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Chapter 1 

 Introduction  
 

1.1 Powering the Planet 
 

Current population and economic growth demand a rapid increase in the amount of produced 

energy per year. It is expected that we will need 27TW by 2050 and 43TW by 2100.2ɀ4 There are 

few routes to generating the amount of power necessary to meet energy needs, and even fewer in a 

carbon-neutral manner. One of these routes may be nuclear fission, but it is undesirable for several 

reasons. Uranium resources are sufficient to produce only 100TW of electricity. If 10TW-yr of 

electricity were produced using nuclear fission of uranium, global supplies of uranium would run 

out within the first decade of usage. Not only would uranium used at this rate be useful for less than 

ten years, but uranium sources would be depleted during most of the ramp up to producing enough 

reactors to generate 10TW per year.2 Fossil fuels can support a 25-30TW/yr for at least several 

centuries, but not in an economically feasible way and not in a way that avoids climate catastrophe.3 

The sunlight that strikes the earth in one hour is more energy than was consumed in all of 2001 

(4.3x1020J vs 4.1x1020J).2 4ÈÅ ÆÁÉÌÕÒÅ ÔÏ ÅØÐÌÏÉÔ ÔÈÅ ÓÏÌÁÒ ÓÙÓÔÅÍȭÓ ÌÁÒÇÅÓÔ ÎÕÃÌÅÁÒ ÒÅÁÃÔÏÒ ÁÔ ÔÈÉÓ 

point is largely due to a lack of inexpensive solar cells, a fledgling understanding of solar-to-fuel 

catalysis, and a dearth of ways to store that energy.3,5 The cost of silicon solar cells has dropped 

precipitously in the past two decades.6ɀ8 Advances in battery technologies have made electric 

vehicles a reality and may lead to large-scale storage capacity.9 To take full advantage of solar 

ÅÎÅÒÇÙȭÓ ÐÏÔÅÎÔÉÁÌȟ ÈÏ×ÅÖÅÒȟ ÔÈÅ need for solar cells that are cheaper, lighter, flexible, more 

aesthetically pleasing, and with higher efficiencies remains.10 

1.2 Colloidal Nanoparticles and Quantum Dots 
 

The advent of semiconductors has fundamentally altered the world. Every feature of modern 

life has been touched by the computing revolution.11 For the great majority of semiconductor usage, 

it is appropriate to think of these semiconductors as a bulk, large-scale, material. Even the tiny 

computer chips now used would be considered a bulk material (although the transistors that make 

up the actual computing aspect certainly cannot be). The desire to pack more transistors into a 
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wafer combined with the continuing discoveries of quantum physics led to the nano-revolution. 

What the nano-revolution  demonstrated was the existence of a special set of rules governing 

objects based on their size. Phenomena such as superparamagnetism and surface plasmon 

resonance evolving from the quantum mechanical coupling of several hundred to several thousand 

atoms were observed for the first time at the nanoscale.12 

In bulk semiconductors, the electrical and optical properties are governed by composition, 

crystal structure, and dopants, following the rule of Ȱform is functionȱ.13 An extension of this rule is 

seen in quantum confinement. Quantum confinement arises when a charge carrier is constrained to 

a body with a length scale similar to the de Broglie wavelength.14 This is more often thought of in 

terms of the Bohr exciton radius of the material. Quantum confinement is observed when a 

semiconductor crystal is made with a dimension on the length scale of two times the Bohr exciton 

radius or less. Quantum confinement may also be thought of as constraining the electron to a region 

comparable to the de Broglie wavelength of the electron in that material.14 Quantum confined 

structures are defined by how many dimensions can have a freely moving electrons. These may 

include quantum wells, wires, and dots (2D, 1D, and 0D respectively). Quantum dots (QDs) have a 

severely discretized density of states (DOS) that begins to appear molecular in nature. The degree 

of confinement is controlled by whether the crystal is smaller than neither radius, one charge 

carrier radius, or both radii. Each of these regimes has different photophysical characteristics.15 

Cadmium selenide (CdSe) QDs are considered to be strongly confined, having the radius of the dots 

smaller than the Bohr radii of both electron and hole charge carriers. 

As the dots become smaller, the increased confinement leads to a larger bandgap and a 

commiserate blue shifting of the emission and absorption of these dots. This shift is principally seen 

in the conduction band of the QD due to the larger electron Bohr radius.16 Many QDs are made of 

core-shell structures. The shell structures will passivate surface defects and localize one or both 

charge carriers to the core. Type I QDs, such as CdSe/ZnS, localize both charge carriers to the core. 

Type II, such as CdTe/CdSe, QDs will localize one charge carrier to the core.17  
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1.3 Solar Cell Efficiencies 
 

Solar cell efficiency is determined by the ratio of harvested energy over input power. This 

can be calculated by using an IV curve such as that seen in Figure 1.1. The amount of power and the 

spectrum of that power is standardized, usually to mimic solar radiation. AM 1.5 is the standard 

spectrum filter for solar radiation. Solar cell efficiency is calculated by using the following equation: 

–
ὠ ὍὊὊ

ὖ
                                                                ρȢρ 

where VOC is the open circuit voltage, ISC is the short circuit current, FF is the fill factor, PIN is the 

input ÐÏ×ÅÒȟ ÁÎÄ ʂ ÉÓ ÅÆÆÉÃÉÅÎÃÙȢ 0IN is usually standardized at 100mW/cm2, and all other values can 

be observed from an I-V curve. On an IV curve such as that shown in Figure 1.1, ISC is the maximum 

current at zero voltage, VOC is the maximum voltage at zero current, and fill factor is the relative 

squareness of the curve.  

 

 

1.3 The Scope of this Dissertation 
 

Figure 1.1: An example IV curve. The fill factor (FF) is 
shown as the red area B divided by the total area inside the 
curve (A). Area B is defined as the largest square able to fit 
under the curve. 



4 
 

The focus of this dissertation is to examine the underlying materials science of 

nanocrystalline semiconducting materials, particularly in relation to the separation and transfer of 

charge. Chapter 2 discusses some of the applications of the quantum dot. An understanding of 

Marcus theory is developed and the concept of Auger-assisted transfer is introduced. The history of 

dye sensitized solar cells and recent developments in the electrolyte are explained. It is shown that 

for all the advancement in this technology, the hole extraction rate is still lagging behind the 

electron extraction rate by as much as six orders of magnitude. A brief overview of hydrogen 

production by water splitting is given where the slow extraction of the hole (three to four orders of 

magnitude) is introduced. Chapter 3 discusses the effect of reorganization energy on electron 

transfer rates from quantum dots. A framework in Marcus theory is developed to demonstrate why 

transfer processes are so dependent upon the reorganization energy of the acceptor. Chapter 4 

provides a detailed look into the history of the field of pyrite photovoltaics and attempts to 

understand the poor performance observed. The underlying chemistry of the system is examined to 

further determine if there is a route to better performance. Lastly, the use of pyrite in dye sensitized 

solar cells and batteries is explored. Chapter 5 addresses the attempts at understanding the surface 

via surface treatments with unsymmetric ligands and exciton-delocalizing ligands. Preliminary 

results suggest that the effects of this treatment are unclear, and indicate that the means to 

measure these effects are beyond the capabilities available. The use of pyrite in high temperature 

batteries is briefly discussed and the mode and temperature of the phase transition accompanying 

this use is shown via heated in-situ x-ray diffraction. 
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Chapter 2 

Applications and Background of Charge Transfer 

2.1 Quantum Dots and Charge Extraction 
 

Quantum dots (QDs) and other colloidal quantum confined semiconductors have been the subjects 

of extensive research and numerous applications since their discovery. Their varied uses include 

bioimaging and sensing, solar cells, solar concentrators, displays, lighting, lasing, quantum 

information, and photocatalysis to name but a few.13,14,18ɀ33 The popularity of QDs is due in large 

part to the narrow linewidths, bright emissions, tunable Stokes shift, functionalizable surface 

chemistry, and ease of altering charge transport properties.14,29,34 QDs were synthesized, and 

continue to be synthesized, by colloidal methods.35,36 Recent developments allow for the synthesis 

of quantum dots via molecular beam epitaxy (MBE) and metal organic chemical vapor deposition 

(MOCVD).37,38 The desire to make brighter, more stable, and non-blinking dots has been a major 

impetus towards improved colloidal chemistry. 39ɀ47  

Nearly all solar energy harvesting strategies rely on the separation and extraction of charge 

carriers. In order to extract charge, either an electron or a hole must be transferred from the 

absorbing medium. This process is effectively completing a circuit or doing both halves of a redox 

reaction. Bulk transfer occurs between a donor and acceptor that are in spatially delocalized 

systems with a continuum of states (bands). Molecular charge transfer models assume that the 

donor and acceptor electronic states that are discretized and localized in space (molecular orbitals). 

Marcus theory has so far been applicable in many nanoparticulate systems; there is evidence, 

however, that strongly confined systems undergo a different process. Due to the intermediate 

density of states, there is evidence that QDs and other nanoparticles follow neither molecular nor 

bulk charge transfer models.  
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For the sake of simplicity, the following will be described for electron transfer. In the two 

state Marcus model, it is understood that electron transfer is much faster than nuclear fluctuations. 

This effectively means that the electron cannot relax unless it transfers when the donor and 

acceptor are isoenergetic.48ɀ51 This relaxation occurs where the curves cross in Figure 2.1. The 

nuclear coordinate encompasses both the inner sphere reorganization of both the donor and 

acceptor as well as the outer sphere reorganization of the solvent dipoles. The energetic 

requirement for this process is the reorganization energy and shown as ʇ. 

The thermodynamic driving force (-ɝG0) of the reaction can be understood as the potential 

difference in states between the donor and acceptor. The case shown in Figure 2.1 would be a small 

driving force. If the minima of the two parabolas were the same energy, the driving force would be 

zero. As the driving force is increased, rate of electron transfer is increased. The regime where the 

increasing the driving rate leads to an increase in transfer is called the normal region and it is 

defined as where -ɝG0 < ʇȢ This region is visible in Figure 2,1 where the red parabola crosses the 

green to the right of the minima. As -ɝG0 increases, the right -hand parabola drops increasing the 

rate of transfer rapidly. When -ɝG0 = ʇȟ ÔÈÅ ÔÒÁÎÓÆÅÒ ÏÃÃÕÒÓ ÁÔ ÉÔÓ ÆÁÓÔÅÓÔ ÁÎÄ ÉÓ ÃÁÌÌÅÄ ÔÈÅ ÂÁÒÒÉÅÒÌÅÓÓ 

region. This occurs where the red parabola crosses the green at the minima of the green parabola. 

Figure 2.1: Marcus theory of charge transfer. The parabolas represent 
the potential energy surface for when the electron is on the donor 
(green) and when it moves to the acceptor (red) and arrows 
representing the dipole moment in the surrounding solvent. The 
nuclear arrangement coordinate includes the inner sphere 
(rearrangement within the donor and acceptor molecules) and outer 
sphere (solvent). 
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As further increases in the driving force occur (-ɝG0 > ʇɊȟ ÔÈÅ ÒÁÔÅ ÏÆ ÔÒÁÎÓÆÅÒ ÓÌÏ×ÓȢ 4ÈÉÓ ÍÁÙ ÂÅ 

understood as the red parabola crossing the green further to the left than the minima. Further 

explanation of Marcus theory and its implications may be found in chapter 3. 

Marcus theory accurately describes charge transfer for molecules, but struggles in the case of QDs 

and potentially other nanoparticles. Recent studies have found that in certain cases, it is possible 

that instead of following Marcus theory, transfer from nanoparticles instead follows Auger assisted 

charge transfer.52ɀ54 Auger assisted transfer occurs excess energy is used to promote a hole further 

into the valence band upon electron transfer instead of going into molecular vibrations.  

 

The possibility of Auger-assisted transfer opens new possibility to the designers of charge 

transfer systems. It is possible to tune the reorganization energy of the acceptor without fear of 

entering the inverted region and dampening charge transfer. Auger-assisted transfer is a significant 

departure from Marcus transfer too because it is possible to reach many orders of magnitude 

increased transfer rates as indicated in Figure 2.2. 

 

 

Figure 2.2: Auger assisted charge transfer from quantum dots to a 
molecular acceptor. The energetic diagram shown on the left shows the 
transfer of the electron to the acceptor and the driving force of the 
reaction with a concomitant promotion of the hole to a lower energy. 
The right shows the electron transfer rate as a function of driving force 
in the case of Marcus transfer and in the Auger-assisted regime. 
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2.2 Dye Sensitized Solar Cells 
 

Dye-sensitized solar cells (DSSCs) represent an attractive alternative to traditional 

photovoltaics. They have the potential to be inexpensive to produce. Cell production can be 

performed with non-toxic naturally occurring materials such as plant dyes. While synthetic metal-

based dyes have so far had the highest level of efficiency, cells are often made using the dye 

molecules from blackberry juice, grape skin, rosella (a relative of the hibiscus plant), and many 

natural substances.55ɀ57  By replacing glass electrodes with metal sheets or polymers, it is possible 

to make flexible cells in a roll-to-roll fashion, making the prospect of printable solar cells a 

reality.58,59 These cells have a high tunability and perform well in low-light conditions.60 The 

functionality in low light situations is an answer to the Ȱcloudy dayȱ concern over utilization of solar 

power. Additionally, DSSCs potentially could operate indoorsȟ Á ÎÅÃÅÓÓÉÔÙ ÉÎ ÔÈÅ ȰÉÎÔÅÒÎÅÔ ÏÆ ÔÈÉÎÇÓȱ 

era. Compared with traditional silicon cells, there is less of a dependence on the ambient 

temperature.61 In silicon solar cells, the silicon is both the source of photoelectrons and the material 

through which separated charges travel. In DSSCs, the semiconductor and dye are separate from 

each other as visible in Figure 2.3. The wider bandgap TiO2 acts only as a charge transporter for 

electrons injected from the dye as well as creating a one-directional junction such that holes cannot 

be transferred to the TiO2. This difference permits DSSC efficiency to be less temperature-reliant; 

carrier concentration within the semiconductor is less critical and the cells have higher 

recombination rates.62,63 DSSCs have been shown to have only negligible drops in efficiency 

between 20°C and 50°C.64 Accelerated tests showed that after 1000 hours under thermal stress at 

80°C in the dark and light soaking at 60°C there was inconsequential device degradation.65  

Furthermore, DSSCs are less dependent on the incident light angle than crystalline silicon cells 

meaning it is possible to avoid expensive actuated solar farms. This allows them to fill a niche left 

by traditional photovoltaics and provide a more stable power output over the course of a day. The 

transparency and color can be tuned which opens the possibility of including DSSCs in a more 

aesthetically pleasing manner for building integrated photovoltaics. The integration most looked 

forward to at this time is the replacement of normal window glass.61 

The first DSSC used chlorophyll extracted from spinach as the dye.63,66 At the time, zinc 

oxide was the wide bandgap semiconductor of choice. Improvements in porosity was necessary to 

improve efficiency upwards of 1% as device architecture moved away from a monolayer of dye 

molecules. This led to the development of nanoporous titanium dioxide (TiO2) and 7% efficiency. 

4ÈÉÓ ÃÅÌÌȟ ÁÌÓÏ ËÎÏ×Î ÁÓ ÔÈÅ 'ÒßÔÚÅÌ ÃÅÌÌ ÆÏÒ ÉÔÓ ÉÎÖÅÎÔÏÒȟ ×ÁÓ ÆÉÒÓÔ ÄÅÖÅÌÏÐÅÄ ÉÎ ρωψψ ÂÕÔ ÄÉÄÎȭÔ ÒÅÁÃÈ 
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7% efficiency until 1991.60 Since that time, research into the DSSC has grown exponentially. Even 

early cells showed traits distinctive of DSSCs with a higher efficiency in diffuse simulated daylight 

and high stability lasting higher than five million turnovers.60 Very rapidly, Grätzel and coworkers 

pushed efficiencies to 10%. Interest has grown exponentially. In 2014, 2500 articles were published 

on DSSCs, including 55 on aqueous DSSCs.67  The recent push into aqueous DSSCs, which have 

efficiencies upwards of 5.64%, makes lower an already minimal toxicity cell. Additionally, this 

makes the fouling of the cell by water less of an immediate concern to the outdoor stability of these 

cells. In relation to Chapter 3, most of these stable aqueous cells use [Co(bipy)3] as a redox 

mediator.67,68  
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Traditional electrolytes usually involve a redox couple dissolved in an organic solvent, 

although solid electrolytes are also being developed.69 Redox shuttles operate to transfer electrons 

from the counter electrode back to the dye, completing the electrochemical circuit. There are 

several constraints on the redox shuttles in order for the cell to function properly. The shuttle must 

be able to reduce the dye cation prior to recombination of the dye hole with electrons in the 

photoanode. Additionally, the oxidized shuttle must be prevented from intercepting electrons from 

Figure 2.3: DSSC structure and electron transfer diagram. 
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the photoanode. Satisfying both criteria has made the identification of potentially effective redox 

shuttles very difficult.  

It has become increasingly apparent that the nature of the electrolyte is paramount 

importance to modern cells. The most common electrolyte is the iodide/tri-iodide couple (I -/I 3-). As 

of 2008, all of the DSSCs made with an efficiency higher than 4% used a (I-/I 3-) redox shuttle.70 This 

couple has its advantages, yet the drawbacks are numerous. The reduction potential of this couple 

is low enough that more than half a volt is often lost. In addition, the iodide couple is often corrosive 

towards the electrodes, decreasing the effective lifetime from one to five years down to a matter of 

hours.59 Many alternative electrolytes have been developed including (SCN)2/ SCN-, (SeCN)3/ SeCN-, 

Br-/Br 3-, sulphur-based systems, copper complexes, ferrocene derivatives, nitroxide radicals, 

ruthenium complexes, and cobalt complexes.  

The largest step forward in the use of cobalt redox mediators came from the development of 

9ÅÌÌÁȭÓ ρςϷ ÅÆÆÉÃÉÅÎcy DSSC. Yella et al. used cobalt trisbipyrid ylcobalt[Co(bipy)3]3/2+  as the redox 

mediator and produced higher efficiencies than the iodide couple in the same system. It was 

theorized that a large reason why the efficiency was limited to 12% came from the internal 

reorganization energy of the [Co(bipy)3]3/2+ .71 [Co(bipy)3]3/2+  was theorized to suffer from high 

reorganization energy due to low-spin to high spin transition that occurs upon going from Co(III) to 

Co(II). Highly labile complexes with weak ligand fields are in a high spin state. [Co(bipy)3]3/2+  has a 

slow electron self-exchange rate ~10M-1s-1 indicative of an internal reorganization energy ~1.8eV 

derivable from the Equation 3.2. [Co(bipy)3]3/2+  has suffered issues of stability regarding its own 

lifetime and originally corrosion of electrodes.72,73 

Strategies to exploit lower reorganization energy complexes, specifically designed not to go 

through a spin transition have met with some success.71 An unoptimized cell made with cobalt 

bis(trithiacyclononane) [Co(ttcn)2]3+/2+  saw comparable efficiency to [Co(bipy)3]3/2+ . The 

reorganization energy of this complex is comparable to the [Co(ClMeN3S3sar)]3/2+  that was the 

subject of work from chapter 3. 
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[Co(bipy)3]3/2+  is far from the only metal complex employed as an electrolyte. Copper based 

complexes are recently being used, in large part due to their appropriate reduction potentials and 

often a lack of spin-state changes. The most prevalently found in literatur e of these copper 

complexes is bis(2,9-dimethy-1,10-phenanthroline) copper ([Cu(dmp)2]1/2+which has been shown 

to yield moderate efficiencies in a liquid cell DSSC. In a solid-state cell, [Cu(dmp)2]1/2+  was even 

shown to have a PCE of 8.2% under full sun irradiance.74 Further developments of copper 

electrolytes have led to an extraordinary 11% efficiency for solid state cells using the copper 

electrolyte Cu(4,4ȭ,6,6ȭ-tetramethyl -2,2ȭ-bipyridine) 2(bis(trifluoromethylsulfonyl)i mide)] 

([Cu(tmby)2](TFSI)]).75 This cell showed electron injection times of 25ps but regeneration as slow 

as 3.2µs. The hole extraction time, another way of understanding regeneration, was 1.28x106 times 

slower. To increase the efficiency of DSSCs, hole extraction must be made faster. 

2.3 Splitting Water with Semiconductors 
 

As the global demand for energy continues to rise, the need for renewable energy sources 

has become more apparent.  One source of portable fuel that could replace gasoline and similar 

carbon emitting fuels is hydrogen, produced by splitting water molecules.2 This follows the 

Figure 2.4: Potentials of the valence and conduction bands of TiO2, excited and 
ground states of a standard dye, and the redox potentials of three of the most 
used redox mediators in purple. The redox potentials in blue are those used in 
chapter 3. 
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reaction: 

ς(/ᴼς( /  

Which is comprised of the half reactions: 

ς(/ᴼ/ τ( τÅ 

τ( τÅ ᴼς(  

Semiconductors have been used for half a century to conduct electrochemical 

photolysis.76,77 Nanoheterostructures have allowed the conversion efficiency to reach an 

extraordinary 100%, i.e. for every incident photon one H2 is produced.78 Cadmium chalcogenides 

are frequently used in this process, as they have necessary  valence band and conduction band 

levels to allow photolysis of water using visible light and exceptionally high molar absorptivities in 

the UV to visible regions. The creation of CdSe@CdS heterostructures greatly increased the 

efficiency of hydrogen evolution, only further improved by the addition of Pt or other metal tips to 

opposite ends of these nanorods (NRs) as a co-catalyst.79,80 In a dot in rod CdSe@CdS system, the 

CdS acts as an antenna for harvesting light.81 The electron and hole will migrate to the core CdSe 

and carry out transfers from there.81 Conversely, in the Pt-tipped heterostructure, ultrafast hole 

trapping encourages efficient electron transfer from the NR to the Pt tips, avoiding recombination 

and increasing the hydrogen production efficiency.81 Physical separation, such as that offered by 

pulling the electron to the tip,  prevents recombination from outcompeting the hydrogen evolution. 

The key efficiency-limiting step, at this point in heterostructure-catalyzed hydrogen evolution, is 

the rate of hole transfer from the heterostructure to oxidize the water.82 In general, hole removal is 

three to four times slower than electron transfer from the tip to reduce the protons to hydrogen 

gas.54,83ɀ90 

While the incredible quantum efficiency of 100% may seem to have no room for 

improvement, this value was only obtainable at a pH above 15.78 This extreme pH makes the 

implementation of such systems difficult. Furthermore, the rod heterostructure also undergoes 

photocorrosion under prolonged irradiation, requiring sacrificial donors.77,78,91 Changing the system 

to include a second cocatalyst can provide the CdS rod with the photochemical stability required.92  

Using transition metal catalysts as redox mediators is a strategy that has been employed 

previously.25,93ɀ97 Other strategies have employed size dependence of the semiconductor, in this 

case a CdTe QD.98 Recently, the Amirav lab has begun to tune the width of the rod in a 
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nanoheterostructure.99 The barrier to tunneling is proportional to the length the electron or hole 

must tunnel through. The Amirav lab found that there was an optimal number of monolayers 

covering the CdSe core such that there was still localization, passivation, and confinement but the 

barrier to tunneling was at a minimum.99  
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Chapter 3 
 

Minimizing the Reorganization Energy of Cobalt Redox Mediators Maximizes 

Charge Transfer Rates from Quantum Dots 

 

3.1 Introduction   
 

Quantum confined semiconductor nanocrystals, also known as quantum dots (QDs), are 

widely used in photovoltaics, hydrogen generation, light emission, and probes for biological 

samples.13,32,34,94,100 Their highly tunable band gap, band edges, and emission properties, large 

Stokes shift, greater ability for surface functionalization, and high degree of photostability make 

quantum dots ideal subjects for experimentation.29,101,102 QDs are becoming ubiquitous across many 

fields of study, however, there are still many fundamental questions about their behavior which 

have yet to be answered. 

Many applications of QDs require the separation and extraction of charge.103 Increasing the 

rate of charge transfer is key to improving the efficiency and sensitivity of several of the 

aforementioned applications.  QD fluorescence quenching in the presence of an electron acceptor is 

an indirect way to observe charge transfer kinetics. While observing a change in fluorescence 

intensity of the QDs is almost trivial, the determination of what mode caused that change and what 

factors contributed is challenging.40,46 Not only are there a large number of possible charge and 

energy transfer pathways, including non-radiative recombination, radiative energy transfer, charge 

transfer, and radiative recombination, but there is significant evidence that, due to the intermediate 

density of states between that of the bulk and a molecule, hole and electron transfer from quantum 

dots does not necessarily follow bulk transfer nor molecular transfer models.53,54 

For nanocrystals, molecular charge transfer models are often applied despite limitations. In 

molecular charge transfer, the Marcus Electron Transfer Theory has been shown to describe the 

relationship between driving force and transfer rates.48 The high accuracy of the predictions is, in 

ÌÁÒÇÅ ÐÁÒÔȟ ÄÕÅ ÔÏ ÔÈÅ ÉÎÃÌÕÓÉÏÎ ÏÆ ÔÈÅ ÒÅÏÒÇÁÎÉÚÁÔÉÏÎ ÅÎÅÒÇÙ ɉʇɊ ÔÏ ÔÈÅ ÍÏÄÅÌȢ 2ÅÏÒÇÁÎÉÚÁÔÉÏÎ ÅÎÅÒÇÙ 

is the shift in nuclear coordinates upon the transfer of charge and includes (inner sphere) 

vibrational shifts (such as changing bond lengths) in both the donor and acceptor species as well as 

(outer sphere) movements in the surrounding solvent.50 
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In the Marcus model, there are three regions dictated by the relationship between driving 

force (ɝG) and reorganization energy. Where ɀɝ' Ѓ ʇȟ ÔÈÅ ÓÙÓÔÅÍ ÉÓ ÉÎ ÔÈÅ ÎÏÒÍÁÌ ÒÅÇÉÏÎ ÁÎÄ ÁÎ 

increase in driving force leads to higher charge transfer rates. Where ɀɝ' Ђ ʇȟ ÔÈÅ ÓÙÓÔÅÍ ÉÓ ÁÔ ÔÈÅ 

peak transfer rate, called the barrierless region. Lastly, when ɀɝ' Є ʇȟ ÔÈÅ ÓÙÓÔÅÍ ÉÓ ÉÎ ÔÈÅ ÉÎÖÅÒÔÅÄ 

region and further increases in driving force should lower the transfer rate. With this heavy 

dependence of transfer rates on the relationship of the reorganization energy to driving force, it is 

odd that so little attention has been given to using reduced reorganization energy to improve 

charge transfer rates from quantum dots and in other photoelectrochemical systems. 

Understanding the precise nature of this relationship for electron transfer (ET) mechanisms can 

lead to greater efficiencies in solution redox mediated processes, especially in dye and quantum 

dot-sensitized solar cells, and photoelectrochemical water splitting.  

Chelated cobalt complexes as acceptors provide an opportunity to examine charge transfer 

from quantum dots in a technologically relevant way.  Cobalt complexes have been studied as 

efficient redox mediators for a variety of charge transfer applications including protein electron 

transfer, Dye Sensitized Solar Cells (DSSCs), and H2 generation.82,104ɀ109   

In one example, a tethered cobalt complex accepted photogenerated electrons from CdTe 

QDs on the picosecond timescale, and also acted as an active catalyst center for reducing water to 

H2.110  

In dye sensitized solar cells, cobalt complexes are less corrosive redox mediators than the 

traditional tri -iodide/iodide couple and the electrochemical potentials  are better placed 

energetically to provide a larger open circuit voltage in the device.111 Cobalt complexes were used 

with porphyrin sensitized solar cells to produce an efficiency of 12% and outperformed the iodide 

couple.112 Various attempts have been made to improve upon the 12% efficiency, and researchers 

have identified high reorganization energies of the dyes and the cobalt redox complexes as limiting 

factors. 105,71,113,114 It is thought that a large component of this high reorganization energy comes 

from the transition from low-spin Co(III) to high-spin Co(II) prompting the search for and use of 

complexes which do not undergo this transition.71 Here, we demonstrate the power of carefully 

designed ligand cage environments around the cobalt center to minimize reorganization energy, 

and increase charge transfer rates by several orders of magnitude.  

In this work, cadmium chalcogenide quantum dots were used as charge donors because 

their optical properties are well studied. Since they are much larger than a molecule, the 

reorganization energy of QDs can be assumed to be negligible, allowing the influence of the 
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reorganization of the acceptor to be isolated.115 While it would seem that Marcus theory would 

already dictate the precise effect, many studies ignore or simply estimate the internal 

reorganization energy of the charge acceptor. Often, only the reorganization energy due to the 

solvent is considered significant when calculating the transfer rates. Studies have shown that 

solvent reorganization energy of molecular acceptors can be modestly manipulated by using less 

polar solvents to improve charge transfer, yet many applications will dictate that aqueous 

conditions be used.116  For this reason, we chose to only study aqueous conditions here. 

Internal reorganization of a charge acceptor can be very consequential, and even larger than 

the solvent reorganization energy.  It is unexplored whether minimization of the internal (inner 

sphere) reorganization energy can be employed as an effective strategy to improve function in 

applications that require charge transfer from quantum dots.   

Figure 3.1: Internal reorganization energies and reduction 
potentials of the studied cobalt complexes and estimated band 
positions for idealized CdSe QDs. 
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                     Table 3.1: Properties of Cobalt Redox Mediators 

            

Here we study photoinduced charge transfer from QDs to three cobalt complex ions: 

tris(ethylenediamine)cobalt(III/II) abbreviated as [Co(en) 3]3/2+ (1), and the caged complexes 

(sepulchrate)cobalt(III/II) abbreviated as [Co(sep)]3/2+ (2),  and  (1-chloro-8-methyl-3,13,16-

trithia -6,10,19-triazabicyclo[6.6.6]icosane)cobalt(III/II) abbreviated as [Co(ClMeN3S3sar)]3/2+   (3) 

(Figure 1, Table 1).104,117 These three cobalt complexes were chosen because they have similar 

electrochemical reduction potentials that are within 350 mV, but have very different reorganization 

energies spanning nearly 2 eV. These structurally similar amine-chelated complexes are also less 

prone to ligand exchange than monodentate ligated complexes. Marcus theory is employed to 

predict the electron transfer rates from green and red fluorescent cadmium chalcogenide quantum 

dots, to include both effects of reorganization energy and driving force.  The predicted trends are 

shown experimentally though steady state and time resolved photoluminescence. The results 

ÈÉÇÈÌÉÇÈÔ ÔÈÅ ÄÏÍÉÎÁÎÔ ÒÏÌÅ ÏÆ ÔÈÅ ÃÏÍÐÌÅØÅÓȭ ÄÉÆÆÅÒÅÎÔ ÒÅÏÒÇÁÎÉÚÁÔÉÏÎ ÅÎÅÒÇÉÅÓ ÏÎ ÁÌÔÅÒÉÎÇ ÔÈÅ 

charge transfer rates by 3-4 orders of magnitude, over the role of driving force. The experimental 

results suggest that Auger-Assisted charge transfer, is a potentially an active charge transfer 

mechanism that is not commonly included in Marcus predictions. 

3.2 Experimental Methods 

3.2.1 Materials 

Tris(ethylenediaminÅɊÃÏÂÁÌÔɉ)))ɊÃÈÌÏÒÉÄÅ ÄÉÈÙÄÒÁÔÅ ɉ-1 ρππɊȟ ,ÉÔÈÉÕÍ ÃÁÒÂÏÎÁÔÅ ɉІωωϷɊȟ 

ÔÈÉÏÇÌÙÃÏÌÉÃ ÁÃÉÄ ɉІωωϷɊȟ ÁÍÍÏÎÉÕÍ ÈÙÄÒÏØÉÄÅ ɉςψȢπ-30.0% NH3 basis) and Formaldehyde 

solution (37 wt% with methanol stabilizer) were purchased from Sigma-Aldrich. QDs were 

acquired from ThermoFisher Scientific as Qdot 545ITK carboxyl quantum dots and 655ITK 

ÃÁÒÂÏØÙÌ ÑÕÁÎÔÕÍ ÄÏÔÓȢ 4ÈÅ 1$Ó ÃÁÍÅ ÁÓ ÓÏÌÕÔÉÏÎÓ ÁÔ ψ ʈ- Én 50 mM borate buffer and stored at 
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4°C. Additional borate buffer was prepared by adding 0.618 g of boric acid to 0.1g of NaOH and 9 

mL of water, sonicating until solubilized, and then filling to 10 mL. Support solutions for further 

dilution of the quantum dots were prepared from 300 ʈL of 1 mM borate buffer added to 300 ʈL of 

15.4 2 mM thioglycolic acid in 6 mL of deionized water. Thioglycolic acid was needed to stabilize 

the QDs in solution and prevent aggregation. Borate buffer was necessary to maintain the solution 

at a sufficiently basic pH, as thioglycolic acid is known to dissociate from the surface at low pH 

[aldana]. In lieu of borate buffer, removing atmospheric CO2 from the solutions with freeze-pump-

thaw cycles also provided a sufficiently high pH to stabilize the aqueous QD solutions. However, it 

was difficult to retain those strict conditions throughout the experiments, and instead borate buffer 

provided better reproducibility. The optical density of the green QDs initially was 0.03 and for the 

red QD 0.045. 

QDs were acquired from ThermoFisher Scientific as Qdot 545ITK carboxyl quantum dots 

ÁÎÄ φυυ)4+ ÃÁÒÂÏØÙÌ ÑÕÁÎÔÕÍ ÄÏÔÓȢ 4ÈÅ 1$Ó ÃÁÍÅ ÁÓ ÓÏÌÕÔÉÏÎÓ ÁÔ ψ ʈ- ÉÎ υπ Í- ÂÏÒÁÔÅ ÂÕÆÆÅÒ ÁÎÄ 

were stored at 4°C. Support solutions for further dilution of the quantum dots were prepared from 

300 ʈL of 1 mM borate buffer added to 300 ʈL of 15.4 2 mM thioglycolic acid in 6 mL of deionized 

water. Synthesis of [Co(ClMeN3S3sar)][ClO4]3 can be found in reference [104]. 

3.2.2 Steady State Spectroscopy 

Fluorimetry was performed on an ISS PC1 photon counting spectrofluorometer using a 300 

W Xe arc lamp as the excitation source. The solutions were stirred during measurement. 

Photoluminescence was measured with a 1 s integration time and a 1 mm slit width. UV-vis 

absorption spectra were measured using a Jasco 670 Spectrometer with an aqueous solution of 

borate buffer, and thioglycolic acid in the same concentrations as the measurement solution as a 

reference. Quartz cuvettes were used to mitigate any possible absorbance in the UV. Utmost rigor 

was required cleaning the glassware between experiments to remove trace cobalt; the cuvettes and 

flasks were filled with aqua regia followed by 5-10 rinses with water, blank solution, and then 

deionized water. The excitation wavelength used for these dots was 400 nm in order to fit into a 

low point in the absorbances of the Co complexes. Data of experiments using QDs emitting at 545 

nm were normalized by dilution using mass. Data of experiments using QDs emitting at 655 nm 

were normalized for dilution by subtracting a control of diluted QDs. Core sizes were determined 

using the first excitonic peak in accordance with the work of Yu et. al.110 HOMO and LUMO values of 

the QDs were estimated by core size.118 4ÉÔÒÁÔÉÏÎÓ ×ÅÒÅ ÐÅÒÆÏÒÍÅÄ ÔÈÒÏÕÇÈ υπ ʈ, ÁÄÄÉÔÉÏÎÓ  ÏÆ ρππ 

ʈ- ÓÏÌÕÔÉÏÎÓ ÏÆ ɍ#ÏɉÓÅÐɊɎ3/2+  and [Co(en)3]3/2+ . Titrations of [Co(ClMeN3S3sar)]3/2+ were performed 

ÕÓÉÎÇ ρπ ʈ, ÁÄÄÉÔÉÏÎÓ ÏÆ Á ρ Í- solution. Addition of [Co(ClMeN3S3sar)]3/2+  was halted once 
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fluorescence dropped below the detection limit of the instrument. 

3.2.3 Time-Resolved Photoluminescence 

Measurements were performed using a custom-built epi-fluorescence microscope. Samples 

were excited under wide-field illumination using a 405 nm PicoQuant pulsed diode laser with a 

repetition rate of 2.5 MHz. The beam was reflected with a 420 nm long pass (LP) dichroic filter 

(Omega Optics, 3RD420LP) into an inverted objective (Olympus UPLSAPO, apochromatic, water 

immersion, 1.2 N.A., 60x) and brought into focus at the sample. Fluorescence from the focal region 

was collected by the same objective, passed through the dichroic filter and an additional 450 or 500 

nm LP dichroic filter, and then focusÅÄ ÔÈÒÏÕÇÈ Á ρυπ ʈÍ ÁÐÅÒÔÕÒÅ ÏÎÔÏ Á ÓÉÎÇÌÅ-photon avalanche 

photodiode (SPAD, Micro Photon Devices PD-050-0TC). A time-correlated single photon-counting 

unit (TCSPC, PicoHarp 300, Ḑ35 ps) was used to generate a histogram of photon arrival times. The 

obtained PL decay curves were fitted using a tri-exponential function:  

I(t) = В ὃὩ        (6) 

×ÈÅÒÅ ÔÈÅ ÆÉÔ ÐÁÒÁÍÅÔÅÒÓ ʐi and Ai are the photoluminescence decay times and amplitudes, 

respectively. The amplitude-×ÅÉÇÈÔÅÄ ÁÖÅÒÁÇÅ ÄÅÃÁÙ ÔÉÍÅȟ ʐavg, was calculated to approximate the 

ÒÁÄÉÁÔÉÖÅ ÌÉÆÅÔÉÍÅ ÃÏÍÐÏÎÅÎÔȟ ʐr. 

3.2.4 Quantum Dot Characterization 

Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray spectroscopy (EDS) 

of the QDs were obtained with a FEI Technai Osiris digital 200kV S/TEM system. The TEM samples 

were prepared by drop-casting a dilute solution of QDs on a carbon coated copper grid and were 

dried at room temperature in air followed by vacuum overnight. The cores of the red emitting QDs 

were identified to be CdSe@CdS core@shell. Zinc was not detected. The green emitting QDs cores 

were ZnCdSeS alloy.  

The hydrodynamic radii were determined using a Malvern Nano Zetasizer operating with 

DLS. A solution of QDs was prepared and then quenched with [Co(ClMeN3S3sar)]3+  until there was 

no fluorescence, as the laser used for DLS was within the absorbance of the red QDs. The red 

emitting dots had an approximate organic shell thickness of 0.3 nm. The green had an organic shell 

thickness of 2.2 nm.  The tunneling dampening coefficient between the two QDs was calculated and 

were found to be similar.  

3.2.5 Cyclic Voltammetry 

Cyclic voltammetry measurements were carried out with a three-electrode configuration of 

glassy carbon working electrode, Ag/AgCl reference electrode, and Pt mesh counter electrode. They 
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were recorded with a Gamry Series G300 with PHE200 software package. Measurements were 

done in 0.1M KCl in water. The analyte, solvent, and supporting electrolyte were bubbled with 

nitrogen for 30 min prior to measurement. The measurement was carried out in a nitrogen 

environment. In the case of the [Co(en)3]Cl3, measurements were also performed with the addition 

ÏÆ ρπ ʈM ethylenediamine to prevent dissociation of the Co(II) complex. Three cycles were 

performed for each with a scan rate of 30mVs-1 and a step size of 0.05 mV. 

3.3 Results and Discussion 

The electrochemical properties and the reduction potentials of the three Co3/2+  complexes 

were measured by cyclic voltammetry (Table 1). When plotted against the approximate band edges 

of red and green fluorescing CdSe QDs, the reduction potentials of the three cobalt complexes, 

[Co(ClMeN3S3sar)]3/2+ , [Co(en)3]3/2+  and [Co(sep)] 3/2+  sit within the band gap of the QDs (Figure 1) 

and span about 350 mV.  The driving force for electron transfer from the conduction band of a QD to 

one of these complexes therefore follows as: 

 

[Co(sep)]3+< [Co(en)3]3+< [Co(ClMeN3S3sar)]3+ 

 

The trend is reversed for the driving force for hole transfers from the QD valence band to Co2+ 

ions. The three chosen cobalt complexes have massively different reported self-exchange rates 

covering nine orders of magnitude (Table 1). The more rigid cage structure of [Co(sep)]3/2+  limits 

movement of the ligand shell and has a much faster self-exchange rate (5.1 M-1s-1) than 

[Co(en)3]3/2+ (2.0 x 10-5 M-1s-1). While most Co(II)hexaamine complexes are high  spin, the Co(II) and 

Co(III) forms of [Co(ClMeN3S3sar)]3/2 + are both low spin, which further limits the demand for 

structural changes in the ligand sphere upon changing oxidation state. The self-exchange rate 

constant for [Co(ClMeN3S3sar)]3/2+  has not been reported but the rate constant for the closely 

related N-capped analog (where Nɀ replaces CɀCl) has been determined to fall in the range 4.5 x 103 

to 2.2 ³ 104 M-1s-1.114,119 

The reorganization energies of the three Co3/2+  complexes were estimated from their previously 

reported self-exchange rates kf (Table 1). Based on the Marcus Microscopic Model: 

Ὧ ὑȟ’‖ὩὼὴῳὋȾὙὝ                                                       ρ) 

Where ɝὋ is the activation energy for the reduction of species O, ὑȟ is the equilibrium constant 

between precursor P and species O (which we assume here to be 1), ʉ is the nuclear frequency 
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factor (s-1), and ʆ is the electronic transmission coefficient. To calculate the reorganization energy, 

several assumptions were made; ʆ  is considered adiabatic and to be unity as the reacting species 

are close together and there is strong coupling. ʉ is assumed to be 1011 M-1s-1.120 Taking this into 

account, we can solve for ɝὋ, and further approximate a relationship to the reorganization energy 

ɉʇɊȡ 

ῳὋ ὙὝὰέὫὯȾ’        (2) 

The reorganization energy is made of both the inner sphere reorganization of the bonds of the 

ÍÏÌÅÃÕÌÅȟ ʇiȟ ÁÎÄ ÔÈÅ ÓÕÒÒÏÕÎÄÉÎÇ ÓÏÌÖÅÎÔȟ ʇs.  

(‗ ‗ ‗)     (3) 

The solvent reorganization energy was approximated to be 0.45 eV consistent with previous 

literature 121to give approximate internal reorganization energies (Table 1). Solvent reorganization 

energy can be calculated according to:  

‗             (4) 

In this expression, ɝÑ is the change in overall charge, in this case the charge of one electron, n is 

the refractive index of the solvent, 1.333 for water, ʀ is the dielectric constant, 78.4 for water at 

25°C, dD is the diameter of the donor, dA is the diameter of the acceptor and R is the distance over 

which electron transfer occurs. The second bracketed term is essentially the thickness of the solvent 

layer between the donor and acceptor. Moving forward we assume that this thickness is 

approximately the same during self-exchange as with exchange between QDs and the cobalt 

complexes. 

The nine orders of magnitude variation in self-exchange rate for the three complexes equates to a 

variation in internal reorganization energy spanning approximately two electron volts. While 

[Co(en)3]3/2+  was calculated to have an internal reorganization energy of 2.79 eV, the internal 

reorganization energy for caged [Co(sep)]3/2+  was 1.82 eV and even smaller for the mixed donor 

cage [Co(ClMeN3S3sar)]3/2+  at 0.83 eV. The above method of calculating reorganization energy and 

values given the self-exchange rates gives results that are in good agreement with literature.121 It 

can be imagined that the internal reorganization energy is caused by the expansion and contraction 

of the ligand environment upon changing the d-orbital occupancy of the cobalt center.  

With these reorganization energies and driving forces (ɝG) now in hand, the rates of 

photoinduced electron transfer from the quantum dots to the cobalt complexes were predicted 
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using the Marcus model (Figure 2).  

 

Ὧᴂ
ᴐ  

ÅØÐ      (5) 

This simplified version includes two important assumptions that preclude direct quantitative 

comparison with the experiments that follow; the barrier for tunnelling and the electronic coupling 

(Ὄ ) is assumed to be similar for all three of the complexes to each of the QDs. Variations in 

shelling between batches of QDs cause these factors to differ from the assumptions due to 

differences in barrier height. While additional scaling from these factors is likely, much can be 

learned from the modeled trends, and from experimental comparison within single batches of dots. 

In the Marcus model, the reorganization energy presents a barrier to electron transfer, causing the 

rate of ET to increase with driving force. A remarkable aspect of the model is that when the driving 

Figure 3.2: Predictions of the electron transfer rates against driving force 
according to standard Marcus ET theory for each of the cobalt complexes (lines) 
and with the specific green and red emitting cadmium chalcogenide QDs 
employed (colored markers). The bottom graph is on a log scale for clarity 
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force exceeds the reorganization energy, the rate should decrease in what is known as the Marcus 

inverted region. This behavior is not always seen in quantum dots, likely due to Auger-Assisted 

electron transfer.52,54 

 

The prediction is that the electron transfer rates from the conduction band of QDs to 

[Co(ClMeN3S3sar)]3/2+ should vastly outstrip the rates for [Co(sep)]3/2+ and [Co(en)3]3/2+  by at least 

two orders of magnitude when the driving force is smaller (red QDs) and up to six orders of 

magnitude when the driving force is larger (green QDs). While charge transfer from the conduction 

band of green and red emitting QDs to [Co(ClMeN3S3sar)]3/2+  has the largest driving force of the 

three complexes, the reason for the high rates is more because of the very low internal 

reorganization energy which completely changes the shape of the curve (Figure 2). In turn, the 

[Co(sep)]3/2+
 should be faster than the [Co(en)3]3/2+  again, not due to the driving force, which is 

smaller for the [Co(sep)]3/2+ , but rather because of the smaller reorganization energy of the caged 

[Co(sep)]3/2+  compared to [Co(en)3]3/2+ . 

Charge transfer from the conduction band of idealized red and green emitting CdSe QDs to 

Figure 3.3: Steady state fluorescence measurements of green 545 nm (a-c) and red 655 nm (d-f) emitting 
fluorescent QDs in the presence of cobalt complex ions a) [Co(en)3]3/2+  (0-26.0ʈM) b) [Co(sep)]3/2+  (0-
ςφȢπʈ-Ɋ ÃɊ ɍ#Ïɉ#Ì-Å.3S3sar)]3/2+  (0-φȢφψʈ-Ɋ ÄɊ ɍ#ÏɉÅÎɊ3]3/2+  (0-ςφȢωʈ-Ɋ ÅɊ ɍ#ÏɉÓÅÐɊɎ3/2+ (0-ςφȢτʈ-Ɋ ÆɊ 
[Co(ClMeN3S3sar)]3/2+  (0-φȢψυʈ-Ɋ 




































































































































