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Transparent Carbon Electrodes for Spectroelectrochemical Studies 
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Supervisors:  Keith J. Stevenson, David A. Vanden Bout 

 

This dissertation describes the assessment and use of carbon optically transparent 

electrodes (C-OTEs) based on pyrolyzed photoresist films (PPFs) as a platform for 

spectroelectrochemical investigations. C-OTEs are examined for use in UV-Vis 

spectroelectrochemistry and electrogenerated chemiluminescence and compared to non-

transparent glassy carbon (GC) and the conventional transparent electrode indium tin 

oxide (ITO). Chapter 1 provides a general overview of transparent electrodes, carbon 

electrodes, and spectroelectrochemistry. Chapter 2 details a UV-Vis 

spectroelectrochemical investigation of electrogenerated graphitic oxides (EGO) on the 

surface of the C-OTE in the presence of KCl. X-ray photoelectron spectroscopy and time 

of flight secondary ion mass spectroscopy are used to determine EGO composition. 

Several supporting electrolytes are investigated to determine the mechanism of EGO 

formation. Chapter 3 details experiments to electrochemically access the exciton 

emission from self-assembled double-walled tubular J-aggregates via electrogenerated 

chemiluminescence (ECL). Optimization of ECL intensity with respect to the coreactant 

concentration and the supporting electrolyte pH is performed on opaque glassy carbon 

electrodes. ECL and fluorescence spectra are compared, and C-OTEs are utilized to 

determine the source of disagreement between the spectra. Chapter 4 describes the 

preparation and characterization (i.e. transparency, thickness, sheet resistance, rms 
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roughness, and electroactive surface area) of C-OTEs and explores C-OTEs for general 

use in ECL under a variety of conditions. Simultaneous cyclic voltammograms and ECL 

transients are obtained for three thicknesses of PPFs and compared to non-transparent GC 

and the conventional transparent electrode ITO in both front face and transmission 

electrode cell geometries. Despite positive potential shifts in oxidation and ECL peaks, 

attributed to the internal resistance of the PPFs that result from their nanoscale thickness, 

the PPFs display similar ECL activity to GC, including the low oxidation potential 

observed for amine coreactants on hydrophobic electrodes. Overall, C-OTEs are 

promising electrodes for spectroelectrochemical applications because they yield higher 

ECL than ITO in both oxidative-reductive and reductive-oxidative ECL modes, are more 

stable in alkaline solutions, display a wide potential window of stability, and have tunable 

transparency for more efficient detection of light in the transmission cell geometry. 

Future directions for this research are discussed in Chapter 5, which outlines several 

approaches to designing and improving spectroelectrochemical sensors. 
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CHAPTER 1 

Optically Transparent Electrodes 

1.1 INTRODUCTION 

Optically transparent electrodes (OTEs) have been used in a broad range of 

scientific ventures from fundamental spectroelectrochemical studies to sensing and 

applied optoelectronic devices such as organic light-emitting diodes (OLEDs) and 

photovoltaics (PVs).1,2 OTEs have been derived from metals, metal oxides, and carbon.1-5 

Indium tin oxide (ITO) and fluorine tin oxide (FTO) have become the most widely used 

OTEs because they display good transmittance in the visible region of the 

electromagnetic spectrum and the thickness and doping of the material can be highly 

controlled during deposition.1,2 However, due to mechanical failure of ITO under bending 

for flexible optoelectronics and limitations such as the cost of indium,2 dissolution at 

extreme pH conditions,6-8 and limited potential window from oxidative and reductive 

instability for electrochemical studies,6,7 new materials are being assessed for the next 

generation of OTEs.1,2 Recently, carbon electrodes have gained more attention as a 

transparent electrode for fundamental studies because of their desirable optical and 

electrical properties.1,2,4,7,9 While carbon electrodes have long been used in 

electroanalysis, they have been underutilized in spectroelectrochemical analysis, likely 

due to their opaque nature except for in very thin films. 

Carbon electrodes have been widely used in electrochemistry since the early 

1800s due to their low cost, chemical inertness, good conductivity, wide electrochemical 

window in aqueous solutions, and ease of surface modification.1,5 The rich history of 

carbon electrodes encompasses studies on the more traditional graphite, glassy carbon, 

and carbon black electrodes, with more recent advances focusing on boron-doped 
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diamond, graphene, fullerenes, carbon nanotubes (CNTs), and reduced graphitic oxide 

electrodes.1,5 Although sp3-bonded boron-doped diamond electrodes, like ITO, are 

inherently transparent in the visible region of the electromagnetic spectrum (400-800 

nm), sp2-bonded graphitic carbon materials are inherently opaque in this wavelength 

region.1,5 However, graphitic carbon can be made optically transparent if restricted to a 

thin film (< ~100 nm).1,4,9-11 Pyrolyzed photoresist films (PPFs) display electrochemical 

properties similar to sp2-bonded graphitic carbon electrodes.11-19 Additionally, the optical 

transparency of PPFs can be easily tuned through dilution of a commercially available 

photoresist, generating a carbon OTE (C-OTE).1,7,10,11 This dissertation will focus on the 

assessment and use of PPF based C-OTEs as a platform for spectroelectrochemical 

investigations. 

Electrochemical techniques are powerful tools and highly quantitative, but alone 

they cannot always identify redox species in a complex sample.1 However, when 

combined with a spectroscopic technique, both qualitative identification and quantitative 

determination can be achieved.1 Previous research in our group has taken advantage of 

this and shown that spectroelectrochemical investigations can provide greater 

mechanistic insight into redox reactions than either electrochemistry or spectroscopy 

alone. Specifically, visible transmission spectroelectrochemistry of double-walled tubular 

J-aggregates, which are strong optical absorbers, on ITO electrodes was used to 

determine the oxidation mechanism of the structure. This study showed that the outer 

wall oxidizes prior to the inner wall by monitoring the absorbance peaks associated with 

each wall of chromophores.20,21 As detailed in further studies, spectra of oxidation 

products and radical intermediates were also determined using this technique.22,23 This 

highlights the advantages and additional information gained about unstable species with 

transmission UV-Vis spectroelectrochemistry over conventional UV-Vis spectroscopy. 
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While transmission UV-Vis spectroelectrochemistry has long relied on transparent 

electrodes, electrogenerated chemiluminescence (ECL), with the exception of imaging 

studies, has been dominated by opaque electrodes and front face cell geometries. ECL, 

which is analogous to fluorescence spectroscopy, is a “zero background” analytical 

technique that combines chemiluminescence with the control of electrochemistry to 

generate reactive species, in situ, that can recombine to emit light.24-27 Both imaging and 

bulk ECL studies can benefit from transparent electrodes because collecting light through 

the electrode reduces error from specular and diffuse scattering processes and inner filter 

effects (reabsorption and self-absorption).7 The transmission cell geometry is also more 

efficient because it affords an increased collection angle, resulting in more efficient light 

collection.7 The work presented in this dissertation explores this by using carbon 

optically transparent electrodes (C-OTEs) based on pyrolyzed photoresist films (PPFs) as 

a platform for spectroelectrochemical investigations of the C-OTEs themselves as well as 

the previously studied tubular J-aggregates. Specifically, C-OTEs are examined for use 

with UV-Vis spectroelectrochemistry and electrogenerated chemiluminescence (ECL). 

Performance of these C-OTEs is compared to that of their bulk, opaque, counterparts and 

conventional transparent electrodes such as ITO, noting the advantages of the surface 

chemistry of the carbon versus metal oxide electrodes. Further emphasis shows that 

information garnered from this combined approach is greater than from its individual 

counterparts due to simultaneously monitoring spectroscopic and electrochemical signals, 

allowing observation of unstable species generated in situ. 

This dissertation is organized into five chapters. This first chapter provides a 

broad introduction to transparent electrodes, carbon electrodes, spectroelectrochemistry, 

and electrogenerated chemiluminescence. Chapter 2 details the utilization of C-OTEs 

based on 22 nm PPFs as a platform for UV-Vis spectroelectrochemical investigations 
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focusing on the growth of an electrogenerated graphitic oxide (EGO) on the surface of 

the C-OTE. By monitoring the π-π* aromatic carbon transition for reduced GO (270 nm) 

and GO (230 nm), we observe the growth of GO in KCl upon applying oxidizing 

potentials. X-ray photoelectron spectroscopy (XPS) and time of flight secondary ion mass 

spectroscopy (TOF-SIMS) are used to confirm sample composition and location of salt 

ions within the EGO. Formation of EGO stable enough to be observed by UV-Vis is 

found to be unique to alkali chloride supporting electrolytes due to formation of a solid-

electrolyte interphase (SEI) which incorporates the alkali cation to stabilize the 

negatively charged oxygen functional groups while the presence of chloride anion acts as 

a passivation agent that protects the electrode surface from dissolution. The 

spectroelectrochemical approach highlights the detection and study of EGO that cannot 

be detected by electrochemical measurements. Specifically, the amount of EGO observed 

by UV-Vis scales with increasing cation size (Li+, Na+, K+) despite all the cations 

showing identical electrochemical response. 

Chapter 3 details an attempt to electrochemically access the exciton emission 

from self-assembled tubular J-aggregates via ECL. Simultaneous cyclic voltammograms 

(CV) and ECL transients are obtained from the self-assembled double-walled tubular J-

aggregates formed from the amphiphilic cyanine dye 3,3’-bis(2-sulfopropyl)-5,5’,6,6’-

tetrachloro-1,1’-dioctylbenzimidacarbocyanine (C8S3) immobilized on glassy carbon 

(GC) electrodes in the presence of the oxidative-reductive coreactant 2-

(dibutylamino)ethanol (DBAE). The effect of the electrode surface chemistry on the 

coreactant oxidation mechanism is demonstrated, showing a lower oxidation potential for 

amine coreactants on GC versus ITO, resulting in higher ECL emission on GC 

electrodes. Optimization of ECL intensity with respect to the coreactant concentration 

and the supporting electrolyte pH is performed on GC. The ECL and fluorescence spectra 
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show that the optical transitions occur at about the same energy, confirming that the ECL 

emission is associated with the singlet exciton delocalized on the tubular C8S3 J-

aggregates, but there is a slight peak shift and merging of two peaks. C-OTEs are used to 

determine that the source of disagreement between the two spectra is due to the DBAE 

molecule partitioning into the C8S3 supramolecular structure and altering the transition 

dipole coupling between aggregate molecules. J-aggregates are discussed as a potential 

new class of aqueous luminophores for ECL because of their unique characteristics such 

as accessible redox chemistry in the aqueous potential window, increased fluorescence 

emission, and narrow emission lines. 

Chapter 4 details the preparation and optical and electrical characterization of 

three thicknesses of PPFs. PPF based C-OTEs are assessed for use in ECL studies. 

Oxidative-reductive ECL is obtained with a well-characterized ECL system, C8S3 J-

aggregates with DBAE as coreactant. Simultaneous CV and ECL transients are obtained 

for three thicknesses of PPFs and compared to non-transparent GC and the conventional 

transparent electrode ITO in both front face and transmission electrode cell geometries. 

Despite positive potential shifts in oxidation and ECL peaks, attributed to the internal 

resistance of the PPFs that result from their nanoscale thickness, the PPFs display similar 

ECL activity to GC, including the low oxidation potential (LOP) observed for amine 

coreactants on hydrophobic electrodes. Reductive-oxidative ECL was obtained using the 

well-studied ECL luminophore Ru(bpy)3
2+, where the C-OTEs outperformed ITO 

because of electrochemical instability of ITO at very negative potentials. This chapter 

shows that C-OTEs are promising electrodes for ECL applications because they yield 

higher ECL than ITO in both oxidative-reductive and reductive-oxidative ECL modes, 

are more stable in alkaline solutions, display a wide potential window of stability, and 

have tunable transparency for more efficient detection of ECL. 
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Future directions for this research are discussed in Chapter 5, which outlines 

several approaches to designing and improving spectroelectrochemical sensors. ECL 

imaging is discussed as a method to understand light harvesting and energy transfer 

within C8S3 J-aggregates. Also, conjugated polymer nanoparticles are discussed as 

alternative multiple luminophore ECL emitters to J-aggregates. Finally, the PPF based C-

OTEs are discussed as a platform for optical biosensing. 
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CHAPTER 2 

Spectroelectrochemical Investigation of an Electrogenerated Graphitic 
Oxide Solid Electrolyte Interphase* 

2.1 INTRODUCTION 

Graphitic oxides (GO) can be electrochemically prepared by anodic oxidation of 

carbon in neutral to acidic solutions.1,2 Generating GO on carbon electrode surfaces has 

been shown to affect electron transfer rates of surface sensitive redox species, in some 

cases increasing them greatly, and imparting selectivity to cationic redox species based 

on electrostatic interactions with the anionic GO.1,3 Several studies have focused on 

determining the composition and mechanism of formation of electrogenerated GO on 

highly oriented pyrolytic graphite (HOPG), utilizing a variety of in situ (electrochemistry, 

Raman, EC-AFM) and ex situ (SEM, TEM, XPS, Auger spectroscopy) analytical and 

surface sensitive techniques, which has resulted in an intercalation/oxidation model.1,4-6 

Recently the electronics and optoelectronics community has become interested in 

graphene and graphene based electrodes, where solution processing methods have 

focused on chemically exfoliating graphite to generate GO in solution followed by 

chemical or thermal reduction to form reduced graphitic oxides (rGO).7-13 Typically, 

chemical reduction in solution is monitored via UV-Vis spectroscopy of the π-π* 

aromatic carbon transition which shifts from 230 nm (GO) to ~270 nm (rGO) upon 

reduction.7,14 With such a clear shift, this method is ideal for following the in situ 

formation of GO generated on a carbon electrode surface. 

We use carbon optically transparent electrodes (C-OTEs) as a platform for UV-

Vis spectroelectrochemical investigations of electrogenerated GO (EGO). The C-OTEs 

                                                 
* Portions of this chapter were submitted for publication in Walker, E.K.; Vanden Bout, D.A.; Stevenson, 
K. J. Anal. Chem. 2012, submitted. 
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are generated through pyrolysis of diluted photoresist, resulting in a pyrolyzed photoresist 

film (PPF) that displays similar properties to chemically derived rGO.15 Our 

spectroelectrochemical study focuses on formation of EGO in the presence of KCl as the 

supporting electrolyte. Previously, alkali chlorides (LiCl, NaCl, KCl) have been 

investigated for pretreating activated carbon16,17 and as coatings for carbon materials to 

improve Li+ battery performance by modifying the solid-electrolyte interphase (SEI).18,19 

However, alkali chlorides have been underutilized in EGO studies because it was thought 

that Cl- oxidizes to Cl2 at potentials lower than required for intercalation and would 

therefore not be useful in the intercalation/oxidation mechanistic studies.5 We observe 

EGO formation in KCl upon applying oxidizing potentials, and we discuss the 

mechanism of EGO and SEI formation in KCl versus other aqueous electrolytes. Finally, 

we discuss the effect of cation (Li+, Na+, K+) on EGO formation and demonstrate that the 

combined spectroelectrochemical approach provides mechanistic information that 

electrochemistry alone lacks. 

2.2 EXPERIMENTAL SECTION 

2.2.1 Pyrolyzed Photoresist Film Preparation 

Pyrolyzed photoresist films (PPFs) were prepared according to previously 

reported procedures.20-22 Quartz microscope slides, 1” square, were purchased from 

Technical Glass Products and cleaned by heating to 800 °C in air and soaking in piranha 

(3:1 H2SO4:30% H2O2) to remove any residual organics. (Caution: Piranha is a strong 

oxidizing solution and must be prepared in a fume hood with proper protection. Always 

add H2O2 to H2SO4.) After cleaning, quartz slides were stored in ultrapure H2O until use. 

To prepare PPFs, quartz slides were dried with N2 and taken to the cleanroom. To prepare 

transparent PPFs a positive photoresist, AZ 1518, was diluted with solvent, 1-methoxy-2-
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propyl acetate (PGMEA), and mixed thoroughly prior to spincoating on the quartz at 

6000 rpm for 60 s. Transparent PPFs are identified by their dilution (% v/v), with 25% 

PPFs as the chosen dilution for this study. After spincoating, the photoresist slides were 

soft baked for 10 min at 90°C on a hotplate, and then transferred to a tube furnace. After 

purging with 5% H2: 95% N2 (~100 mL/min) for 15 minutes, the photoresist slides were 

pyrolyzed by heating to 1000 °C at 5 °C/min and then held at 1000 °C for 1 hour before 

allowing to cool to room temperature slowly. Pyrolyzed films were removed from the 

furnace and stored for 3 days prior to use to allow the oxide layer to stabilize.23 As 

detailed elsewhere15 and discussed in Chapter 4, 25% PPFs prepared by this method are 

11 ± 1 nm thick, display a rms roughness of 1.01 ± 0.06 nm, and have a sheet resistance 

of 1850 ± 70 Ω/□. After characterization, ~150 nm of silver (Kurt J. Lesker, 99.99%) was 

evaporated (Denton Thermal Evaporator) on the transparent PPFs (bulk of surface except 

for active area used for electrochemistry) to minimize contact resistance.22 

2.2.2 PPF Characterization 

Transmittance spectra of transparent electrodes were acquired with an Agilent 

Instruments 8453 UV-visible spectrometer with a photodiode array detector. 

Photoluminescence spectra were acquired with a Spex Fluorolog 1 (Horiba Jobin Yvon) 

equipped with a 450W xenon lamp and controlled by an in house LabView program.   X-

ray photoelectron spectroscopy (XPS) was performed with a Kratos Axis DLD 

spectrometer with an Al Kα lamp source. High resolution spectra of the C1s (295 to 275 

eV) and O 1s (545 to 525 eV) were acquired with a step size of 0.1 eV and a dwell time 

of 800 ms. Spectra were analyzed using Kratos Vision software with a Shirley 

background correction. Raman spectra were acquired with a Renishaw inVia Microscope 

using a 514.5 nm argon laser with a 50X objective. At least three acquisitions (centered at 
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1450 cm-1, 40 s integration) were taken of two PPFs. Time of flight secondary ion mass 

spectroscopy (TOF-SIMS) was performed on a TOF.SIMS 5 by ION-TOF GMBH using 

Bi3++ ions accelerated at 3 kV in dynamic mode. In this mode of operation, a single ion 

source is used as both the analysis (primary) gun and the sputtering (secondary) gun in 

order to gently interrogate the surface layer. A randomly rastered 200 mm2 analysis area 

was used to acquire the data from which the depth profiles were constructed. Secondary 

ions were detected in positive ion mode and an electron flood gun was introduced during 

analysis to avoid charging of the surface. All samples were loaded and allowed to purge 

for a minimum of 12 hours before introduction to the main analysis chamber. All analysis 

was performed with main analysis chamber pressures between 5 and 9 x 10-9 mbar. 

2.2.3 Electrochemical Measurements 

Electrochemical measurements were performed with 25% PPFs as the working 

electrode. Spectroelectrochemical measurements were performed using a CH 700 

bipotentiostat (CH Instruments) with an Agilent Instruments 8453 UV-Visible 

spectrometer with a photodiode array detector. All electrochemical measurements were 

performed using a home built cell with a fixed working electrode area of 0.45 cm2, path 

length of 1 cm, cell volume of ~1 mL, a Pt wire counter electrode, and a Ag/AgCl 

reference electrode (1 M KCl, E° = +0.236 V v. NHE, CH Instruments, Austin, TX). All 

potentials discussed below are versus Ag/AgCl (1 M KCl) unless otherwise denoted. 

Since most electrochemical reactions examined are irreversible, the potential reported 

corresponds to maximum anodic/cathodic current (Epa/Epc) as opposed to the usually 

reported E1/2.  
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2.3 RESULTS AND DISCUSSION 

2.3.1 Spectroscopic Characterization of PPFs 

Although previously discussed as having electrochemical properties similar to 

glassy carbon, the optical properties and surface chemistry of pyrolyzed photoresist films 

(PPFs) suggest that they can also be considered a form of thermally reduced graphitic 

oxides (rGO), or graphene mimic.20 Figure 2.1 displays the optical properties of a 25% 

PPF on quartz. As described previously, PPFs display a transition at ~268 nm, due to the 

π-π* transition for electrons delocalized over carbon double bonds, which is consistent 

with previous studies of PPFs, graphene-based optically transparent electrodes, and 

reduced graphitic oxides (rGO).7,20,22,24 Photoluminescence emission of PPFs is also 

similar to rGOs with an emission at ~400 nm.7,14,25 Whereas other studies reported a 

broad excitation spectra,25 we observed a sharp peak at ~245 nm which suggests discrete 

carbon clusters are emitting, perhaps due to confinement of the oxide species to the air 

exposed portion (surface) of the very smooth film (RMS roughness ~ 1 nm). The 

excitation peak occurs at a shorter wavelength (∆~25 nm) than the absorption peak, 

suggesting that the bulk of the emission occurs from the more oxidized sites (GO π-π* 

transition at 230 nm). This is supported by previous studies which reported a decrease in 

emission intensity when the graphitic oxides (GO) were more completely reduced.25 

Furthermore, as described previously20,21 and detailed in Chapter 4, the relationship 

between transmittance and sheet resistance of PPFs matches the trend observed with 

thermally and chemically reduced graphitic oxides.10 XPS shows the surface is composed 

primarily of carbon with low levels of oxidation (Figure 2.2a,b), consistent with previous 

reports of PPFs and thermally reduced graphitic oxides.10,23,26 Raman spectroscopy 

(Figure 2.2c) displays a D/G ratio of 0.8, corresponding to an average crystallite size of  
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Figure 2.1. Absorbance (red) and photoluminescence excitation (black) and emission 
(blue) spectra of a 25% PPF electrode on quartz. 
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Figure 2.2. XPS and Raman spectra of 25% PPF electrodes on quartz. 
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5.5 nm, which is more disordered than graphene7 and electrochemically derived graphene 

quantum dots (D/G =0.5)27,  but is in the range of what has been observed for chemically 

and thermally rGO (2.5-6 nm).7,10 Therefore, based on optical, electrical, and surface 

properties, PPFs can be considered as a type of thermally rGO, deriving from photoresist 

rather than exfoliated graphite as the carbon source. 

2.3.2 EGO Formation in Aqueous Solutions 

Using the transparent PPF as our carbon electrode, we can follow the evolution of 

the electrogenerated GO (EGO) via UV-vis spectroscopy with the well recognized π-π* 

transition at 230 nm.7,14 A previous spectroelectrochemical effort that utilized highly 

ordered pyrolytic graphite (HOPG) and Raman spectroscopy observed maximum GO 

formation in aqueous acids (H2SO4, HNO3, HClO4) via an intercalation/oxidation 

mechanism (eqs. 2.1-2.4),4,5,16,17 whereas imaging efforts focused on observing HOPG 

oxidation and intercalation with atomic force microscopy (AFM) in KNO3, HClO4, and 

H2SO4.
4,28 

Solvent Intercalation into a Graphite Lattice:  

[Cx] + [A-] + y(solv) ↔ [Cx
+A-]y(solv) + e-     (2.1) 

Graphite Oxide Formation:  

Cx + 2H2O → CxO2Hy + (4-y)H+ + (4-y)e-     (2.2) 

Carbon Dioxide Formation: 

C + 2H2O → CO2 + 4H+ + 4e-      (2.3) 

Water Electrolysis: 

2H2O → O2 + 4H+ + 4e-       (2.4) 

Although we could not utilize the nitrate electrolytes due to the anion’s large absorption 

in the UV range,29 in several UV transparent 1 M supporting electrolytes (H2SO4, HClO4, 
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Na2SO4, KOH) we observed no formation of the peak at 230 nm (Figure 2.3). However, 

we did observe a total drop in absorbance attributed to dissolution of the electrode via 

oxidation, suggesting the oxidation is going to completion and producing CO2 (eq. 2.3). 

2.3.3 EGO Formation in KCl 

Interestingly, we observed a sharp increase in absorption at 230 nm upon 

oxidation of PPF electrodes in 1 M KCl. Figure 2.4 displays UV spectra at 1 V intervals 

for a cyclic voltammogram from 0 V to +2 V to -1 V v. Ag/AgCl (1 M KCl). The 230 nm 

(GO) peak growth begins between +1 and +2 V, where current is first observed in the 

CV. The current is a convolution of carbon oxidation (eqs. 2.2-2.3) and chloride 

oxidation to chlorine (eq. 2.5), as well as chlorine induced carbon oxidation and possibly 

chloride/chlorine intercalation into the carbon (eq. 2.1).4,5,16,17,30-32  

Chlorine Generation: 

2Cl- → Cl2 + 2e-        (2.5) 

The GO peak continues to increase at a slower rate from +2 to 0 V, perhaps due to partial 

reduction of carbon or a decrease in the amount of electrogenerated chlorine as the 

potential is cycled from +1 to 0 V. The cathodic peak is not from quinone functional 

groups as it is not reversible and does not grow upon cycling (Figure 2.5). Instead, this 

peak is likely associated with deintercalation and reduction of chlorine compounds. The 

GO peak starts decreasing from 0 to -1 V although there is little current observed is this 

region of the CV. This is consistent with other reports of GO reduction occurring at about 

-1 V.33,34 The GO peak growth cycle is mimicked in a shoulder at ~325 nm, attributed to 

the n-π* transition for C=O,7 showing an increase in oxygen-containing functional groups 

upon oxidation and their decrease upon reduction. As discussed above, previous  
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Figure 2.3. Spectra of 25% PPF at 1 V intervals for a CV from 0 to +2 to -1 V at 10 
mV/s in 1 M KOH, H2SO4, HClO4, and Na2SO4.  A GO peak at 230 nm does not appear; 
instead, the total absorbance drops with only a small recovery increase upon reduction. 

 

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

200 250 300 350 400

A
b
so
rb
an
ce

Wavelength (nm)

1M HClO4

1M KOH 1M H2SO4

1M Na2SO4

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

200 250 300 350 400

A
b
so
rb
an
ce

Wavelength (nm)

1, 0V
2, +1V
3, +2V
4, +1V
5, 0V
6, ‐1V
7, 0V

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

200 250 300 350 400

A
b
so
rb
an
ce

Wavelength (nm)

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

200 250 300 350 400

A
b
so
rb
an
ce

Wavelength (nm)



 18

 

Figure 2.4. (a) Absorbance spectra at 1 V intervals corresponding to (b) cyclic 
voltammogram of a 25% PPF electrode scanned from 0 to +2 to -1 V at 10 mV/s in 1 M 
KCl. Colored numbers in (b) denote potentials of spectra in (a). Absorbance spectra 
shown have had the initial absorbance spectrum of the 25% PPF subtracted. Inset: Zoom 
in on shoulder at 325 nm. 
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Figure 2.5. Three successive CV scans from 0 to +2 to -1 V of a 25% PPF in 1 M KCl. 
Scan rate: 10 mV/s. 
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mechanistic studies of EGO did not utilize KCl as an electrolyte because chloride ions 

oxidize to chlorine (~1.1 V v. Ag/AgCl) supposedly before intercalation and in the same 

potential regime as carbon oxidation.5 However, other reports have discussed chloride 

incorporation into carbon electrodes,30,31,35,36 and the growth of the 230 nm peak in the 

UV clearly shows evidence of GO formation in the presence of a high concentration of 

chloride ions. We observe only small changes in the baseline absorbance at 600 nm 

(Figure 2.6), as opposed to the large increase in baseline absorbance observed for 

chemical reduction of GO in solution due to scattering effects of suspended GO 

particles.7 This suggests that our in situ oxidation/reduction is confined to the surface of 

the electrode as only small changes in absorbance baseline are observed. 

Figure 2.7a shows that absorbance at 230 nm increases and decreases with 

potential and amount of integrated charge. A large hysteresis is seen in the absorbance 

between cycle 1 and subsequent cycles; however, very little change is observed in the 

electrochemical response (Figure 2.5). Figure 2.7b shows this hysteresis extends to 

chronoamperometry experiments, where a linear relationship is observed between an 

increase in integrated charge and in the appearance in absorbance associated with the GO 

peak when held at +2 V for the first 60 s of a 180 s potential step followed by a plateau in 

absorbance for the last 120 s. A non-linear relationship is observed between the 

integrated charge and the GO peak when the PPF electrode is subsequently held at -1 V 

for 180 s. A shorter (50 s) potential step to +2 V, within the linear regime and before the 

plateau, still results in a non-linear relationship upon reduction. This behavior is 

reproducible across multiple PPF electrodes (Figure 2.8). This hysteresis suggests that 

separate non-faradaic chemical or physical processes are occurring causing a “lag” in the 

absorbance and its subsequent decrease, possibly due to the formation of a GO/salt solid-  
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Figure 2.6. Change in absorbance at 600 nm for three successive CV scans in 1 M KCl. 

  

0.14

0.16

0.18

0 300 600 900 1200 1500 1800

A
b
so
rb
an
ce
 a
t 
6
0
0
 n
m
 (
a.
u
.)

Time (s)

Cycle 1 Cycle 2 Cycle 3



 22

 

Figure 2.7. (a) Cyclic voltammetry: simultaneous charge (black) and absorbance (red) at 
230 nm for three successive scans of a 25% PPF electrode in 1 M KCl. Scans from 0 to 
+2 to -1 V at 10 mV/s. (b) Chronoamperometry: absorbance at 230 nm as a function of 
charge for a 25% PPF electrode in 1 M KCl during a potential step to +2 V followed by a 
step to -1 V for 180 s (gold) and 50 s (blue) each. 
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Figure 2.8. Multiple trials of potential steps to +2 and -1 V for 50 s each on separate 25% 
PPFs. All scans show a linear relationship between absorbance and charge at +2 V, but an 
irreversible non-linear relationship at the subsequent -1 V potential step. 
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electrolyte interphase (SEI). To determine the source of hysteresis we performed further 

studies to understand the mechanism by which the carbon is being oxidized. 

The effect of KCl concentration on the amount of GO produced was studied to 

determine if the increase in anodic current and GO formation is from direct carbon 

oxidation or chloride oxidation to chlorine and chlorine induced carbon oxidation.5,16,17 

Figure 2.9 shows absorbance spectra for GO formation at +2 V as a function of KCl 

concentration. A linear relationship is observed from 100 mM to 1 M KCl, which is 

mimicked in the C=O shoulder (Figure 2.10), showing the generation of GO is directly 

related to the amount of chloride in solution. This suggests the GO formation is induced 

from electrogenerated chlorine rather than direct carbon oxidation. Furthermore, the 

electrochemical signal is confirmed to be a diffusion limited process since the 

electrochemical current scales with the square root of the scan rate (Figure 2.11). As 

mentioned above, at 1 M KCl, there is little change in the baseline absorbance of the PPF 

electrode at 600 nm, showing little change in overall amount of carbon. However, as the 

concentration of KCl decreases the drop in baseline absorbance increases, similar to the 

effect seen in other aqueous electrolytes (Figure 2.12). This suggests that the bulk of the 

EGO generated is stable on the electrode surface and is not dissolving into solution, 

forming a solid-electrolyte interphase (SEI) where the KCl electrolyte appears to protect 

the surface from dissolution, with little drop in the baseline absorbance after three cycles. 

Formation of this SEI could explain the hysteresis observed above in Figure 2.7. 

Possibilities for stabilization include adsorption of chloride ions on the surface of the 

electrode,12,31,35,36 chloride assisted intercalation of K+ to stabilize the negatively charged 

oxygen moieties such as carbonyl and carboxyl,4 or blocking by chloride diffusion to the 

electrode and reduced chlorine generation. Similar to SEIs observed in Li+ batteries,37 

this SEI is unstable when removed from solution, rinsed, and dried as the GO peak (230  
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Figure 2.9. (a) Absorbance spectra of a 25% PPF electrode during oxidation in 1 M (red), 
500 mM (green), 250 mM (blue), and 100 mM (purple) KCl. Spectra taken at +2 V for 
comparison. Inset: Zoom in on shoulder at 325 nm. (b) Change in absorbance from 0 to 
+2 V at 230 nm as a function of KCl concentration. Error bars represent standard 
deviation of average of three samples. Absorbance spectra shown have had the initial 
absorbance spectrum of the 25% PPF subtracted.  
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Figure 2.10. Absorbance at 322 nm (n-π* transition for C=O) versus concentration of 
KCl.  

 

 

 

Figure 2.11. Peak current at cathodic peak (ipc) as a function of the square root of scan 
rate. Three scan rates used were 10, 50, and 100 mV/s. Linear relationship confirms that 
peak is due to species diffusing to surface of the electrode. 
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Figure 2.12. Change in absorbance at 600 nm after three cycles from 0 to +2 to -1 V at 
10 mV/s. The change in absorbance at 600 nm increases with decreasing KCl 
concentration, suggesting more of the electrode is dissolving into solution in the absence 
of KCl. 

 

 

 

Figure 2.13. Dry 25% PPF before and after three cycles from 0 to +2 to -1 V at 10 mV/s 
(red) and before and after holding at +2 V and -1 V for 50 s each (blue). Although the GO 
peak at 230 nm is observed during the electrochemical treatments, the film is unstable 
when removed from solution and dried, with the final spectra containing the same peak at 
~270 nm as the original spectra, just with a small drop in intensity. The cycled sample 
lost more carbon because it was exposed to the harsh conditions for a longer amount of 
time. 
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nm) and shoulder (330 nm) disappear and the original intact rGO (270 nm) peak is 

observed (Figure 2.13). Some irreversible chemical changes occur on the electrode 

surface as it is empirically observed to have better wettability (hydrophilicity) after 

electrochemical cycling. 

2.3.4 Surface Analysis of EGO 

XPS and TOF-SIMS was performed on electrodes pretreated in 1 M KCl under 

different potential conditions to probe these subtle surface changes remaining. Figure 

2.14 shows the raw and normalized XPS spectra of the C 1s and O 1s spectra. The C 1s 

peak location and shape appears largely unchanged by the electrochemical treatments, 

except for small changes in the tail (~286 eV) due to different oxygen functional groups. 

The sample held at +2 V with no subsequent reduction shows the most oxygen groups, 

followed by the two samples exposed to both positive and negative potentials, with the 

untreated PPF showing the lowest amount of oxidation. Peak fitting (Figure 2.15, Table 

2.1) shows the functional groups with greatest increase in relative atomic concentration 

are alcohol (C-OH) and epoxy/ether (C-O-C). The O 1s peaks also show minor changes, 

primarily in the appearance of shake-up satellite peaks (538-543 eV) from π-π* 

transitions for the electrochemically treated samples.38 These shake-up satellites are very 

sensitive to conjugation length of the carbon network, previously shown to be useful in 

“fingerprinting” and differentiating between similar polyesters.38 Here these satellites 

further show that the electrode only cycled to +2 V results in different carbon/oxygen 

surface than those electrodes cycled between +2 V and -1 V of which both CV and 

potential step experiments display similar results, which are all distinct from the original 

untreated electrode surface. Figure 2.16 shows the presence of residual potassium and  
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Figure 2.14. Normalized (left) and raw (right) XPS of 25% PPF electrodes after 
electrochemical treatment in 1 M KCl: stepped to +2 V and -1 V for 50 s each (blue), 
cycled 3x from 0 to +2 to -1 V at 100 mV/s (pink), stepped to +2 V for 50 s (dark blue), 
and no treatment (green).  
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Figure 2.15. XPS peak fitting of 25% PPFs after electrochemical treatments listed above. 
Peak fitting was performed in CasaXPS (v.2.3.15) for the 282-290 eV range using a 
Shirley background and a SGL(20) line shape. Peak positions adapted from the 
literature,39,40 and FWHM of peaks was constrained. 
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Table 2.1. Quantification of relative concentration of carbon functional groups XPS peak 
fittings in Figure S-11. 

 

Relative Concentration (at%)
Avg. Peak 
Position 

(eV)
Peak Cycled +/- Control Stepped +/- Stepped +

284.3 C-C 79.15 88.67 80.74 73.53
285.2 C-O 7.69 6.13 6.24 9.96
286.0 C-O-C 9.7 5.07 10.82 12.87
287.5 C=O 2.16 0.14 1.11 2.52
288.7 H-O-C=O 1.3 0 1.1 1.12
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Figure 2.16. Raw XPS (left) and TOF-SIMS depth profiling (right) for potassium and 
chloride on 25% PPFs after electrochemical treatments in 1 M KCl: stepped to +2 V and -
1 V for 50 s each (blue), cycled 3x from 0 to +2 to -1 V at 100 mV/s (pink), stepped to +2 
V for 50 s (dark blue), and no treatment (green).  
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chloride on the surface of the electrodes is observed in the XPS and TOF-SIMS data. 

TOF-SIMS depth profiling via sputtering shows different behaviors for the presence of 

potassium versus chloride ions. Chloride ions appear primarily confined to the surface of 

the electrode, with the largest signal coming from the electrode poised at +2 V. This is 

due to electrostatic attraction and adsorption of chloride ions to the positively biased 

electrode, the chloride ion diffusion to and reduced chlorine generation at the electrode, 

and attachment and intercalation of chloride/chlorine compounds.6,35,36,41 Electrodes that 

were held at negative potentials show less chloride ions near the surface of the electrode. 

The potassium penetrates the surface of the electrode, with the largest signals observed in 

the samples that were exposed to negative potentials electrostatically driving the positive 

potassium ions into the electrode.4,6,41 Interestingly, potassium is also present in the 

sample that was poised at +2 V, likely driven to the electrode by the chloride diffusion 

and intercalated into the electrode in an electrostatic interaction with the negatively 

charged oxygen functional groups. This is similar to the work by Goss et al. which used 

depth profiling with Auger spectroscopy to confirm the presence of potassium in a HOPG 

electrode after electrochemical treatments in KNO3; they concluded that the potassium 

likely existed in the form of carboxylate or carbonate salts just under the surface of the 

electrode.4  This shows that although the chloride anion seems to largely be responsible 

for the electrochemical signal and oxidation of the electrode, the potassium cation may be 

the source of hysteresis and stabilization of the EGO/SEI on the electrode surface since it 

penetrates further into the electrode. 

2.3.5 Effect of Cation on EGO Formation 

Three different chloride salts were investigated to further explore the role of the 

cation in the generation and stabilization of the GO on the electrode surface. Figure 2.17a  
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Figure 2.17. (a) Cyclic voltammograms of the first cycle of 25% PPF electrodes 
immersed in KCl (red), NaCl (green), and LiCl (blue). (b) Absorbance at 230 nm for 
three successive scans in above electrolytes. (c) CV (blue) and differential absorbance 
(δA/δV, dashed black) in LiCl. All scans are from 0 to +2 to -1 V at 10 mV/s in 1 M 
supporting electrolyte.  
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displays CVs of KCl, NaCl, and LiCl, and Figure 2.17b displays the 230 nm GO peak as 

a function of time for three successive electrochemical cycles for each of these salts. The 

CVs of electrodes in the three electrolytes display identical I-V response, but the 

absorbance at 230 nm shows a large difference in the amount of EGO formed. Therefore, 

the electrochemical signal is primarily due to the chloride/chlorine activity for 

oxidation/reduction and intercalation/deintercalation, and is not responsible for the 

hysteresis and lack of reversibility of the system. The amount of EGO formed increases 

with cation size, suggesting that the larger potassium ion disrupts and causes more 

damage to the carbon bonding structure, an effect observed in related studies.4,5,12 

Furthermore, the amount of hysteresis from cycle 1 to subsequent cycles decreases as 

cation size decreases, resulting in an increase in reversibility. This increase in 

reversibility could be due to the decrease in damage to the carbon or to the decrease in 

solubility of the resultant carbonate/carboxylate salts with decreasing ion size, but there is 

no clear method to distinguish which cause dominates since solubility and ion size are 

directly related. Figure 2.17c displays a differential absorbance plot versus the cyclic 

voltammogram, a method previously used to optically determine the source of 

electrochemical peaks.42,43 Here, the differential absorbance matches well with the 

cathodic peak, but not so well with the anodic peak due to the large changes in 

absorbance. The differential plots for sodium and potassium (Figure 2.18) show an 

increased deviation from the CV with cation size, further illustrating the effect of the 

cation on GO formation and benefit of spectroscopic monitoring of GO growth. Future 

work will further quantify thickness of the GO/SEI as a function of cation size via in situ 

AFM imaging or by developing methods to stabilize the film as it is removed from 

solution, allowing further ex situ studies. 
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Figure 2.18. Cyclic voltammogram (solid) and differential absorbance (dashed) plots for 
25% PPFs cycled from 0 to +2 V to -1 V at 10 mV/s in 1 M LiCl (top, blue), NaCl 
(middle, green), and KCl (bottom, red).

‐0.8

‐0.5

‐0.2

0.1

0.4

0.7

1

‐1.0

‐0.5

0.0

0.5

1.0

‐1 0 1 2

δ
A
/δ
V
 (a
.u
.)

C
u
rr
e
n
t (
m
A
)

Potential (Volts v. Ag/AgCl)

LiCl

‐0.9

‐0.7

‐0.5

‐0.3

‐0.1

0.1

0.3

0.5

0.7

0.9

‐1.0

‐0.5

0.0

0.5

1.0

‐1 0 1 2

δ
A
/δ
V
 (a
.u
.)

C
u
rr
e
n
t (
m
A
)

Potential (Volts v. Ag/AgCl)

NaCl

‐80

‐60

‐40

‐20

0

20

40

60

80

‐1.0

‐0.5

0.0

0.5

1.0

1.5

‐1 0 1 2

δ
A
/δ
V
 (a
.u
.)

C
u
rr
e
n
t (
m
A
)

Potential (Volts v. Ag/AgCl)

KCl



 37

2.4 CONCLUSIONS 

We have reported the utilization of UV-Vis spectroelectrochemistry as a new tool for 

studying electrogenerated graphitic oxides (EGO). Carbon optically transparent 

electrodes (C-OTEs) based on pyrolyzed photoresist films (PPFs) serve as a transparent 

electrode platform and carbon source for producing and monitoring the growth of EGO. 

With KCl as the supporting electrolyte we observed an increase in the graphitic oxide 

(GO) π-π* transition at 230 nm upon applying anodic potentials to the electrode. 

Electrolytes commonly used to generate GO (H2SO4, HClO4, Na2SO4, KOH) resulted in a 

total drop in absorbance at all wavelengths, suggesting dissolution, but with KCl we 

obtained a stable EGO solid electrolyte interphase (SEI) on the surface of the C-OTE. 

The EGO increases and decreases with charge, which appears to be from carbon 

oxidation induced from electrogenerated chlorine as the amount of EGO formed is 

directly proportional to the amount of KCl in solution. Surface analysis of the EGO/SEI 

with XPS and depth profiling with TOF-SIMS confirm the increase in oxygen functional 

groups and that chloride is present primarily on the surface of the electrode whereas the 

potassium penetrates further into the electrode, both of which contribute to stabilizing the 

EGO on the surface of the electrode. Varying the cation (K+, Na+, Li+) in the alkali 

chloride has no effect on the electrochemical signal but has a large influence on the 

absorbance, and therefore the amount of EGO formed. The amount of EGO formed 

increases with cation size, suggesting increased size-dependent damage to the carbon 

microstructure, whereas the reversibility of EGO formation decreases with cation size. 

Differential absorbance plots further illustrate this by showing an increased deviation 

between CV and differential absorbance upon increase of cation size. This combined 

spectroelectrochemical approach provides mechanistic insight into EGO/SEI formation 

that has previously been unobserved with electrochemistry alone or other combined 
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technique approaches. Since the presence of EGO on carbon electrodes affects electron 

transfer rates and electrostatic selectivity, future investigations of graphite based 

electrodes for optoelectronics and batteries will need to account for this EGO/SEI 

formation and its effect on device properties. 
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CHAPTER 3 

Aqueous Electrogenerated Chemiluminescence of Self-Assembled 
Double-Walled Tubular J-Aggregates of Amphiphilic Cyanine Dyes† 

3.1 INTRODUCTION 

Electrogenerated chemiluminescence, or electrochemiluminescence, (ECL) is a 

powerful analytical technique that combines chemiluminescence with the control of 

electrochemistry.1-5 Widely studied since the 1960’s,6-8 ECL has gained much attention 

because it allows access to excited states of molecules without an external 

photoexcitation source, effectively making it a zero background analytical detection 

technique. ECL serves as the basis for numerous sensors and biosensors with light 

emission triggered from quantum dots,9-11 inorganic luminophores,12,13 and organic 

molecules.14,15 ECL has also been used in more fundamental investigations to assess 

conjugated polymers for organic light emitting diodes (OLEDs),16-18 study the emission 

properties of organic and carbon nanoparticles,19-21 and for determination of the soliton-

like wave mechanism for the oxidation of semiconducting polymer films.22  

In ECL, oxidized and reduced species are generated simultaneously either by 

stepping the potential to generate both the oxidized and reduced form of one species (i.e. 

ion annihilation generated ECL) or by stepping the potential one direction to generate the 

oxidized form of one species and the reduced form of a second species (i.e. coreactant 

generated ECL). In both schemes oxidized and reduced species combine to generate an 

excited state, resulting in the emission of light. Coreactant ECL has certain advantages 

when compared to ion annihilation ECL, as it requires a smaller potential window, is less 

susceptible to quenching by oxygen in solution, and is also more conducive to aqueous 

                                                 
† Portions of this chapter were published in Walker, E.K.; Vanden Bout, D.A.; Stevenson, K. J. J. Phys. 
Chem.C 2011, 115, 2470-2475 and Langmuir 2012, 28, 1604-1610. 
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systems.1 Much of the ECL literature has focused on finding better and brighter ECL 

luminophores based on the general requirements of a high quantum yield emission and 

reversible electrochemistry.4 As a result, many ECL luminophore studies have proceeded 

by either investigating good fluorophores (i.e., polyaromatic, large molar absorptivity, 

rigid molecular structure, and high quantum yield)23 or by synthetically altering 

previously established luminophores to obtain more stable radicals.24,25 One interesting 

class of highly fluorescent materials are J-aggregates, which are electronically coupled 

aggregates of polyaromatic structures that display unique spectral features such as a high 

absorption cross section, virtually no Stokes shift, and very narrow emission spectra.26,27 

As a result of these interesting properties, J-aggregates have been studied as model 

research systems for exciton transport28 and artificial light harvesting systems,29 as well 

as nonlinear optics,30 organic light emitting diodes,31 optical antenna for quantum dots,32 

and real time detection of DNA mismatches.33 J-aggregates of cyanine dyes are highly 

fluorescent aggregates of self-assembled dye molecules where the aggregation of cyanine 

dyes is aided by their delocalized π conjugated electrons, which lead to attractive van der 

Waals forces, especially at high concentrations of dye and in polar solutions.26,34 This 

produces a strong coupling of the transition dipoles of the monomers resulting in new 

delocalized exciton transitions with high absorption cross section, superradiant emission, 

and efficient exciton energy transfer over long distances.26,27,34,35  

The work presented here builds on previous spectroelectrochemical studies of J-

aggregates36-40 as well as ECL studies of cyanine dye monomers.41,42 Cyanine dye 

monomers have long been established as high quantum efficiency fluorophores,34 yet 

ECL studies of cyanine dyes have been limited.41,42 Like most organic fluorophores, 

cyanine dye solubility is based on functional groups, with many dyes having limited 

solubility in aqueous solutions.34 Therefore, most ECL studies take place in organic 
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solvents such as acetonitrile, with rigorous degassing and purification procedures.1-4  In 

one study, Lee et al. observed ECL of a heptamethine cyanine dye with tripropylamine as 

a coreactant in acetonitrile.42 This study investigated ECL of only the monomer in the 

organic phase. In a separate study, Lee et al. investigated ECL of two near-IR 

tricarbocyanine dyes in organic solvents, aqueous solution, and aqueous solution with 

surfactants.41 While expanded to the aqueous phase, this study also limited its 

investigation to the monomeric form of the dyes. The aggregates formed by these dyes in 

aqueous solution were either blue-shifted dimers or red-shifted solvated aggregates that 

were not classified as J-aggregates due to their appearance even at low solution 

concentrations (<1 μM). Regardless, Lee used surfactants to prevent this aggregation so 

only the monomer ECL could be observed. Although J-aggregates of cyanine dyes are 

high quantum efficiency fluorophores that exist in aqueous solution and have interesting 

energy transfer properties, the ECL properties and ability of cyanine dye J-aggregates to 

serve as ECL luminophores have not been investigated. 

In this study, we present the first investigation of ECL from an aggregated dye 

structure, specifically the self-assembled double-walled tubular J-aggregates formed from 

the amphiphilic cyanine dye 3,3’-bis(2-sulfopropyl)-5,5’,6,6’-tetrachloro-1,1’-

dioctylbenzimidacarbocyanine (C8S3).28,43-45 C8S3 monomers have both hydrophilic and 

hydrophobic functional groups; as a result, they self assemble with both van der Waals 

forces and hydrophobic forces into double-walled tubules with hydrophobic octyl chains 

sandwiched between two walls of hydrophilic sulfo groups (Figure 3.1).43-45 As reported 

previously, the shift to lower energy transitions upon formation of the J-aggregates 

causes them to oxidize at a much lower potential than the respective monomer,36,37,46 

specifically +0.861 V compared to +1.675 V v. NHE for C8S3,39 making the J-aggregate 

oxidation accessible in the aqueous potential window. We explore the ECL of 
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immobilized C8S3 on glassy carbon electrodes with the recently discovered 2-

(dibutylamino)ethanol (DBAE) oxidative-reductive coreactant.47 We hypothesize that the 

ECL mechanism involves both direct oxidation of the coreactant at the electrode as well 

as catalytic oxidation of the coreactant by the C8S3 J-aggregate. We discuss the pH 

dependence of the ECL intensity and describe that it is dependent on the pH dependent 

equilibrium of the coreactant DBAE. The overlaid ECL and fluorescence spectra show 

that the optical transitions occur at the same energy, confirming that the ECL emission is 

associated with the singlet exciton delocalized on the tubular C8S3 J-aggregates, but 

there is a slight peak shift and merging of the two peaks. Carbon optically transparent 

electrodes (C-OTEs) are used to determine that the source of disagreement between the 

two spectra is due to the DBAE molecule partitioning into the C8S3 supramolecular 

structure and altering the transition dipole coupling between aggregate molecules. 

3.2 EXPERIMENTAL SECTION 

3.2.1 C8S3 J-Aggregate Preparation 

The amphiphilic cyanine dye 3,3’-bis(2-sulfopropyl)-5,5’,6,6’-tetrachloro-1,1’-

dioctylbenzimidacarbocyanine (C8S3) was obtained as a sodium salt from FEW 

Chemicals (Dye S 0440, FEW Chemicals, Germany) and was used as received.  A 2.92 

mM stock solution of C8S3 monomer (MW 902.8 g/mol) was prepared in pure methanol 

(Spectranalyzed, Fisher Scientific). Self-assembled C8S3 nanotubular J-aggregates were 

prepared as reported previously.39  Briefly, 130 μL of the C8S3 stock solution was added 

to 500 μL of ultrapure H2O (> 18.2 MΩ cm, Barnstead), agitated, and stored in the dark 

for 12-24 h before adding a final 500 μL of H2O to stabilize the aggregation and result in 

a final dye concentration of 3.36 x 10-4 M. J-aggregate solutions were used within two 

days of preparation and stored in the dark when not in use. All J-aggregate solution 
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spectra were acquired in a 0.1 mm path length quartz cell (Hellma). Absorbance spectra 

of J-aggregate solutions were acquired with an Agilent Instruments 8453 UV-visible 

spectrometer with a photodiode array detector. Emission spectra of J-aggregate solutions 

were acquired with a Spex Fluorolog 1 (Horiba Jobin Yvon) equipped with a 450W 

xenon lamp and controlled by an in house LabView program.   

3.2.2 Electrochemical Measurements 

Electrochemical measurements were performed on J-aggregates immobilized on 

glassy carbon plate electrodes (1 mm thick, type 2, Alfa Aesar) immersed in 1 M KNO3 

(Fisher Scientific). Prior to use, glassy carbon plate electrodes  were polished with 0.3 μm 

alumina, rinsed with H2O, polished with 0.05 μm alumina, sonicated for 20 min in H2O, 

rinsed with water and dried with N2. Films of J-aggregates were prepared by drop casting 

10 μL of J-aggregate solution on a ~0.5 cm2 area of glassy carbon followed by drying in 

the dark for ~2 h. As reported previously, once dried the J-aggregates remain on the 

electrode surface when immersed in supporting electrolyte.39 All electrochemical 

measurements were performed using a home built cell with a fixed working electrode 

area of 0.45 cm2, path length of 1 cm, cell volume of ~1 mL, a Pt wire counter electrode, 

and a Ag/AgCl reference electrode (1 M KCl, E° = +0.236 V v. NHE, CH Instruments, 

Austin, TX). All potentials discussed below are versus Ag/AgCl (1 M KCl) unless 

otherwise denoted. Since most electrochemical reactions examined are irreversible, the 

potential reported corresponds to maximum anodic current (Epa) as opposed to the usually 

reported E1/2. 

3.2.3 Electrogenerated Chemiluminescence Measurements 

Electrogenerated chemiluminescence (ECL) was generated with the oxidative-

reductive coreactant 2-(dibutylamino)ethanol (DBAE) (MW 173.3 g/mol, density 0.86 
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g/mL, pKa 9.95, Fisher Scientific). DBAE was dissolved in 1 M KNO3. For concentration 

dependence studies, the concentration of DBAE was varied from 1.5 mM to 21.3 mM, 

not accounting for solubility effects. For pH dependence studies, the concentration of 

DBAE was held constant at 17.3 mM and the solution pH was adjusted with  1 M HNO3 

or 1 M KOH. 

Simultaneous cyclic voltammograms and ECL were obtained with an Autolab 

electrochemical workstation (GPES v. 4.9, Eco Chemie, The Netherlands) and a 

photomultiplier tube (Hamamatsu R4220p), as described elsewhere.19 The 

photomultiplier tube (PMT) was held at -750 V with a high voltage power supply 

(Kepco, Flushing, NY). Photocurrent generated at the PMT was converted to a voltage 

using an electrometer/high resistance system (model 6517, Keithley, Cleveland, OH) and 

connected to the Autolab via the analog-to-digital converter (ADC) with external input 

channel. For DBAE concentration dependence and pH dependence studies, the sample 

was scanned from -0.3 V to 0.9 V at 0.1 V/s (step size 0.005 V), and the total light 

emitted was summed for comparison of conditions. ECL spectra were obtained using a 

CH 700a bipotentiostat (CH Instruments, Austin, TX) and a SpectraPro-150 spectrometer 

(PI Acton) coupled to a liquid nitrogen cooled CCD (Princeton Instruments). A plano-

convex lens was used to collect and focus the light from the electrochemical cell at the 

spectrometer slits. The spectrometer and CCD were calibrated with a neon calibration 

pen lamp (Newport, model 6032) to a wavelength accuracy of 1 ± 0.3 nm. ECL spectra 

were acquired by integrating for the duration of one CV from -0.3 V to 0.9 V at 0.1 V/s 

(~25 s). 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Spectroscopy and Electrochemistry of C8S3 J-aggregates 

Due to their amphiphilic nature C8S3 monomers self assemble into double-walled 

tubular J-aggregates with ~13 nm diameter in aqueous solution (Figure 3.1).44,45 Dyes 

that form J-aggregates display a characteristic red-shift and spectral narrowing of 

absorption and emission spectra, as well as virtually no Stokes shift.34 Figure 3.2 displays 

this behavior for the amphiphilic cyanine dye C8S3 monomer and J-aggregates. C8S3 

monomers in methanol display a broad absorbance at ~520 nm, whereas C8S3 J-

aggregates diluted into water (~10% methanol) display two sharp transitions at 589 nm 

and 599 nm with some smaller and broader high energy transitions. The two sharp 

transitions have been assigned to the outer and inner walls, respectively, and are observed 

at the same wavelengths for both absorption and emission.44 Previously, C8S3 J-

aggregates immobilized on indium tin oxide (ITO) electrodes have been studied with 

UV-Vis spectroelectrochemistry, which demonstrated that irreversible J-aggregate 

oxidation occurs through both electrochemical and chemical steps to form a 

dehydrogenated dimer (DHD).39,40 This type of electrochemical-chemical-

electrochemical (ECE) oxidation scheme shown in equations 3.1-3.4 is typical for 

cyanine dyes.42,48 

dye- → dye● + e-         (3.1)  

2dye● → dimer         (3.2) 

dimer → DHDox + 2H+ + 2e-        (3.3) 

DHDox + 2e- ↔ DHDred
2-        (3.4) 

Previous studies confirm that in contrast to most organic dyes, C8S3 J-aggregates 

are soluble in aqueous solution.45 Furthermore, C8S3 J-aggregates oxidize at +0.861 V 
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Figure 3.1. (Left to right) Chemical Structure of C8S3 Cyanine Dye; Simple Sketch of Bilayer 
Formation in H2O (not to scale); 3-D Schematic of Helical, Double-Walled Tubule (not to scale) 
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Figure 3.2. C8S3 monomer (green) absorption spectrum and J-aggregates absorption 
(blue) and fluorescence (red) spectra. 
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compared to +1.675 V v. NHE for the C8S3 monomer,39 a negative potential shift (ΔE = 

-0.814 V) which makes the J-aggregate oxidation accessible in the aqueous potential 

window. These two unique characteristics of J-aggregates present the opportunity for a 

new class of ECL luminophores for aqueous ECL studies and applications. 

3.3.2 Mechanism of Coreactant Oxidation and C8S3 Excited State Formation 

Figure 3.3 displays the simultaneous cyclic voltammogram (CV) and ECL 

transient of the immobilized C8S3 J-aggregates in the presence and absence of DBAE as 

an oxidative-reductive coreactant. DBAE was chosen as the coreactant instead of the 

more widely used tri-n-propylamine (TPrA) because DBAE is more soluble in aqueous 

solution, is less toxic, and displays a 3-fold increase in signal versus the same 

concentration of TPrA on glassy carbon electrodes.47 Individually, J-aggregates oxidize at 

+0.595 ± 0.004 V vs. Ag/AgCl (1 M KCl) and DBAE oxidizes at +0.656 ± 0.007 V 

(Figure 3.4). The maximum ECL signal occurs at +0.568 ± 0.003 V, prior to the J-

aggregate anodic peak potential indicating that initial ECL is produced via the direct 

route (eqs. 3.5-3.8) with the lower oxidation potential observed for amine oxidation at 

glassy carbon electrodes.49,50 The direct route has three possible pathways (eqs. 3.6a, 

3.7a, 3.7b) to form the excited state of the dye, and it tends to dominate the ECL signal 

when the coreactant oxidizes prior to or simultaneously with the analyte and the 

concentration of coreactant is much greater than that of the analyte.49,50 Therefore, the 

majority of the signal is generated from direct oxidation of DBAE (eqs. 3.5-3.8) at the 

electrode in a mechanism developed for the well studied TPrA coreactant.49,50 However, 

since the J-aggregate oxidation potential occurs prior to the DBAE oxidation potential, 

the catalytic route where electrogenerated C8S3 radicals oxidize DBAE (eqs. 3.9-3.12) 
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Figure 3.3. Simultaneous cyclic voltammograms (solid lines) and ECL (dashed lines) of 
J-aggregates (pink) and J-aggregates with 17.3 mM DBAE (blue). J-aggregates 
immobilized on GC plates and immersed in 1 M KNO3 with and without DBAE at pH 
12.85. Scan rate 0.1 V/s. 
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Figure 3.4. Cyclic voltammograms of J-aggregates (green), DBAE coreactant (blue), and 
J-aggregates with DBAE coreactant (red). J-aggregates immobilized on GC plates and 
immersed in 1 M KNO3 (pH 12.95 ± 0.1) with and without 17.3 mM DBAE. Scan rate 
0.1 V/s. Arrows indicate the y-axis for each CV. 
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can also contribute to the ECL signal as suggested by the  following competing 

mechanisms:2,49,50  

Direct Oxidation of Coreactant (three possible pathways to form excited state): 

DBAE → DBAE●+ + e- → DBAE● + H+      (3.5) 

DBAE● + dye● → dye-* + DBAE+       (3.6a) 

DBAE● + dye- → dye2- + DBAE products      (3.6b) 

dye2- + dye● → dye-*+ dye-        (3.7a) 

DBAE●+ + dye2- →DBAE + dye-*       (3.7b) 

dye-* → dye- + hν         (3.8) 

Catalytic Oxidation of Coreactant: 

DBAE + dye● → DBAE●+ + dye-       (3.9) 

DBAE●+ → DBAE● + H+        (3.10) 

DBAE● + dye● → dye-* + DBAE+       (3.11) 

dye-* → dye- + hν         (3.12)  

Figure 3.5 shows that on ITO two ECL waves are observed, but on GC only one 

ECL wave is observed. On ITO the first ECL wave corresponds to the catalytic oxidation 

mechanism since it occurs well before the oxidation of the DBAE coreactant, whereas the 

second smaller peak corresponds to the direct oxidation mechanism.49 Therefore, when J-

aggregates were immobilized on ITO the oxidation was dominated by the catalytic route 

because the coreactant was oxidized at a more positive potential than the J-aggregates. A 

stronger ECL signal was obtained with J-aggregates immobilized on glassy carbon 

electrodes because the coreactant was able to undergo direct oxidation and react with 

more of the oxidized J-aggregates at lower potentials before they could undergo 

electrohydrodimerization (eqs. 3.2-3.4). The combined CV of the J-aggregates and 

DBAE (Figure 3.4 above) is dominated by the irreversible oxidation of DBAE since it is  
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Figure 3.5. Simultaneous cyclic voltammograms (top) and ECL (bottom) of J-aggregates 
immobilized on ITO (red) or glassy carbon (GC, blue) with DBAE coreactant (15.8 mM 
DBAE, pH 10.83). Scan rate 0.1 V/s. 

‐0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.00 0.30 0.60 0.90 1.20 1.50

C
u
rr
e
n
t (
m
A
)

Potential (Volts v. Ag/AgCl)

ITO

GC

0

100

200

300

400

500

600

700

0.00 0.30 0.60 0.90 1.20 1.50

EC
L 
C
u
rr
e
n
t 
(n
A
)

Potential (Volts v. Ag/AgCl)



 55

present at a much higher concentration than the J-aggregates. Figure 3.6 shows that a 

large anodic current and strong ECL is observed on the first scan. Upon subsequent CV 

scans the anodic current drops slightly, but the ECL signal was greatly diminished due to 

the irreversible loss of J-aggregates from oxidative electrohydrodimerization. 

3.3.3 Optimization of ECL Signal 

The magnitude of ECL signal depends on the concentration of supported J-

aggregate film, concentration of DBAE coreactant, and pH of electrolyte solution.4 The 

amount of J-aggregate solution dropcast on the electrode was varied, but no increase in 

signal was observed for increased amounts of J-aggregates on the electrode (data not 

shown). To maximize the ECL signal of the C8S3 J-aggregates, we performed an 

optimization study of the concentration of the DBAE coreactant and the pH of the 

electrolyte solution. Figure 3.7 shows the ECL intensity as a function of DBAE 

concentration and pH of DBAE solution at those different concentrations. Figure 3.7a 

shows pH increases slightly with DBAE concentration. Figure 3.7b displays a larger 

slope from changing DBAE concentration, which indicates that the ECL intensity 

increase is an effect of the increase in DBAE concentration and not just a side effect of 

the pH increase. Overall, both coreactant concentration and electrolyte pH have an effect 

on the ECL intensity.  The initial study of DBAE and Ru(bpy)3
2+ by Liu et al. indicated 

that on glassy carbon electrodes ECL intensity increased with DBAE concentration up to 

3 mM and then leveled off due to side reactions.47 However, we observed ECL intensity 

increased with DBAE concentration up to ~17 mM DBAE before leveling off (Figure 

3.7a). This improvement is ascribed to our C8S3 J-aggregates being immobilized on the 

electrode, which allows for immediate reaction of the DBAE● radical before side 

reactions that can occur in solution. The upper limit of ~17 mM corresponds to the  
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Figure 3.6. Simultaneous cyclic voltammograms (solid lines) and ECL transients (dashed 
lines) of the first two scans of J-aggregates immobilized on GC with 17.3 mM DBAE as 
coreactant in 1 M KNO3, pH 12.85. Scan rate 0.1 V/s.   
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Figure 3.7. (a) Total ECL current (red circles) and measured pH (black squares) as a 
function of DBAE concentration in 1 M KNO3. Cyclic voltammograms were acquired 
from -0.3 to 0.9 V v. Ag/AgCl (1 M KCl) at 0.1 V/s. Standard deviations of multiple 
trials at each concentration are represented as error bars. (b) Total ECL current plotted 
versus measured pH from top (red) and compared to 17.3 mM DBAE at pH 9.79 and 
10.85 (blue).  
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maximum solubility of the DBAE in 1 M KNO3 as a second organic phase begins 

developing with the 12.4 mM DBAE solution and increases with increasing concentration 

of DBAE. For all following experiments, 17.3 mM DBAE in 1 M KNO3 was considered 

a DBAE saturated solution and was used to obtain the highest possible ECL signal. 

As mentioned previously, ECL intensity also depends on pH of the supporting 

electrolyte solution. Studies searching for new coreactants have shown that the pH 

dependence of a coreactant is a function of both the pKa of coreactant and pKa of 

electrolyte species (if using a buffer).51 The pH dependence of ECL intensity with DBAE 

as the coreactant has not been previously studied. Figure 3.8 depicts the pH dependence 

of ECL intensity for J-aggregates with DBAE as the coreactant in 1 M KNO3. Maximum 

ECL was observed at pH 12.85, which is attributed to the pH dependent equilibrium of 

DBAE (eq. 3.13). 

DBAEH+ ↔ DBAE + H+ , pKa 9.95       (3.13) 

This reversible equilibrium controls the amount of DBAE in solution that is 

available to be oxidized, as the DBAE must be deprotonated (eq. 3.13) before it can be 

oxidized to form a reductive radical (eq. 3.5). At pH values higher than 9.95 the 

equilibrium is shifted to the right, increasing the effective concentration of DBAE 

available for oxidation. Since the reversibility of the C8S3 J-aggregate oxidation only 

increases as pH decreases below 4.50, the ECL intensity increase with pH is not 

attributed to the J-aggregates.39 ECL intensity decreases at pH values higher than 12.85, 

most likely due to decreasing solubility of DBAE and decomposition of DBAE. In 

similar pH dependence studies of the coreactant TPrA in phosphate buffered saline, the 

ECL intensity decreased at pH values above 9 due to insolubility.51,52 We note that the pH 

trend is more similar to that for a reducing alcohol radical coreactant53 or an 

aminocarboxylic acid coreactant51 than an amine coreactant.54 Although minor amounts  
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Figure 3.8. Total ECL current as a function of pH with 17.3 mM DBAE (blue squares), 
without DBAE (pink triangles), and without J-aggregates (red circle). Cyclic 
voltammograms were acquired from -0.3 to 0.9 V v. Ag/AgCl (1 M KCl) at 0.1 V/s. 
Standard deviations of multiple trials at each concentration are represented as error bars. 
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of methanol may be incorporated into the tubular J-aggregates,45 it is unlikely that 

methoxy radicals acted as an additional coreactant since the ECL occurs at ~0.6 V more 

positive than methanol oxidation.53,55 Controls with only immobilized J-aggregates (no 

DBAE) in 1 M KNO3 were performed at pH 12.88 ± 0.03 and 12.51 ± 0.03 and small 

background signals of ~8% and ~3% of the maximum ECL were observed. Figure 3.9 

shows that this background signal is greatly decreased by purging the supporting 

electrolyte solution with argon before placing it in the spectroelectrochemical cell and 

was not observed in the absence of J-aggregates. Since the background signal decreases 

upon purging with argon, the background is attributed to reactive oxygen (RO) species in 

solution due to the aqueous alkaline conditions.5,53,56 However, since the concentration of 

O2 is less than 1.3 mM57 and the signal contribution is at most ~8%, these RO species do 

not influence the overall efficiency and reaction mechanism of our system, and thus are 

not included in the proposed mechanisms. 

3.3.4 Discussion of Source of ECL Emission 

Although the low potential at which ECL occurs suggests the emission is from 

C8S3 J-aggregates rather than C8S3 monomers, more definitive evidence can be obtained 

from a spectrum of the ECL emission. Furthermore, as ECL can generate a wide variety 

of excited states (i.e. singlet, triplet, excimer), the spectrum can indicate which state is 

generated by the ECL process.2 An ECL spectrum of the C8S3 J-aggregates was acquired 

at optimal signal conditions with 17.3 mM DBAE in 1 M KNO3 (pH 12.85). Figure 3.10 

displays the ECL spectrum overlaid with C8S3 J-aggregates emission in solution and 

immobilized C8S3 J-aggregates on a surface. In solution the C8S3 J-aggregates display 

two narrow emission peaks at 589 nm and 599 nm, corresponding to the outer and inner 

wall, respectively.44 Importantly we note that these two emission peaks are retained when 



 61

 

Figure 3.9. Simultaneous cyclic voltammograms (top) and ECL (bottom) of glassy 
carbon electrodes only (black, blue) and immobilized C8S3 J-aggregates on glassy 
carbon (green, red) in 1 M KNO3 (no DBAE), pH 12.90 ± 0.03, that was purged with 
either argon or oxygen for 10 min.  
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Figure 3.10. C8S3 J-aggregates solution emission spectrum (red), J-aggregates 
immobilized on glass emission spectrum (blue), and J-aggregates immobilized on glassy 
carbon ECL spectrum (green). Solution and film emission spectrum are normalized for 
comparison.  

550 570 590 610 630 650

EC
L 
(a
.u
.)

N
o
rm

al
iz
e
d
 F
lu
o
re
sc
e
n
ce

Wavelength (nm)



 63

the J-aggregates are immobilized on a surface at low concentration.28 Also, the oxidations 

corresponding to the outer and inner walls of J-aggregates immobilized on an electrode 

can also be distinguished via electrochemical methods.39 When larger concentrations are 

immobilized on a surface, we observed a slight merging of the two peaks which we 

attribute to greater disorder introduced into the C8S3 J-aggregates structures from a small 

disruption of their ideal double-walled supramolecular structure. However, there is no 

evidence of monomer emission and the J-aggregate emission is only slightly altered. The 

ECL spectrum displays a sharp asymmetrical peak, similar in shape to the immobilized 

C8S3 J-aggregates emission spectrum, with a maximum at ~595 nm that is ~5 nm lower 

than with the immobilized emission spectrum and halfway between the two peaks 

observed in the solution emission spectrum. Since the transitions occur in the same 

wavelength range, this indicates the observed ECL emission is generated from the lowest 

energy singlet exciton states of the self-assembled tubular C8S3 J-aggregate. Although 

the slight peak merging is seen in both film emission and ECL spectra, only the ECL 

spectrum displays the 5 nm wavelength offset. Previous spectroelectrochemical studies 

on ITO in 1 M KNO3 (pH 5.78) showed the two peaks (589 and 599 nm) were retained in 

the absorption spectrum.39 Therefore, the three main possibilities for the peak merging 

and offset are differences in surface chemistry between electrodes, presence/absence of 

the DBAE coreactant, or the high pH used for optimal ECL. Because GC is opaque, we 

cannot use it to perform spectroelectrochemical experiments analogous to those 

previously reported on ITO to pinpoint the true cause of the change in spectra. 

We use carbon optically transparent electrodes (C-OTEs), detailed in Chapters 2 

and 4, to perform transmission UV-Vis absorption experiments to elucidate the origin of 

the emission difference observed between fluorescence and ECL of the C8S3 J-

aggregates. Figure 3.11 displays absorption spectra for immobilized aggregates in the 
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Figure 3.11. Representative UV-Vis spectra of C8S3 J-aggregates (top) immobilized on 
33% PPF electrodes in the presence (red) and absence (black) of 17.3 mM DBAE 
coreactant. 
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presence and absence of DBAE. The control, at the same pH but with no DBAE, shows 

both absorption peaks at the expected wavelengths (591 ± 1 nm, 601 ± 1 nm), just as was 

observed previously on ITO at neutral to acidic pH.39 Therefore, it is neither the 

difference in pH nor the difference in electrode that causes the spectral changes. In the 

presence of DBAE, the two peaks merge and the maximum wavelength (594 ± 1 nm) 

shifts to what is observed for the ECL spectrum (~595 nm). Therefore, the DBAE 

coreactant is the primary cause for changes in spectra. This is most likely due to the 

amphiphilic DBAE molecule partitioning into the C8S3 supramolecular structure and 

altering the transition dipole coupling between aggregates.45 

A very slight shoulder is observed at ~635 nm in both the immobilized emission 

spectrum and the ECL spectrum (Figure 3.10). This shoulder is attributed to emission 

from the dye oxidation product DHDox (eqs. 3.1-3.4) at ~630 nm.58 However, it is unclear 

whether the DHDox excited state forms due to electron transfer with the coreactant or as 

an effect of the chemical steps involved in the dimerization process. 

3.3.5 ECL Efficiency 

 Analogous to quantum yield for fluorescence spectroscopy, ECL efficiency is the 

number of photons generated per redox event.1,2 ECL efficiency is an important figure of 

merit for ECL luminophores, and is usually reported as a relative ECL efficiency versus 

Ru(bpy)3
2+ (absolute efficiency of 5%).1 Immobilized films of Ru(bpy)3

2+ and C8S3 J-

aggregates were prepared on glassy carbon electrodes by the same procedure, and then 

submitted to the same electrochemical experiments. Figure 3.12 compares photocurrent 

for both samples during 0.05 s pulses to the diffusion limited regime for both samples 

(1.5 V) or to the anodic peak potential (Epa) for each individual sample. Table 3.1 

displays the photocurrent of C8S3 J-aggregates, from Figure 3.12, as a percentage 
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compared to Ru(bpy)3
2+ set at 100%. For the traditional method of stepping the potential 

positive of both oxidations, into the diffusion limited regime, the C8S3 J-aggregates only 

produce 1.4% of the photocurrent observed for Ru(bpy)3
2+. However, this appears to be 

an underestimation of the ECL efficiency of the C8S3 J-aggregates as the extreme 

positive potentials (sufficient to oxidize the underlying electrode) are observed to 

dislodge the J-aggregates from the electrode. In order to circumvent this problem, we 

attempted to get a more accurate representation of the ECL efficiency by stepping the 

potential to each sample’s respective anodic peak, which yielded 82.2% of the 

photocurrent observed for Ru(bpy)3
2+ on the first pulse. However, with this method the 

electrochemical currents of the samples were no longer approximately equal, invalidating 

an assumption of the method. Also, C8S3 J-aggregates stayed on the electrode when 

immersed in solution; however, some of the Ru(bpy)3
2+ dissolved upon immersion. This 

can also affect the accuracy of the relative ECL efficiency calculated. Therefore, due to 

the differing natures of the J-aggregates versus the Ru(bpy)3
2+, there is not a good method 

of determining relative ECL efficiency. 

3.4 CONCLUSIONS 

We have reported on an exciting potential new class of aqueous ECL luminophores based 

on highly fluorescent J-aggregates of cyanine dye molecules. Due to the energy shift 

upon aggregation, the oxidation potential of the aggregated dye shifts less positive than 

the dye monomers, making J-aggregate oxidation accessible in the aqueous potential 

window for coreactant ECL. Furthermore, the increased intensity and narrowing of 

fluorescence emission upon aggregation lays the groundwork for intense luminophores 

for multiluminophore systems with less spectral overlap. The added capability of viewing 

multiple luminophores simultaneously could lead to multianalyte commercial sensors. 
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Figure 3.12. ECL transients of Ru(bpy)3
2+(blue, green) and C8S3 J-aggregates (pink, 

red) immobilized on glassy carbon electrodes with 17.3 mM DBAE as coreactant in 1 M 
KNO3 (pH 12.85). The potential was stepped (0.05 s steps) between -0.3 V v. Ag/AgCl 
and either positive of all of the oxidations at +1.5 V (blue, pink) or to the potential of 
peak anodic current (ipa) for Ru(bpy)3

2+ (1.229 V, green) or C8S3 J-aggregates (0.595 V, 
red).  
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For the C8S3 double-walled tubular J-aggregates presented here, coreactant ECL is 

produced by both the direct oxidation of DBAE at the electrode and the catalytic 

oxidation of DBAE by the J-aggregates. The most intense ECL signal was obtained with 

~17 mM DBAE as coreactant (saturated solution in 1 M KNO3) at pH 12.85, an effect of 

DBAE solubility and pKa. A spectrum of the ECL confirmed the emission source was the 

singlet excited states of the J-aggregates. Although the C8S3 J-aggregates only offer a 

single emission event due to their irreversible electrochemistry, there are many 

unexplored fluorophores that form J-aggregates that may yield more reversible 

electrochemistry and the ability to emit for several emission cycles. As shown for other 

ECL luminophores,24,59 synthetic control of substituents can produce more 

electrochemically stable versions of the luminophores, a strategy that could be applied to 

dyes with the capability to form J-aggregates. 

Overall, J-aggregates are promising new systems for ECL study because of their 

unique characteristics such as accessible electron transfer in the aqueous potential 

window, increased fluorescence emission, and narrow emission lines. 
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CHAPTER 4 

Carbon Optically Transparent Electrodes for Electrogenerated 
Chemiluminescence‡ 

4.1 INTRODUCTION 

Electrogenerated chemiluminescence (ECL) is a “zero background” analytical 

technique that combines chemiluminescence with the control of electrochemistry to 

generate reactive species, in situ, that can recombine to emit light.1-4 ECL has many 

applications in the development of sensors and biosensors.1-3 More recently, ECL 

imaging has been presented as a platform for single cell analysis,5 used to study the 

corrosion of copper contacts,6 and has been utilized as an imaging technique to study 

oxidation mechanisms in semiconductor polymer films used for organic light emitting 

devices (OLEDs).7-10 Both imaging and non-imaging ECL studies can benefit from 

transparent electrodes because collecting light through the electrode reduces error from 

specular and diffuse scattering processes and inner filter effects (reabsorption and self-

absorption). The transmission cell geometry is also more efficient because it affords an 

increased collection angle resulting in more efficient light collection. Recently, Wang et 

al demonstrated that transparent electrodes are necessary when ECL emission occurs 

solely at the electrode interface, such as with their ECL sandwich immunoassay based on 

quantum dots bound to opaque magnetic beads.11 Much of the ECL literature utilizes bulk 

opaque electrodes (e.g. platinum, gold, glassy carbon), with considerably fewer reports of 

ECL on transparent electrodes.1-4 The conventional transparent electrode material indium 

tin oxide (ITO) is not optimal for ECL studies because its hydrophilic surface chemistry 

generates an overpotential with hydrophobic coreactants and its accessible potential 

                                                 
‡ Portions of this chapter were published in Walker, E.K.; Vanden Bout, D.A.; Stevenson, K. J. Langmuir 
2012, 28, 1604-1610. 
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window is not wide enough for common ECL luminophores.1,5,12-15 Therefore, new 

transparent electrodes with specifically tailored surface chemistry must be explored for 

the continuing growth of ECL methods and applications. 

Recently, new thin film deposition methods have been developed to make and 

modify transparent electrodes for ECL. Specifically, Zhu et al reported reductive-

oxidative ECL at a transparent (4.5-6% for 375-850 nm) silver nanowire (AgNW) 

electrode,16 while Chen et al reported oxidative-reductive ECL at a transparent (70-90% 

for 400-800 nm) indium tin oxide (ITO) electrode modified with 4 nm gold nanoparticles 

(AuNPs) and a fluorosurfactant (FSO).17  The AgNW electrodes exhibited limited 

transmittance, and were limited to reductive-oxidative ECL since the silver electrode 

itself would oxidize and dissolve at potentials necessary for oxidative-reductive ECL.  

The FSO-AuNPs-ITO exhibited a higher transmittance, and the FSO surfactant allowed 

the typically hydrophilic ITO electrode to access the low oxidation potential (LOP) ECL 

wave for amine coreactants that is observed on hydrophobic electrodes.18-20 Similarly, 

Huang et al and Benoist et al increased oxidative-reductive ECL intensity by modifying 

ITO with pre-synthesized ITO nanoparticles (~80% at 610 nm)21 and gold coated TiO2,
22 

respectively. Wang et al observed stronger oxidative-reductive ECL with partially 

transparent Au/CD electrodes versus AuNP modified ITO (no FSO), but there was no 

data provided about the conductivity or transmittance of the Au/CD electrodes.11 The 

latter four studies were limited to oxidation-reduction ECL, and all of these synthesis 

strategies require a lengthy multistep preparation process.    

 Herein we investigate carbon optically transparent electrodes (C-OTEs) as 

a more stable and efficient ECL platform.  The C-OTEs are generated through pyrolysis 

of diluted photoresist, generating a pyrolyzed photoresist film (PPF). In a limited context 

the electrodes have been investigated for use in spectroelectrochemistry and fluorescence 
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imaging applications.23-25  Carbon electrodes are desirable for oxidative-reductive ECL 

since amine based coreactants (TPrA, DBAE, etc.) display a low oxidation potential on 

hydrophobic electrodes, such as glassy carbon, which yields intense ECL.18-20,26,27  

Furthermore, carbon electrodes exhibit wide electrochemical windows of stability in 

aqueous solution.28 We use C8S3 J-aggregates as a well characterized oxidative-reductive 

ECL system to assess the C-OTEs versus opaque glassy carbon and transparent ITO 

electrodes.27  We also demonstrate reductive-oxidative ECL on the C-OTEs using the 

well-studied ECL luminophore Ru(bpy)3
2+.  We observe good transmittance (> 35% for 

190-400 nm, 45-61% for 400-1000 nm) for our thinnest C-OTEs of 11 nm thickness, and 

discuss the effect of this nanoscale thickness on resistance and how it affects the cyclic 

voltammetry (CV) and ECL responses.  The C-OTEs perform favorably versus ITO in 

both oxidative-reductive and reductive-oxidative ECL studies, and are observed to be 

much more stable in alkaline solutions. 

4.2 EXPERIMENTAL SECTION 

4.2.1 Pyrolyzed Photoresist Film Preparation 

Pyrolyzed photoresist films (PPFs) were prepared similar to previously reported 

procedures.23,24 Quartz microscope slides, 1” square, were purchased from Technical 

Glass Products and cleaned by heating to 800 °C in air and soaking in piranha (3:1 

H2SO4:30% H2O2) to remove any residual organics. (Caution: Piranha is a strong 

oxidizing solution and must be prepared in a fume hood with proper protection. Always 

add H2O2 to H2SO4.) After cleaning, quartz slides were stored in ultrapure H2O until use. 

To prepare bulk PPFs, quartz slides were dried with N2 and taken to the cleanroom. AZ 

1518, a positive photoresist, was spincoated on the quartz at 6000 rpm for 60 s. To 

prepare transparent PPFs, the photoresist was diluted with solvent, 1-methoxy-2-propyl 
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acetate (PGMEA), and mixed well prior to spincoating. Transparent PPFs are identified 

by their dilution (% v/v). After spincoating, the photoresist slides were soft baked for 10 

min at 90°C on a hotplate, and then transferred to a tube furnace. After purging with 5% 

H2:95% N2 (~100 mL/min) for 15 minutes, the photoresist slides were pyrolyzed by 

heating to 1000 °C at 5 °C/min and then held at 1000 °C for 1 hour before allowing to 

cool to room temperature slowly. Pyrolyzed films were removed from furnace and stored 

for 3 days prior to use to allow for the oxide layer to stabilize.29 After characterization, 

~150 nm of silver (Kurt J. Lesker, 99.99%) was evaporated (Denton Thermal Evaporator) 

on the transparent PPFs (bulk of surface except for active area used for electrochemistry) 

to minimize contact resistance.24 

4.2.2 PPF Characterization 

Transmittance spectra of transparent electrodes were acquired with an Agilent 

Instruments 8453 UV-visible spectrometer with a photodiode array detector. The film 

thickness and root-mean-square (rms) roughness of the electrodes was measured with a 

Digital Instruments Nanoscope Dimension 3100 atomic force microscope operated in 

tapping mode. Scans were collected at 0.5 Hz. An average roughness was calculated from 

three regions each for three PPFs of each photoresist dilution. The conductivity of the 

electrodes was determined using a Signatone SP4-62045TRS four-point probe head 

coupled with an HP3478A multimeter used in the 4-wire Ohms mode. The sheet 

resistance was calculated using the equation Rs = C x V/I where C is a correction factor, 

taken as 0.97 for a thin rectangular slice (a/b = 1), where the length of the sample divided 

by the probe tip spacing (b/s) is 15.7.30 All measurements were performed on 5-10 

electrodes to provide appropriate standard deviation values. Electroactive surface area of 

the electrodes was measured by chronocoulometry using argon-purged 1 mM 
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hexammineruthenium (III) chloride (Strem Chemicals) in 1 M KNO3. The potential was 

stepped from 0 to -0.4 V vs Ag/AgCl (1 M KCl) for 10 s, and the area was calculated 

from the slope (m = 2nFADo
1/2Cπ-1/2) of the linear portion of the Q v. t1/2 plot were Do = 

7.3 x 10-6 cm2 s-1.31 Reported electroactive surface area is an average of measurements of 

at least three of each photoresist dilution. X-ray photoelectron spectroscopy (XPS) was 

performed with a Kratos Axis DLD spectrometer with an Al Kα lamp source. High 

resolution spectra of the C1s (295 to 275 eV) and O 1s (545 to 525 eV) were acquired 

with a step size of 0.1 eV and a dwell time of 800 ms. Spectra were analyzed using 

Kratos Vision software with a Shirley background correction. Raman spectra were 

acquired with a Renishaw inVia Microscope using a 514.5 nm argon laser with a 50X 

objective. At least three acquisitions (centered at 1450 cm-1, 40 s integration) were taken 

of two PPFs of each dilution to observe variations within and between each dilution.  

4.2.3 C8S3 J-Aggregate Preparation 

The amphiphilic cyanine dye 3,3’-bis(2-sulfopropyl)-5,5’,6,6’-tetrachloro-1,1’-

dioctylbenzimidacarbocyanine (C8S3) was obtained as a sodium salt from FEW 

Chemicals (Dye S 0440, FEW Chemicals, Germany) and used as received.  A 2.92 mM 

stock solution of C8S3 monomer (MW 902.8 g/mol) was prepared in pure methanol 

(Spectranalyzed, Fisher Scientific). Self-assembled C8S3 nanotubular J-aggregates were 

prepared as reported previously.32  Briefly, 130 μL of the C8S3 stock solution was added 

to 500 μL of ultrapure H2O (> 18.2 MΩ cm, Barnstead), agitated, and stored in the dark 

for 12-24 h before adding a final 500 μL of H2O to stabilize the aggregation and result in 

a final dye concentration of 3.36 x 10-4 M. J-aggregate solutions were used within two 

days of preparation and stored in the dark when not in use. All J-aggregate solution 

spectra were acquired in a 0.1 mm path length quartz cell (Hellma). Absorbance spectra 
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of J-aggregate solutions were acquired with an Agilent Instruments 8453 UV-visible 

spectrometer with a photodiode array detector.  

4.2.4 Electrochemical Measurements 

Electrochemical measurements were performed on J-aggregates immobilized on 

glassy carbon (GC) plate (1 mm thick, type 2, Alfa Aesar), PPF, or indium tin oxide 

(ITO) coated glass electrodes (Delta Technologies, 5-15 Ω) electrodes. Prior to use, GC 

plate electrodes were polished with 0.3 μm alumina, rinsed with H2O, polished with 0.05 

μm alumina, sonicated for 20 minutes in H2O, rinsed with water, and dried with N2. ITO 

was cleaned by heating to 80 °C in 30% ethanolamine in water (% v/v) for 20 min, 

followed by rinsing with methanol and sonicating in ultrapure H2O for 30 min, and dried 

with N2. Films of J-aggregates were prepared by drop casting 10 μL of J-aggregate 

solution on a ~0.5 cm2 area of the electrodes followed by drying in the dark for ~2 h. As 

reported previously, this results in good and reproducible surface coverage, and once 

dried the J-aggregates remain on the electrode surface when immersed in supporting 

electrolyte.32 All electrochemical measurements were performed using a home built cell 

with a fixed working electrode area of 0.45 cm2, path length of 1 cm, cell volume of ~1 

mL, a Pt wire counter electrode, and a Ag/AgCl reference electrode (1 M KCl, E° = 

+0.236 V v. NHE, CH Instruments, Austin, TX). All potentials discussed below are 

versus Ag/AgCl (1 M KCl) unless otherwise denoted. Since most electrochemical 

reactions examined are irreversible, the potential reported corresponds to maximum 

anodic current (Epa) as opposed to the usually reported E1/2. 

4.2.5 Electrogenerated Chemiluminescence Measurements 

Oxidative-reductive electrogenerated chemiluminescence (ECL) was generated 

with the immobilized C8S3 J-aggregates and the coreactant 2-(dibutylamino)ethanol 



 78

(DBAE) (MW 173.3 g/mol, density 0.86 g/mL, pKa = 9.95, Fisher Scientific). Previously 

optimized for maximum ECL signal with C8S3 J-aggregates,27 17.3 mM DBAE 

(saturated solution) was dissolved in 1 M KNO3 and the pH was adjusted with 1 M 

KOH.20,27 ECL scans were from 0 to 1.5 V at 0.1 V/s unless otherwise noted. Reductive-

oxidative ECL was generated with 3 mM tris (2,2’-bypyridine) dichlororuthenium (II) 

hexahydrate (Sigma Aldrich) and 1 mM H2O2 as coreactant in 0.15 M phosphate buffered 

saline (PBS,  pH 7.4), according to previously optimized sample conditions.33 ECL scans 

were performed from 0 to -2 V at 0.1 V/s. 

Simultaneous cyclic voltammograms and ECL were obtained with an Autolab 

electrochemical workstation (GPES v. 4.9, Eco Chemie, The Netherlands) and a 

photomultiplier tube (Hamamatsu R4220p), as described elsewhere.34 The 

photomultiplier tube (PMT) was held at -750 V with a high voltage power supply 

(Kepco, Flushing, NY). Photocurrent generated at the PMT was converted to a voltage 

using an electrometer/high resistance system (model 6517, Keithley, Cleveland, OH) and 

connected to the Autolab via the analog-to-digital converter (ADC) with external input 

channel.  

4.3 RESULTS AND DISCUSSION 

4.3.1 Spectroscopic and Electrical Characterization of PPFs 

Figure 4.1 compares the percent transmittance of the 33% and 25% PPFs to the 

conventional transparent electrode indium tin oxide coated glass (ITO). The PPFs display 

a transition at ~268 nm, due to the π- π* transition for electrons delocalized over carbon 

double bonds, which is consistent with previous studies.24 Although ITO is 20-30% more 

transparent in the visible range, the PPFs have a clear advantage in the ultraviolet (UV) 

range with 20-35% more light transmitted than ITO. All ECL experiments were 
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Figure 4.1. UV-VIS-NIR transmittance of 25% (blue) and 33% (green) PPFs versus 
ITO/glass (pink) and ITO/quartz (black). 

 

Table 4.1. Characterization of Transparent and Bulk PPF Electrodes 

photoresist 
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%T at 
268 nm 

%T at 
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film 
thickness 
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Rs (Ω/□) 

RMS 
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(nm) 

electroactive 
surface area 

(cm2) 

25% 35 ± 1 54 ± 1 11 ± 1 1850 ± 70 1.01 ± 0.06 0.70 ±0.03 

33% 22 ± 1 43 ± 1 22 ± 2 1180 ± 40 0.71 ± 0.03 0.73 ± 0.04 

100% 
(Bulk) 
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conducted on ITO/glass, but since glass also absorbs in the UV range, a spectrum of 

ITO/quartz (CEC020Q Präzisions Glas and Optik GmbH, Germany) is included for 

reference. As reported previously,23,24 and displayed in Table 4.1, the percent 

transmittance of the PPFs is a function of photoresist dilution, as films cast from more 

dilute solutions are thinner and can transmit more light. However, as the films decrease in 

thickness, the sheet resistance of the films increases greatly.23 Although Schreiber et al 

reported 3 nm thick continuous PPFs,35 at 10% (% v/v) photoresist our films were 

observed to be ~6 nm thick and non-continuous and patchy (data not shown), so 25 % 

was chosen as the most dilute sample in our study. To minimize any contact resistance 

effects, a film of ~150 nm of silver was deposited on the contact area of the transparent 

PPFs.24 However, the bulk PPFs were conductive enough to use for electrochemical 

measurements without the silver contact film. The influence of surface roughness and 

electroactive surface areas are discussed below. 

4.3.2 Oxidative-Reductive ECL on PPFs versus GC 

To determine if the PPF based C-OTEs have a similar ECL performance to glassy 

carbon (GC) electrodes, simultaneous CV and ECL transients were recorded in a front 

face geometry at previously optimized ECL conditions for C8S3 J-aggregates.27 Relevant 

redox equations for this ECL system were discussed in Chapter 3.27 The DBAE/C8S3 J-

aggregates ECL system was chosen because it has been thoroughly characterized and 

optimized, and DBAE has recently been presented as a replacement for TPrA as it 

provides stronger ECL intensity, is less toxic, and more soluble in aqueous solution.11,20,27 

Furthermore, C8S3 J-aggregates emit light at the same wavelength (~600 nm) as the well 

studied Ru(bpy)3
2+ luminophore, as well as emitting at a similar potential via the direct 

coreactant oxidation mechanism. As mentioned earlier, transparent carbon electrodes 
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could be more promising for ECL imaging studies due to the low oxidation potential 

(LOP) observed for amine coreactants on hydrophobic electrodes (~0.6 V) versus that 

observed on hydrophilic electrodes such as ITO (~1.2 V), as well as a wide potential 

window in both acidic and basic solutions (Figure 4.2).18,19,26,27 Figure 4.3 displays 

representative CV and ECL transients, and Table 4.2 compares the oxidation (Epa) and 

ECL (EpECL) peak potentials of three thicknesses of PPFs to glassy carbon (GC). The un-

diluted, opaque, “bulk” PPFs displayed the same three electrochemical peaks as observed 

on GC, with a small positive shift (64 mV for peak 1), similar to what has been 

previously ascribed to a kinetic effect arising from differences in surface chemistry 

affecting electrochemical systems that depend on surface interactions.29 The first peak 

(Epa1) corresponds to the oxidation of the 17.3 mM DBAE coreactant,20,27 which is 

dependent on surface interactions (inner-sphere electron transfer), as observed with the 

large difference in oxidation potentials on ITO versus GC. The second peak (Epa2) is only 

observed in the presence of DBAE (Figure 4.4), and is ascribed to oxidation of a 

secondary amine produced from the first oxidation of the tertiary amine, a process which 

has been previously observed for similar tertiary amines and is known to be encouraged 

by aqueous alkaline conditions such as these.36-38 Cycling multiple scans shows a 

decrease in overall current (Figure 4.5a) consistent with previous reports of surface 

modification of glassy carbon electrodes by the amine radicals produced during 

oxidation.36-38 However, it should be noted that for this ECL system, most light is emitted 

by ~1 V, so limiting the potential range to this will result in slower electrode modification 

and passivation (Figure 4.5b). The third peak (Epa3) corresponds to the oxidation of 

residual methanol contained within the J-aggregate double walled tubular structure 

(Figure 4.4).39 The oxidation of the C8S3 J-aggregates is not observed, as it is convoluted  
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Figure 4.2. Background cyclic voltammograms on 25% PPF in acidic (red, 1 M H2SO4) 
and alkaline (blue, 1 M KOH) solutions at 0.1 V/s.  
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Figure 4.3. Simultaneous CV (top) and ECL (bottom) transients of immobilized C8S3 J-
aggregates with 17.3 mM DBAE in 1 M KNO3, pH 12.8. Scan rate is 0.1 V/s. Inset: 
Integrated ECL intensity average for each electrode, with standard deviation represented 
as error bars. 
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Figure 4.4. Identification of oxidation peaks by comparison of CVs on glassy carbon 
(GC). All solutions consist of 1 M KNO3/KOH, pH 12.8, and were performed at 0.1 V/s. 
17.3 mM DBAE was observed in the presence (black) and absence (red) of J-aggregates, 
as well as with a methanol aliquot (blue). J-aggregates (green) and glassy carbon (brown) 
were also observed in the absence of DBAE.  The first oxidation peak (Epa1) is a 
convolution of J-aggregate and DBAE oxidation (most of the current from DBAE), 
whereas the second oxidation peak (Epa2) is solely from oxidation of DBAE products, and 
the third peak (Epa3) is oxidation of residual methanol within the J-aggregate double 
walled tubular structure. 

  

‐0.5

0.0

0.5

1.0

1.5

2.0

2.5

0.00 0.50 1.00 1.50

C
u
rr
e
n
t (
m
A
)

Potential (Volts v. Ag/AgCl)

Epa1

Epa2
Epa3GC, DBAE, J-aggs

GC, DBAE, Methanol
GC, DBAE
GC, J-aggs
GC



 85

 

Figure 4.5. Effect of cycling 25% PPF on oxidation of DBAE. When 17.3 mM DBAE (1 
M KNO3/KOH, pH 12.8) was cycled 10x from 0 to 1.5V at 0.1V/s (a), the peak potential 
of Epa1 first shifted negative and then positive (c). The initial negative shift is presumably 
from a local decrease in pH (eq. 3.5), whereas the following increase is due to the 
oxidation of the PPF (increased %O/C)29 making the electrode more hydrophilic, and 
increasing the overpotential for amine oxidation. The large decrease in current suggests 
that the amine radicals are attaching to and passivating the electrode, which is consistent 
with previous studies of oxidation of amines on glassy carbon electrodes.36-38 When 
cycled to 0.9 V (b,d), the negative shift is more obvious as less of the PPF is oxidized at 
those potentials. After 10 cycles and 1 minute of equilibration time, the local pH increase 
has been decreased from diffusion, and the peak potential of cycle 11 has shifted positive 
showing the increased hydrophilicity of the electrode. Similarly, after cycle 11-20 and 5 
minutes of equilibration time, cycle 21 displays a larger positive shift due to further 
oxidation of the electrode. 
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with the first peak corresponding to the DBAE coreactant.27 Similarly, the ECL transient 

retains the same sharpness of peak as GC, but with a slight positive shift (37 mV). Both 

the CV and ECL response of the bulk PPF show that it displays the same electrochemical 

and ECL behavior as GC, although slightly diminished. While the thinner films (33%, 

25% PPF) display a similar first oxidation peak corresponding to the 17.3 mM DBAE 

coreactant, an increasing positive shift in the potential of the peak is observed for each 

subsequent photoresist dilution, and the second and third oxidation peaks become hard to 

resolve. Similarly, the ECL peak shifts more positive with increasing photoresist dilution 

and broadens. Interestingly, this positive shift is not detrimental to the ECL output as 

integration of the ECL peaks (Figure 4.3 inset) shows that there are a larger number of 

total integrated photon counts from the 25% PPF electrode than the 33% or bulk PPF 

electrodes. As this positive shift in potential and change in ECL profile could be due to 

surface effects such as roughness or chemical functionality,40 or the internal resistance of 

the electrode,29,41 we performed follow-up experiments to determine the influence of 

these parameters. 

4.3.3 Determination of Source of Increasing Potential Shift with Transparency 

As shown in Table 4.1, the surface roughness increases as with photoresist 

dilution. This is consistent with previous reports,23 and is attributed to the roughness of 

the underlying quartz. However, this small difference in roughness does not have a 

significant or direct effect on the electrochemistry as all three thicknesses of PPFs were 

determined to have the same electroactive surface area versus each other as well as versus 

glassy carbon (0.66 ± 0.07 nm). Instead, the increase in surface roughness might yield 

different surface functional groups due to an increase in the number of dangling bonds or 

edge plane sites. Recently, Chiu et al demonstrated that increasing the C-OH to C-C ratio 
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of carbon electrode surfaces by pre-anodization in acidic or basic solution can lead to 

differences in CV and ECL transients, and ultimately increased ECL.40 Figure 4.6 

displays the X-ray photoelectron spectra of the carbon 1s (C 1s) and oxygen 1s (O 1s) 

orbitals, which would display any differences in chemical functionalization of the 

surface. Both the C1s and O 1s spectra show that the surface functional groups are the 

same, regardless of photoresist dilution and therefore film thickness or roughness. Figure 

4.6 also compares the Raman spectra of the D band (~1350 cm-1, disordered) and G band 

(~1600 cm-1, graphitic) of all three PPF thicknesses.28 Again, the peaks are observed to 

be maintained across all thicknesses of PPFs. Furthermore, the D/G intensity ratio is 

calculated to be 0.8, which corresponds to an average crystallite size of 55 Å,42 which is 

similar to the 28 Å previously determined for bulk PPFs via X-ray line broadening.43 

A high internal resistance would cause a large potential drop across the electrode 

surface, and the resulting electrochemical data would show a positive potential shift 

(overpotential) with increasing resistance, similar to the effect we observe in Figure 

4.3.29,41 To determine if our observations are a function of ohmic potential drop due to the 

internal resistance, we performed the same ECL measurements on the 25% and 33% 

PPFs at a scan rate of 10 mV/s instead of 100 mV/s, where the slower scan rate would 

decrease the current and therefore the ohmic (iR) error, resulting in less of an 

overpotential for the electrochemical processes.41 Figure 4.7 shows that slowing the scan 

rate from 100 to 10 mV/s causes the DBAE oxidation peak to move to a less positive 

potential, concurrent with that of the bulk PPF. Furthermore, the ECL transients shift less 

positive and narrow to a sharper peak, concurrent with the potential and peak shape 

observed for ECL on glassy carbon at 100 mV/s. Therefore, the increased potential and 

broadening of the ECL peak upon increasing photoresist dilution is attributed to an ohmic 

potential drop from the high internal resistance of the electrode. Due to the potential drop  
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Figure 4.6. XPS and Raman spectra of bulk PPF (red), 33% PPF (green), and 25% PPF 
(blue).  
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Figure 4.7. Simultaneous CV (top) and ECL (bottom) transients obtained at 100 mV/s 
(solid lines) and 10 mV/s (dashed lines) on GC and PPF electrodes.  Sample was 
immobilized C8S3 J-aggregates with 17.3 mM DBAE in 1 M KNO3, pH 12.8. Potential 
range for ECL transients is displayed from 0.4-1.1V for emphasis. 
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across the electrode, it takes longer for all of the C8S3 molecules to oxidize, allowing 

more DBAE radicals to reach the C8S3 molecules before they oxidize irreversibly,32 

which results in a slower emission of photons from the sample as discussed above (Figure 

4.3 inset). 

4.3.4 Oxidative-Reductive ECL on PPFs versus ITO 

To further evaluate these transparent carbon electrodes, we compared them to the 

conventional transparent indium tin oxide (ITO) electrode. However, we were unable to 

compare these electrode materials at the previously optimized pH of 12.8 ± 0.1 since the 

ITO reacts in strong base and begins dissolution at this high pH (Figure 4.8). Instead, we 

compared GC, all three PPFs, ITO and fluorine tin oxide (FTO) in a front face geometry  

at pH 10.8 ± 0.1 (Figure 4.9). All of the carbon electrodes displayed the low oxidation 

potential (LOP) observed for amine coreactants on hydrophobic electrodes, whereas both 

ITO and FTO displayed the coreactant oxidation potential at ~0.6 V more positive.18,19 

As a result, the carbon-based electrodes produce a narrower, sharper emission at a lower 

potential.  

To best understand the interplay between electrode transparency and chemical 

composition of the surface, we compared the C-OTEs versus ITO in a through the 

electrode transmission cell geometry at pH 10.8 ± 0.1 (Figure 4.10). Again, the carbon 

electrodes are observed to have a sharper emission profile at a lower potential. Even 

though the percent transmittance of ITO is much higher than the C-OTEs, the 33% PPF 

(27 ± 5 μA) results in approximately the same amount of ECL detected as ITO (28 ± 2 

μA) whereas the 25% PPF (41 ± 11 μA) results in more ECL detected. This illustrates 

that percent transmittance is not the sole concern when it comes to transparent electrodes 

for ECL, and that it is very important to understand how the surface chemistry can affect  
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Figure 4.8. Comparison of CV (dashed) and ECL (solid) transients of 25% PPF (top) and 
ITO (bottom) between pH 10.8 and pH 12.8. Sample is immobilized C8S3 J-aggregates 
with 17.3 mM DBAE in 1 M KNO3, and scan rate is 0.1 V/s. As observed in previous 
work,27 the carbon electrode (25% PPF here) displays higher ECL at higher pH. 
However, the ITO displays some ECL at pH 10.8, but none at pH 12.8. This is attributed 
to etching and dissolution of the electrode due to the high pH and corrosion from the 
DBAE, characterized by the large featureless electrochemical current.  
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Figure 4.9. Representative CV (top) and ECL (middle) transients of various electrodes at 
pH 10.8 in a front face cell geometry. Sample is immobilized C8S3 J-aggregates with 
17.3 mM DBAE in 1 M KNO3, and scan rate is 0.1 V/s.  Comparison (bottom) of front 
face and transmission ECL cell geometry. 
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Figure 4.10. Simultaneous CV (bottom) and ECL (top) transients of C8S3 J-aggregates 
immobilized on electrodes with 17.3 mM DBAE in 1 M KNO3, pH 10.8.  ECL was 
collected through the ITO (pink), 33% PPF (green), and 25% PPF (blue) electrodes.  
Scan rate was 0.1 V/s. 
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the electrochemical transients. Clearly, the C-OTEs yield better signal for oxidative-

reductive ECL experiments that rely on an amine-based coreactact (e.g. DBAE, TPrA). It 

is interesting to note that the ECL shoulder at higher potentials on the PPF electrodes 

could be due to the oxidation of the secondary amine generated in situ by the process 

discussed above. 

4.3.5 Reductive-Oxidative ECL on PPFs versus ITO and GC 

Finally, we assessed the C-OTEs for reductive-oxidative ECL with the well 

studied ECL luminophore Ru(bpy)3
2+.33 Figure 4.11 displays CV and ECL transients for 

ECL of Ru(bpy)3
2+ in the presence of the coreactant H2O2 on GC, 33% PPF, and ITO. 

Data was also acquired in the transmission through the electrode cell geometry (Figure 

4.12). On GC we observe the first reduction peak (-0.65 V) of H2O2, followed by the 

reduction of Ru(bpy)3
2+ in two forms, a prewave (-1.45 V) due to adsorbed Ru(bpy)3+ and 

then a  diffusion-controlled wave (-1.52 V) for Ru(bpy)3+.33 The return oxidation scan 

shows a sharp oxidation peak (-1.33 V) associated with stripping of adsorbed and 

precipitated Ru(bpy)3+ as it is oxidized to Ru(bpy)3
2+ and becomes more soluble in the 

aqueous solution. The 33% PPF CV shows similar features to GC with a similar peak for 

H2O2 reduction (-0.67 V) and the peak of the prewave of Ru(bpy)3
2+ reduction (-1.45 V). 

However, the diffusion controlled wave is at a slightly more negative potential and is 

broader (-1.67 V), and on the reverse oxidation scan, the stripping peak is observed at 

slightly more positive potentials (-1.25 V) and has broadened, a result of the internal 

resistance effects discussed above. The ECL peaks on GC (-1.47 V) and 33% PPF (-1.55 

V) are again similar except for the peak broadening and potential shift due to the internal 

resistance of the PPF electrode, with the 33% PPF yielding more photons emitted upon 

integration of the ECL peak. On ITO we observe very different behavior in both the CV  
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Figure 4.11. Simultaneous CV (top) and ECL (bottom) transients of 3 mM Ru(bpy)3
2+ 

with 1 mM H2O2 in 0.15 M PBS, pH 7.4 on GC, ITO, and 33% PPF electrodes.  Scan 
from 0 to -2V at 0.1 V/s. Inset displays ITO transient. 
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Figure 4.12. Simultaneous CV (top) and ECL (bottom) transients of  3 mM Ru(bpy)3
2+ 

with 1 mM H2O2 in 0.15 M PBS (pH 7.4) acquired in the transmission, through the 
electrode, cell geometry. Scan rate 0.1 V/s. 

  

‐12.0

‐8.0

‐4.0

0.0

4.0

‐2.00 ‐1.50 ‐1.00 ‐0.50

C
u
rr
e
n
t 
(m

A
)

Potential (Volts v. Ag/AgCl)

ITO

33% PPF

0.0

0.4

0.8

1.2

‐2.00 ‐1.50 ‐1.00 ‐0.50

EC
L 
C
u
rr
e
n
t 
(μ
A
)

Potential (Volts v. Ag/AgCl)



 97

and ECL transients. The reduction of H2O2 (-0.66 V) is observed, but at -1.4 V we 

observe the onset of a linear increase in current with potential, and there is an additional 

oxidation (-0.93 V) on the reverse scan, and very little ECL is detected. Upon 

examination the previously transparent ITO electrode has formed an opaque film on the 

electrode surface. This change in the chemical composition of the electrode upon 

cathodic cycling has been studied in depth previously, and is attributed to segregation of 

indium on the surface of the ITO from either diffusion or preferential dissolution of tin 

from the film.12 Therefore, the C-OTEs have a distinct advantage over ITO for reduction-

oxidation ECL studies. 

4.4 CONCLUSIONS 

We have reported both oxidative-reductive and reductive-oxidative ECL studies 

using carbon optically transparent electrodes (C-OTEs) based on pyrolyzed photoresist 

films (PPFs). Three dilutions of photoresist were used to create PPFs of varying thickness 

and percent transmittance, with the most dilute solution (25%) yielding films 11 nm thick 

with 54% transmittance at 600 nm. XPS and Raman showed that the surface chemistry 

was consistent across all three photoresist dilutions. Although we observed small 

differences in surface roughness, this did not affect the electroactive surface area. Sheet 

resistance increased with dilution and decreasing film thickness, which caused potential 

shifts and peak broadening in the CV and ECL transients versus glassy carbon electrodes. 

The C-OTEs yielded higher ECL than the traditional transparent electrode, ITO, in both 

oxidative-reductive and reductive-oxidative studies, with the former due to the low 

oxidation potential for amine coreactants on carbon electrodes and the latter due to 

electrochemical instability of the ITO at very negative potentials. Overall, PPF based C-

OTEs are very promising for both anodic and cathodic ECL studies because of their 
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surface chemistry, wide electrochemical potential window of stability, and tunable optical 

transparency across the UV-visible range. 

4.5 REFERENCES 

(1) Hu, L.; Xu, G. Chem. Soc. Rev. 2010, 39, 3275-3304. 

(2) Forster, R. J.; Bertoncello, P.; Keyes, T. E. Annu. Rev. Anal. Chem. 2009, 2, 359-
385. 

(3) Miao, W. Chem. Rev. 2008, 108, 2506-2553. 

(4) Richter, M. M. Chem. Rev. 2004, 104, 3003-3036. 

(5) Dolci, L. S.; Zanarini, S.; Ciana, L. D.; Paolucci, F.; Roda, A. Anal. Chem. 2009, 
81, 6234-6241. 

(6) McMurray, H. N.; Barrett, Z. ECS Trans. 2007, 3, 219-226. 

(7) Chen, J.-T.; Chang, Y.-L.; Guo, S.; Fabian, O.; Lackowski, W. M.; Barbara, P. F. 
Macromol. Rapid Commun. 2011, 32, 598-603. 

(8) Chen, J.-T.; Chang, Y.-L.; Fabian, O.; Guo, S.; Lackowski, W. M.; Barbara, P. F. 
J. Phys. Chem. C 2011, 115, 10256-10263. 

(9) Guo, S.; Fabian, O.; Chang, Y.-L.; Chen, J.-T.; Lackowski, W. M.; Barbara, P. F. 
J. Am. Chem. Soc. 2011, 133, 11994-12000. 

(10) Chang, Y.-L.; Palacios, R. E.; Chen, J.-T.; Stevenson, K. J.; Guo, S.; Lackowski, 
W. M.; Barbara, P. F. J. Am. Chem. Soc. 2009, 131, 14166-14167. 

(11) Wang, S.; Harris, E.; Shi, J.; Chen, A.; Parajuli, S.; Jing, X.; Miao, W. Phys. 
Chem. Chem. Phys. 2010, 12, 10073-10080. 

(12) Senthilkumar, M.; Mathiyarasu, J.; Joseph, J.; Phani, K. L. N.; Yegnaraman, V. 
Mater. Chem. Phys. 2008, 108, 403-407. 

(13) Stotter, J.; Show, Y.; Wang, S.; Swain, G. Chem. Mater. 2005, 17, 4880-4888. 

(14) Kraft, A.; Hennig, H.; Herbst, A.; Heckner, K.-H. J. Electroanal. Chem. 1994, 
365, 191-196. 

(15) Wilson, R.; Akhavan-Tafii, H.; DeSilva, R.; Schaap, A. P. Electroanalysis 2001, 
13, 1083-1092. 

(16) Zhu, Y.; Hill, C. M.; Pan, S. Langmuir 2011, 27, 3121-3127. 

(17) Chen, Z.; Zu, Y. Langmuir 2007, 23, 11387-11390. 

(18) Li, F.; Zu, Y. Anal. Chem. 2004, 76, 1768-1722. 

(19) Zu, Y.; Bard, A. J. Anal. Chem. 2000, 72, 3223-3232. 



 99

(20) Liu, X.; Shi, L.; Niu, W.; Li, H.; Xu, G. Angew. Chem., Int. Ed. 2007, 46, 421-
424. 

(21) Huang, R.; Wei, M.-Y.; Guo, L.-H. J. Electroanal. Chem. 2011, 656, 136-139. 

(22) Benoist, D. M.; Pan, S. J. Phys. Chem. C 2010, 114, 1815-1821. 

(23) Donner, S.; Li, H.-W.; Yeung, E. S.; Porter, M. D. Anal. Chem. 2006, 78, 2816-
2822. 

(24) Tian, H.; Bergren, A. J.; McCreery, R. L. Appl. Spectrosc. 2007, 61, 1246-1253. 

(25) Dai, Y.; Swain, G.; Porter, M. D.; Zak, J. Anal. Chem. 2008, 80, 14-22. 

(26) Zu, Y.; Bard, A. J. Anal. Chem. 2001, 73, 3960-3964. 

(27) Walker, E. K.; Vanden Bout, D. A.; Stevenson, K. J. J. Phys. Chem. C 2011, 115, 
2470-2475. 

(28) McCreery, R. L. Chem. Rev. 2008, 108, 2646-2687. 

(29) Ranganathan, S.; McCreery, R. L. Anal. Chem. 2001, 73, 893-900. 

(30) Geometric factors in four point resistivity measurements; Haldor Topsoe 
Semiconductor Division: Haldor Topsoe, Denmark, 1968. 

(31) Wiggins-Camacho, J. D.; Stevenson, K. J. J. Phys. Chem. C 2009, 113, 19082-
19090. 

(32) Lyon, J. L.; Eisele, D. M.; Kirstein, S.; Rabe, J. P.; Vanden Bout, D. A.; 
Stevenson, K. J. J. Phys. Chem. C 2008, 112, 1260-1268. 

(33) Choi, J.-P.; Bard, A. J. Anal. Chim. Acta 2005, 541, 143-150. 

(34) Omer, K. M.; Bard, A. J. J. Phys. Chem. C 2009, 113, 11575-11578. 

(35) Schreiber, M.; Lutz, T.; Keeley, G. P.; Kumar, S.; Boese, M.; Krishnamurthy, S.; 
Duesberg, G. S. Appl. Surf. Sci. 2010, 256, 6186-6190. 

(36) Masui, M.; Sayo, H.; Tsuda, Y. J. Chem. Soc., B 1968, 973-976. 

(37) Deinhammer, R. S.; Ho, M.; Anderegg, J. W.; Porter, M. D. Langmuir 1994, 10, 
1306-1313. 

(38) Adenier, A.; Chehimi, M. M.; Gallardo, I.; Pinson, J.; Vila, N. Langmuir 2004, 
20, 8243-8253. 

(39) von Berlepsch, H.; Kirstein, S.; Hania, R.; Pugzlys, A.; Bottcher, C. J. Phys. 
Chem. B 2007, 111, 1701-1711. 

(40) Chiu, M.-H.; Wei, W.-C.; Zen, J.-M. Electrochem. Commun. 2011, 13, 605-607. 

(41) Ranganathan, S.; McCreery, R.; Majji, S. M.; Madou, M. J. Electrochem. Soc. 
2000, 147, 277-282. 

(42) Knight, D. S.; White, W. B. J. Mater. Res. 1989, 4, 385-393. 



 100

(43) Kim, J.; Song, X.; Kinoshita, K.; Madou, M.; White, R. J. Electrochem. Soc. 
1998, 145, 2314-2319. 



 101

CHAPTER 5 

Future Directions 

5.1 INTRODUCTION 

The previous four chapters have explored carbon optically transparent electrodes 

(C-OTEs) as a platform for spectroelectrochemistry and electrogenerated 

chemiluminescence (ECL), emphasizing that the combined technique approach is greater 

than from its individual counterparts due to simultaneously monitoring spectroscopic and 

electrochemical signals, allowing observation of unstable species generated in situ. This 

chapter presents three additional approaches to designing and improving 

spectroelectrochemical sensors. First, ECL imaging is discussed as a method to 

understanding light harvesting and energy transfer within the J-aggregates discussed in 

Chapters 3 and 4. Second, conjugated polymer nanoparticles are discussed as alternative 

multiple luminophore ECL emitters to J-aggregates. Third, the pyrolyzed photoresist film 

(PPF) based C-OTEs are discussed as a platform for optical biosensing based on their 

reduced graphitic oxide (rGO) surface chemistry. 

5.1.1 Understanding Light Harvesting and Energy Transfer within Tubular J-
aggregates 

As discussed in Chapters 3 and 4, double walled tubular J-aggregates of C8S3 

cyanine dyes are interesting fluorescent materials with unique structure and optical 

properties that have resulted in their study as model research systems for exciton 

transport1 and artificial light harvesting systems.2 Collaborative studies with our group 

have shown that C8S3 J-aggregates can be used as photoreductant templates to make 

silver nanowires (AgNWs) with a diameter of 6.4 ± 0.5 nm, effectively harvesting energy 

from the incident light and using it to reduce silver.3 Figure 5.1 displays the  
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Figure 5.1. Mechanism for photoinduced formation of silver nanowires upon photo-
oxidation of C8S3 J-aggregate dye molecules and subsequent reduction of silver ions. 
Adapted from Eisele et al.3 

Silver Nucleation: (Dye)- + Ag+  (Dye)ox + Ag°
Silver Growth: (Ag°)n + Ag+ + e- (Ag°)n+1

Dye/MeOH/H2O


Nucleation Growth
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previously proposed mechanism which involves photoinduced oxidation of the C8S3 

aggregate molecules followed by electron transfer to and reduction of silver ions to silver 

metal. This mechanism proposes that since the concentration of silver ions far exceeds 

that of the dye molecules and the electrons they can produce, continued reduction of 

silver occurs from methanol in solution acting as a sacrificial electron donor to continue 

the AgNW growth process. High resolution transmission electron microscopy (HR-TEM) 

showed the AgNWs are polycrystalline, suggesting that there are multiple Ag 

nanoparticle (AgNP) nucleation sites and these AgNPs grow together to form the 

AgNWs. However, more evidence is needed confirm this and to understand why 

sometimes the silver ions just form AgNPs along the tubular aggregate as opposed to 

AgNWs within the aggregate (Figure 5.2). This topic is complex as it involves several 

processes: photo-oxidation of the dye molecules, energy transfer between the two walls 

of the dye nanotube, and electron transfer to the silver ions. Therefore, ex situ techniques 

such as electron microscopy or bulk techniques like UV-Vis spectroscopy will not 

provide insight into these processes as they occur on the nanoscale level. 

Previously, Barbara and coworkers have used ECL imaging to image oxidation in 

conjugated polymer films, where ideally every oxidation event results in a photon 

emitted, resulting in their development of a soliton-like wave mechanism of oxidation for 

conjugated polymers.4-8 Herein we discuss utilizing ECL imaging to image oxidation 

sites along the tubular J-aggregates to develop a more complete model of oxidation and 

energy transfer for AgNP and AgNW formation. Figure 3 shows a schematic of J-

aggregates with possible outcomes for this experiment, illustrating the mechanistic 

insight that can be provided. Using ECL imaging, we can differentiate between discrete 

dye oxidation and Ag nucleation sites and a cascade of dye oxidation along the tube and  
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Figure 5.2. TEM images of C8S3 J-aggregates decorated with silver nanostructures from 
photoinduced oxidation of the aggregates and reduction of AgNO3. Structures observed 
include (a) nanoparticles, (c) nanowires, and (b,d) a mixture of both. 

a b

c d
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Figure 5.3. Cartoon schematic displaying two possible oxidation mechanism that can be 
differentiated by using ECL to image oxidation sites of C8S3 tubular J-aggregates. (a) 
Proposed emission trends for discrete oxidation events spaced out along the tube versus 
initiation at one end of the tube followed by an oxidation cascade along the tube. (b) 
AgNP and AgNW formation growth corresponding to the two possible oxidation 
mechanisms in (a). (c) Legend. 
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Ag growth, although both will most likely still be accompanied by additional Ag growth 

from methanol as a sacrificial electron donor. 

Chapter 3 shows that bulk ECL can be obtained from C8S3 tubular J-aggregates,9 

and Chapter 4 shows that strong ECL can be obtained using a transmission cell geometry 

with C-OTEs.10 Therefore, ECL imaging utilizing J-aggregates immobilized on C-OTEs 

should be possible with an inverted microscope and a fast EMCCD camera. However, as 

demonstrated in previous works,1 to obtain signal from single tubular aggregates you 

must immobilize the aggregates on a surface in a thin film to be able to distinguish 

between individual aggregates. The previous drop flow method allowed for portions of 

individual and bundled aggregates to be isolated and probed. However, since our J-

aggregates and resultant AgNWs can be microns long, longer range order and alignment 

of the tubular aggregates would be required to develop an accurate model, especially 

since ECL imaging is a far-field optical technique that is limited by the diffraction limit 

of light. In this chapter, we discuss preliminary efforts to align and immobilize tubular J-

aggregate films on a surface as well as presenting ideas to incorporate these films into an 

ECL imaging experiment. 

5.1.2 Conjugated Polymer Nanoparticles as ECL Luminophores 

Since ECL was first reported, many studies have focused on finding better and 

brighter luminophores.11-13 Recently, organic nanoparticles (NPs) have been explored as 

new ECL emitters because they can be prepared in a variety of sizes and shapes, their 

emission can be tuned across the visible spectrum, and they are potentially more 

biocompatible than metal and inorganic NPs.14-16 These initial studies have focused on 

organic NPs precipitated from small organic fluorophores, with no coupling of optical 

transitions or energy delocalization. As detailed in Chapter 3, interesting and desirable 
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optical properties arise from systems with delocalized excited states, and those can be 

accessed electrochemically via ECL. In this chapter, conjugated polymer NPs are 

discussed as alternative multiple luminophore ECL emitters to J-aggregates. The 

preparation, characterization, and modification of fluorescent conjugated polymer NPs 

has been extensively studied by McNeill, Chiu, and coworkers.17-21 Because each 

polymer NP contains a lot of chromophores, they have displayed fluorescence brightness 

thirty times greater than commonly used organic fluorophores and quantum dots that emit 

at the same wavelength.19 Furthermore, by co-condensing the fluorescent conjugated 

polymer with a non-fluorescent amphiphilic polymer with carboxylate functional groups, 

greater solubility and stability in aqueous solution is obtained, and more importantly 

adding a carboxylate handle allows for further covalent attachment to a surface or 

biomolecule of interest.19 Although these functionalized aqueous polymer NPs have been 

well studied for fluorescence and biological imaging applications, no ECL studies have 

yet been attempted. ECL of conjugated polymer films in nonaqueous solutions has been 

reported previously for 4-methoxy-(2-ethylhexoxyl)-2,5-polyphenylenevinylene (MEH-

PPV)22 and poly(9,9-dioctylfluoreneco-benzothiadiazole) (F8BT)4,6-8 as well as for F8BT 

nanoparticles.5 However, there have been no reports of aqueous ECL of conjugated 

polymer films or NPs. Herein, we investigate conjugated polymer NPs with delocalized 

excited states as an alternative approach to organic NPs as aqueous ECL luminophores. 

5.1.3 PPF-based C-OTEs for Optical Biosensing 

 As described in detail in Chapter 2, graphitic oxides (GO) and reduced graphitic 

oxides (rGO) are being increasingly studied for use in electronic and optoelectronic 

devices. Additionally, GO and rGO have also gained attention as a platform for 

biosensors since their surface chemistry allows biomolecules to attach without additional 
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surface modifications and their optical properties lend themselves to a wide range of 

sensing schemes.23,24 Specifically, the extensive π conjugated carbon network interacts 

strongly with hydrophobic biomolecules such as the nucleic acid bases in single strand 

DNA, and the oxygen functional groups interact with more hydrophilic molecules like 

enzymes. Since both GO and rGO are excited in the UV region and have been observed 

to emit light in the blue and near infrared region,25 they can interact with most molecules 

with transitions in the visible spectrum as a donor or an acceptor for a Förster resonance 

energy transfer (FRET) based sensor.23,24 A recent review discussed the wide range of 

reports of biosensing schemes involving detection of DNA, enzymes, small biologically 

active molecules, aptamer selectivity, and viruses.23 

 This chapter expands the discussion on PPF based C-OTEs as a rGO material and 

proposes additional experiments and methods to assess and utilize these C-OTEs to add 

functionality to biosensing schemes.  

5.2 EXPERIMENTAL 

5.2.1 Preparation and Immobilization of C8S3 J-aggregates 

Detailed instructions for preparation of C8S3 J-aggregates can be found in 

Chapters 3 and 4. Microscope cover glass was hydrophobic as purchased. Cover glass 

was made hydrophilic by cleaning in piranha solution (3:1 H2SO4:30% H2O2) and base 

piranha (3:1 NH4OH:30% H2O2). (Caution: Piranha solutions must be prepared in a fume 

hood with proper protection. Always add H2O2 last.) Aminosilane functionalized slides 

were prepared by immersing hydrophilic cover glass in a 0.5% (v/v) 3-

aminopropyltriethoxysilane in 95% ethanol and 5% water solution for ~30 min, followed 

by rinsing with ethanol.26 Cover glass was stored in water until use. ITO was cleaned by 

heating to 80 °C in 30% ethanolamine in water (% v/v) for 20 min, followed by rinsing 
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with methanol and sonicating in ultrapure H2O for 30 min, and dried with N2. Positive 

polyelectrolyte surfaces were prepared by immersing hydrophilic cover glass or ITO in 

an aqueous solution of 1 mM poly(allylamine hydrochloride) (PAH) and 1 M NaCl for 20 

min, followed by immersing in ultrapure H2O (> 18.2 MΩ cm, Barnstead) twice for 2 

min each.27-29 Slides were dried with N2 before use. C8S3 J-aggregates were immobilized 

by a previously reported drop-flow technique or dipcoating. The drop-flow method 

involved pouring a 100-1000 μL aliquot of J-aggregate solution over a tilted substrate, 

wicking away excess solution with a kimwipe at the edge of the slide, and then stored in a 

dark box for ~1 hour to isolate the aggregates from air currents and prevent 

photobleaching.1 Alignment of aggregates was assessed by imaging with a Digital 

Instruments Nanoscope Dimension 3100 atomic force microscope (AFM) operated in 

tapping mode. Scanning electron microscopy (SEM) of silver nanoparticles and 

nanowires was performed on a Hitachi S-5500 operated at 30 kV. 

5.2.2 Preparation of Semiconducting Polymer Nanoparticles 

The semiconducting polymer poly[(9,9-dioctrylfluorenyl-2,7-diyl)-co-(1,4-benzo-

{2,1’,3}-thiadiazole)] (PFBT, ADS133YE MW 15,000-200,000 g/mol) was obtained 

from American Dye Sourceand a comb-like polymer with polystyrene g, rafted with 

ethylene oxide functionalized with carboxyl groups (PS-PEG-COOH, MW 21,700 g/mol) 

were obtained from Polymer Source, Inc. (Canada). Functionalized PFBT nanoparticles 

(NPs) in aqueous solution were prepared as reported previously.19 Briefly, 2 mg of PFBT 

was dissolved in 2 mL of tetrahydrofuran (THF) and 1 mg of PS-PEG-COOH was 

dissolved in 1 mL of THF. Then, 1.25 mL of PFBT solution and 0.25 mL of PS-PEG-

COOH solution were diluted with THF to a final volume of 25 mL in a volumetric flask, 

producing a final solution with PFBT and PS-PEG-COOH concentrations of 50 µg/mL 
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and 10 µg/mL, respectively. The mixture was sonicated to form a homogeneous solution. 

A 5 mL aliquot of the mixture was injected quickly into 10 mL of ultrapure H2O (> 18.2 

MΩ cm, Barnstead) water in a bath sonicator. Upon injection the polymers co-condensed 

into polymer NPs. Nitrogen stripping was performed on a 100°C hotplate to remove THF 

and to concentrate the polymer NP dispersion to a final volume of 5 mL. 4-methoxy-(2-

ethylhexoxyl)-2,5-polyphenylenevinylene (MEH-PPV, MW 150,000 g/mol was obtained 

from Polymer Source and used to prepare polymer NPs via the same procedure. 

5.2.3 Characterization of Polymer Nanoparticles 

Absorbance spectra of the PFBT and MEH-PPV NP dispersions were acquired 

with an Agilent Instruments 8453 UV-visible spectrometer with a photodiode array 

detector and a 1 cm path length cell. Emission spectra of PFBT NP dispersions were 

acquired with a Spex Fluorolog 1 (Horiba Jobin Yvon) equipped with a 450W xenon 

lamp and controlled by an in house LabView program. The size and the morphology of 

the PFBT NPs were measured with a Digital Instruments Nanoscope Dimension 3100 

atomic force microscope (AFM) operated in tapping mode.  

5.2.4 Electrogenerated Chemiluminescence of Polymer Nanoparticles  

NPs were immobilized on glassy carbon (GC) plate (1 mm thick, type 2, Alfa 

Aesar) and indium tin oxide (ITO) electrodes. Before using GC electrodes, they were 

polished with 0.3 µm alumina, rinsed with H2O, polished with 0.05 µm alumina, 

sonicated for 20 min in H2O, rinsed with water, and dried with N2.
9 Prior to use, the ITO 

working electrodes were cleaned by immersing in 30% (v/v) aqueous ethanolamine at 80 

 for 20 minutes, followed by rinsing with methanol and sonicating in ultrapure water 

for 30 min and then drying with N2.
30 20 µL of polymer NPs were drop cast onto a ~0.5 

cm2 area of each electrode and dried in dark for ~2 hours. A home-built cell with working 
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electrode area of 0.45 cm2 area, path length of 1 cm, and cell volume of about 1 mL was 

used for the electrochemical measurements. A Pt wire was used as the counter electrode, 

and a Ag/AgCl as the reference electrode (1 M KCl, E0 = +0.236 V vs. NHE, CH 

instrument, Austin, TX). Electrogenerated  chemiluminescence (ECL) of the samples 

were generated with the oxidative-reductive coreactant 2-(dibutylamino)-ethanol (DBAE) 

(MW 173.3 g/mol) which was dissolved in 1 M KNO3 at a concentration of 17.3 mM, as 

previously optimized in Chapter 3.9 Simultaneous cyclic voltammograms and ECL of 

PFBT NPs were obtained with an Autolab electrochemical workstation (GPES v. 4.9, 

Eco Chemie, The Netherlands) and a photomultiplier tube (Hamamatsu R4220p).1 The 

photomultiplier tube (PMT) was set as -750 V with a high voltage power supply (Kepco, 

Flushing, NY).1 Photocurrent generated at the PMT was converted to a voltage using an 

electrometer/high resistance system (model 6517, Keithley, Cleveland, OH) and 

connected to the Autolab via the analog-to-digital converter (ADC) with external input 

channel. The sample was scanned from 0 to 2.25 V at 0.1 V/s scan rate. Simultaneous 

cycling voltammograms and ECL of MEH-PPV NPs were obtained with an Autolab 

electrochemical workstation (GPES v. 4.9, Eco Chemie, The Netherlands) interfaced with 

a photomultiplier tube (Hamamatsu H10721-20) and power supply (Agilent E3630A). 

Photocurrent generated at the PMT was converted to a voltage using a low-noise current 

pre-amplifier (Stanford Research Systems SR570) and connected to the Autolab via the 

ADC with external input channel. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Immobilization and Alignment of C8S3 J-aggregates for ECL Imaging 

As discussed above, to obtain signal from single tubular aggregates you must 

immobilize the aggregates on a surface in a thin film to be able to distinguish between 
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individual aggregates. The previous drop-flow method allowed for portions of individual 

and bundled aggregates to be isolated and probed. However, since our J-aggregates and 

resultant AgNWs can be microns long, longer range order and alignment of the tubular 

aggregates would be required to develop an accurate model via ECL imaging. 

To better understand the interaction of the C8S3 J-aggregates with the surface, J-

aggregates were immobilized on hydrophobic and hydrophilic (both positively and 

negatively charged) cover glass using the drop-flow method. Figure 5.4 shows AFM of 

the J-aggregates on these surfaces. On the hydrophobic cover glass and negatively 

charged mica the J-aggregates bundled and stacked so that no individual tubules were 

isolated. Therefore, the negatively charged sulfate groups coating the outside wall of the 

tubular J-aggregate are repelled by the uncharged and strong negatively charged 

substrates. On hydrophilic and aminosilane (positive) functionalized cover glass, both 

individual and bundled J-aggregates were observed. The greater density of J-aggregates 

observed on the aminosilane surface corroborates that the affinity of the C8S3 J-

aggregates is dominated by the sulfo groups decorating the outer wall of tubules. 

Therefore, a positively charged surface appears to be the best option for immobilizing the 

C8S3 J-aggregates, but tweaking is needed to induce alignment. 

Figure 5.5 shows aminosilane cover glass dipcoated in J-aggregates at a relatively 

slow and fast speed of removal from solution. Better alignment is observed on the sample 

removed at higher speeds. Also, the sample removed at lower speeds shows an increased 

amount of bundled J-aggregates, suggesting that the faster removal speed immobilized 

the J-aggregates before they were able to fully form bundles. Therefore, the positively 

charged surface is an effective method of immobilizing the J-aggregates. Other alignment 

efforts including PDMS patterning and vertical spincoating (data not shown) showed that 

despite the positively charged amine groups, the silane coating partially increased the  
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Figure 5.4. Representative AFM images of C8S3 J-aggregates immobilized on (a) 
hydrophilic (negative), (b) hydrophobic, and (c) aminosilane functionalized (positive) 
coverglass as well as (d) mica (negative) using the drop-flow method. Scan area is 10 μm. 

  

a b

c d
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Figure 5.5. C8S3 J-aggregates immobilized on aminosilane functionalized coverglass via 
dipcoating at (a) 0.8 mm/s and (b) 0.2 mm/s. Red arrows denote direction of greatest 
aggregate alignment. 

 

a b
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hydrophobicity of the cover glass since the J-aggregate solution would sometimes wick 

around and avoid the aminosilane portion of the slide without wetting it. Polyelectrolytes 

were explored as an alternative method to produce a positively charged surface. 

Figure 5.6 shows AFM images of J-aggregates immobilized by the drop-flow 

technique on cover glass covered with positively charged poly(allylamine hydrochloride) 

(PAH). As the J-aggregate solution was wicked off the glass, two types of regions 

formed: a thin film region where the solution mostly wicked away and a thick film region 

where a residual drop of solution was not wicked away and continued drying. The phase 

images show the PAH obtains good coverage on the cover glass. The thin film regions 

show good alignment of J-aggregates within the field of view, but between images long 

range order across the sample is not observed. This is likely due to the dewetting 

occurring in a circular fashion towards the thick film regions. The thick regions show 

bundled J-aggregates with no alignment. Therefore, PAH functionalized surfaces are very 

promising for the immobilization and alignment of C8S3 J-aggregates, but they require 

more optimization to improve long range alignment across the sample. Also, the method 

must be expanded to transparent electrodes to use it for ECL imaging. 

Figure 5.7 shows PAH coated ITO electrodes with C8S3 J-aggregates 

immobilized via the drop-flow technique. Topography of ITO shows a rougher surface 

composed of small crystallite domains, but the phase image shows good coverage of the 

surface with PAH. Although alignment is poor, good dispersion of the J-aggregates is 

obtained with both single tubules and bundles observed. However, the high resolution 

image shows that the individual J-aggregate tubules appear patchy (like dashed lines), 

suggesting that the underlying roughness of the ITO surface is a causing strain on the J-

aggregates and deforming the structure. Therefore, a smoother electrode surface would be 

preferable to cause the least disturbance to the J-aggregate tubules.  
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Figure 5.6. AFM topography (left) and phase (right) images of C8S3 J-aggregates 
immobilized via the drop flow technique on poly(allylamine hydrochloride) 
functionalized coverglass. (a) Two representative areas of thin film area. (b) 
Representative region of thick film area. 

a

b
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Figure 5.7. AFM topography (left) and phase (right) images of C8S3 J-aggregates 
immobilized via the drop flow technique on poly(allylamine hydrochloride) 
functionalized ITO. (a) Wider 25 μm window. (b) Smaller high resolution image. Green 
box denotes area of high resolution image. 

a

b
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As discussed in Chapter 4, pyrolyzed photoresist film (PPF) based carbon 

optically transparent electrodes (C-OTEs) have a very smooth surface with a rms 

roughness of 1 nm or less. Therefore, these would be an ideal surface for alignment and 

immobilization of the J-aggregates for ECL imaging. These C-OTEs are versatile and can 

be functionalized with positive charge with the above PAH polyelectrolyte coating, 

modification with aryl diazonium salts,31,32 or even by covalently attaching the amine 

coreactants (detailed in Chapter 4). Attaching the coreactant to the electrode could 

produce increased ECL emission as the process would no longer be diffusion limited. 

Future studies will further explore these ideas utilizing C-OTEs for alignment and ECL 

imaging of C8S3 J-aggregates. 

Figure 5.8 displays a proposed alternate scheme to immobilization of the C8S3 J-

aggregates on PPF based C-OTEs. Instead of relying on an electrostatic attraction of the 

J-aggregates to the electrode, this scheme proposed isolating and aligning the J-

aggregates physically using patterned electrodes and capillary force assembly. Capillary 

force assembly has previously been used to control the alignment of small metal 

nanoparticles and biomolecules.33-36 As shown in the figure, a PPF can have an additional 

photoresist layer added, followed by photolithography and an additional pyrolysis to 

produce long trenches with a small width. The capillary force assembly technique will 

concentrate the J-aggregates at the edge of the solution, isolating them in individual 

trenches. This will require optimization to ensure that the forces do not disrupt the 

structure of the J-aggregates. 

5.3.2 Conjugated Polymer Nanoparticles as ECL Luminophores 

Figure 5.9 displays the absorbance and emission spectra of aqueous PFBT 

nanoparticles. The PFBT NPs maximum wavelength was ~460 nm and 545 nm for  
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Figure 5.8. Schematic of suggested method to prepare patterned PPFs with trenches to 
individually sequester and align C8S3 J-aggregates via capillary force assembly. 

 

 

 

 

Figure 5.9. Absorbance (pink) and fluorescence (green) spectra of PFBT nanoparticles in 
aqueous solution. 
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absorption and fluorescence, respectively, which are in good agreement with the values 

reported for NPs prepared by the same method.19 Figure 5.10 shows a representative 

AFM image of the PFBT NPs. Height analysis of the NPs yielded an average diameter of 

11 nm, which agrees well with the previously reported value of 10 ± 3 nm.19 Therefore, 

the PFBT NPs were successfully prepared according to the previously published 

procedure. 

Although the ultimate goal is to obtain ECL of NPs freely diffusing in solution to 

assess their use as ECL labels, these preliminary studies focus on immobilized NPs to 

simplify the analysis and access faster scan rates since the diffusion coefficient for NPs is 

much smaller than for small organic molecules typically studied in ECL. Figure 5.11 

displays simultaneous cyclic voltammograms (CVs) and ECL of PFBT NPs immobilized 

on GC and ITO electrodes. As shown in Chapter 3, on GC at pH 12.8 DBAE oxidizes at 

+0.656 ± 0.007 V, and on ITO at pH 10.8 DBAE oxidizes at ~1.2 V.9 Here, the DBAE 

oxidation occurred at 0.674 V (a1) on GC and at 1.136 V on ITO (b1), demonstrating 

again the low oxidation potential (LOP) of amine coreactants on carbon electrodes. In the 

absence of coreactant, a peak corresponding to the direct oxidation of the polymer NPs 

was not observed (data not shown). Maximum ECL emission occurred at 1.309 V (a2) 

and 1.572 (b2) on GC and ITO, respectively. Since the ECL emission occurs at potentials 

more positive than DBAE oxidation on both electrodes, this suggests that PFBT 

oxidation is occurring at this more positive potential and that no significant advantage in 

potential window is gained in using GC versus ITO. However, a large difference in ECL 

intensity is observed since the ECL on ITO is only ~2% of the ECL observed on GC, 

similar to the effects discussed in Chapters 3 and 4. 

Typically, the strongest ECL occurs when the molecule of interest and the 

coreactant oxidize at the same approximate potential.11-13 As discussed in Chapter 3 and  
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Figure 5.10. AFM image of PFBT nanoparticles on a glass coverslip. 
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Figure 5.11. Simultaneous CV (red) and ECL (blue) transients of PFBT nanoparticles 
immobilized on (a) GC and (b) ITO electrodes with 17 mM DBAE in 1 M KNO3, pH 
10.8. Scan rate 0.1 V/s. CV and ECL peaks are denoted with a1, a2 and b1,b2 for GC and 
ITO, respectively. Gray dashed lines are a guide for comparison of peak potentials. 
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elsewhere, the oxidation potential and absorption energy of a chromophore are directly 

related such that a longer wavelength (lower energy) absorption corresponds to a lower 

oxidation potential.37 Therefore, by switching to the MEH-PPV polymer with a more red 

emission, the oxidation potential of the polymer should approach the oxidation potential 

of the coreactant and yield greater ECL. Figure 5.12 shows the absorption spectrum of 

MEH-PPV NPs in aqueous solution with a maximum absorption at ~505 nm, which is 

~45 nm longer than observed for the PFBT NPs. Figure 5.13 displays simultaneous CV 

and ECL transients for PFBT and MEH-PPV NPs. For both samples, the initial 

coreactant oxidation occurs as the same potential (a1,b1), but the maximum ECL emission 

of the MEH-PPV NPs occurred at a potential ~0.3 V lower than for the PFBT NPs. 

Therefore, ECL efficiency may be tuned by changing the polymer. However, since these 

two samples were observed on different ECL/PMT experimental setups, a direct 

comparison cannot be performed without calibrating a standard between the two setups. 

It is also interesting to note that for the PFBT NPs one sharp, slightly asymmetrical, ECL 

peak is observed, which is typical for a surface confined species. However, the MEH-

PPV NPs display three separate ECL peaks on the forward scan, including a sharper peak 

superimposed on two broader less intense peaks. This suggests that the MEH-PPV NPs 

are more soluble in the supporting electrolyte and that some are dissolving upon 

immersion and then diffusing to the surface of the electrode during the experiment, 

yielding a wider potential window of ECL emission. Alternatively, the extra ECL peak at 

~1.3 V could be attributed to oxidation of a secondary amine generated in situ from the 

oxidation of the initial tertiary amine, detailed in Chapter 4.10 

To further explore the ECL of MEH-PPV NPs and secondary amine oxidation, 

CV and ECL transients were obtained for immobilized NPs at the higher pH of 12.8 

(Figure 5.14) since the secondary amine generation and oxidation process is encouraged  
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Figure 5.12. Absorbance spectrum of MEH-PPV nanoparticles in aqueous solution. 
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Figure 5.13. Simultaneous CV (red) and ECL (blue) transients for (a) PFBT and (b) 
MEH-PPV nanoparticles immobilized on GC electrodes with 17 mM DBAE in 1 M 
KNO3, pH 10.8. Scan rate 0.1 V/s. CV and ECL peaks are denoted with a1, a2 and b1,b2 
for PFBT and MEH-PPV, respectively. Gray dashed lines are a guide for comparison of 
peak potentials. 
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Figure 5.14. Simultaneous CV (red) and ECL (blue) transients for MEH-PPV 
nanoparticles immobilized on GC electrodes with 17 mM DBAE in 1 M KNO3, pH 12.8. 
Scan rate 0.1 V/s. 

 

 

 

 

Figure 5.15. Simultaneous CV (red) and ECL (blue) transients for MEH-PPV 
nanoparticles in solution with 16 mM DBAE in 0.9 M KNO3 using a GC working 
electrode. Scan rate 0.1 V/s. 
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by more alkaline conditions.10,38-40 At this higher pH only two dominant ECL peaks are 

observed, where the first and most intense peak is a convolution of direct and catalytic 

oxidation of the coreactant and the second one is a result of the secondary amine 

oxidation. Interestingly, when detecting ECL for MEH-PPV NPs freely diffusing in 

solution (Figure 5.15) the relative intensities of these two ECL peaks changed and the 

second peak displayed more intense ECL. 

Overall, conjugated polymer NPs are an exciting alternative to small molecular 

organic nanoparticles for ECL and there are many fundamental phenomena as well as 

sensing applications to be explore. Future studies could focus on optimizing ECL signal 

with respect to NP and coreactant concentration. Since diffusion coefficients of 

nanoparticles are low, better ECL could be obtained with co-condensing an amine or 

hydroxyl rich polymer as a method of having multiple coreactant molecules incorporated 

into the NP itself. Another method of addressing the low diffusion coefficients is to 

utilize a porous 3D transparent electrode to minimize the distance a NP must travel to be 

oxidized. Characterization and correlation of ECL efficiency and ECL peak potential to 

the energy of polymer transition will be necessary to incorporate polymer NPs into a 

multi-color luminophore detection scheme.  

5.3.3 C-OTEs for Optical Biosensing 

 Previous efforts have largely focused on utilizing the GO material to develop 

quenching based FRET schemes since GO’s unique electronic properties make it an 

efficient long range quencher. Typically, a solution based scheme involves a fluorophore 

labeled biomolecule binding to the surface of the GO, using GO as the FRET acceptor, 

where the fluorophore is quenched. In the presence of the target molecule (i.e. DNA, 

substrate, etc.) the biomolecule is released from the surface and the fluorophore emission 
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is observed. Only a few cases describe using GO as a FRET donor due to the relatively 

low quantum yield (~ 22%) of photoluminescence and large quenching activity.23 Since 

the optical properties of C-OTEs can be tuned electrochemically, they have potential to 

obtain a GO/rGO intermediate with improved quantum yield and FRET donor 

performance. 

 As discussed in Chapter 2, the absorption of the C-OTEs can be tuned by 

oxidizing and reducing the electrode to switch between GO and rGO. Figure 5.16 shows 

the large change in absorption intensity and wavelength upon oxidation of a C-OTE. 

Other groups have shown that the photoluminescence of GO/rGO at 400 nm can be 

similarly tuned by chemical oxidation and reduction. Therefore, future experiments will 

explore in situ photoluminescence spectroelectrochemistry to determine the potential and 

oxidation state of the greatest quantum yield for serving as a FRET donor. Sensors could 

be developed that utilize GO/rGO as a universal donor that transfers energy to several 

different color emitters, allowing multicolor detection with only one excitation 

wavelength. Also, this opens up possibilities for modulating the FRET efficiency of the 

sensor electrochemically. 

 C-OTEs also add an extra element of electrochemical control to the system. As 

shown in Figure 5.17, traditional GO FRET biosensors rely on diffusion related processes 

where large biomolecules must diffuse through a bulk solution to find their target and 

bind. By poising the potential of the electrode, the electrode can be tuned to attract 

charged biomolecules to the surface, effectively preconcentrating the target and probe 

molecules in one location and reducing hybridization and detection time. Previously, 

Donner et al. have utilized C-OTEs poised at a positive potential to attract and image 

fluorescently labeled individual DNA molecules.41 This study showed the adsorption 

properties were reversible, as opposed to the molecules on metal oxides or  
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Figure 5.16. Absorption spectra of reduced (red, 0 V) and oxidized (blue, +2 V) C-OTEs 
in 1 M KCl. 

 
 
 
 
 
 

 

Figure 5.17. Schematic of (a) traditional diffusion controlled and (b) electrochemically 
controlled DNA FRET biosensor on C-OTE. The probes will eventually diffuse to and be 
immobilized on the carbon surface from π stacking interactions. By poising the electrode 
at a positive potential, the negatively charged DNA will be attracted to the surface faster. 
Upon hybridization and removal of applied potential, the double stranded DNA will 
detach from electrode since bases can no longer interact with the carbon surface.  
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thiol terminated gold where the molecules were more permanently attached, showing that 

the C-OTE is suitable for a multiple use biosensor. Finally, combined ECL-FRET has 

recently been reported,42 and since C-OTEs have already been assessed for ECL 

activity,10 it is likely that dual labeled ECL-FRET sensors could be developed from C-

OTEs. 

5.4 CONCLUSIONS 

Three areas of designing and improving spectroelectrochemical sensors were 

discussed. First, ECL imaging was discussed as a method to understanding light 

harvesting and energy transfer within the J-aggregates discussed in Chapters 3 and 4. 

Preliminary efforts to align and immobilize tubular J-aggregate films on a surface were 

presented, showing that the negatively charged J-aggregates were most easily aligned and 

immobilized on positively charged surfaces such as aminosilane or polyelectrolytes. 

Alternative methods of modifying C-OTE surfaces with amine functional groups were 

presented and capillary force assembly was discussed as a physical alignment method. 

Conjugated polymer nanoparticles were discussed as alternative multiple luminophore 

ECL emitters to J-aggregates. Preliminary data was presented on characterization and 

ECL emission of PFBT and MEH-PPV NPs. The ECL mechanism was discussed, and 

suggestions were provided for improvement of ECL signal and implementation in 

sensors. Pyrolyzed photoresist film (PPF) based C-OTEs were discussed as a platform for 

optical biosensing based on their reduced graphitic oxide (rGO) surface chemistry. FRET 

based sensing schemes were discussed, with the suggestion of utilizing electrochemical 

control to tune the absorption and emission of the C-OTE to tune the FRET efficiency as 

well as to attract and release charged biomolecules. 
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