM at an 

accelerating voltage of 2.0 kV. 
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X-ray photoelectron (XP) spectroscopic characterization was carried out in an ultrahigh 

vacuum system (Kratos Axis Ultra DLD) with a base pressure of 5x10-9 Torr, a monochromatic 

Al Kα source, and a hemispherical analyzer. Survey (1.0 eV resolution) and high-resolution (0.1 

eV resolution) spectra were collected at a 0o takeoff angle from surface normal and analyzed with 

Kratos Vision 2.0 software. Each high-resolution spectrum was referenced to the C1s peak 

(284.6 eV) and fit with Voigt functions (70% Gaussian, 30% Lorentzian) after a Shirley 

background correction.  

Atomic force microscopy (AFM) images were obtained on an Asylum Research MFP3D 

AFM. Tapping mode measurements were acquired with an aluminum reflex-coated silicon 

cantilever (force constant of 40 N/m) at a resonant frequency of 300 kHz. Reported roughness 

values are the average and standard deviation of three separate 5x5 µm regions on the same 

surface. 

Electrochemical measurements were performed using a three-electrode Teflon cell attached 

to a WaveNano potentiostat (Pine). Copper tape was used to make an ohmic connection with the 

aC working electrode (0.13 cm2 working area). The auxiliary electrode was a platinum coil and 

the reference was Ag/AgCl (3 M NaCl). Tetrabutyl ammonium perchlorate (0.1 M) in anhydrous 

acetonitrile was used as the supporting electrolyte. Data was analyzed using AfterMath (Pine). 

 

2.4 Statistical tests.  

To examine statistical significance, a two-tailed t-test was used to compare each set of 

reaction conditions, unless otherwise noted. Reported values are the average and standard 

deviation of n = 3 surfaces, unless otherwise noted. Statistically significant values are defined as 

p < 0.05.  
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3. Results and Discussion 

3.1 Thiol-terminated aC film preparation and characterization.  

We prepared amorphous carbon thin films by magnetron sputtering a graphite target under an 

argon atmosphere onto freshly cleaned Si(100) substrates. Each film underwent a series of 

chemical modifications to yield a thiol-terminated surface compatible with thiol-ene reactions 

(Scheme 1). To ensure substrates prepared at different times had a similar chemical composition, 

we placed each film in an RF-generated hydrogen plasma. Next, the aC films were chlorinated in 

a PCl5-containing solution. Lastly, the surface-bound chlorine atoms were replaced with thiols by 

incubating the aC films in a solution containing NaSH and TBAI. 

We utilized a number of surface techniques to characterize the aC films after each chemical 

modification: hydrogen termination (H-aC), chlorination (Cl-aC), and thiolation (HS-aC). XP 

spectroscopy confirmed the attachment of the chlorine atoms or thiol groups to the surface and 

was used to estimate monolayer coverage with a previously described overlayer model.34 AFM 

and static water contact angle measurements determined the root mean square (RMS) roughness 

of the films and their wettability, respectively. 

 

3.1.1 XP spectroscopic analysis.  

Incubating the H-aC films in the presence of phosphorous pentachloride and benzoyl 

peroxide yielded 0.52 ± 0.10 monolayers of chlorine atoms (Table 1). The binding energy of the 

Cl2p electrons (200.0 eV) is consistent with the formation of chlorine-carbon bonds. Confirming 

the presence of carbon-chlorine bonds from the high-resolution spectrum of C1s electrons is 

somewhat difficult as carbon-chlorine and carbon-oxygen species have similar binding energies 
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(~286.0 eV). Survey XP spectra reveal the carbon-to-oxygen and carbon-to-nitrogen ratios on the 

aC films did not significantly change after chlorination, allowing us to attribute changes in the 

C1s spectrum to the formation of C-Cl bonds (Figure S2 and Table S2). 

We tried a number of reaction conditions to replace terminal chlorine atoms on the aC 

surface (Table S1) with hydrogen sulfide ions, thioacetate ions, or thiourea groups. Incubating 

the Cl-aC films in a DMF solution containing 500 mM NaSH and 10 mM TBAI at 50°C for 8 

hours consistently yielded 0.20 ± 0.06 thiol monolayers. This monolayer coverage did not 

increase significantly when the reaction time was increased to 24 hours, suggesting the complete 

replacement of surface-bound chlorines and the formation of a theoretical monolayer is limited 

by steric hindrance and not an incomplete reaction. Figure 1A contains a representative high-

resolution XP spectrum of the S2p electrons for a Cl-aC film after thiolation with NaSH. The 

doublet at 164.0 eV is consistent with the formation of a carbon-sulfur bond. The doublet at 

168.0 eV is due to oxidized sulfur species (e.g., thiolsulfinates and thiolsulfonates).35 

Approximately 88% of the surface-bound sulfurs are in their reduced form. To illustrate the 

importance of the terminal chlorine atoms, we incubated a H-aC film under the exact same 

reaction conditions. This surface contained less than 0.03 of a thiol monolayer (Fig. 1B), and 

approximately 50% of the sulfurs were oxidized.  

XP analysis of the aC films before and after each reaction step revealed the oxygen-to-carbon 

and nitrogen-to-carbon ratios did not change significantly until the surface is thiolated (Table 2). 

We attribute this increased oxygen-to-carbon ratio of the HS-aC surface to oxidized sulfur atoms 

and not the carbon atoms. Representative survey and high-resolution C1s XP spectra for each 

chemical modification of the aC films, as well as a table listing the binding energies and percent 

compositions of the fit peaks can be found in the Supporting Information. 
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3.1.2 Surface stability.  

While aC films are chemically inert over a wide variety of reaction conditions,6 thiol-

terminated materials oxidize readily under ambient conditions.36,37 To determine the optimal 

storage conditions for the HS-aC films, we measured the ratio of reduced and oxidized sulfurs 

over a 28-day period when stored under: ambient conditions, in dry conditions, or a mild 

vacuum. These experiments showed that HS-aC films should be used immediately after 

preparation as greater than 10% of the sulfurs were oxidized after three days, regardless of 

storage condition (Table S4). Similar oxidation rates of terminal thiols were observed on thiol-

terminated layer-by-layer assemblies of polyallylamine hydrochloride and polyacrylic acid.36 

These studies found a substantial number of thiol groups were removed from the film when 

stored for 48h at ambient conditions, greater than 50% of the remaining thiols were oxidized.  

 

3.1.3 Surface roughness measurements. 

The solution-based chlorination reaction used in this work was previously shown to 

significantly roughen the surface of glassy carbon electrodes.38 Increases in surface roughness 

can greatly alter its electrochemical properties, limiting the material’s utility after chemical 

modification. To ensure neither step of the thiolation process was substantially roughening its 

surface, we used AFM to measure the root mean squared (RMS) roughness values of the aC 

films after: hydrogenation, chlorination, and thiolation. Although there is a slight observable 

increase in surface roughness after each modification (Fig. 2), this increase was not statistically 

significant (Table 2). 

We attribute the differences observed on our aC films and the glassy carbon substrates to 

both the composition and smoothness of our films. Our films have an RMS value of 1.41 ± 0.36 
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nm as deposited, a value comparable to previously reported sputtered aC films.39 The presence of 

sp3 hybridized carbons and lack of edge planes, which are common in the graphitic ribbons that 

compose glassy carbon, in the aC film also likely lessen surface roughening during chlorination. 

 

3.1.4 Surface wettability measurements.  

Surface wettability measurements support XP measurements and confirm the introduction of 

particular functional groups or overall changes in the chemical composition of the surface. We 

were able to reliably use static contact angle measurements to track changes in surface chemistry 

(Fig. 3) because the roughness of the aC films did not significantly change after modification. 

We report the average and standard deviation of contact angles measured for the films where the 

average consists of three different spots on the same surface measured three times (Table 2). The 

measured contact angles for different regions on the same film were reproducible and indicate 

that the surface chemistry across a single film is homogeneous on the millimeter length scale.  

We note that the H-aC, Cl-aC, and HS-aC films had significantly different wetting properties. 

The untreated aC films were the most hydrophilic (Fig. 3A). The hydrophobicity of the surface 

increased after hydrogenation and chlorination, with the Cl-aC films being the most hydrophobic 

(Fig. 3C). A similar trend of increased contact angle post-chlorination has also been reported for 

hydrogen-terminated nanocrystalline diamond films.40 We attribute the decreased contact angle 

of the thiol-terminated films, in part, to the increased oxidation of the surface as indicated by XP 

spectra. 
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3.2 Specificity of the thiol-ene reaction.  

To illustrate the selective reactivity of the HS-aC films, we determined the optimal reaction 

conditions to attach alkene-containing molecules to the surface. These studies compared the 

attachment of 11-bromo-1-undecene (BUD) molecules to H-aC and HS-aC surfaces. We chose 

BUD molecules because the bromine atom served as an elemental tag, allowing us to compare 

the relative numbers of molecules attached to the surface with bromine-to-carbon ratios obtained 

from high-resolution XP spectra. Successful attachment of BUD molecules to the surface also 

highlighted the mild reaction conditions needed for thiol-ene reactions, as the 254 nm light 

needed to directly attach alkene-containing molecules to H-aC films promotes unwanted radical 

side reactions (e.g., the formation of elemental bromine) that render the films unusable. 

In these studies, we specifically determined that: i) a thiol group on the surface is needed for 

specific alkene attachment; ii) an alkene functional group on the organic molecule is needed for 

surface attachment; iii) illumination of the surface is necessary for the reaction to proceed, and 

that wavelengths shorter than 365 nm promote the non-specific attachment of BUD molecules to 

H-aC films; and iv) a radical initiator, which is commonly used in solution-based thiol-ene 

reactions, is not required for aC films.  

 

3.2.1 Terminal thiols enhance the attachment of alkene-containing molecules to the aC film. 

We illuminated H-aC and HS-aC films in the presence of BUD molecules and 1% (w/w) 

DMPA to determine if their photo-catalyzed attachment was specific to the thiol-terminated 

films. A 10-minute illumination time resulted in a significant amount of BUD molecules 

attaching to both surfaces, with 3.2-fold more molecules attached to the HS-aC films. Increasing 
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the illumination time to 60 minutes, increased the number of BUD molecules attached to both 

surfaces (Table 3): 1.1-fold more molecules attached to the HS-aC films.  

While these results show the presence of the thiol promoted BUD attachment, the significant 

bromine-to-carbon (Br/C) ratio on the H-aC films suggested the molecules were either directly 

attaching to the surface or adhering through strong non-covalent interactions. Through a series of 

washing experiments, we confirmed the molecules were not adsorbed on the surface, but rather 

attaching through an unwanted side reaction. Specifically, we incubated H-aC and HS-aC films 

in the presence of BUD and DMPA molecules but in the absence of illumination before 

thoroughly rinsing and sonicating the films in ethanol. A signal from bromine electrons was not 

detectable by XPS.  

 

3.2.2 Alkene-containing molecules preferentially react with terminal thiols on the aC film. 

We also illuminated H-aC and HS-aC surfaces in the presence of neat 1-bromoundecane, the 

alkane-containing analog of BUD. These experiments allowed us to compare differences in 

attachment of BUD molecules when the alkene functional group is removed.  When an HS-aC 

surface was spotted with neat 1-bromoundecane and illuminated for 1 hour, the Br/C ratio is half 

that of the analogous experiment with the alkene (Table 3). When 1-bromoundecane was spotted 

on an H-aC film and illuminated for 1 hour, we were unable to detect bromine. These results 

support the notion that an alkene groups is necessary for surface attachment–a non-specific 

attachment in the case of the H-aC films.  
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3.2.3 A radical initiator is not needed to promote thiol-ene reactions on the aC films.  

While there is experimental evidence that radical initiators are needed for large conversion 

rates in solution-phase thiol-ene reactions,41  a recent study showed thiol-ene reactions occur in 

less than five minutes on the surface of porous polymer materials in the absence of these 

initiators.32 Removal of the DMPA did not increase the selectivity of BUD attachment to the HS-

aC surfaces. Illuminating a HS-aC surface in the presence of DMPA-containing DMF, however, 

removed the majority of sulfur from the surface. The remaining 0.07 monolayers of thiols on the 

surface were completely oxidized.42 These results suggest that DMPA could be causing 

undesirable side reactions, which could lead to surface oxidation or the removal of surface-bound 

thiols.  

 

3.2.4 Non-specific attachment of alkene-containing molecules to the aC films is prevented 
with lower energy UV wavelengths.  

While we are uncertain of the exact mechanism by which the BUD molecules attach to H-aC 

films, we attribute some of these unwanted reactions to the unfiltered mercury light source we 

used in the majority of our experiments. Previous work focused on the direct attachment of 

alkenes to diamond and aC surfaces showed that high energy UV photons (λ < 290 nm) were 

needed to drive this reaction.43,44  

By placing a 360 nm bandpass filter between the light source and the surfaces, we were able 

to selectively attach BUD molecules to only the HS-aC film (Table S6). To correct for the 

reduced number of photons reaching the surface in this setup and make comparisons to our 

previously run experiments (1 hour, 728 J), we increased the illumination time to 6-hour (691 J). 

Under these conditions the HS-aC film contained comparable Br/C ratios to the surfaces we 

prepared without the bandpass filter. The Br/C ratio of the H-aC film decreased by 3.5-fold, 



40 

indicating the majority of the attachment we observed was arising from non-specific and 

possibly radical-catalyzed surface reactions.45 This data also supports a thiol-ene reaction 

mechanism is occurring on the HS-aC films. 

 

3.3 Patterning thiol-terminated aC films. 

To demonstrate the utility of the HS-aC films, we patterned the surface with BUD molecules 

using 100-mesh (250 µm boxes, Fig. 4A) and a 400-mesh (62 µm boxes, Fig. 4C) TEM grids. 

Using ImageJ software (NIH), we confirmed the average feature size and signal-to-noise (S/N) 

ratio for each pattern. The features of the 100-mesh pattern are easily distinguished from 

background and have a S/N ratio of 59 (Fig. 4B), but are slightly smaller than the grid itself (227 

± 4 µm).46 The average feature size of the 400-mesh pattern (41 ± 5 µm, Fig. 4C) is also smaller 

than the grid itself. We attribute these differences in size to the patterning setup, as the grids 

were not in direct contact with the surface but separated by a quartz coverslip. We were unable to 

determine the signal-to-noise ratio for smaller of features (Fig. 4D), illustrating a potential limit 

of this photo-patterning approach.  

A plausible reason for this limitation in feature resolution is the thiol-ene reaction itself. The 

photo-generated radical species could be diffusing into neighboring regions that are not 

illuminated and attaching to the surface.  

 

3.4 Preparing thiol-ene modified aC electrodes.  

Thin aC films are an attractive electrode material because they can be deposited onto a 

number of substrates, including optically transparent substrates that allow for 

spectroelectrochemical measurements. To prepare a chemically modified electrode using thiol-
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ene chemistry, we illuminated a HS-aC film in the presence of 0.1 M vinyl ferrocene (with no 

DMPA) in DMF for 30 minutes under an argon atmosphere. XP survey spectrum confirmed the 

presence of iron species on the surface. The high-resolution XP spectrum of the Fe2p electrons 

revealed both Fe+2 and Fe+3 species were present on the surface (Fig. 5A), suggesting the aC film 

can act as a potentially tunable redox mediator. This mixed iron valency has also been observed 

on ferrocene-modified silicon surfaces.47 

We used cyclic voltammetry to determine if the ferrocene groups were covalently attached to 

the aC film (Fig. 5B). We observed a linear trend between peak current (𝑖𝑝) and scan rate (𝑣) 

indicative of electron transfer to surface-bound species (Fig. 5C). A linear relationship between 

𝑖𝑝 and 𝑣1/2, indicative of diffusion-limited species in solution, was not observed.48 This plot also 

reveals that peak currents are no longer at unity when a scan rate of 10 mV/s is exceeded. While 

we are still investigating the underlying mechanism of this trend, similar results have been 

reported for boron-doped diamond electrodes.49 The low conductivity of diamond limits the scan 

rate to less than 100 mV/s.  

 

4. Conclusion 

In this work we prepared thiol-terminated aC films, using a two-step reaction scheme that 

installs thiol groups directly onto the surface. Through careful characterization, we show that the 

thiol groups are covalently attached to the surface, primarily in the reduced state, and capable of 

reacting selectively with alkene-containing molecules. We show that the reaction conditions can 

be tuned to ensure molecules are attached only to HS-aC films through a thiol-ene reaction. We 

also determined that including a radical initiator does not enhance the selectivity, yield, or 

kinetics of this reaction, but rather promotes the increased oxidation of the surface-bound thiols. 
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A drawback with the current chemistry is the need to use the HS-aC surfaces immediately after 

they are prepared. Alternative methods such as re-examination of introducing thioacetate groups 

or other protected thiol-species could improve the shelf-life of these films. 

The ability to rapidly pattern the surface of aC films offers a new means of preparing 

chemical or biomolecule arrays, biosensors, and modified electrodes. The near-UV illumination 

conditions favor the direct attachment of biomolecules such as oligonucleotides or proteins, both 

of which are known to undergo unwanted side reactions when exposed to UV light for prolonged 

periods. While the illumination times for the thiol-ene reactions are much shorter than for the 

direct attachment of alkene-containing molecules to H-aC surfaces, we believe that further 

reaction optimization (e.g., a higher power light source, capable of emitting only 360 nm light) 

could result in even shorter reaction times. Due to the promising performance of the ferrocene-

modified aC electrodes, we also envision this chemistry having applications in generating 

electroactive surfaces for biosensing applications.  
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5. Figures and Tables 

 

 
Scheme 2.1. Reaction scheme of thiol-terminated aC thin film preparation.  
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Figure 2.1. XPS data for thiol modified films. (A) High-resolution XP spectrum of S2p electrons 

for a representative HS-aC surface. Raw data is represented with a solid black line, and 

individual Voigt-fit components are represented with solid colored lines. (B) Raw data from 

high-resolution XP spectra of Cl-aC (black, solid line) and H-aC (red, solid line) films exposed 

to identical thiolation conditions.   
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Table 2.1. Calculated chlorine and thiol monolayer coverages for Cl-aC and HS-aC surfaces. a 

 
 
 

 
 

 
a Monolayer coverage calculations are based on the overlayer model described in reference 34. This 

calculation assumes the films are atomically smooth.  

b Values are the average and standard deviation of n = 5 replicates, obtained from separate surfaces 

prepared and analyzed on separate days.  

c Values are the average and standard deviation of n = 7 replicates, obtained from separate surfaces 

prepared and analyzed on separate days.  

  

  Cl ML b SH ML c 
Cl-aC 0.52 ± 0.10 -- 
HS-aC 0.07 ± 0.03 0.20 ± 0.06 
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Figure 2.2. Representative atomic force micrographs of an (A) aC film, (B) H-aC film, (C) Cl-

aC film, and (D) HS-aC film. Each micrograph represents a 5x5 μm area obtained under tapping-

mode conditions with a cantilever oscillation frequency of 300 kHz.  
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Figure 2.3. Representative static contact angle images of one μL drops of RO water resting on 

an (A) aC film, (B) H-aC film, (C) Cl-aC film, and (D) HS-aC film.  
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Table 2.2. Summary of quantitative analyses of modified surfaces.  

  O:C ratio a RMS roughness (nm) b Contact angle (o) c 
aC 0.14 ± 0.02 1.41 ± 0.36 50 ± 2* 
H-aC 0.11 ± 0.01 1.95 ± 1.13 64 ± 1 
Cl-aC 0.11 ± 0.01 2.70 ± 0.45 86 ± 2* 
HS-aC 0.14 ± 0.02* 2.41 ± 1.24 73 ± 5* 
 

*indicates statistical significance from the H-aC surface.  

a n=3 for aC, n=4 for H-aC, n=5 for Cl-aC, and n=7 for HS-aC.  

b n=3 where each replicate is a different spot on the same surface. 

c n=3 where each replicate is a different spot on the same surface measured three times. 
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Table 2.3. Bromine-to-carbon ratios for H-aC and HS-aC surfaces reacted with 11-bromo-1-undecene (alkene) or 1-bromoundecane 

(alkane) under different reaction conditions. 

Reaction conditions a Br/C ratio 

 H-aC, 10 mins H-aC, 60 mins HS-aC, 10 mins HS-aC, 60 mins 

Alkene + light 0.0015 ± 0.0008 0.0073 ± 0.0013 0.0041 ± 0.0004^ 0.0113 ± 0.0027* 

Alkene + DMPA + light 0.0011 ± 0.0010 0.0113 ± 0.0072 b 0.0036 ± 0.0006ǂ 0.0125 ± 0.0041 

Alkene -- 0 ± 0 -- 0 ± 0 

Alkene + DMPA -- 0.0001 ± 0.0001 -- 0.0004 ± 0.0005 

Alkane + light c -- 0 -- 0.0062 

 
a The 300 ± 100 nm mercury arc lamp was used for all trials where “light” is listed. Values are the average and standard deviation of n = 3 replicates, unless 
otherwise specified, obtained from separate surfaces prepared and analyzed on separate days, unless otherwise specified. 
bValues are n=5.  
c Values are n=1. 
* p<0.05 compared to HS-aC, 60 mins, alkene. 
^ p<0.05 compared to H-aC, 10 mins, alkene + light.  
ǂ p<0.05 compared to H-aC, 10 mins, alkene + DMPA + light. 
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Figure 2.4. SEM images of an 11-bromo-1-undecene patterned aC film with (A) a 100-mesh and 

(C) a 400-mesh TEM grid. Plot profiles of the area encased by the red rectangle in (B) image A 

and (D) image C. Images were acquired at 2.0 kV accelerating voltage. 
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Figure 2.5. Summary of electrochemical experiment using ferrocene. (A) XP high-resolution 

spectrum of Fe2p electrons of a HS-aC surface to which vinyl ferrocene molecules were 

attached. Raw data (black, solid line) as well as individual Voigt-fit components (colored, solid 

lines) shown.  (B) CV of surface in 0.1 M tetrabutyl ammonium perchlorate in acetonitrile; scan 

rate=0.25 mV/s, electrode area=0.13 cm2. (C) Scan rate vs. peak current analysis.  
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CHAPTER 3- MECHANISTIC INSIGHTS INTO UV-INITIATED THIOL-ENE 
REACTIONS ON AMORPHOUS CARBON FILMS2 

1. Introduction 

Click chemistries provide a straightforward means of imparting a desired physical property, 

reactivity, or function to a material through the covalent attachment of molecules to its surface. 

These chemistries are becoming commonplace in materials science applications1-3 because of 

their near unity reaction yields and compatibility with both organic and aqueous reaction 

conditions. Thiol-ene click chemistries take advantage of the reactive nature of thiols and the 

ability of thiyl radicals to add across alkenes in a regio- and enantio-selective manner.4-6 While a 

number of studies have successfully attached thiol-containing molecules to vinyl-terminated 

surfaces, 7-13 the selectivity of this light-catalyzed reaction has not been well characterized. 

In previous work, we uniformly modified and selectively patterned thiol-aC films with 

alkene-containing molecules.14 The utility of these surfaces was hindered by the ready oxidation 

of the surface-bound thiol groups in ambient conditions. In this work, we installed vinyl groups 

onto the aC films. To probe selectivity of the thiol-ene reaction on these surfaces, we focused on 

two reaction variables: surface chemistry and the power of the light source. To evaluate the 

effects of surface chemistry, we prepared films with terminal hydrogen, methyl, or vinyl groups. 

The vinyl-aC films should readily and selectively react with our model compound, 4-

fluorobenzyl mercaptan (4-FBM). The H-aC and methyl-aC films served as controls.  The H-aC 

films underwent no chemical manipulation. The methyl-aC films ensured chemical modification 
                                                      
2 This article previously appeared as an article in Journal of Physical Chemistry C. The original citation is as 
follows: McKenas, C. G.; Fehr, J. M.; Liu, B.; Donley, C. L.; Lockett, M. R. Mechanistic Insights into UV-Initiated 
Thiol-Ene Reactions on Amorphous Carbon Films. J. Phys. Chem. C 2018, 122 (38), 21854–21860. 
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did not inadvertently make the surface more reactive toward thiol-containing molecules. To 

evaluate the lamp power, we constructed a 365 nm LED source whose power output could be 

adjusted.  

This work yielded three significant results, highlighting the importance of detailed 

characterization when developing new surface modification strategies. First, the 4-FBM 

molecules covalently attached to each of the aC films, regardless of their surface chemistry. 

Similar selectivity issues may also be occurring on other materials, but would be overlooked by 

comparing attachment (or patterning) to a single surface chemistry in the presence and absence 

of illumination. Second, the power of the light source affects both the reaction rate and the 

selectivity of the thiol-ene reaction on aC films. Decreasing the photon flux by 10-fold reduced 

the number of 4-FBM molecule attached to the vinyl-aC films by 2.0-fold and the methyl-aC 

films by 5.5-fold; increased the selectivity of the reaction by 3.3-fold when comparing the 

attachment between vinyl-aC and methyl-aC films. Third, thiol-ene reactions performed on 

vinyl-aC films had a higher coverage and a faster rate of attachment than thiol-aC films exposed 

to the similar reaction conditions. 

 

2. Experimental Methods 

2.1 Chemicals and Materials.  

All reagents were used as received unless otherwise noted. Ethanol, hydrogen peroxide 

(30%), isopropanol, sodium hydrosulfide flakes, sulfuric acid, nitric acid, and tetrahydrofuran 

were from Fisher Scientific. Acetonitrile, anhydrous benzene, benzoyl peroxide, cysteamine 

hydrochloride, dimethylformamide (DMF), 4-fluorobenzyl mercaptan (4-FBM), 4-fluorotoluene 

(4-FT), 4-fluorostyrene (4-FS), methylmagnesium bromide (1.4 M in 1:3 THF:toluene), 
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phosphorus pentachloride, tetrabutylammonium iodide, and vinyl magnesium bromide (1.0 M in 

THF) were from Sigma Aldrich. Tetrabutylammonium perchlorate was from Fluka. Reverse 

osmosis purified water (RO water, 18 Ωm) was used in all experiments. 

 

2.2 Thin Film Preparation and Modification.  

Thin films of aC were prepared as detailed previously,14 by DC magnetron sputtering a 

graphite source in a 3 x 10–5 Torr argon atmosphere onto freshly cleaned silicon (100) substrates. 

The silicon substrates were cleaned in piranha solution (3:1, conc. H2SO4:30% H2O2) at 160 oC 

for 20 minutes, immediately before usage.  Caution: piranha solution reacts violently with 

many organic materials and should be handled with extreme care!  

Each aC film was hydrogen terminated in a 13.56 MHz inductively coupled hydrogen plasma 

(Diener Electronic) for 10 min. The films were chlorine-terminated in a nitrogen-purged reaction 

vessel containing anhydrous benzene, 80 mM phosphorus pentachloride, and 7 mM benzoyl 

peroxide (80 °C, 15 mins). Thiol-terminated films were prepared as described previously.14 

Vinyl- and methyl-terminated films were prepared by incubating the chlorine-terminated films in 

a nitrogen-purged reaction flask containing 7-9 mL of Grignard reagent at 80oC for 7–8 hours. 

All films were rinsed with isopropanol, dried under a stream of nitrogen, and stored in a 

desiccator under mild vacuum until needed.  

 

2.3 Thin film illumination and modification.  

Films were illuminated with a custom-built light source, modeled after a previously 

described setup.15 The 365 nm UV LED source (Gen 2 emitter, Mouser Electronics) was 

mounted onto a single-channel metal core printed circuit board and cooled using a heatsink/fan 
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combination. The power of the UV LED was controlled with a DC power supply (E3616A, 

Hewlett Packard). Lamp output was measured with a FieldMaxII-TOP energy meter equipped 

with a PowerMax PM10 probe (Coherent). Each surface was placed in a quartz cuvette filled 

with a 1 M solution of the desired molecule and placed 20 mm below the LED. A ground glass 

diffuser (600 grit, ThorLabs) was placed between the source and the films to ensure a uniform 

field of illumination. After the thiol-ene reaction, films were sonicated (5 minutes in ethanol, 5 

minutes in benzene, 5 minutes in ethanol) and dried under a stream of nitrogen.  

 

2.4 Thin Film Characterization.  

Static water contact angles were measured from 1 μL droplets of RO water using a Ramé 

Hart goniometer equipped with DropImageCA software. Reported values are the average of at 

least three droplets, each of which was measured three times, placed in different regions of the 

same surface. X-ray photoelectron spectroscopy (XPS) was carried out in an ultrahigh-vacuum 

system (Kratos Axis Ultra DLD) with a base pressure of 5×10−9 Torr, a monochromatic Al Kα 

source, and a hemispherical analyzer. Survey (1.0 eV resolution) and high-resolution (0.1 eV 

resolution) spectra were collected at a 0° takeoff angle from surface normal. Each high-

resolution spectrum was Shirley background corrected and referenced to the C 1s peak (284.6 

eV). The C1s peaks were fit with Voigt functions (70% Gaussian, 30% Lorentzian). When 

calculating oxidized sulfur percentages, the S 2p peaks were also fit with Voigt functions. All XP 

spectra were analyzed with Kratos Vision 2.0 software. Elemental ratios were determined with 

the following relative sensitivity factors: 0.278 for C 1 s, 0.780 for O 1s, 0.477 for N 1s, 0.891 

for Cl 2p, 0.668 for S 2p, and1.000 for F 1s. Figures S1 and S2 contain representative XP spectra 

of a methyl-aC and a vinyl-aC films.  
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Ultraviolet photoelectron spectroscopy (UPS) was carried out in the Kratos Axis Ultra DLD 

instrument with a He I (21.2 eV) source. Survey (25 meV) and high-resolution (10 meV) spectra 

were collected at a 0o takeoff angle from surface normal with a –10 V applied bias. Work 

functions and valence band onsets were determined with the Origin software package (OriginLab 

Corporation). Figure S3 contains representative UP spectra of the H-aC, Cl-aC, methyl-aC, and 

vinyl-aC films.  

 

2.5 Statistical analysis.  

All reported values are the average and standard deviation of at least three surfaces, unless 

otherwise noted. A two-tailed t-test was used to compare datasets. Datasets were considered 

significant for p-values < 0.05. An F-test was used to assess the variance between datasets, which 

were assumed unequal for p-values < 0.05.  

 

3. Results and Discussion 

3.1 Surface preparation, characterization, and stability.  

Methyl- and vinyl-terminated aC films were prepared with the two-step process outlined in 

Scheme 1A. Each film was chlorinated to promote the attachment of a nucleophilic carbanion, a 

strategy employed to modify the surface of other group IV semiconductors.16-20 Sulfur-centered 

nucleophiles displace these surface-bound chlorine atoms in an SN2-like fashion.21 XPS 

measurements were used to track reactions on the aC films as well as quantify their atomic 

composition. Changes in surface chemistry were confirmed with static contact angle 

measurements. 
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Directly quantifying the attachment of vinyl or methyl groups to the aC films is challenging 

with XPS as neither functional group provides a unique signature in the survey or the C1s high-

resolution spectra. To estimate reaction progress, we compared the chlorine coverage before and 

after exposure to the Grignard reagent (Table 1). We utilized a monolayer calculation previously 

described.22 The aC films contained 0.44 ± 0.1 monolayers of chlorine atoms prior to reaction 

with the Grignard. Vinyl groups were able to replace 40 ± 4% of the surface-bound chlorine 

atoms; methyl groups were able to replace 35 ± 5%. These values account for non-specific 

chlorine loss (39.5%), which was determined by incubating Cl-aC films under similar reaction 

conditions but in the absence of the Grignard reagent (i.e., 8 h, 80 oC, anhydrous THF). Previous 

work by Lewis and colleagues found that silicon (111) surfaces could support a full monolayer 

of methyl groups.18 The incomplete formation of a chlorine monolayer, and limited replacement 

of the surface-bound chlorine atoms with methyl or vinyl groups can be attributed to steric 

limitations arising from a surface structure or topography that is less uniform than freshly etched 

silicon.  

There were slight changes in the oxygen-to-carbon (∆O/C) ratios of the aC films after the 

Grignard reactions (Table 1). Our previous results showed chlorination and nucleophilic 

substitution reactions did not increase surface roughness,14 allowing us to attribute changes in 

static contact angle to changes in surface chemistry. The aC films became more hydrophilic after 

alkylation. The static contact angle of the chlorinated films (86 ± 2o) decreased to 67 ± 2o upon 

methyl termination and to 75 ± 4o upon vinyl termination.  

Once prepared, the vinyl-aC films were chemically stable and did not undergo oxidation 

(∆O/C = ±0.01, Table S1) in the following conditions: 72 h storage under an inert atmosphere, 

24 h in an aqueous solution of 100 mM HNO3, 24 h in an acetonitrile solution of 100 mM 
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tetrabutylammonium perchlorate, or submerged in benzene and illuminated with 365 nm photons 

for 2h. We chose these conditions as they are commonly encountered during functionalization or 

usage. 

 

3.2 Thiol-ene reaction selectivity on aC films depends on photon flux.  

To determine the selectivity of the thiol-ene reaction (Scheme 1B) we illuminated aC films 

with different surface chemistries with 365 nm photons for 1 h in the presence of a 1M 4-FBM 

benzene solution (Scheme 1C). Reaction progress was tracked with XPS measurements, and the 

S/C ratio used to compare the number of 4-FBM molecules attached to each surface. The 

benzene solution did not contain a radical initiator, as we and others have shown it is not 

necessary for surface-based thiol-ene reactions.14, 23  

Initial experiments were promising, with 4-FBM molecules attaching to the vinyl-aC films 

when illuminated at 200 mW. The selectivity of the reaction (1.20) was limited, as a significant 

number of 4-FBM molecules also attached to the methyl-aC and H-aC films. We defined 

selectivity as: 

.

 

Directly comparing our results to previous reports of thiol-ene modified surfaces is difficult for 

the following reasons. First, experimental conditions that could affect the rate of reaction (e.g., 

solvent, the structure and concentration of the thiol-containing molecule in solution, the distance 

of the vinyl group from the surface) vary widely. Second, many studies do not specify the photon 

energy or flux used. Two studies noted a lamp output that was above and below that used in our 

study, 6W and 5.2 mW.7, 9 Third, selectivity comparisons are not possible as many studies fail to 
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incorporate surface chemistry controls such as unmodified surfaces or those containing terminal 

functional groups that are not a vinyl.  

To determine if lamp power was responsible for the unwanted attachment of 4-FBM 

molecules to the control aC films, we repeated the above experiment but reduced the lamp output 

to 20 mW. The 10-fold decrease in photon flux significantly decreased the number of molecules 

that attached to both the methyl- and vinyl-aC films. It also improved the reaction selectivity to 

3.30. Figure 1A summarizes the attachment results for both lamp outputs.  

Similar numbers of 4-FBM molecules attached to the H-aC films at both lamp powers (Table 

S2), suggesting they were non-specifically adsorbing to the surface. We performed two 

experiments, which confirmed the 4-FBM molecules were covalently attached to the aC films. 

First, we established that UV illumination was necessary for attachment as there was no 

detectable S 2p or F 1s signal in XPS survey or high-resolution spectra when H-aC and vinyl-aC 

films were exposed to a 1M 4-FBM solution for 1 hour in the dark. These results also confirmed 

that the procedures used to rinse the surfaces were stringent enough to remove any non-

specifically adsorbed molecules.  Second, we established that the thiol functional group was 

necessary for attachment as neither H-aC nor vinyl-aC films contained a detectable F 1s signal in 

XPS survey or high-resolution spectra when illuminated in the presence of a 1M 4-FT (Scheme 

1C) solution.  

To better understand our results, we investigated the following variables that could promote 

or mediate the unwanted attachment of 4-FBM molecules to the H-aC and methyl-aC films: 1) 

oxygen-containing radicals, 2) the presence of other radical species, and 3) the electronics of the 

modified films.  
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3.3 The attachment of 4-fluorobenzyl mercaptan molecules to the aC films is not mediated 
by oxygen-containing radicals.  

Thiol-ene reactions carried out in solution are relatively insensitive to the presence of oxygen 

or water. A combination of results confirm that the surface-based thiol-ene reactions also do not 

require specialized conditions, are not promoted or hindered by the presence of water or oxygen, 

and are not being mediated by the formation of oxygen-centered radicals. First, a comparison of 

the S/C ratio and the ∆O/C ratio (Figures S4–S6) showed no obvious correlation between 4-FBM 

molecule attachment and surface oxidation on either the methyl-aC or the vinyl-aC films. 

Second, cysteamine molecules in an aqueous solution to readily attach to the vinyl-aC films 

without an increase in surface oxidation (∆O/C = 0.00 ± 0.01 for n = 3 replicates). Third, thiol-

ene reaction yields on H-aC and vinyl-aC films performed at both 20 mW and 200 mW are not 

affected by the addition of butylated hydroxytoluene (BHT), a known radical scavenger (Table 

S3).  

 

3.4 Attachment of 4-fluorobenzyl mercaptan molecules is likely initiated by thiyl radical 
formation.  

The average F/S ratio of aC films modified with 4-FBM molecules was less than 1.0, with 

the exception of the methyl-aC films at 20 mW (Table S2). The F/S ratio of a SAM of 4-FBM 

molecules on a gold substrate was 1.4, suggesting the UV light was causing the molecules to 

decompose on the aC films. We chose thiophenol SAMs as a point of comparison because they 

are well studied in the literature,24-26 could account for any signal attenuation arising from 

molecular orientation on the surface, and are prepared without illumination.  

To explain these reduced F/S ratios, we considered the homolysis of the fluorine-carbonphenyl 

bond upon irradiation. This mechanism is unlikely, as the bond dissociation energy (485 

kJ/mole) is much higher than the energy of photons used to promote the thiol-ene reaction. Two 
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alternative and much more plausible mechanisms of fluorine loss are 1) the reductive 

dehalogenation of the fluorobenzene or 2) the oxidation of surface-bound thioether linkages. 

Both of these mechanisms suggest the formation of a thiyl radical precedes surface attachment 

and are supported by the attachment of cysteamine to vinyl-aC films. When illuminated for 1 h at 

20 mW, the S/C ratios of vinyl-aC films modified with either 4-FBM or cysteamine molecules 

are statistically indistinguishable: 0.0032 ± 0.001 and 0.0028 ± 0.001, respectively. A 

comparison of the X/C ratios, where X = F or N, also support the on-surface degradation of the 

4-FBM molecules, with a F/C ratio of 0.0023 ± 0.001, and an N/C ratio of 0.0068 ± 0.0003. 

These data are summarized in Figure 1B. 

The reductive dehalogenation of fluorobenzene, which results in the loss of a fluoride ion 

through a nucleophilic substitution, has been achieved chemically and with electroreduction.27-28 

Under electroreductive conditions, fluorine loss occurs at –2.7 V vs. SCE.27 While it is 

experimentally difficult to determine if reductive dehalogenation of the fluorobenzene was 

occurring, we were able to track the time-dependent oxidation of sulfur atoms on 4-FBM 

modified aC films. The average F/S ratios reported for the vinyl-aC films (Fig. 1, Table S2) 

represent films that were not stored under inert conditions prior to analysis. To determine if 

oxidation under ambient conditions was causing fluorine loss, we compared the same vinyl-aC 

films after surface modification and then again after 48h of storage. After 4-FBM attachment, 

100% of the sulfur atoms were in the reduced form, and the F/S ratio (1.42) matched the ratio 

obtained on gold SAMs. After a 48 h exposure to ambient conditions, 55% of the sulfur atoms 

were oxidized, and the F/C ratio decreased by 17% (Table S3). While it is difficult to conclude 

the exact mechanism of 4-FBM degradation on the aC films, the loss of fluorine under ambient 

conditions does support an oxidation-induced mechanism. Figure S7 further supports this 
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mechanism of degradation, as an increased percentage of oxidized sulfur on H-aC and methyl-aC 

films correlates with decreased F/C ratios. 

We also considered the potential of alternative sources of thiyl radical formation that could 

lead to the non-selective attachment to the methyl-aC and H-aC films. One possible source is the 

residual surface-bound chlorine atoms. Previous studies have shown that C–Cl bonds prefer a 

radical-based cleavage upon exposure to UV light.29-30 We hypothesized these chlorine radicals 

would abstract a hydrogen from the 4-FBM molecules to form a thiyl radical, promoting their 

attachment to the surface. A plot comparing 4-FBM attachment (S/C ratio) and the loss of 

chlorine during illumination show there is no correlation between these two variables (Figures 

S4 – S5). These results indicate that chlorine radicals are not the predominant reaction pathway. 

 

3.5 Methyl- or vinyl-termination does not alter the electronic properties of the amorphous 
carbon films.  

Modifying the surface chemistry of carbon materials can alter their electronic structure, 

promoting unwanted reactions through photo-ejected electrons. Such strategies have been 

utilized previously to promote the attachment of alkene-containing molecules directly onto the 

surface of carbon nanofibers, diamond, and aC substrates.31-34 To determine if installing different 

functional groups on the surface of the aC films altered its electronic structure, we measured the 

valence band onset and work function of H-, Cl-, methyl-, and vinyl-aC films (Figure 2). The 

valence onset of each film was 0.6 eV below the Fermi level and was unaffected by surface 

chemistry. Previous studies have reported similar onset values for H- and O-terminated aC 

films.32 Chlorination increased the work function by 0.4 eV, and can be attributed to an 

interfacial dipole pointed away from the surface.35-36 The work function of the methyl- and vinyl-

aC films is indistinguishable from the H-aC film, and likely is due to the lack of dipole moment 
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resulting from carbon-carbon bond formation. The similarity between the work functions of H-, 

methyl-, and vinyl-aC films suggests that the surfaces were not catalyzing unwanted reactions 

with photo-ejected electrons, as photons with energies greater than 4.4 eV (< 282 nm) are 

required.  

 

3.6 Vinyl-aC films favor greater coverages and faster kinetics than thiol-aC films when 
performing thiol-ene click reactions.  

Using identical reaction conditions we compared the rate of attachment of 4-FBM molecules 

to vinyl-terminated films and 4-FS molecules to thiol-terminated films. To more easily compare 

these reactions, we plotted the percentage of total surface-bound functional groups that 

underwent a thiol-ene reaction as a function of total energy emitted by the lamp (Figure 3). The 

details of the reaction completion calculation are presented in Appendix C.  

Figure 3A shows that the number of molecules attached to the surface increases with 

increasing illumination energy for both thiol-ene reactions, although the maximal coverage was 

highly dependent on surface chemistry. The energy needed to achieve these coverages was also 

surface chemistry dependent with the thiol-aC films requiring ~4.6-fold more photons (324 J) 

than the vinyl-aC films (70 J). Attachment of the 4-FS molecules to the thiol-aC films was also 

dependent on lamp intensity, as an intensity of 20 mW was below the threshold needed for the 

reaction. The importance of photon flux is further illustrated by the absence of 4-FS molecules 

on the thiol-aC films after 150 J of 20 mW light but a significant number of 4-FS molecules after 

100 J of 90 mW light (Figure 3B). These results suggest that the thiol-ene reaction is relatively 

inefficient due to the presence of relatively fast and deactivating side reactions, which become 

apparent at low concentrations of thiyl radicals.  
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For both surface chemistries, prolonged illumination decreased surface coverage (Figure 3A) 

and increased the percentage of oxidized sulfurs on the surface (Figure S8). These findings 

further support the notion that the molecules are degrading upon prolonged exposure to UV light. 

Our results suggest that the most efficient means of introducing a large number of molecules 

onto the surface with the thiol-ene click reaction is to prepare films with a terminal vinyl group. 

They also suggest that the resulting thioether linkage is prone to oxidation and must be stored 

under an inert atmosphere or used immediately upon modification.  

 

3.7 Possible mechanisms responsible for non-specific attachment.  

Given that none of the variables we investigated (oxygen-containing radicals, carbon-

halogen photocleavage, and electronics of the films) were responsible for the unwanted 

attachment of the 4-FBM molecules to the aC films, we considered two surface-centric 

mechanisms of attachment. Both of these mechanisms require the formation of thiyl radicals, 

which our results support. First, a concerted reaction between two thiyl radicals in which one 

abstracts an electron (or possibly a hydrogen) from the surface, generating a surface-bound 

radical that in turn reacts with the second thiyl radical in solution. Second, and perhaps more 

likely mechanism, is the direct addition of the thiyl radical across unsaturated carbon-carbon 

bonds at the film’s surface. Ternary diagrams of carbon materials show that magnetron sputtered 

films contain a high percentage of sp2-hybridized carbons.37-38 Future investigations of surface 

composition are needed to determine if the non-specific attachment is limited to materials rich in 

sp2-hybridized carbons, or if our observations are a more universal problem with reactions that 

rely on the generation of thiyl-centered radicals. 
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4. Conclusions 

This work demonstrates that surface chemistry can impart significantly different properties 

and reaction outcomes on the same material. By replacing surface-bound chlorines with vinyl 

groups, we were able to generate a thiol-ene compatible surface that is chemically inert under a 

variety of reaction conditions. This stability is much improved over our previous approach of 

installing terminal thiol groups onto the surface. The thiol-ene reactions on vinyl-aC films also 

proceeded more quickly and had greater overall coverage than their thiol-aC counterparts.  

Our work also highlights the importance of including proper controls when developing and 

characterizing new strategies for modifying materials. By comparing thiol-ene reactions on aC 

films with different terminal functional groups, we found that illuminating solutions of thiol-

containing molecules led to their non-selective attachment to both H-aC and methyl-aC films. 

Interestingly, this selectivity could be tuned by changing the power output of the UV LED 

source. Increased selectivity of the thiol-ene reaction on aC films comes with a significant trade-

off, a decreased rate of attachment. The non-selective addition we observed may not be endemic 

to all thiol-ene reactions on surfaces, but rather an unfortunate effect of using a material with a 

high percent of sp2–hybridized carbons. Further studies on carbon and non-carbon surfaces are 

needed to fully characterize reaction selectivity, and it should be noted that such studies are only 

possible with an UV source that has a tunable power output.  

  



 

70 

5. Figures and Tables 

Scheme 3.1. Reactions and molecules used in this work. (A) Reaction to prepare the vinyl-aC 

and methyl-aC films. (B) The UV-initiated thiol-ene click reaction. (C) Molecules used in this 

work.  
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Table 3.1. Quantitative characterization of vinyl-aC and methyl-aC films.  

 ΔO/Ca O/C ratio % Cl monolayersb 
replaced 

Static contact anglec 

vinyl-aC 0.02 ± 0.02 0.10 ± 0.01d 40 ± 4d 75 ± 4 

methyl-aC 0.01 ± 0.02 0.10± 0.02e 35 ± 5e 67 ± 2 

 

a ∆O/C ratio were calculated from the corresponding Cl-aC film.  

b Monolayer calculations have been previously detailed.14  

c Value is the average of three different spots on three different films. Each droplet was measured three times.  

d Value is the average of 29 different films. 

e Value is the average of 10 different films.  
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Figure 3.1. XPS results for thiol-ene click experiments. (A) Sulfur-to-carbon (S/C) ratios for 

methyl-aC and vinyl-aC films illuminated with 365 nm photons in the presence of a 1 M 4-FBM 

benzene solution for 1 hour at either 20 or 200 mW. (B) S/C ratios, fluorine-to-carbon (F/C), or 

nitrogen-to-carbon (N/C) ratios for vinyl-aC films illuminated for 1 h with 20 mW in the 

presence of either a 1 M 4-FBM benzene solution or a 1 M cysteamine hydrochloride aqueous 

solution. Each bar represents the average and standard deviation of at least n = 3 surfaces. 

*p<0.05  
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Figure 3.2. Energy diagrams for H-aC, Cl-aC, vinyl-aC, and methyl-aC films. The 

corresponding UPS spectra for each surface can be found in Figure S3. 
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Figure 3.3. Reaction completion percentage as a function of total illumination energy for (A) 

vinyl-aC films reacted with a 1M 4-FBM solution at 20 mW (red circles) and thiol-aC films 

reacted with a 1M 4-FS solution at 90 mW (black squares), and (B) thiol-aC films reacted with a 

1M 4-FS solution molecules at a lamp power of either 20 mW (blue triangles) or 90 mW (black 

squares). Table S6 contains the F/C and S/C ratios of each surface as a function of illumination 

time. 
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CHAPTER 4- AZIDE-ALKYNE CLICK REACTIONS TO PREPARE CHEMICALLY 
MODIFIED AMORPHOUS CARBON ELECTRODES3 

1. Introduction 

In dye-sensitized solar and photoelectrosynthesis cells, molecular assemblies of both 

chromophores and catalysts are attached to the surface of a semiconductor. A prototypical 

example of such an architecture is the immobilization of ruthenium polypyridyl complexes onto 

the surface of an indium tin oxide film or nanoparticle.1, 2 The long-term stability of these 

devices is dictated by the chromophores, the semiconductor surface, and the chemistry that links 

these two moieties. While metal oxide films have ideal optical and electronic properties to 

support light-driven reactions,3 there are a limited number of chemistries to modify their surface 

stably. Alkylphosphonates, which form well-ordered monolayers on metal oxide surfaces,[4] are 

prone to hydrolysis in basic solutions and decompose under the high, positive potentials required 

for water oxidation. An alternative strategy, based on the work of Dichtel,5, 6 used π-π 

interactions to physisorb pyrene-appended molecules to pyrene-modified indium tin oxide (ITO) 

films.7 The long-term stability of these modified ITO surfaces is yet to be determined.  

To best retain the surface-bound molecular assemblies that maintain the function of light-

driven devices, alternative materials and linking chemistries are needed. Carbon-based materials 

are a promising alternative, offering tunable conductivities, wide electrochemical windows, and 

chemically stable surfaces that are not prone to oxidation in aqueous or organic solutions.8-10 

Magnetron sputtered amorphous carbon (aC) films offer additional advantages, making them 
                                                      
3 This article previously appeared as an article in Applied Surface Science. The original citation is as follows: Fehr, 
J. M.; McKenas, C. G.; Liu, B.; Lockett, M. R. Azide-Alkyne Click Reactions to Prepare Chemically Modified 
Amorphous Carbon Electrodes. Appl. Surf. Sci. https://doi.org/10.1016/j.apsusc.2019.02.151 
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particularly well suited for these applications.11-13 First, the films can be deposited at room 

temperature and have high adhesion, a combination that allows them to interface with a variety 

of materials, including electronic components. Second, the films are optically transparent across 

the visible and ultraviolet range for thicknesses of less than 100 nm. Finally, the films are 

graphitic in nature and thus serve as a model system to evaluate the stability and performance of 

chemically modified carbon nanomaterials.  

Two well-established chemistries for modifying the surface of carbonaceous materials are the 

chemical reduction of aryldiazonium molecules and the photo-initiated attachment of alkene-

containing molecules.13-15 While both reactions result in a carbon-carbon bond with the surface, 

they are both limited by a propensity to form ill-defined multilayered structures.15-17 We are 

developing a suite of chemistries in which nucleophilic species covalently attach to the aC film, 

displacing surface-bound chlorine atoms in an SN2-like fashion. We recently used this approach 

to generate thiol-ene compatible surfaces, installing terminal thiol or vinyl groups.18, 19 Despite 

our ability to rapidly pattern these surfaces with 365 nm photons, both surface chemistries were 

limited. The surface-bound thiol groups readily oxidized under atmospheric conditions, reducing 

the number of available groups that could participate in the thiol-ene reaction.19 The attachment 

of thiol-containing molecules to vinyl-terminated aC films was successful but not selective, as 

the molecules also attached to control films containing terminal methyl groups.18  

The copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction could append molecules 

onto the surface of aC films selectively.20 The stability of the resulting surface linkage—a 1,2,3-

triazole ring—is particularly attractive for dye-sensitized devices as it is not prone to hydrolysis, 

oxidation, or reduction.21 The CuAAC reaction has been used to modify the surface of a number 
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of materials, including carbonaceous substrates, films, and nanomaterials.10, 22-28 None of these 

examples have utilized the two-step approach we describe here to install a terminal azide group.  

In this work, we characterize the chemical composition of aC films after each modification 

step shown in Scheme 1. We clearly show that azide molecules can replace surface-bound 

chlorine atoms, expanding the utility of the two-step modification approach we are developing 

for carbon materials. We also show that ethynyl ferrocene molecules selectively and covalently 

attach to the azide-terminated films, allowing us to generate chemically modified electrodes. 

 

2. Materials and Methods 

2.1 Reagents and Materials 

All reagents were used as received unless otherwise specified. Anhydrous acetonitrile, 

anhydrous benzene, benzoyl peroxide, copper sulfate pentahydrate, 15-crown-5, anhydrous N,N-

dimethyl formamide (DMF), ethynyl ferrocene, ferrocene, methanol, phosphorus pentachloride 

(PCl5), sodium ascorbate, and sodium azide were purchased from Sigma-Aldrich. Ethanol, 

hydrogen peroxide (30%), conc. hydrochloric acid, and conc. sulfuric acid were purchased from 

Fisher Scientific. Tetrabutylammonium hexafluorophosphate (TBAPF, Oakwood Chemical, 

98%) was recrystallized from ethanol and dried in vacuo before usage. Reverse osmosis purified 

water (RO water, 18 MΩ) was used in all experiments. 

 

2.2 Amorphous carbon film deposition and functionalization 

Amorphous carbon films (25 nm) were magnetron sputtered onto either silicon (100) or 

fluorine-doped tin oxide-coated glass substrates (FTO, 15 Ω/sq., Hartford Glass) from a graphite 

target, as previously detailed.19 Prior to deposition, the FTO substrates were sonicated for 15-min 
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intervals in ethanol and 1M HCl in ethanol; the silicon and quartz substrates were immersed in 

piranha solution (3:1, 96.3% H2SO4: 30% H2O2) at 160 oC for 20 min and then thoroughly rinsed 

with RO water. Caution: piranha solution can react violently with organic materials.  

Azide-terminated aC films were prepared using the process outlined in Scheme 1. First, films 

were hydrogen terminated in a 13.56 MHz inductively coupled hydrogen plasma (Diener 

Electronic) for 10 min. Second, films were reacted at 80 oC for 15 min in a nitrogen-purged 

benzene solution containing 80 mM PCl5 and 7 mM benzoyl peroxide. Finally, films were 

reacted at room temperature for 24 h in a nitrogen-purged DMF solution containing 50 mM 

sodium azide. After each step, the films were rinsed three times with ethanol, dried under a 

stream of nitrogen, and stored under vacuum until needed. CuAAC reactions were carried out at 

room temperature in a nitrogen-purged ethanol:water solution (1:2, v/v) containing 100 µM 

copper sulfate, 150 µM sodium ascorbate, and 2 mM ethynyl ferrocene for up to 96 hours. The 

ferrocene-terminated films were sonicated for 5-minute intervals in water and ethanol, dried 

under a stream of nitrogen, and stored under vacuum until needed. 

 

2.3 Surface characterization 

X-ray photoelectron (XP) spectroscopy was carried out in an ultrahigh-vacuum system 

(Kratos Axis Ultra DLD) with a base pressure of 5×10-9 Torr, a monochromatic Al Kα source, 

and a hemispherical analyzer. Survey (1.0 eV resolution) and high-resolution (0.1 eV resolution) 

spectra were collected at a 0° takeoff angle from surface normal. Each high-resolution spectrum 

was Shirley background corrected, referenced to the C 1s peak (284.6 eV), which was fit with 

Voigt functions (70% Gaussian, 30% Lorentzian). Nitrogen 1s peaks were also fit with Voigt 

functions for some analyses. Elemental ratios were determined with the following relative 
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sensitivity factors: 0.278 for C 1s, 0.780 for O 1s, 0.477 for N 1s, 0.891 for Cl 2p, and 2.957 for 

Fe 2p electrons. 

All electrochemical measurements were performed in an N2-filled glovebox equipped with a 

WaveDriver bipotentiostat (Pine) and a conventional three-electrode system. The working 

electrode (0.11 cm2) was an aC film deposited on an FTO substrate. The auxiliary electrode was 

a polished 3-mm glassy carbon disk electrode. The pseudo-reference electrode was a silver wire 

submerged in 0.25 M TBAPF in acetonitrile. Residual ohmic drop in each CV measurement was 

compensated using an approach developed for the WaveDriver. All scans were referenced to a 

ferrocenium/ferrocene redox couple at 0 V. 

 

3. Results 

3.1 Characterization of the aC Films 

We quantified the atomic composition of aC films after each chemical modification with 

XPS. Table 1 summarizes these values as well as the oxygen-to-carbon ratios, which show that 

each reaction did not cause unwanted surface oxidation. Survey and high-resolution XP spectra 

confirmed the unmodified films were largely carbon (90.73 at. %) with small amounts of 

nitrogen (0.51 at. %) and oxygen (8.76 at. %). The representative high-resolution C 1s spectrum 

of an unmodified aC film on an FTO substrate shown in Figure 1A was fit with four 

components, which can be attributed to C=O (287.6 eV), C–O/C-N (286.2 eV), and C–C (285.1 

and 284.6 eV) bonded species. Others have also noted the presence of oxygen in magnetron 

sputtered aC films.29, 30 We attribute the oxygen to unwanted oxidation reactions caused by 

residual oxygen in the chamber at the time of deposition or from the oxidation of the graphite 

target prior to deposition. 
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We determined the surface of the unmodified films was largely sp3 in nature using XPS. The 

ratio of the integrated areas of the sp3– (284.6 eV) and sp2–hybridized (285.1 eV) carbon 

components of the high-resolution C 1s XP spectrum was 2.65. The average optical bandgap of 

four independently prepared 25 nm aC films was 0.68 ± 0.1 eV, suggesting the bulk material was 

largely sp2 in nature. This value was determined from the Tauc plot shown in Figure S6,31 is 

similar to previously reported sputtered carbon films,12 and much smaller than the bandgap of 

diamond (5.5 eV).  

We also measured the heterogeneous electron-transfer rate constant of the unmodified films 

in a 1 mM solution of ferrocene in acetonitrile containing 0.25 M TBAPF. Figure 1B is a 

representative series of cyclic voltammograms with scan rates ranging from 0.025 to 50 V/sec. 

We determined a rate constant of 0.038 cm/s from these cyclic voltammograms with a Trumpet 

plot analysis (Figure 1C) initially described by Nicholson.32  

 

3.2 Preparation, Characterization, and Reactivity of Azide-Terminated aC Films 

To maximize the replacement of surface-bound chlorine atoms with azide groups, we 

investigated a number of reaction conditions, including sodium azide concentration, reaction 

time, reaction temperature, and the presence of a chelating agent. To evaluate the efficiency of 

each reaction, we relied on the high-resolution N 1s spectrum of each surface. Table 2 

summarizes the total atomic nitrogen incorporated onto the surface, the presence of the azide 

group, and the percentage of chlorine atoms that were lost and replaced by an azide group for a 

select number of reaction conditions; the SI contains a comprehensive list. The characteristic 

peak at 404.4 eV identified the presence of a surface-bound azide group.33 A detailed explanation 

of the chlorine replacement percentage calculation is provided in Appendix E.  
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The highest azide incorporation onto the aC films was in a polar aprotic solvent, further 

supporting the SN2-like mechanism proposed previously.34 We also found that increases in 

reaction time and temperature increased the percentage of chlorine replacement, while the 

addition of a chelating agent had no significant effect. The reaction conditions that yielded the 

largest incorporation of azide groups on the surface, without surface oxidation, were 50 mM 

sodium azide in DMF at room temperature for 24 h. These reaction conditions were used for the 

remainder of this work.  

We attached ethynyl ferrocene to azide-terminated aC films with the CuAAC reaction 

conditions developed by Das et al. to functionalize boron-doped diamond electrodes.10 To assess 

the success of the reaction, we compared high-resolution N 1s spectra before and after the click 

reaction (Figure 2A). Before the reaction, the N 1s spectrum was fit with three components, 

which correspond to the middle nitrogen of the azide group (404.4 eV); the degradation product 

of the azide group (399.3), which occurs upon exposure to X-rays;35 and the other nitrogen atoms 

in the azide group species (400.7 eV). After the reaction, the disappearance of the peak at 404.4 

eV confirmed the formation of the triazole ring. The peak at 400.7 eV remained, indicating the 

ethynyl ferrocene was covalently attached to the surface. There also was a prominent doublet at 

721.2 and 708.0 eV after the click reaction (Figure 2B). These peaks correspond to the 2p3/2 and 

2p1/2 electrons of the iron (II) species in the ferrocene molecules.  

To determine if the CuAAC reaction was selective, we also attempted to attach ethynyl 

ferrocene to two control films: hydrogen-terminated aC films that underwent no chemical 

manipulation and chlorine-terminated aC films to ensure chemical modification did not 

inadvertently make the surface more reactive to alkyne-containing molecules. Neither of these 

films contained a detectable iron signal in the survey or Fe 2p high-resolution XP spectra 
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(Figure 2B). Representative survey and high-resolution XP spectra for the azide-aC surfaces 

before and after the click reaction are included in the SI.  

 

3.3 Electrochemical Characterization of Ferrocene-modified aC Films 

To characterize the electrochemical performance of the ferrocene-modified aC films, we 

measured a series of cyclic voltammograms in acetonitrile containing 0.25 M TBAPF with scan 

rates ranging from 50 – 500 mV/sec (Figure 3A). The linear relationship between peak current 

and scan rate (Figure 3B) supported our XPS data and confirmed the ferrocene molecules were 

surface bound.36 Surface coverage was calculated with Equation 1, where:  

      Eqn. 1 

Γ is surface coverage, Q is charge, n is the number of electrons, F is Faraday’s constant, and A is 

area of the electrode. The calculated coverage was 1.40×1013 molecules/cm2 at 0.5 V/s. The Eo 

value for ferrocene (0.62 V) was cathodically shifted compared to previously reported values for 

modified carbon materials and the ΔEp of each scan was larger than 0.17 V. Table 3 summarizes 

our data as well as values collected by others where ferrocene was attached to carbon-based 

materials with the CuAAC reaction.  

We note a second oxidative peak was present for a 10 mV/s scan rate (Figure S7). We 

hypothesize this peak is due to residual copper on the azide film, perhaps an intermediate of the 

CuAAC reaction. A high-resolution Cu 2p spectrum of the film confirmed a small amount of 

copper on the film.  
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4. Discussion  

4.1 New Strategies for Generating CuAAC-compatible Surface Chemistries 

Surface chemistries that can reproducibly install monolayers onto the surface of 

carbonaceous materials would provide an alternative and stable interface for fabricating light-

driven devices. The installation of functional groups that are compatible with click chemistries is 

particularly compelling, as a single surface can be modified with a diverse set of molecules or 

functional groups. A number of chemical strategies for preparing CuAAC-compatible 

carbonaceous materials have been described, including: the attachment of aryldiazonium groups 

with terminal alkynes,37, 38 the mesylate-assisted SN2 replacement of primary alcohol with an 

azide,27 the carbodiimide coupling of 4-azidobenzoic acid onto surface alcohols,10 and gas-phase 

and wet-chemical Hassner-like reactions where IN3 molecules install terminal azide groups 

directly onto the surface of glassy carbon and graphite.22, 25  

Here, we attached azide groups onto the surface of aC films using a two-step reaction 

scheme. This approach, which replaces surface-bound chlorine atoms with nucleophilic species, 

has been used to covalently modify the surface of carbon, silicon, and germanium substrates.18, 19, 

39-41 For this particular reaction, we found the efficiency of this substitution reaction was greatly 

influenced by the solvent system, with the polar aprotic solvent DMF yielding the highest 

number of azide groups on the surface. Cao et al. also found that polar aprotic solvents were well 

suited for installing azides onto chlorine-terminated silicon surfaces.42 In a separate study, Lange 

et al. showed aqueous solutions containing a chelating agent resulted in the greatest replacement 

of silicon nitride-bound amine groups with azides.43 We were unable to detect azides on the aC 

films for reactions that used water as a solvent or included a chelator, 15-crown-5. 
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The successful attachment of ethynyl ferrocene to the azide-terminated films demonstrates 

the utility of this modification strategy and has superior stability and selectivity over our 

previous attempts at generating an aC surface that was compatible with thiol-ene reactions.  

 

4.2 Amorphous Carbon Films as Modified Electrodes 

There are a large number of studies that utilize carbon-based materials as electrodes, 

including aC films.15, 44 The behavior of these electrodes is dictated by their surface properties as 

well as their bulk conductivity.15 For aC films, these properties are tuned by altering the ratio of 

sp2– and sp3–hybridized carbons in the material.11, 12 For magnetron sputtered films prepared in a 

non-reducing environment, aC films contain a large percentage of sp2-hybridized carbons. 

Coskun et al. previously showed that the sp3–to–sp2 ratios obtained from fitting the C1s high-

resolution XP spectrum correlated with sp2–character estimates obtained from the optical 

bandgap.11 Our XPS measurements suggest the films are largely sp2 in nature as well as the 

optical bandgap measurements. Recently, Zemek et al. showed that the sp3-to-sp2 ratio of the 

surface (top 1 nm) of diamond-carbon was significantly different than bulk with angle-resolved 

XP measurements.45 The heterogeneous electron transfer rate for ferrocene on the unmodified aC 

films (0.038 cm/s) further supports the graphitic composition of the surface as it more closely 

matches previously reported values of ferrocene in acetonitrile obtained with a glassy carbon 

electrode (2.3×10-4 cm/s) than with a boron-doped diamond electrode (5.8×10-2 cm/s).46, 47   

To determine the utility of our method of preparing chemically modified electrodes, we 

compared the coverage and performance of our aC films with other carbon electrodes to which 

ferrocene was attached. Table 3 summarizes these values. Despite differences in attachment 

chemistry, the calculated coverage for our aC films (1.40×1013 molecules/cm2) is comparable to 
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modified graphene, carbon nanofibers, and glassy carbon substrates. Boron-doped diamond films 

had significantly higher densities of ferrocene, with 1.6×1014 and 3.46×1014 molecules/cm2. Our 

results can be rationalized by the structure of the surface of aC films, which lack the crystalline 

structure of boron-doped diamond and more like graphitic carbon materials with regions of the 

highest reactivity toward chemical modification associated with edge planes. 

The cyclic voltammograms of the ferrocene-modified films had significant peak-to-peak 

separation (ΔEp = 0.19 V for a 100 mV/sec scan rate) compared to the ΔEp = 0 mV, commonly 

accepted for idealized surface-bound species that are reversible.48 Das et al. also reported a large 

ΔEp value for boron-doped diamond electrodes, to which ethynyl ferrocene was attached to 

surface-bound 4-azidobenzoic acid molecules.10 While this study attributed the large ΔEp value 

to the semiconducting nature of their substrate, we attribute this large separation to two surface-

centric possibilities: 1) the influence of neighboring ferrocene groups whose repulsive forces 

affect the ease of oxidation,36 or 2) the proximity of the electroactive species and the electrode 

surface allowing for the possibility of the electric field of the double layer to affect electron 

transfer kinetics. Previous studies using “molecular rulers”—ferrocene-terminated alkylthiol 

self-assembled monolayers on gold substrates—showed that increasing the distance between the 

ferrocene and the initiation of the double layer influenced the electron transfer rate. This study 

was only able to probe 0.25 nm above a diluent monolayer making it difficult to discern the 

influence of the double layer’s electric field on electron transfer kinetics.49 Further studies are 

needed to investigate the double layer’s potential field influence on the electron transfer of 

immobilized species near the electrode surface.   
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5. Conclusions 

This work is the first of which we are aware that prepares, characterizes, and modifies azide-

terminated aC films with a copper-catalyzed azide-alkyne cycloaddition reaction. Unlike the 

thiol-ene compatible aC films we reported previously, the azide-alkyne click reactions are 

selective with no unwanted attachment to control films that do not contain terminal azide groups. 

The number of ferrocene groups covalently attached to the surface is comparable to other 

graphitic carbon materials. The results presented here suggest that these films will support the 

attachment of chromophores, providing a stable interface that can, unlike alkylphosphonate-

metal oxide linkages, withstand the reaction conditions used in dye-sensitized solar cells and 

dye-sensitized photoelectronsynthesis cells. 
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6. Figures and Tables 

 

Scheme 4.1. Modification of aC films. 
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Table 4.1. Elemental composition of aC films after each chemical modification 

  
aC film 

  Atomic Concentration (%)   
O/C ratio 

    C 1s O 1s  N 1s components a Cl 2p Fe 2p Cu 2p   

 

 

   

Tota
l 399 eV 400 eV 404 eV 

    

 

 

Unmodified 

 

90.7
3 8.76 0.51 -- -- -- -- -- -- 

 

0.10 

 

H-aC 

 

89.5
0 

10.5
0 0.00 -- -- -- -- -- -- 

 

0.12 

 

Cl-aC 

 

89.5
9 6.51 0.00 -- -- -- 3.90 -- -- 

 

0.07 

 

N3-aC 

 

89.2
8 7.32 1.00 0.4 0.48 0.12 2.40 -- -- 

 

0.08 

 

Fc-aC 

 

89.1
9 8.33 0.68 0.31 0.37 -- 1.68 0.10 0.02 

 

0.09 

 

a Peak fitting was performed on the N 1s spectra for the N3-aC and Fc-aC surfaces.  
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Table 4.2. Selected reaction conditions evaluated for azide attachment on aC films 

              XPS Analysis 

  NaN3 (mM) Solvent Time (h) Temp (oC) 15-crown-5 (mM) 
 

Chlorine lost 
and replaced 
by an azide 
group (%) a 

Detectable 
azide signal 
at 404.4 eV 

ΔO/C b 

 

_050 
DMF:H2O 

(1:1) _3 _RT _— 

 

_— _X 0.00 

 

_100 Methanol _3 _RT _— 

 

_05.6 _✓ _–0.02 

 

_050 DMF _3 _RT _— 

 

_— _X _+0.01 

 

_050 DMF _24 _RT _— 

 

_41.7 _✓ _+0.01 

 

_050 DMF _24 _RT _50 

 

_33.3 _✓ _+0.03 

 

_100 DMF _24 _RT _— 

 

_33.7 _✓ _0.00 

 

_100 DMF _3 _50 _— 

 

_49.6 _✓ _+0.07 

                    

 

a Detailed calculation of percent chlorine replacement is in Appendix E. 

b ΔO/C values are in relation to the O/C ratio of the chlorine-terminated aC films 
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Figure 4.1. Summary of characterization of aC films as electrodes. (A) Representative C 1s 

high-resolution XP spectrum of an unmodified aC film on an FTO substrate with peak fits. (B) 

Cyclic voltammograms of an unmodified aC film on FTO at scan rates ranging from 0.025-50 

V/sec in an acetonitrile solution containing ferrocene and 0.25 M TBAFP. Electrode area = 0.11 

cm2. (C) Experimental data (dots) and simulated working curves (lines) used to determine the 

heterogeneous electron-transfer rate constant with the CV data collected in B. 



 

94 

 

 

Figure 4.2. XPS summary for azide-alkyne click reaction. (A) Representative high-resolution N 

1s XP spectra for an azide-terminated aC (N3-aC) film before and after a CuAAC reaction with 

ethynyl ferrocene. (B) Representative high-resolution Fe 2p XP spectra for hydrogen-terminated 

(H-aC), chlorine-terminated (Cl-aC), and N3-aC films after a CuAAC reaction with ethynyl 

ferrocene. 
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Figure 4.3. Summary of electrochemical data obtained for ferrocene-terminated aC film. (A) 

Cyclic voltammograms of a ferrocene-terminated aC film at different scan rates in an acetonitrile 

solution containing 0.25 M TBAFP. (B) Peak current as a function of scan rate with 

corresponding R2 values. 
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Table 4.3. Electrochemical properties of ferrocene-modified carbon electrodes a,b 

 

Electrode 
material 

Terminal 
group 

Linking  
chemistry 

Chemical  
steps 

Coverage  
(×1013 

molec/cm2) 

Eo
red vs. 

Ag/AgCl      
(V) 

EFWMH, 

reduction 
(V) 

ΔEp              
(V) 

Scan 
Rate 

(V/sec) 
Reference 

aC Azide 
Replacement of 

surface-bound chlorine 
atoms 

2 1.4 0.615 -- 0.174 0.05 
This 
work 

GC Azide IN3 gas 2 8 (1) 0.311 
0.17 

(0.01) 0.015 10 

[25] 
 

Azide IN3 hexane solution 2 6 (1) NR NR NR NR 

 
Azide 

IN3 acetonitrile 
solution 2 

3 (1) NR NR NR NR 

PPF Azide IN3 solution 1 2 NR 0.15 NR 5 [22] 

VACNF Azide IN3 solution 1 8.8 (0.7) 0.293 0.147 
(0.015) 0.08 1 [24] 

Diamond Azide 

Carbodiimide coupling 
of 4-azidobenzoic acid 

to surface hydroxyl 
groups 

1 34.6 (0.5) 0.63 NR 0.296 0.1 [10] 
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Diamond Azide UV-initiated alkene 
attachment 2 16 0.39 0.12 0.04 0.1 [27] 

PG Azide Reduction of 
aryldiazonium salt 

1 86 0.372 0.17 0.045-
0.055 0.1 [23] 

 
Alkyne 1 16.3 NR NR NR NR   

GC Azide Reduction of 
aryldiazonium salt 

1 20 NR NR NR NR  [23] 

 
Alkyne 1 5.4 NR NR NR NR   

PPF Alkyne 
Reduction of 

aryldiazonium salt 
(monolayer) 

2 25.9 NR NR NR NR [38] 

GC Alkyne 
Reduction of 

aryldiazonium salt 
(monolayer) 

2 26.5 NR NR 0.04 0.2 
[37] 

  

Reduction of 
aryldiazonium salt 

(multilayer) 
1 13.2 NR NR 0.05 0.2 

  

a NR = not reported in publication. 

b values in parentheses are standard deviations, as stated in cited works.
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CHAPTER 5- MODIFICATION OF AMORPHOUS CARBON FILMS WITH IN SITU 
GRIGNARD REACTIONS 

1. Introduction 

Modification of materials to append molecules to generate a functional material has gained 

importance in many fields, including solar cells and photo-catalytic devices. For example, metal 

oxides have emerged as a popular material in both fields, therefore there is much investigation as 

to how to modify these materials, both non-covalently and covalently.1–3 Non-covalent 

modification techniques often involve utilizing pi-pi stacking interactions; in order to utilize pi-pi 

stacking interactions on metal oxide materials, a carbon support must first be integrated onto the 

material.2,3 Therefore, there have been a number of studies that have utilized carbon-based 

substrates as a proof of concept prior to the integration of carbon films onto metal oxides.4–10 

However, the strength of the pi-pi interactions is dependent on the solvent system used, as one 

study showed that the 1-pyrenylferrocene desorbed when a solvent it was soluble in was used.2 

Another type of non-covalent modification approach involves the use of carboxylic acid based 

monolayers; this approach is often characterized as a covalent modification approach, but the 

carboxylate group is only adsorbed to the metal oxide film.1 Covalent modification includes the 

use of the following functional groups: silanes, phosphonates, catechols, amines, and 

alkenes/alkynes.1 Silane monolayer formation is an attractive approach, as they form well-

ordered monolayers and many silane molecules with varying terminal groups are available 

commercially. This versatility allows for other molecules to be installed on the surface with 

subsequent reactions;11,12 for example, one study utilized an azide-terminated siloxane to attach 
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an alkyne-modified ruthenium dye complex via a copper-catalyzed azide-alkyne click reaction.12 

Phosphonate-based linkages have been shown to be prone to degradation under electrochemical 

cycling, making them unattractive as a long-term choice for linkage of dye molecules to metal 

oxide films.13 Catechol-based modification is a relatively new field, and therefore the mechanism 

of attachment has not been fully characterized. The mechanism of amine-based monolayers is 

still being characterized, and it is possible that this approach is actually non-covalent in nature 

given the known mechanical instability and weak attachment to the metal oxide film. Molecules 

with terminal vinyl groups have been directly attached metal oxide films, either thermally or 

photochemically.2,14 The mechanism of the photochemical attachment of alkenes to metal oxides 

is believed to be mediated via electron-hole pair formation at the metal oxide surface upon 

photon absorption; the hole is thought to be distributed over the hydroxyl group, allowing it to 

react with the vinyl group to form a carbon-oxygen bond.15 However, this photochemical 

attachment mechanism forms multilayers lending to a less stable material and making it difficult 

for further modification of the material.16 Thermal attachment of vinyl-terminated molecules to 

metal oxides offers an alternative approach that favors monolayer-formation and well-ordered 

materials.14  

When developing modified materials for applications such as solar cells, it is important to 

understand the effect of the modification on the electron transfer process at the surface. Electron 

transfer of a species attached to an electrode surface was first studied on self-assembled 

monolayers (SAMs) on gold.17–19 These monolayers form very well-ordered structures at the 

surface lending to outstanding electron transfer properties. For example, cyclic voltammetry of a 

ruthenium-modified gold electrode via thiol monolayers revealed: 1) a formal potential of the 

ruthenium similar to that found in solution, 2) equal integration of the anodic and cathodic peaks 
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that was not dependent on scan rate, 3) peak splitting of 0 mV, and 4) peak half-widths of 90-100 

mV.19 Furthermore, the peak current scales with scan rate for a surface-bound electron transfer 

process.20 These characteristics have been held as the “gold standard” for surface-bound electron 

transfer even though SAMs on gold monolayers are not representative of the disordered 

monolayers commonly found on metal oxides or carbon-based materials. 1,21 The disordered 

monolayers that result from the direct attachment of alkene-containing molecules or silane 

molecules to metal oxide surfaces have non-ideal electrochemical behavior often resulting in 

significant peak splitting and larger peak half-widths.2,11,12 This non-ideal surface-bound electron 

transfer behavior has also been observed for ferrocene molecules covalently attached to 

diamond,22–24 glassy carbon,25,26 amorphous carbon,27,28 carbon nanofibers,29 and silicon.30–32 

Explanations for this non-ideality include the nature of the semiconducting electrode, 

uncompensated resistance of the film, the insulating nature of the appended monolayer, and 

lateral interactions of the head groups. Laviron developed a theory and subsequently an equation 

that accounts for the effect of these repulsive or attractive lateral interactions on the relationship 

of peak current and scan rate.33 However, none of the aforementioned studies utilize this 

relationship for their surface-bound electron transfer studies to understand the non-idealities in 

their electrochemical data.  

Interestingly, disordered monolayers display trends opposite of SAMs on gold. For example, 

electron transfer rates for SAMs on gold have been shown to decrease with increasing spacer 

length between the electroactive molecule and electrode surface;19 however, the opposite has 

been seen for boron-doped diamond, where the spacer length does not affect the kinetics but the 

conformational disorder allows for faster electron transfer.22 While SAMs on gold offer an 

idealized surface-bound electron transfer model, it is clear that further understanding of the 
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electron transfer through disordered monolayers is needed as trends found for SAMs on gold 

may not hold true for monolayers formed via covalent attachment strategies. 

Amorphous carbon films are easily deposited on a variety of substrates and can be readily 

covalently modified via click chemistries to form chemically modified electrodes.27,28 

Unfortunately, these studies had low coverages of ferrocene compared to other modification 

approaches used on carbon-based materials and non-idealities in the CV peak shape and peak-to-

peak separation that was not fully understood. In this work, we utilize an in situ Grignard 

reaction to modify chlorine-terminated amorphous carbon films with ferrocene molecules. 

Through this modification approach, the electron transfer as a function of surface coverage for 

covalently-attached ferrocene molecules was more robustly characterized and studied in order to 

understand electron transfer in a disordered monolayer. 

 

2. Materials and Methods 

2.1 Chemicals and Materials 

All materials were used as received unless otherwise noted. Anhydrous acetonitrile, 

anhydrous benzene, benzoyl peroxide, iodine, isopropanol, magnesium turnings, and phosphorus 

pentachloride were purchased from Sigma Aldrich. Ethanol (200 proof) was purchased from 

VWR. Hydrochloric acid (conc.) was purchased from Fisher Scientific. Tetrabutylammonium 

hexafluorophosphate (TBAPF, Oakwood Chemical, 98%) was recrystallized from ethanol and 

dried in vacuo before usage. Reverse osmosis purified water (RO water, 18 mΩ) was used in all 

experiments.  

All reactions carried out in a nitrogen-purged glove box used dry solvents that were sparged 

with argon in a solvent system (Pure Process Technology): acetonitrile (Fisher Scientific, HPLC 
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grade, >99.9%) and diethyl ether (VWR, ACS reagents). The solvents were then stored in a N2 

filled glovebox over molecular sieves. 

 

2.2 Amorphous carbon film preparation and functionalization 

Amorphous carbon films (25 nm) were magnetron sputtered onto fluorine-doped tin oxide-

coated glass substrates (FTO, 15 Ω/sq., Hartford Glass) from a graphite target, as reported 

previously.27 Prior to deposition, the FTO substrates were sonicated for 15-min intervals in 

ethanol and 1M HCl in ethanol. Films were hydrogen terminated in a 13.56 MHz inductively 

coupled hydrogen plasma (Diener Electronic) for 10 min. The films were then reacted at 80 oC 

for 15 min in a nitrogen-purged benzene solution containing 80 mM PCl5 and 7 mM benzoyl 

peroxide. Films were rinsed copiously with ethanol and dried under vacuum.  

The following reactions were performed in a N2-filled glovebox. 6-bromohexyl ferrocene, 

whose synthesis was previously described, 34 was attached to the aC films using a modified 

version of an in situ Grignard reaction described by Marrani, et.al.35 The modified approach 

involved different amounts of iodine, 6-bromohexyl ferrocene was used rather than 2-bromoethyl 

ferrocene, and a different cleaning procedure was used following the reaction.  For the high-

coverage slide and H-aC control, magnesium turnings (1 mmol) and iodine (0.1 mmol) were 

added to diethyl ether (20 mL) and stirred for approximately ten minutes before 6-bromohexyl 

ferrocene (1 mmol, 5mL diethyl ether) was added. The reaction mixture was stirred for 

approximately 20 minutes before the aC films were added. After ~16 hours, the reaction was 

quenched with water. For the low-coverage slide, the same procedure was followed using 

reduced amounts of magnesium turnings (0.5 mmol) and 6-bromohexyl ferrocene (0.05 mmol). 

Films were stored in isopropanol when transferring out of the glovebox and sonicated for 5 
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minutes in water followed by 5 minutes in ethanol; films were then dried under nitrogen and 

stored under an inert atmosphere when not used immediately.  

 

2.3 Surface characterization 

X-ray photoelectron (XP) spectroscopy was performed as described previously.27,28,36 

Analysis was carried out in an ultrahigh-vacuum system (Kratos Axis Ultra DLD) with a base 

pressure of 5×10-9 Torr, a monochromatic Al Kα source, and a hemispherical analyzer. Survey 

(1.0 eV resolution) and high-resolution (0.1 eV resolution) spectra were collected at a 0° takeoff 

angle from surface normal. Each high-resolution spectrum was Shirley background corrected, 

referenced to the C 1s peak (284.6 eV), which was fit with Voigt functions (70% Gaussian, 30% 

Lorentzian).  

Electrochemical measurements were performed as described previously.28 All 

electrochemical measurements were performed in an N2-filled glovebox equipped with a 

WaveDriver bipotentiostat (Pine) and a conventional three-electrode system. The working 

electrode (0.12 cm2) was an aC film deposited on an FTO substrate. The auxiliary electrode was 

a polished 3-mm glassy carbon disk electrode. The pseudo-reference electrode was a silver wire 

submerged in 0.25 M TBAPF in acetonitrile. Residual ohmic drop in each CV measurement was 

compensated using an approach developed for the WaveDriver. All scans were referenced to a 

ferrocenium/ferrocene redox couple at 0 V. All data analysis was performed in Origin.  

 

3. Results and Discussion 

The surface of amorphous carbon films have been modified with photochemical grafting of 

alkenes,37,38 Grignard reactions on chlorinated films,39,40 aryl diazonium salt reductions,41 and 
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click chemistries.27,28,36 The efficiency of the photochemical attachment of alkenes requires 

terminal functional groups that can easily accept electrons into their lowest unoccupied 

molecular orbitals which limits the type of molecules that can be attached.42 Grignard reagents 

are limited by only using molecules that will not react with the organometallic reagents used in 

this reaction.42 The grafting behavior of aryl diazonium salt reductions are dependent on the 

substituents, leading to differences in coverage and reaction kinetics.41 While click chemistries 

are notoriously efficient,43 they are limited by the number of reactive molecules on the film. 

Previously, we attached thiols, alkene, and azide groups to the surface of chlorine-terminated aC 

films via an SN
2-like mechanism.27,28,36 Bansal et al. first described this mechanism as a way to 

passivate silicon surfaces with alkyl groups.44 The thiol-termination approach resulted in low 

coverages and air-sensitive surfaces, making further wet chemical reactions less efficient.27 

Vinyl-termination via a vinyl magnesium bromide reagent was difficult to track as there was not 

a unique XPS signature with the replacement of chlorine with a vinyl group; therefore, only the 

loss of chlorine could be measured, making a precise measurement of surface coverage difficult. 

While the photo-initiated attachment of thiol-terminated molecules onto vinyl-terminated 

surfaces was more efficient than our previous study utilizing thiol-terminated films, the reaction 

was not selective to vinyl-terminated films.36 The selectivity of azide-modified films was much 

improved over our previous modification studies, but the azide degraded upon x-ray exposure, 

making quantification difficult.28 Finally, the cyclic voltammograms obtained from the vinyl-

terminated films modified with ferrocene via thiol-ene click chemistry and the azide-terminated 

film modified with ferrocene via azide-alkyne click chemistry resulted in very large peak 

splitting, indicating that the electron transfer was kinetically slow at the modified aC film.27,28  
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Boukherroub et al. have shown that hydrogen-terminated silicon (111) reacts similarly 

eliminating the need for chlorination.45 Utilizing hydrogen-terminated silicon (100) surfaces, 

Marrani et al. attached brominated reagents to the surfaces using a Grignard reaction.35 In this 

study, we utilize 6-bromohexyl ferrocene to attach to chlorinated amorphous carbon films via a 

Grignard reaction.  

In order to determine the selectivity of the Grignard reaction, hydrogen- and chlorinated-

terminated aC films underwent the same reaction conditions and were then analyzed with XPS. 

Only the chlorinated film contained an iron signal; a double at 708 and 720 eV is indicative of 

iron in its +2 oxidation state, as expected for ferrocene (Figure 1). Therefore, any iron that is 

attach to the hydrogenated aC film was not detected via XPS. Given the bond dissociation energy 

of a C-H bond (339 kJmol-1) compared to a Si-H bond (~293 kJmol-1),46 it is much easier for the 

radical-based reaction mechanism proposed by Fellah et al. to occur on a hydrogen-terminated 

silicon surface.47 This control also indicated that this reaction had good selectivity towards our 

chlorinated films. Finally, this reaction did not cause unwanted contamination of bromine, 

iodine, or magnesium or surface oxidation as evidenced by the oxygen-to-carbon ratios (Table 

1).  

One important advantage of wet, chemical reactions is the ability to modify concentration, 

time, and temperature to fine-tune the reaction completion on the surface. In order to obtain a 

surface with a lower coverage of iron, the in situ Grignard reaction was repeated with a lower 

concentration of magnesium and 6-bromohexyl ferrocene and no initiator was used. These 

reaction conditions favored a lower amount of iron present on the surface (~40% less), but did 

cause a slight increase in surface oxidation (Figure 1 and Table 1).  
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Characterizing the electron transfer through a disordered monolayer on a surface as a 

function of surface coverage will allow for optimization of materials that favor fast electron 

transfer kinetics. One such study investigated the disordered monolayers of ferrocene formed on 

conductive diamond via a copper catalyzed azide-alkyne click reaction.22 This reaction first 

involved the photochemical grafting of hydroxyl-terminated alkenes; these hydroxyl groups were 

converted to an azide group via a mesylate intermediate. To understand the effects of surface 

coverage, the illumination time of the photochemical alkene grafting step was modulated to 

obtain lower and higher coverages. Upon analysis of electrochemical data at different coverages, 

a model to understand the experimental data was proposed. This model proposed that at low 

coverages, ferrocene-terminated alkyl chains were able to “bend” towards the electrode surface 

favoring fast electron transfer kinetics. With higher coverages, the ferrocene head groups were 

thought to be forced away from the electrode surface due to lateral interactions of the head 

groups thus favoring slower electron transfer kinetics. However, there was no analysis of the 

extent of these lateral interactions as a function of surface coverage. 

A linear dependence of peak current on scan rate indicates surface-bound species.20 Laviron 

developed an approach to correct for deviations from this linearity, or more precisely accounted 

for the presence of diffusive characteristics on these surfaces (i.e., large peak splitting) by 

considering a Frumkin-type isotherm.33,48 In this model, the peak current (ip) is scaled with scan 

rate raised to a power (vn). If n = 1, there are either no lateral interactions or, if they are present, 

they compensate each other; whereas, if n < 1, there are lateral interactions present.   

CVs of ferrocene-terminated amorphous carbon films at low and high coverages confirmed 

differences in coverage of the two films (Figure 2A and 2B). The coverage on the high density 

ferrocene surface was 7.22 x 1014 molecules/cm2, which is comparable and even surpasses other 
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coverages on carbon-based materials using a variety of attachment chemistries.22,24,28,29,49–52 The 

coverage on the low density ferrocene surfaces was 7.22 x 1013 molecules/cm2 (Table 2). The 

traditional linear fit for equations (Figure 2C and 2D) was excellent for the low density 

ferrocene surfaces, but it did not fit the high coverage data as well as evidenced by R2 values 

(Table 2). When the fit that accounts for lateral head group interactions was applied, where scan 

rate was treated as a power dependent variable, the value of n was found to be 0.93 for the low 

coverage and 0.72 for the high coverage. This is indicative that there is a greater influence of 

lateral head group interactions at a higher coverage.  

Ruther et al. also proposed that lower coverages led to faster electron transfer due to 

conformational disorder that is allowed to occur in the alkyl chain linker as well as a smaller 

contribution from lateral head group interactions. Laviron also developed an expression to 

determine the apparent electron transfer rate constant for strongly adsorbed or redox modified 

electrodes.48 This analysis was performed on a plot of overpotential (n) versus log of scan rate to 

determine the rate constants for both coverages (Figure 2E and 2F). For the low coverage, the 

rate constant was found to be 24 s-1; the high coverage was 14 s-1 (Table 2). These results seem 

to corroborate the findings of Ruther et al.; however, our results indicate that the faster electron 

transfer rate for a low coverage may simply be due to less lateral interactions rather than 

conformational disorder. Further studies need to be done to elucidate the contributions from both 

of these factors. 

 

4. Conclusions 

While SAMs on gold have been the “gold standard” to determine electron transfer processes 

at a surface, they are a poor model for disordered monolayers. As a test platform, a covalent 
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chemical modification of amorphous carbon films was performed. This study shows that the 

direct attachment of molecules to chlorine-terminated aC films affords the highest coverages 

reported thus far. Furthermore, the influence of surface coverage on the electron transfer rate was 

studied, and lateral head group interactions were found to be a contributive factor to the large 

peak splitting often seen in covalently modified materials. However, it is not yet understood how 

linker length influences the electron transfer rate. Further studies need to be conducted to 

understand this effect. Finally, the heterogeneity of the film, both unmodified and modified, 

needs to be studied in order to understand the effect of the localized electron environment at the 

electrode upon electron transfer rate. While Laviron mathematically treats non-homogenously 

modified surfaces similarly to modified surfaces experiencing lateral head group interactions, it 

is unclear if non-homogeneity leads to blocking of electroactive sites and, subsequently, kinetic 

heterogeneity. Therefore, further studies need to be performed to understand the influence of 

surface heterogeneity, as well. 
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5. Figures and Tables 

 

Figure 5.1. XPS data for Fe 2p region for an H-aC and Cl-aC films exposed to in situ Grignard 

reaction conditions. Cl-aC high and H-aC were exposed to reaction conditions that included the 

initiator; Cl-aC low was exposed to reaction conditions that did not include an initiator. Spectra 

are offset for clarity.  

  



 

 

114 

 

Table 5.1. XPS atomic concentration values for samples displayed in Figure 5.1: H-aC, Cl-aC high, and Cl-aC low film before (pre) 

and after (post) the in situ Grignard reaction. 

 
   

 
Atomic Concentration (%) Ratios 

Sample name Pre/post click Initiator? C 1s O 1s N 1s Cl 2p Fe 2p Br 3d I 3d Mg 1s O/C 

H-aC Pre Yes 90.77 9.23 0.00 0.00 -- -- -- -- 0.10 
Post 91.16 8.84 0.00 0.00 0.00 0.00 0.00 0.00 0.10 

Cl-aC, high Pre Yes 88.76 7.42 0.00 3.83 -- -- -- -- 0.08 
Post 90.26 7.78 0.00 1.55 0.41 0.00 0.00 0.00 0.09 

Cl-aC, low Pre  
No 

89.15 7.30 0.00 3.55 -- -- -- -- 0.08 
Post 89.60 8.64 0.00 1.50 0.26 -- -- -- 0.10 
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Figure 5.2. Summary of electrochemical data and analysis. Cyclic voltammograms obtained in 

0.25 M TBAPF in ACN at various scan rates for a Cl-aC film modified with 6-bromohexyl 

ferrocene using an in situ Grignard reaction to obtain a (A) high coverage or (B) low coverage 

Fc-aC film. Peak current versus scan rate analysis with a linear fit and corrected fit accounting 

for lateral interactions for a (C) high coverage or (D) low coverage Fc-aC film. Trumpet plot 

analysis with Laviron fits for a (E) high coverage or (F) low coverage Fc-aC film.
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Table 5.2. Summary of quantitative results. Coverage, rate constant, corrected n values, and R2 
values for a low or high coverage Fc-aC  

  

 
  

Coverage  
(molecules/cm2) 

Rate Constant  
(s-1) 

Corrected  
"n" value 

R2 value 
(linear fit) 

R2 value,  
(corrected fit) 

Fc-aC, low 7.22 x 1013 24 0.93 0.9943 0.9988 
Fc-aC, high 7.22 x 1014 14 0.72 0.9733 0.9992 
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APPENDIX A: SUPPLEMENTAL INFORMATION FOR CHAPTER 2 

Table S2.1. Attempted thiolation reaction conditions a 

Reagent(s), concentration Reaction Temperature (°C) Monolayer coverage b  
NaSH, 100 mM 25 0.15 
NaSH, 100 mM  50 0.26 
NaSH, 100 mM 85 0.23 
NaSH, 500 mM 25 0.27 
NaSH, 500 mM 50 0.23 
NaSH, 100 mM; TBAI, 10mM 25 0.19 
NaSH, 500 mM; TBAI, 10mM 25 0.26 
NaSH, 500 mM; TBAI, 10mM 50 0.24 ± 0.01e 
NaSH, 500 mM; TBAI, 10 mM 
c 50 0.20 ± 0.06 f 

CH3COSK, 100 mM 25 0.14 
CH3COSK, 100 mM 50 0.26 
C(NH2)2S, 150 mM d 110 0.17 

 
a Each reaction was performed in anhydrous DMF for 24 hours with a Cl-aC substrate, unless otherwise noted. The 

amount of chlorine on each surface was similar, as determined by XP survey spectrum, for all surfaces prior to 

thiolation. Values represent n = 1 aC film, unless otherwise noted. Italicized conditions were the conditions used in 

this work.  

b Determined from XP high-resolution spectrum, using a overlayer model (ref. 35, manuscript).  

c Reactions performed for 8 hours. 

d Reaction performed in 2:1 (v/v) acetic acid: hydrogen bromide for 24 hours (ref. 31, manuscript).  

e n=6 aC films. 

f n=7 aC films. 
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Figure S2.1. Representative high-resolution XP spectra of the C1s electrons of an (A) aC, (B) H-

aC, (C) Cl-aC, and (D) HS-aC film. The black line is the raw data; colored lines denote 

individual Voigt-fit components. 
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Table S2.2. Binding energies and relative composition values of representative high-resolution 

C1s XP spectra in Figure S2.  

 Position, eV (Percentage of peak, %) a 
 C – C C – X b C = O 
aC 284.6 (72.6) 286.1 (21.8) 288.1 (5.7) 
H-aC 284.6 (81.2) 286.1 (13.4) 288.0 (5.4) 
Cl-aC 284.6 (76.8) 286.2 (18.5) 288.3 (4.7) 
HS-aC 284.6 (81.2) 286.1 (15.0) 288.4 (3.8) 

 
a Binding position information was obtained from the Handbook of X-Ray Photoelectron Spectroscopy (ref. 51, 

manuscript).  

b X represents the heteroatom O, Cl, or S.  
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Figure S2.2. Representative XP survey spectra of an (A) aC, (B) H-aC, (C) Cl-aC, and (D) HS-

aC film. Binding energy assignments are as follows: Na1s, 1072 eV; O KLL, 990 eV; O1s, 532 

eV; N1s, 400 eV; C1s, 285 eV; Cl2s, 271 eV; S 2s, 228 eV; Cl2p, 200 eV; S2p, 164 eV. All 

spectra were calibrated to the C1s peak at 284.6 eV. Insets highlight the S2s, Cl2p, and S2p 

binding energy regions.  
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Table S2.3. Elemental composition of aC films, determined from high resolution XP spectra in Figure S3. a 

  Atomic concentration (%) Ratios 

  C 1s O 1s N 1s Cl 2p S 2p O:C N:C 

aC  87.01 ± 1.81 11.94 ± 1.92 1.05 ± 0.21 -- -- 0.14 ± 0.02 0.012 ± 0.002 

H-aC  89.01 ± 0.73 10.06 ± 0.87 0.94 ± 0.22 -- -- 0.11 ± 0.01 0.010 ± 0.002 

Cl-aC  85.76 ± 0.82 9.62 ± 0.94 0.96 ± 0.37 3.66 ± 0.73 -- 0.11 ± 0.01 0.011 ± 0.004 

HS-aC  85.96 ± 1.85 11.81 ± 1.80 0.99 ± 0.32 0.45 ± 0.20 0.79 ± 0.23 0.14 ± 0.02* 0.012 ± 0.004 

 
a Each value is the average and standard deviation of: n = 3 aC films; n = 4 H-aC films; n = 5 Cl-aC surfaces; n = 7 replicates for HS-aC surfaces. Each replicate 

was prepared and analyzed on separate days.  

* indicates a statistically significant (p<0.05) ratio from the H-aC films. 
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Table S2.4. Percentage of reduced and oxidized sulfur atoms on aC film as a function of storage. 

  Percent (%) a 

Storage location   Day 1 Day 3 Day 9 Day 28 

In a desiccator Reduced thiol  85.80 73.30 60.00 56.70 

Oxidized thiol  14.20 26.70 39.90 43.20 

Ambient Reduced thiol  90.90 77.30 69.90 63.50 

Oxidized thiol  9.10 22.60 30.10 36.50 

Under vacuum Reduced thiol  92.90 86.30 82.50 78.60 

Oxidized thiol  7.10 13.70 17.40 21.40 

 
a The doublet at 164 eV was used to calculate the percentage of reduced thiol, and the doublet at 168 eV was used to 

calculate the percentage of oxidized thiol. 
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Figure S2.4. Representative XP survey spectra of H-aC films exposed to neat BUD molecules 

for 1 hour in the dark, in the (A) absence or (B) presence of 1% (w/w) DMPA; HS-aC exposed to 

neat BUD molecules for 1 hour in the dark, in the (C) absence or (D) presence of 1% (w/w) 

DMPA; H-aC surfaces exposed to neat BUD molecules, illuminated with 300 ± 100 nm light for 

(E) 10 or (F) 60 minutes; H-aC surfaces exposed to neat BUD molecules, 1% (w/w) DMPA, and 

illuminated with 300 ± 100 nm light for (G) 10 or (H) 60 minutes; HS-aC surfaces exposed to 

neat BUD molecules and illuminated with 300 ± 100 nm light for (I) 10 or (J) 60 minutes; HS-aC 

surfaces exposed to near BUD molecules, 1% (w/w) DMPA, and illuminated with 300 ± 100 nm 

light for (K) 10 or (L) 60 minutes. Insets highlight the Cl2p (200 eV), S2p (164 eV) and Br3d 

(70 eV) binding energies; each spectrum have the same intensity scale.  
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Table S2.5. XPS elemental composition of aC films in Figure S4, expressed as atomic concentration percentages.  

 Atomic Concentration (%) a 

 C 1s O 1s N 1s Br 3d S 2p Cl 2p 

H-aC, 60 mins       

Alkene  88.07 ± 0.34 10.92 ± 0.23 1.01 ± 0.2 0.00 ± 0.00 -- -- 

Alkene, DMPA 86.96 ± 1.60 12.62 ± 1.40 12.62 ± 1.40 0.01 ± 0.01 -- -- 

HS-aC, 60 mins       

Alkene 86.00 ± 1.6 12.15 ± 1.72 1.10 ± 0.13 0.00 ± 0.00 0.49 ± 0.02 0.26 ± 0.02 

Alkene, DMPA 86.68 ± 0.45 12.25 ± 0.47 0.34 ± 0.29 0.04 ± 0.04 0.49 ± 0.20 0.20 ± 0.10 

H-aC, 10 mins       

Alkene + light 89.06 ± 0.95 10.41 ± 0.78 0.39 ± 0.40 0.13 ± 0.08 -- -- 

Alkene + light + DMPA 88.90 ± 0.44 10.46 ± 0.30 0.55 ± 0.48 0.10 ± 0.09 -- -- 

H-aC, 60 mins       

Alkene + light 89.89 ± 0.77 9.20 ± 0.98 0.26 ± 0.39 0.65 ± 0.12 -- -- 

Alkene + light + DMPA b 88.75 ± 1.06 9.71 ± 1.60 0.53 ± 0.33 1.01 ± 0.65 -- -- 

HS-aC, 10 mins       

Alkene + light 87.50 ± 1.22 10.88 ± 0.90 0.56 ± 0.49 0.36 ± 0.03 0.35 ± 0.04 0.35 ± 0.08 
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a Each value is the average and standard deviation of n = 3 replicate films, unless otherwise stated. Individual surfaces were prepared and analyzed on separate 

days; 300 ± 100 nm light used for all trials.  

b n=5. 

 

Alkene + light + DMPA 87.60 ± 1.16 10.74 ± 0.84 0.69 ± 0.26 0.32 ± 0.05 0.35 ± 0.10 0.30 ± 0.03 

HS-aC, 60 mins       

Alkene + light 87.91 ± 1.09 10.40 ± 1.37 0.35 ± 0.46 0.99 ± 0.24 0.17 ± 0.08 0.19 ± 0.08 

Alkene + light + DMPA 88.45 ± 0.40 9.72 ± 0.86 0.34 ± 0.40 1.11 ± 0.36 0.20 ± 0.05 0.19 ± 0.05 
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Table S2.6. Bromine-to-carbon ratios of aC films covered with BUD molecules and irradiated with 360 ± 

15 nm light for 6 hours.  

Surface Br/C ratio 

H-aC 0.002 

HS-aC 0.007 
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APPENDIX B: SUPPLEMENTAL INFORMATION FOR CHAPTER 3 

 

Figure S3.1. Representative XPS datasets for methyl-aC films: (A) a survey spectrum; (B) a C1s 

high-resolution spectrum fit with Voigt functions, (C) an O1s high-resolution spectrum, and (D) 

a Cl2p high-resolution spectrum. 
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Figure S3.2. Representative XPS datasets for vinyl-aC films: (A) a survey spectrum; (B) a C1s 

high-resolution spectrum fit with Voigt functions, (C) an O1s high-resolution spectrum, and (D) 

a Cl2p high-resolution spectrum. 
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Figure S3.3. Representative UPS datasets for H-aC, Cl-aC, methyl-aC, and vinyl-aC films. 

Kinetic energy is with respect to the Fermi energy. 
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Table S3.1. ∆O/C ratios for vinyl-aC films as a function of storage condition. 

Surface type Aqueous solution 

(24 hours) 

Organic solution 

(24 hours) 

Vacuum 
(3 days) 

UV light  

(2 hours) 

vinyl-aC -0.01 0 0.01 0.01 
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Table S3.2. Sulfur-to-carbon (S/C) and fluorine-to-carbon (F/C) ratios for different surface 

chemistries exposed to 1 M of 4-fluorobenzyl mercaptan in benzene and irradiated with either 20 

or 200 mW of UV light.a,b  

H-aC S/C F/C F/S 
20 0.0015 ± 0.0002 0.0009 ± 0.001 0.5 ± 0.3 

200c 0.0044 ± 0.002 0.0027 ± 0.002 0.5 ± 0.3 

vinyl-aC 
      
      

20d 0.0032 ± 0.001 0.0023 ± 0.001 0.7 ± 0.2 
200 0.0065 ± 0.001 0.0047 ± 0.001 0.07 ± 0.1 

        
methyl-aC       

20 0.0010 ± 0.0004 0.0010 ± 0.0003 1.2 ± 0.8 
200 0.0054 ± 0.0002 0.0045 ± 0.0004 0.8 ± 0.1 

4-FBM on 
Aue 

   
  1.4 

a The S/C values for vinyl-aC and methyl-ac correspond to the values reported in Figure 1 of the manuscript. b 

Values are for n=3 surfaces unless otherwise noted. c Values are n=4 surfaces. d Values are n=6 surfaces. e Self-

assembled monolayer of 4-flurobenzyl mercaptan obtained by submerging a gold surface in 100 mM ethanolic 

solution for 23 hours. 
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Figure S3.4. S/C ratios as a function of ΔO/C for methyl-aC films illuminated with 365 nm 

photons in the presence of 1 M 4-FBM at either (A) 20 mW or (B) 200 mW; S/C ratios as a 

function of ΔCl/C for methyl-aC films illuminated with 365 nm photons in the presence of 1 M 

4-FBM at either (C) 20 mW or (D) 200 mW.   
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Figure S3.5. S/C ratios as a function of ΔO/C for vinyl-aC films illuminated with 365 nm 

photons in the presence of 1 M 4-FBM at either (A) 20 mW or (B) 200 mW; S/C ratios as a 

function of ΔCl/C for vinyl-aC films illuminated with 365 nm photons in the presence of 1 M 4-

FBM at either (C) 20 mW or (D) 200 mW for 4-FBM reactions on vinyl-aC films. 

  



 

139 

 

 

Figure S3.6. S/C ratios as a function of ΔO/C for H-aC films illuminated with 365 nm photons 

in the presence of 1 M 4-FBM at either (A) 20 mW or (B) 200 mW for 4-FBM reactions on H-

aC films.  
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Table S3.3. Summary of XPS data for vinyl-aC films modified with 4-fluorobenzyl mercaptan 

molecules, analyzed immediately after preparation and again after a 48-hour exposure to air. 

 

  

  Before After 
Reduced sulfur (%) 100 45 
Oxidized sulfur (%) 0 55 
O/C 0.11 0.13 
F/C 0.0047 0.0039 
S/C 0.0033 0.0033 
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Figure S3.7. F/C ratios as a function of percentage of oxidized sulfur for: H-aC films after 

illumination at (A) 20 and (B) 200 mW; vinyl-aC films after illumination at (C) 20 and (D) 200 

mW, and; methyl-aC films after illumination at (E) 20 and (F) 200 mW. 
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Table S3.4. F/C and S/C ratios for H-aC and vinyl-aC films exposed to benzene containing 1 M 

4-FBM and 0.01 µM butylated hydroxytoluene (BHT), illuminated for 60 minutes with 365 nm 

photons at either 20 or 200 mW.  

 F/C S/C 

H-aC, 20 mW 0.000 0.001 

vinyl-aC, 20 mW 0.003 0.004 

H-aC, 200 mW 0.003 0.005 

Vinyl-aC, 200 mW 0.006 0.007 
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Table S3.5. Work function and elemental composition data obtained from UPS and XPS 

measurements on the same aC films. 

 Work-function (eV) Cl/C O/C 
H-aC 4.4 -- 0.09 
Cl-aC 4.8 0.03 0.12 
Vinyl-aC 4.5 0.004 0.11 
Methyl-aC 4.4 0.006 0.10 
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Table S3.6. F/C and S/C ratios for vinyl-aC reacted with 4-FBM or thiol-aC films reacted with 

4-FS molecules as a function of illumination time. 

  vinyl-aC, 20 mW thiol-aC, 20 mW thiol-aC, 90 mW 
 Time (min) F/C S/C F/C S/C F/C S/C 

15 0.0000 0.0000 0.0000 0.0089 0.0006 0.0064 
30 0.0000 0.0000 0.0000 0.0087 0.0022 0.0096 
60 0.0042 0.0049 0.0000 0.0062 0.0035 0.0077 

120 0.0041 0.0038 0.0000 0.0063 0.0014 0.0061 
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Figure S3.8. Oxidized sulfur percentages for vinyl-aC and thiol-aC films exposed to benzene 

containing either 1M 4-FBM or 1M 4-FS, at different powers of UV light. 
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APPENDIX C: EXAMPLE CALCULATION FOR CHAPTER 3 

Reaction Completion Percentage Calculation: 

The amount of chlorine loss due to vinyl groups replacing the surface-bound chlorines 

(Cl
Cvinyl

) was determined with Equation 1.  The initial chlorine-to-carbon ratio (Cl
C initial

) was 

determined before vinyl-termination and the final chlorine-to-carbon ratio (Cl
C final

) was 

determined after vinyl-termination. The non-specific loss of chlorine due to the reaction 

conditions (Cl
C control

) was determined for a control surface that was exposed to THF at 80oC. This 

value is the amount of non-specific chlorine loss due to reaction conditions, and not to 

displacement by the vinyl Grignard reagent.  

 
Cl
Cvinyl

= Cl
C initial

‑ �Cl
C final

+ Cl
C control

�    Equation 1 

  

Equation 2 was used to determine the reaction completion percentage for the vinyl-aC films. 

This value is percentage of surface-bound vinyl groups that reacted with 4-fluorobenzyl 

mercaptan molecules to form a thioether bond. The reaction completion is a ratio of the sulfur-to-

carbon ratio of the clicked surface (S
Cclick

) and the chlorine-to-carbon ratio of the vinyl surface. 

 

Reaction completion percentage = �
S
Cclick
Cl
Cvinyl

 � *100  %   Equation 2 

 

Equation 3 was used to determine the reaction completion percentage for the thiol-aC films. 

This value is the percentage of surface-bound thiols that reacted with 4-fluorosytrene molecules 

to form a thioether bond. The sulfur-to-carbon ratio was determined for the films after thiol-

termination (S
Cthiol

). The fluorine-to-carbon ratio was determined after the click reaction ( F
Cclick

).  

 

Reaction completion percentage = �
F
Cclick
S
Cthiol

 � *100   %  Equation 3 
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APPENDIX D: SUPPLEMENTAL INFORMATION FOR CHAPTER 4 

Table S4.1. Reaction conditions tested to prepare N3-aC films.a  

[NaN3] [15-crown-5] Solvent Time Temperature ΔO/C O/C of Cl-
aC 

% chlorine 
replacement b 

Azide 
signal? 

100 mM — MeOH 3 h RT -0.02 0.11 5.6  
100 mM — MeOH 6 h RT -0.02 0.11 10.6  
100 mM — MeOH 33 h RT -0.01 0.11 9.1  
100 mM — DMF 24 h RT 0.00 0.08 33.7  
50 mM — DMF 3 h RT 0.01 0.08 — X 
50 mM — DMF 24 h RT 0.01 0.07 41.7  
50 mM — 1:1 DMF:H2O 3 h RT 0.00 0.07 — X 
50 mM 50 mM 1:1 DMF:H2O 3 h RT 0.01 0.08 — X 
50 mM 100 mM 1:1 DMF:H2O 3 h RT 0.01 0.08 — X 
50 mM 50 mM DMF 24 h RT 0.03 0.07 33.3  
100 mM — DMF 3 h 50oC 0.07 0.10 49.6  
100 mM — DMF 6 h 50oC 0.08 0.10 21.3  

 

a The red-boxed conditions were used to modify the aC films with ferrocene in this work. 

b An example of this calculation is detailed below. 
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Figure S4.1. Representative XP survey spectrum of an unmodified aC film on an FTO substrate. 
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Figure S4.2. Representative XPS data. (A) survey spectrum and (B) high-resolution C 1s 

spectrum of an azide-terminated aC film on an FTO substrate.  Peak fitting of the C 1s spectrum 

is detailed in the Materials and Methods section of the manuscript.  
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Figure S4.3. Representative XPS data. (A) survey spectrum and (B) high-resolution C 1s 

spectrum of an azide-terminated aC film on an FTO substrate, after a CuAAC reaction with 

ethynyl ferrocene. Peak fitting of the C 1s spectrum is detailed in the Materials and Methods 

section of the manuscript. The F 1s peak present in the survey spectrum is due to surface 

contamination.  
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Figure S4.4. Representative XPS data. (A) survey spectrum and (B) high-resolution C 1s 

spectrum of a hydrogen-terminated aC film on a silicon substrate, after exposure to a CuAAC 

reaction with ethynyl ferrocene. The reaction conditions used here are the same as those used in 

Figure S3. Peak fitting of the C 1s spectrum is detailed in the Materials and Methods section of 

the manuscript.  
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Figure S4.5. Representative XPS data. (A) survey spectrum and (B) high-resolution C 1s 

spectrum of a chlorine-terminated aC film on a silicon substrate, after exposure to a CuAAC 

reaction with ethynyl ferrocene. The reaction conditions used here are the same as that used in 

Figure S3. Peak fitting of the C 1s spectrum is detailed in the Materials and Methods section of 

the manuscript.  
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Figure S4.6. Tauc plot of aC film on a quartz substrate. Each data point is the average of 

absorption values for four aC on films on quartz substrates. The thickness of each aC film was 25 

nm.  
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Table S4.2. Cyclic voltammetry data for ferrocene-terminated aC films.  

Scan Rate (mV/s) ΔE (mV) Eo (mV) 

50 173.58 204.96 

100 193.82 239.93 

150 198.43 252.40 

200 195.86 253.61 

250 177.88 252.51 

300 193.83 254.94 

500 183.28 239.97 
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Table S4.3. Scan rate values used to obtain the CVs displayed in Figure 1 of the text. 

Scan rate (V/s) 
0.025 
0.05 
0.1 
0.2 
0.4 
0.6 
0.8 
1 

1.5 
3 
4 
5 
7 

8.5 
10 
15 
20 
25 
40 
50 
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Figure S4.7. Cyclic voltammogram of ferrocene-modified aC film on FTO at 10 mV/s. The 

starred peak indicates an unexpected peak, which we attribute to copper contamination. The 

vertical red line indicates the peaks associated with the ferrocene-ferrocenium couple. 
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APPENDIX E: EXAMPLE CALCULATION FOR CHAPTER 4 

Percentage of surface-bound chlorines removed that was replaced with an azide group: 

Prior to the azide reaction, the chlorine-to-carbon (𝐶𝐶
𝐶 𝑖𝑖𝑖𝑖𝑖𝑖𝐶

) and nitrogen-to-carbon (𝑁
𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝐶

) 

ratios were determined for each film. After the azide reaction, the chlorine-to-carbon ( 𝐶𝐶
𝐶 𝑓𝑖𝑖𝑖𝐶

) 

and nitrogen-to-carbon (𝑁
𝐶𝑓𝑖𝑖𝑖𝐶

) ratios were determined for each film. A corrected nitrogen-to-

carbon ratio was calculated (Eq. 1) to account for any nitrogen present on the surface before the 

azide reaction, and then divided by three to account for the number of nitrogen atoms in each 

azide molecule (Eq. 2). 

𝑁
𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑐𝑐

= 𝑁
𝐶𝑓𝑖𝑖𝑖𝐶

− 𝑁
𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝐶

      Eq. 1 

 

 𝑁
𝐶𝑖𝑎𝑖𝑐𝑐

=
𝑁
𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

3
       Eq. 2 

 

To determine the chlorine removed from the surface during the azide reaction ( 𝐶𝐶
𝐶 𝐶𝑐𝑙𝑖

), the final 

chlorine-to-carbon ratio was subtracted from to initial chlorine-to-carbon ratio (Eq. 3). 

 𝐶𝐶
𝐶 𝐶𝑐𝑙𝑖

= 𝐶𝐶
𝐶 𝑖𝑖𝑖𝑖𝑖𝑖𝐶

− 𝐶𝐶
𝐶 𝑓𝑖𝑖𝑖𝐶

      Eq. 3 

 

To determine the reaction completion percentage, we calculated the ratio of azide groups on the 

surface (𝑁
𝐶𝑖𝑎𝑖𝑐𝑐

) and the chlorine atoms lost during the reaction ( 𝐶𝐶
𝐶 𝐶𝑐𝑙𝑖

)  (Eq. 4). 

 𝑅𝑅𝑅𝑅𝑅𝑖𝑅𝑅 𝑅𝑅𝑐𝑐𝑐𝑅𝑅𝑖𝑅𝑅 𝑐𝑅𝑝𝑅𝑅𝑅𝑅𝑅𝑝𝑅 = �
𝑁
𝐶𝑎𝑎𝑎𝑐𝑐
𝐶𝐶
𝐶 𝐶𝑐𝑙𝑐

 � ∗ 100      Eq. 4  
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APPENDIX F: EXAMPLE CALCULATION FOR CHAPTER 4 

Heterogeneous electron transfer rate constant determination:   

This calculation was based on methods previously described Dempsey and colleagues1 

and are based on work originally described by Nicholson.2 Briefly, a plot of η versus log (v) was 

plotted, and a simulated working curve was used to fit the experimental data (experimental data 

referred to with subscript Fc). The following parameters were used to simulate the data: Dsim= 1 

x 10-5 cm2/s and ks, sim= 1 cm/s. The following equation was used to solve for the rate constant:  

𝛬𝑙 = 𝑘𝑙�
𝑅𝑅
𝐹𝑣𝐹

 

where 𝑘𝑙 is the rate constant, R is the gas constant, T is temperature, F is Faraday’s constant, and 

D is the diffusion constant. To solve this equation, the x-axes of the two plots were made to 

overlap with each other so that 𝛬𝑙,𝑙𝑖𝑠 = 𝛬𝑙,𝐹𝑐. Through simple algebra, the rate constant was 

determined for our experimental data.  
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