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ABSTRACT 

Dye-sensiƟzed solar cells (DSSCs) are recognized as a promising, eco-friendly alternaƟve to 

tradiƟonal photovoltaics, characterized by their unique light-harvesƟng capabiliƟes and potenƟal 

for enhanced efficiency and stability in renewable energy applicaƟons. In this study, the focus is 

on the development of copper redox complexes, which exhibit varying responses to ligand 

exchange upon the introducƟon of 4-tertbutylpyridine (TBP), a criƟcal factor influencing electron 

transfer processes and the overall performance of DSSCs. Three copper complexes, copper(II/I) 

N,N഻-Dibenzyl-N,N഻-bis(6-methylpyridin-2-ylmethyl)ethylenediamine triflate, [Cu(dbmed)]OTf1/2, 

copper(II/I) 2,6-bis[1,1-bis(2-pyridyl)ethyl]pyridine triflate, [Cu(PY5)]OTf1/2 and copper(II/I) 6,6഻-

bis(1,1-di(pyridine-2-yl)ethyl)-2,2഻-bipyridine bistriflimide, [Cu(bpyPY4)]TFSI1/2 were invesƟgated, 

with syntheƟc and electrochemical methodologies, including UV-Vis spectroscopy, NMR, and 

cyclic voltammetry, being uƟlized to examine the redox behavior and ligand exchange 

phenomena. The performance of DSSC devices with each redox mediator was measured to be 

4.32%, 2.01%, and 1.23% respecƟvely. Methodology developed in this study, which involves using 

redox potenƟal as an indicator to predict ligand exchange events, represents an expansion and 

refinement of exisƟng concepts found in the literature. By building on prior research, this 

approach not only deepens the understanding of copper complex behaviors in DSSCs but also 

offers a more nuanced perspecƟve for enhancing the design and efficiency of these innovaƟve 

solar cells. 
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Chapter 1 – IntroducƟon 

1.1 MoƟvaƟons in solar energy 

Energy is a cornerstone of modern society, and its consumpƟon has profound implicaƟons on our 

environment, most notably in the form of increasing CO₂ emissions. Data from the past decade, 

specifically between 2010 and 2022, highlights a rise in CO₂ emissions by 1.0% annually, 

amounƟng to roughly 9.9 ± 0.5 GtC yr⁻¹. This has resulted in an atmospheric CO2 concentraƟon 

51% higher than pre-industrial levels.1 An alarming 82% of these emissions can be traced back to 

fossil fuel consumpƟon.2 This rapid surge in energy use, parƟcularly from fossil fuels, has resulted 

in energy-related CO₂ emissions surging to record highs, further underscoring the urgent need for 

carbon-neutral energy sources. 

If current trends in emission miƟgaƟons and renewable energy adopƟon persist, projecƟons 

suggest a 3°C global temperature rise from pre-industrial levels by 2100.3 This potenƟal escalaƟon 

intensifies the imperaƟve for a shiŌ toward carbon-neutral energy soluƟons. Solar energy, 

boasƟng an overwhelming theoreƟcal potenƟal of approximately 173,000 TW, dwarfs the current 

global demand of 2.9 TW and outpaces potenƟal outputs from other renewable sources like wind 

and hydro.4,5 Although renewable energy's contribuƟon to global power reached a commendable 

12.8% in 2022,5 broader adopƟon is constrained by factors such as generaƟon costs and 

fabricaƟon complexity. 
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Figure 1.1: The 1.5 AM solar spectrum which represents the average amount of light that 
reaches the surface of the Earth across the conƟnental United States.6 

Solar cells present a promising avenue in this regard. Their rising prevalence, combined with 

declining costs due to the SunShot IniƟaƟve, signifies the growing feasibility of solar energy. The 

SunShot IniƟaƟve is a DOE program with the goal to reduce the cost of solar energy by 75%, 

meeƟng the 2020 goal by 2017.7 While the reducƟon in fabricaƟon costs of tradiƟonal silicon 

solar cells has played a role in this price drop, further reducƟons face challenges chiefly due to 

stringent fabricaƟon requirements. The quest for more cost-effecƟve solar soluƟons necessitates 

the exploraƟon of alternaƟve photovoltaics with simpler fabricaƟon processes, reduced energy 

input, and the use of readily available materials. 



 

3 
 

Dye-SensiƟzed Solar Cells (DSSCs) emerge as a frontrunner in this category. Their potenƟal 

affordability stems from their straighƞorward fabricaƟon and the uƟlizaƟon of earth-abundant 

materials. However, to truly posiƟon DSSCs as a game-changer in the renewable energy 

landscape, research must intensify around enhancing their efficiency and trimming material 

costs, thereby ensuring their economic viability and widespread adopƟon.8 

1.2 History of DSSCs 

The legacy of DSSCs is based on the development of the theory of photoelectrochemistry, which 

can be traced back to Edmond Becquerel's groundbreaking work in 1839.9 Since the discovery of 

photoelectrochemistry, it has been used to develop methods of generaƟng clean energy.  

Semiconductors are materials with specific bandgaps that can absorb photons of suitable energy. 

When they absorb these photons, they generate electron-hole pairs that can separate within the 

semiconductor and parƟcipate in redox reacƟons on different surfaces. UƟlizing this idea, in 1873 

and 1887 respecƟvely, Vogel and Moser independently explored "sensiƟzaƟon" using silver 

halides mixed with visible-light-absorbing dyes.10 The theory was further elucidated almost a 

century later, in 1969, by Gerischer, who detailed how excited state dissolved dyes could inject 

electrons into ZnO semiconductor crystals.11 Further advancements were made with the 

anchoring of ruthenium and quinone sensiƟzers by two researchers, Weber and Matsumura in 

1979 and 1980, respecƟvely.12,13 
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Figure 1.2: The composiƟon of a DSSC.  

Grӓtzel and his team exponenƟally enhanced current generaƟon using polycrystalline anatase 

TiO2 films and the iodide/triodide redox shuƩle.14 By 1993, they achieved a 10% power 

conversion efficiency (PCE), thanks to refined TiO2 electrodes and expanded light-harvesƟng 

sensiƟzers.15 However, with minimal improvements beyond 10% PCE the progress plateaued unƟl 

2010 when outer-sphere redox shuƩles became prevalent in DSSCs.16 The subsequent decade 

saw organic sensiƟzers paired with outer-sphere redox shuƩles, pushing PCEs to 15%.17–20  

In the ensuing secƟons, the intricate operaƟons of the dye-sensiƟzed solar cell will be delved into, 

followed by a discussion on the factors limiƟng the PCE of these devices. 

DSSCs are a unique type of photovoltaic that distributes charge separaƟon and collecƟon over 

mulƟple components, in contrast to convenƟonal crystalline semiconductor photovoltaics. In a 
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DSSC, a dye or sensiƟzer is anchored to semiconductor nanoparƟcles, usually acƟng as the 

primary light absorber. When this dye absorbs a photon, an electron is excited to a state where it 

can be injected into the semiconductor's conducƟon band. The role of the semiconductor, oŌen 

materials like TiO2, is to transport these electrons to an FTO substrate (fluorine-doped Ɵn oxide). 

However, for the dye to conƟnue absorbing light, it needs another electron. This is where a redox 

shuƩle, dissolved in the electrolyte, comes into play. It diffuses to the dye's surface, donaƟng an 

electron and ensuring the dye's readiness for subsequent photon absorpƟons. The oxidized redox 

shuƩle then moves to the counter electrode to accept an electron, compleƟng the circuit. 

The efficiency of a DSSC in converƟng sunlight to electrical power depends on several factors. The 

excited dye must have sufficiently negaƟve potenƟal to inject its electron into the semiconductor. 

The injecƟon must be faster than excited dye decays or recombines with the semiconductor's 

electrons. The rate of dye regeneraƟon should outpace its recombinaƟon rate. Furthermore, 

electrons in the semiconductor need to be collected quickly to prevent their recombinaƟon with 

the oxidized redox shuƩles. The interplay of these processes largely determines the DSSC's power 

conversion efficiency. 

1.3 Redox ShuƩles in DSSCs 

DSSCs draw their essence from the ability to regenerate conƟnually. Central to this regeneraƟve 

ability is the redox couple. Predominantly found in a liquid electrolyte form, the redox couple—

both in its reduced and oxidized states—acts as the linchpin, bridging conducƟvity between the 

photoanode and the counter electrode. 

For the dynamic to work efficiently, the reduced form of the redox couple necessitates a relaƟve 

negaƟve reducƟon potenƟal compared to the dye in its ground state. Once the dye molecule 
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dispatches an electron to the semiconductor, it undergoes oxidaƟon. This is where the reduced 

redox couple, acƟng as an electron donor, plays its part. It regenerates the oxidized dye, priming 

it for the next photon absorpƟon. The pace at which this regeneraƟon occurs is paramount—it 

contributes to the photocurrent's magnitude. Once it donates its electron, the reduced redox 

species becomes oxidized, primarily found near the photoanode. Through liquid electrolyte 

diffusion, this oxidized form driŌs to the counter electrode to reclaim an electron from a catalyst 

surface, compleƟng the cycle. 

Not only do redox couples play a vital kineƟc role, but their potenƟal also shapes the DSSC's 

photovoltage output. The open-circuit voltage (VOC) is defined by the energy difference between 

the Fermi level of the semiconductor and the soluƟon potenƟal of the redox shuƩle. The Fermi 

level of a semiconductor is defined by the equaƟon  

 

𝐸ி = 𝐸௖ −
௞ಳ்

௘
𝑙𝑛

௡಴

ே಴
 (1.1) 

 

where EC is the energy of the conducƟon band minimum, kB is the Boltzmann constant, T is the 

temperature in Kelvin, e is the elementary charge of an electron, nC is the density of conducƟon 

band electrons, and NC is the density of states in the conducƟon band.21 The Fermi level is 

influenced by both the influx of electrons into the conducƟon band and the rate at which 

electrons exit the conducƟon band, whether through recombinaƟon or charge separaƟon. By 

deploying diverse redox couples, one can skillfully modulate VOC, providing avenues for enhanced 

cell performance. 
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The equilibrium potenƟal of the liquid electrolyte at the counter electrode sets the cathode's 

energy level. A redox couple with a more posiƟve redox potenƟal increases the cell's VOC, with a 

limit of the dye’s ground state potenƟal. In order to efficiently regenerate the dye, some energy, 

acƟng as a driving force for electron transfer, is inevitably lost. If the electron acceptor (the 

oxidized form of the redox couple) in the electrolyte has a more posiƟve potenƟal than the Fermi 

Level, it can lead to electron recombinaƟon. According to Marcus theory, faster electron transfer 

rates occur with larger driving forces in the normal region. However, redox couples that transfer 

electrons rapidly and have a higher potenƟal oŌen face electron recombinaƟon, reducing the 

electron flow under equilibrium. Thus, adjusƟng the redox properƟes of the couple is crucial for 

enhancing solar cell performance. 

Triiodide/iodide redox couple's pioneering endeavors set a robust foundaƟon for DSSC efficiency. 

These couples, due to their superior electron transfer kineƟcs, became instrumental in ensuring 

high photocurrent outputs. Studies, notably by Boschloo, delved deep into their mechanisms.22 

Here, the iodide ion would regenerate the dye, subsequently generaƟng the diiodide radical. This 

radical undergoes rapid disproporƟonaƟon, yielding triiodide and iodide. The more posiƟve 

reducƟon potenƟal of triiodide results in a reducƟon of electron recombinaƟon, thereby 

increasing the cell's current output. But this comes at a price: energy loss. 

Despite their prowess, the intricacies of triiodide/iodide electron transfer mechanisms remain 

complex, prompƟng researchers to explore alternate redox couples. Outer-sphere one electron 

transiƟon metal redox couples offer a more straighƞorward electron transfer mechanism, 

sidestepping the complexiƟes seen in iodide/triiodide couples. An example is the cobalt(III/II) 

tri(2,2’-bipyridine) couple, which has gained immense tracƟon.23 Their potenƟal is exemplary, but 
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challenges persist, parƟcularly in low electron transfer rates which leads to high driving force to 

regenerate the dye. 

In summary, redox couples not only act as the heartbeat of DSSCs but also offer a rich tapestry of 

variables for researchers to manipulate. Balancing energy loss with efficient regeneraƟon and 

electron transfer remains the ever-present challenge, poinƟng towards a promising avenue of 

future exploraƟon. 

Recent advancements in solar cell technology have spotlighted the promise of copper(II/I) redox 

couples. Following several years of research, the efficiency of solar cells featuring copper(II/I) 

complexes has soared, posiƟoning itself among the elite. Leading to the current highest efficiency 

DSSC devices to uƟlize copper(II/I) redox complexes.20 Remarkably, cells employing these couples 

consistently demonstrate an open-circuit voltage (VOC) exceeding 1 V, a notable leap from cells 

using cobalt complexes, which exhibit less posiƟve redox potenƟals. 

Historically copper complexes were studied due to their role in electron transfer processes, both 

biologically and inorganically. Earlier studies gravitated towards understanding copper's role 

within metalloproteins.24 These proteins, oŌen sizable and challenging to study, necessitated the 

exploraƟon of small molecule analogs. This eventually propelled studies into the redox chemistry 

of copper(II) coordinaƟon complexes. In this context, the so-called "blue-copper" Type I protein 

garnered significant aƩenƟon due to its disƟncƟvely posiƟve reducƟon potenƟals, which hinted 

at the protein's uƟlity in natural electron transport systems.25 Intriguingly, these properƟes also 

align perfectly with the requisites for solar energy conversion, paving the way for their adopƟon 

in this realm. 
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The iniƟaƟon of this paradigm shiŌ can be aƩributed to HaƩori in 2005, who introduced the 

potenƟal of copper complexes in DSSCs.26 The study delineated three diverse redox couples, all 

with unique ligand environments, and their compaƟbility with the N719 dye. Of parƟcular interest 

was the [Cu(SP)(mmt)]0/- complex, which mimicked blue-copper proteins. This seminal work laid 

the groundwork for subsequent researchers to unravel the intricacies of copper redox couples, 

ulƟmately culminaƟng in Bai's breakthrough in 2011 that showcased a marked efficiency leap 

from 1.4% to 7.0%, by  pairing a copper redox couple with an organic dye bound to the 

semiconductor.27 

As researchers delved deeper into the interplay between dyes and copper redox couples, more 

nuanced findings emerged. Colombo's exploraƟon with bulky asymmetric phenanthroline 

copper(II/I) complexes, for instance, highlighted the importance of careful electrolyte 

composiƟon.28 By 2016, a flurry of research showcased high-efficiency DSSCs using copper redox 

couples, with Cong's and Freitag's works standing out. Both explored different ligands and 

preparaƟon methods, yet achieved efficiencies hovering around 9%.29,30 Saygili's 2016 study 

further propelled the field, achieving over 10% efficiency with various copper bipyridyl redox 

couples.31 

The pace of advancement in this domain did not abate, with Hu's 2018 study introducing a stable 

tetradentate copper(II/I) redox couple, which achieved an impressive efficiency of 9.2%.32 As of 

the current research landscape, the copper redox mediator copper(II/I) 4,4’,6,6’-tetramethyl-2,2’-

bipyridine, [Cu(tmpy)2]2+/+, and the organic dye 3-{6-{4-[bis(2',4'-dihexyloxybiphenyl-4-yl)amino-

]phenyl}-4,4-dihexyl-cyclopenta-[2,1-b:3,4-b']dithiphene-2-yl}-2-cyanoacrylic acid, Y123, 

combinaƟon remains at the pinnacle of DSSC performance.20 However, the quest for perfecƟon 
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conƟnues, as researchers strive to grasp the intricacies of electron transfer processes within these 

couples, all in a bid to opƟmize dye regeneraƟon and electron recombinaƟon kineƟcs. 

Base addiƟves in DSSCs, such as pyridines and imidazoles, play a criƟcal role in enhancing redox 

mediator performance.33,34 Lewis bases such as 4-tert-butylpyridine (TBP) are used as addiƟves 

in DSSCs to increase the performance of the DSSC devices.35–37 This increase is aƩributed to a shiŌ 

in the Ɵtania conducƟon band edge to a more negaƟve potenƟal and a reducƟon in 

recombinaƟon from the Ɵtania surface by adsorbing to the Ɵtania.33,34 These addiƟves can 

undergo an interacƟon with copper complexes upon oxidaƟon, leading to the formaƟon of new 

complexes with altered properƟes.38 It is currently being invesƟgated as to the extent of the 

interacƟon between the base addiƟves and the copper complexes but there are two prevailing 

theories. The first is that a ligand subsƟtuƟon can occur, where, upon oxidaƟon of the copper 

complex, the base addiƟves will displace the ligand bound the copper complex forming a copper-

base complex.38 The second hypothesis is that, upon oxidaƟon, the base will coordinate to an 

open coordinaƟon site on the copper center forming a copper-ligand-base complex.39 Through 

either path the presence of these addiƟves can modify the redox potenƟal, stability, and kineƟcs 

of copper-based redox mediators. 

The interacƟon between base addiƟves and copper redox mediators can significantly impact DSSC 

performance. Ligand subsƟtuƟon reacƟons can influence the energeƟcs of electron transfer 

processes, affecƟng charge injecƟon, recombinaƟon, and overall cell efficiency.33,34,38 

Understanding these effects is essenƟal for opƟmizing DSSC design and operaƟon. 

Previous research has demonstrated that ligand subsƟtuƟon reacƟons can either enhance or 

hinder DSSC performance, depending on the specific copper complex and base addiƟve 
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involved.38 Studying the factors that govern these outcomes provides valuable insights into the 

underlying mechanisms and informs the raƟonal design of more efficient redox mediators. 

Developing a predicƟve model for ligand subsƟtuƟon reacƟons is essenƟal for advancing the 

design and opƟmizaƟon of copper-based redox mediators in DSSCs. Such a model would enable 

researchers to predict the outcomes of different ligand subsƟtuƟon scenarios and guide the 

selecƟon of base addiƟves and copper complexes to achieve desired performance enhancements. 

In this thesis, a comprehensive exploraƟon of copper redox mediators in dye-sensiƟzed solar cells 

(DSSCs) is undertaken, focusing on their interacƟons with base addiƟves and the consequent 

implicaƟons for DSSC performance. The intricate interplay between copper complexes and base 

addiƟves is thoroughly examined, with the goal of contribuƟng to the fundamental understanding 

of ligand subsƟtuƟon processes and developing a predicƟve model to aid in the raƟonal design of 

efficient DSSCs.  
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Chapter 2 – InvesƟgaƟon of [Cu(dbmed)](OTf)1/2 

2.1 IntroducƟon 

The demand for carbon-neutral energy generaƟon has accelerated the development of 

renewable technologies, parƟcularly in the domain of solar energy. Within this realm, dye-

sensiƟzed solar cells (DSSCs) have been idenƟfied for their cost efficiency and photon-to-current 

conversion capabiliƟes across diverse lighƟng condiƟons.8 

A standard DSSC consists of a chromophore anchored to a semiconducƟng mesoporous metal 

oxide surface. Upon photoexcitaƟon, an electron is injected into the semiconductor's conducƟon 

band. The oxidized chromophore is then regenerated by a redox shuƩle present in the soluƟon. 

This electron, aŌer traversing an external circuit, is eventually received by the counter electrode. 

Here, the oxidized redox shuƩle is reduced, compleƟng the current circuit. 

Historically, the iodide/triiodide (I−/I3−) redox shuƩle system was predominantly used but 

presented challenges such as corrosiveness, non-tunability, and compeƟƟve absorpƟon in the 

visible spectrum. AddiƟonally, the two-electron redox process of the I−/I3− system restricted the 

theoreƟcal maximum photovoltage of DSSC devices.22 Co(III/II)-based redox shuƩles presented 

their own set of limitaƟons, primarily due to the significant inner-sphere reorganizaƟon energy 

during the electron transfer process, which affected dye regeneraƟon kineƟcs.23 

Copper-based redox shuƩles have been explored as an alternaƟve due to their reduced inner-

sphere reorganizaƟon energies for electron transfer. The geometrical adaptability of copper 

complexes, influenced by their oxidaƟon state and ligand environment, is of significant interest. 

While many DSSCs with copper have primarily uƟlized bidentate ligands such as bipyridine or 

phenanthroline, there has been a shiŌ towards tetradentate Cu(II/I) redox shuƩles, resulƟng in 
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improved stability and reduced photovoltage losses.40,41 InnovaƟons by Freitag and associates, 

where a tetradentate Cu(II/I) redox shuƩle was integrated into DSSCs, have exhibited enhanced 

stability and reduced photovoltage losses.42 The rigidity of these tetradentate ligands can further 

lower reorganizaƟon energies, opƟmizing DSSC performance metrics. 

However, DSSC addiƟves like TBP and N-methylbenzimidazole (NMBI), known to enhance cell 

performance, have demonstrated interacƟons with copper-based redox shuƩles. Specifically, TBP 

has been observed to coordinate with Cu(II) species, leading to the displacement of bidentate 

ligands.38 This interacƟon impacts the redox potenƟal, electron transfer kineƟcs, and achievable 

photovoltage. Given these observaƟons, there's an ongoing invesƟgaƟon into the potenƟal of 

tetradentate ligands to provide stability in the face of these challenges. 

In this chapter, the focus will be on the interacƟons and stability of copper-based redox mediators 

in DSSCs, parƟcularly in the presence of base addiƟves, and the potenƟal advantages offered by 

increased ligand denƟcity. 

2.2 Experimental Details 

All NMR spectra were taken on an Agilent DirectDrive2 500 MHz spectrometer at room 

temperature and referenced to residual solvent signals. All NMR spectra were evaluated using 

the MestReNova soŌware package features. Cyclic voltammograms were obtained using 

µAutolabIII potenƟostat using BASi glassy carbon electrode, a plaƟnum mesh counter electrode, 

and a fabricated 0.01 M AgNO3, 0.1 M TBAPF6 in acetonitrile Ag/AgNO3 reference electrode. All 

measurements were internally referenced to ferrocene/ferrocenium couple via addiƟon of 

ferrocene to soluƟon aŌer measurements or run in a parallel soluƟon of the same 

solvent/electrolyte. UV-Vis spectra were taken using a PerkinElmer Lambda 35 UV-Vis 
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spectrometer using a 1 cm path length quartz cuveƩe at 480 nm/min. Elemental analysis data 

were obtained via Midwest Microlab. For single-crystal X-ray diffracƟon, single crystals were 

mounted on a nylon loop with paratone oil using a Bruker APEX-II CCD diffractometer. Crystals 

were maintained at T ¼ 173(2) K during data collecƟon. Using Olex2, the structures were solved 

with the ShelXS structure soluƟon program using the Direct Methods soluƟon method. 

Photoelectrochemical measurements were performed with a potenƟostat (Autolab PGSTAT 

128N) in combinaƟon with a xenon arc lamp. An AM 1.5 solar filter was used to simulate sunlight 

at 100 mW cm-2, and the light intensity was calibrated with a cerƟfied reference cell system (Oriel 

Reference Solar Cell & Meter). A black mask with an open area of 0.07 cm-2 was applied on top of 

the cell acƟve area. A monochromator (Horiba Jobin Yvon MicroHR) aƩached to the 450 W xenon 

arc light source was used for monochromaƟc light for IPCE measurements. The photon flux of the 

light incident on the samples was measured with a laser power meter (Nova II Ophir). IPCE 

measurements were made at 20 nm intervals between 400 and 700 nm at short circuit current. 

TEC 15 FTO was cut into 1.5 cm by 2 cm pieces which were sonicated in soapy DI water for 15 

minutes, followed by manual scrubbing of the FTO with Kimwipes. The FTO pieces were then 

sonicated in DI water for 10 minutes, rinsed with DI water, and sonicated in isopropanol for 15 

minutes. The FTO pieces were dried under a stream of air then immersed in an aqueous 40 mM 

soluƟon TiCl4 soluƟon for 30 minutes at 70 °C. The water used for the TiCl4 treatment was 

preheated to 70 °C prior to adding 2 M TiCl4 to the water. The 40 mM soluƟon was immediately 

poured onto the samples and placed in a 70 °C oven for the 30-minute deposiƟon. The FTO pieces 

were immediately rinsed with 18 MΩ water followed by isopropanol and were annealed by 

heaƟng from room temperature to 500 °C, holding at 500 °C for 15 minutes. A 0.36 cm2 area was 



 

15 
 

doctor bladed with commercial 30 nm TiO2 nanoparƟcle paste (DSL 30NRD). The transparent films 

were placed in a 100 °C oven for 30 minutes. The samples were annealed in an oven that was 

ramped to 325 °C for 5 minutes, 375 °C for 5 minutes, 450 °C for 5 minutes, and 500 °C for 15 

minutes. The 30 nm nanoparƟcle film thickness was 8.2 μm. AŌer cooling to room temperature, 

a second TiCl4 treatment was performed as described above. When the anodes had cooled to 

room temperature, they were soaked in a dye soluƟon of 0.1 mM Y123 in 1:1 acetonitrile:tert-

butyl alcohol for 18 hours. AŌer soaking, the anodes were rinsed with acetonitrile and were dried 

gently under a stream of nitrogen. 

The PEDOT counter electrodes were prepared by electrodeposiƟon in a soluƟon of 0.01 M EDOT 

and 0.1 M LiClO4 in 0.1 M SDS in 18 MΩ water. A constant current of 8.3 mA for 250 seconds was 

applied to a 54 cm2 piece of TEC 15 FTO with predrilled holes using an equal size piece of FTO as 

the counter electrode. The PEDOT electrodes were then washed with DI water and acetonitrile 

before being dried under a gentle stream of nitrogen and cut into 1.5 cm by 1.0 cm pieces. The 

working and counter electrodes were sandwiched together with 25 μm surlyn films by placing 

them on a 140 °C hotplate and applying pressure. The cells were then filled in a nitrogen filled 

glove box with electrolyte through one of the two predrilled holes and were sealed with 25 μm 

surlyn backed by a glass coverslip and applied heat to seal with a soldering iron. The electrolyte 

consisted of 0.25 M Cu(I), 0.065 M Cu(II), 0.1 M Li(Counter-ion), in acetonitrile with either no 4-

tert-butylpyridine or 0.5 M 4-tert-butylpyridine added. All batches were made with at least 10 

cells per batch. Contact to the TiO2 electrode was made by soldering a thin layer of indium wire 

onto the FTO. 

Synthesis of N,N഻-Dibenzyl-N,N഻-bis(6-methylpyridin-2-ylmethyl)ethylenediamine (dbmed): 
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2-(Chloromethyl)-6-methylpyridine hydrochloride (0.5300g, 3.0 mmol) and 

benzyltriethylammonium chloride (0.0121 g, 0.05 mmol) were added to 20 mL dichloromethane 

and sƟrred unƟl fully dissolved. N,N’-Dibenzylethylenediamine (0.35 mL, 1.48 mmol) was then 

added to the soluƟon, aŌer which a cloudy white soluƟon was formed. Meanwhile sodium 

hydroxide (20.1807 g, 500 mmol) was added to 20 mL of water which was then added to the 

dichloromethane soluƟon and sƟrred vigorously. AŌer 2 hours the organic soluƟon became clear 

and the aqueous soluƟon turned white. The soluƟon was then allowed to reflux overnight. AŌer 

refluxing addiƟonal water was added to the soluƟon to allow the layers to fully separate then the 

organic layer was then separated from the aqueous layer. The aqueous layer was then extracted 

with dichloromethane two Ɵmes and all the organic layers were combined, and dried with 

magnesium sulfate. Then the solvent was removed under low vacuum. The crude solid was then 

recrystallized in acetonitrile and dried to obtain the product (0.4270 g, 60.1% yield). 1H-NMR 

(CDCl3 500 MHz) δ 2.50 (s, 6H), 2.67 (s, 4H), 3.56 (s, 4H), 3.67 (s, 4H), 6.96 (d, 2H), 7.25 (m, 12H), 

7.45 (t, 2H). Matching the data of the compound made by Hu et al.40 

Synthesis of [Cu(dbmed)]OTf: 

Copper(I) tetrakisacetonitrile triflate (0.1123 g, 0.30 mmol) was dissolved in minimal dry 

acetonitrile. Meanwhile dbmed (0.1487 g, 0.33 mmol) was dissolved in minimal dry 

dichloromethane. The dbmed soluƟon was added dropwise to the copper soluƟon, turning the 

soluƟon a bright yellow color. ReacƟon was sƟrred overnight then precipitated with dry ether and 

filtered. The solvent was then removed via vacuum and the Cu(I)dbmed product was collected 

(0.1876 g, 94.9% yield). 1H-NMR (CDCl3 500 MHz) δ 2.67 (s, 2H), 2.72 (s, 6H), 2.82 (s, 2H), 3.57 (s, 
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2H), 3.74 (s, 2H), 3.85 (s, 2H), 4.16 (s, 2H), 7.20 (m, 4H), 7.29 (m, 8H), 7.43 (d, 2H), 7.83 (t, 2H). 

Matching the data of the compound made by Hu et al.40 

Synthesis of Cu(II)dbmed: 

Copper(II) triflate (0.808 g, 2.23 mmol) was dissolved in minimal dry acetonitrile. Meanwhile, 

dbmed (0.1030 g, 2.29 mmol) was dissolved in minimal dry dichloromethane. The dbmed soluƟon 

was added dropwise to the copper soluƟon, turning a deep blue color. ReacƟon was sƟrred 

overnight then precipitated with dry ether and filtered. The solvent was then removed via vacuum 

and the Cu(II)dbmed product was collected (0.1596 g, 87.9% yield). Matching the data of the 

compound made by Hu et al.40 
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2.3 Results and Discussion 

Scheme 2.1: Syntheses of the [Cu(dbmed)]OTf1/2 complexes with the Cu(I) species (leŌ) and 
Cu(II) species (right). 

 
 

The ligand, N,N഻-Dibenzyl-N,N഻-bis(6-methylpyridin-2-ylmethyl)ethylenediamine (dbmed), and 

the copper ligand complexes, [Cu(dbmed)]OTf and [Cu(dbmed)]OTf2 were synthesized following 

a previously reported protocol.32 A crystal was grown of the copper(I) form, the copper center is 

coordinated to the two amine and two pyridyl nitrogen’s, resulƟng in a tetrahedral geometry 

which is common for copper(I) complexes. This crystal matched the crystal shown in the 

literature.40 AƩempts at growing a crystal of the copper(II) form did not work out, forming an oil 

instead of crystals. However, it has been previously shown that the copper(II) form is in the 
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distorted tetrahedral geometry due to strain caused by the methyl groups on the 6 posiƟon of 

the pyridine.40 It is also noted that the copper(II) complex is air stable, but the copper(I) is not, it 

oxidizes over the course of a few hours in soluƟon or a few days in the solid state. The dbmed 

ligand was characterized via 1H-NMR and both copper complexes were characterized via 1H-NMR, 

and elemental analysis, matching previous reports, shown in Figures 2.1A, 2.2A, and 2.3A. 

The effect of TBP on the [Cu(dbmed)]2+/+ redox couple was evaluated in the presence of different 

concentraƟons of the Lewis base. TBP was added in excess of at least 15 equivalents relaƟve to 

[Cu(dbmed)](OTf)2 in soluƟon to match the condiƟons used in the devices.  

 
Figure 2.3: UV-Vis spectra of 2.14 mM [Cu(dbmed)]OTf2, pale green, with increasing 

concentraƟons of TBP added, from 0 mM to 53.5 mM with the darker green being higher 
concentraƟon of TBP added, compared to a spectra of 2.14 mM [Cu(TBP)4]OTf2 in acetonitrile, 

purple. 

The effect of TBP was evaluated using UV−vis spectroscopy, containing 2 mM of 

[Cu(dbmed)](OTf)2, where spectra were recorded as a funcƟon of added TBP. As TBP was added 

to a soluƟon of [Cu(dbmed)]OTf2 and monitored using UV-Vis spectroscopy. It can be seen that 

the absorbance of the peak at ~650 nm decreases in intensity and blueshiŌs slightly. However 
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even at 25 equivalents of TBP added to the soluƟon the spectra does not match that of 

[Cu(TBP)4]OTf2.  

 
Figure 2.4: Cyclic voltammogram of 1.6 mM [Cu(dbmed)]OTf2 in acetonitrile containing 0.1 M 
LiOTf using a glassy carbon working electrode and a plaƟnum mesh counter electrode and a 

scan rate of 100 mV/s. Increasing concentraƟons of TBP were added from 0 mM to 38 mM, the 
darker green the higher the TBP concentraƟon. The results were compared with the cyclic 

voltammogram of 2.0 mM free dbmed ligand in red. 

As a follow up experiment, the addiƟon of TBP to a soluƟon of [Cu(dbmed)]OTf2 was monitored 

via cyclic voltammetry. As it can be seen in Figure 2.2, the cathodic peak of [Cu(dbmed)]OTf2, at  

-0.050 V vs ferrocene decreases in intensity and a second cathodic wave around -0.250 V vs 

ferrocene grows in as TBP is added to the soluƟon. While the cathodic peak is undergoing a drasƟc 

change, the anodic peak does not experience significant change nor shiŌ in potenƟal. 

AddiƟonally, a peak appears to be growing in around 0.600 V vs ferrocene which corresponds to 

the redox potenƟal of the free ligand. This observaƟon suggests that dbmed is displaced by TBP 

upon oxidaƟon, forming [Cu(TBP)4]OTf2. However, upon reducƟon, the process reverses: TBP is 

displaced by the dbmed ligand, reforming [Cu(dbmed)]OTf. This demonstrates that the ligand 
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subsƟtuƟon is fully reversible. This indicates that that as TBP is added to the soluƟon some of the 

previously bound dbmed ligand is being released from copper and is able to be oxidized.  

Figure 2.5: 1H-NMR of 9.85 mM [Cu(dbmed)]OTf2, black, in deuterated acetonitrile with a 
known amount of dichloromethane added. Various concentraƟons of TBP were added, 18 mM, 

in grey, 50 mM, in purple, and 100 mM, in green. The spectra were compared to a spectra of 
free dbmed ligand, red. 

To determine the extent of the displacement of dbmed unambiguously and quanƟtaƟvely by TBP, 

proton NMR spectra were taken of [Cu(dbmed)]OTf2 in deuterated acetonitrile without and with 

the addiƟon of TBP. Because [Cu(dbmed)]2+ is paramagneƟc, the proton signals of the dbmed 

ligands coordinated to the copper(II) center show very different chemical shiŌs than free dbmed 

ligands in the soluƟon. The sample was measured with up to 100 equivalents of TBP added, 

however as the concentraƟon of TBP was added to the soluƟon there were issues with the 
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shimming due to the high intensity of the methyl group on the TBP, as a result the data shown is 

limited to 50 equivalents of TBP added and lower. As TBP is added to the soluƟon, four new peaks 

appear in the NMR spectra between 2.4 and 3.8 ppm. These peaks match with the peaks of 

unbound dbmed ligand. By uƟlizing an internal standard of a known amount of DCM, the amount 

of free ligand in soluƟon can be quanƟtaƟvely determined.  Using this method, it was found that 

the [Cu(dbmed)](OTf)2 had not fully undergone ligand subsƟtuƟon by the Ɵme 50 equivalents of 

TBP was added to the soluƟon. 

 
Figure 2.6: J−V curves for the [Cu(dbmed)]2+/+ DSSC devices, with TBP, dark green, and without 

TBP light green. 

Table 2.1: A summary of DSSC device performance metrics for those devices. 

 η (%) 
Jsc (mA*cm-
2) 

Voc (V) FF 

Cu(dmbpy) 0.85(±0.35) 2.19(±0.77) 0.58(±0.02) 0.66(±0.05) 

Cu(dmbpy) 
with TBP 

4.32(±0.64) 7.19(±1.24) 0.89(±0.02) 0.67(±0.05) 
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DSSC devices were fabricated using [Cu(dbmed)]2+/+ as the redox shuƩle in conjuncƟon with a 

poly(3,4-ethylenedioxythiophene) (PEDOT) counter electrode, and the commercially available 

dye Y123 was used as the light-harvesƟng component. The devices were constructed as described 

previously. The devices with TBP added to the soluƟon yielded a respectable performance with a 

JSC of 7.19(±1.24) mAcm-2 and an overall PCE of 4.32(±0.64) as shown in Table 2.1. However, in 

the absence of TBP the performance was significantly worse, with a JSC of only 2.19(±0.77)    

mAcm-2 and an overall PCE of 0.85(±0.35). This indicates that TBP is sƟll performing a pivotal role 

in increasing the current of the devices.  

Table 2.2: Comparison of the soluƟon potenƟal and the predicted NernsƟan potenƟal of the 
electrolyte soluƟon used in each DSSC device set. 

 
E1/2 of 

[Cu(dbmed)]OTf1/2 

/ V 

Nernst 
equaƟon 

/ V 

SoluƟon 
potenƟal 

/V 

Ef Level / 
V 

dbmed -0.005 -0.023 -0.053 -0.633 
dbmed with 

TBP 
-0.005 -0.023 -0.260 -1.150 
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Figure 2.7: A plot of the electron lifeƟme vs potenƟal plot for DSSC devices using 
[Cu(dbmed)]OTf1/2 (green), with (pale color) and without (dark color) the addiƟon of TBP. 

By invesƟgaƟng the soluƟon potenƟal of electrolyte composiƟons, it is observed that the soluƟon 

potenƟal becomes about 200 mV more negaƟve with the addiƟon of TBP to the electrolyte. Even 

though there was a negaƟve shiŌ in soluƟon potenƟal, there was a 300 mV increase in the open 

circuit voltage, indicaƟng that the fermi level of the semiconductor increased by around 500 mV 

with the introducƟon of TBP to the devices. This is a further indicator of ligand subsƟtuƟon 

occurring and forming a more negaƟve redox couple in soluƟon. Furthermore, the electron 

lifeƟme also significantly increases with the addiƟon of TBP, to the extent that it is hard to 

compare the results since there are no overlapping measured potenƟals that the Ɵmescale of the 

experiment. This drasƟc increase in potenƟal and electron lifeƟme can be aƩributed to the 

addiƟon of TBP, more specifically both the properƟes of Lewis bases in DSSC electrolyte (shiŌing 
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the conducƟon band potenƟal and reducing recombinaƟon) and ligand exchange occurring and 

forming a [Cu(TBP)4)]OTf1/2 complex which has very poor electron kineƟcs.33,34 

2.4 Conclusion 

In this study, the [Cu(dbmed)]OTf2 complex was found to be suscepƟble to ligand subsƟtuƟon in 

the presence of TBP, without measurable full ligand subsƟtuƟon occurring when up to 50 

equivalents of TBP were added to the soluƟon. InteresƟngly, this ligand subsƟtuƟon was observed 

to be reversible upon reducƟon of the complex. Despite the occurrence of ligand exchange, the 

addiƟon of TBP notably enhanced the efficiency of the DSSC devices. Allowing for dbmed to 

conƟnue to be a viable ligand for copper redox shuƩles in DSSCs in the future. The underlying 

cause of this ligand subsƟtuƟon was determined to be the steric strain imposed by the methyl 

groups on the pyridines of the complex, which effecƟvely outcompetes the thermodynamic 

stability usually conferred by the increased denƟcity of the ligand. 
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Chapter 3 – InvesƟgaƟon of [Cu(bpyPY4)](TFSI)1/2 

3.1 IntroducƟon 

The necessity for carbon-neutral energy generaƟon has driven the advancement of novel 

technologies that exploit renewable sources, notably wind and solar energy.43,44 By harnessing 

sunlight for solar-to-electrical energy conversion, photovoltaic cells offer a promising soluƟon.45–

47 A special subset of these, dye-sensiƟzed solar cells (DSSCs), are recognized for their cost-

effecƟve nature and their impressive photon-to-current conversion efficiencies under diverse 

lighƟng condiƟons.20,48–52 A typical DSSC consists of a chromophore anchored to a semiconducƟng 

mesoporous metal oxide surface. When subjected to photoexcitaƟon, an electron is injected into 

the semiconductor's conducƟon band. Subsequently, the oxidized chromophore (or dye) is 

regenerated by a redox shuƩle present in the soluƟon. This injected electron, having traversed an 

external circuit, reaches the counter electrode. There, the oxidized redox shuƩle undergoes 

reducƟon, compleƟng the circuit.20,47,53 

However, the tradiƟonally employed iodide/triiodide (I−/I3−) redox shuƩle system exhibits several 

drawbacks, including corrosiveness, lack of tunability, and compeƟƟve absorpƟon in the visible 

spectrum by the triiodide ion.54–57 Notably, the I−/I3− redox couple's two-electron redox process 

oŌen leads to reduced theoreƟcal maximum photovoltage output from DSSC devices, especially 

when compared to one-electron redox processes.57,58 Co(III/II)-based redox shuƩles, on the other 

hand, are accompanied by a significant inner-sphere reorganizaƟon energy during the electron 

transfer process.59,60 This energy hinders dye regeneraƟon kineƟcs due to its limited availability 

for electron transfer. Copper-based redox shuƩles, however, have demonstrated parity with the 

classical I−/I3− and Co(III/II)-based redox shuƩles. Their success is oŌen aƩributed to the 
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minimized inner-sphere electron transfer reorganizaƟon energies. The ability of copper 

complexes to adopt various geometries based on their metal oxidaƟon state and ligand seƫng is 

noteworthy.61–63 The majority of copper redox shuƩles employed in DSSCs thus far have relied on 

bidentate bipyridine or phenanthroline-based ligands.64 An approach which uƟlizes bulky groups 

adjacent to nitrogen donors to diminish structural shiŌs between Cu(II) and Cu(I) redox states. 

Recent reports also suggest that rigid tetradentate ligands can further opƟmize Cu(II/I) redox 

shuƩles by promoƟng even lower inner-sphere reorganizaƟon energies, thus resulƟng in 

heightened short-circuit current densiƟes and reduced VOC losses.65 

Lewis bases, such as TBP and N-methylbenzimidazole (NMBI), are frequently incorporated 

addiƟves in DSSC devices.35–37 These compounds have been shown to improve the overall cell 

performance. Such enhancements are oŌen associated with the ability of these bases to 

negaƟvely shiŌ the Ɵtania conducƟon band edge and suppress the interfacial charge 

recombinaƟon rates through surface adsorpƟon.36,66–68 Notably, when most copper-based redox 

shuƩles are invesƟgated, TBP has been observed to coordinate with various Cu(II) species, 

potenƟally displacing polydentate ligands.38,39,41,58,69–72 Such interacƟons significantly influence 

the redox potenƟal by generaƟng mulƟple redox species, which in turn affects the maximum 

achievable photovoltage and electron transfer kineƟcs. The focal point of this research revolves 

around exploring the interacƟons between a copper complex with a hexadentate ligand and TBP, 

with a primary goal of understanding if ligand subsƟtuƟon occurs upon oxidaƟon. 

3.2 Experimental Details 

All NMR spectra were taken on an Agilent DirectDrive2 500 MHz spectrometer at room 

temperature and referenced to residual solvent signals. All NMR spectra were evaluated using 
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the MestReNova soŌware package features. Cyclic voltammograms were obtained using 

µAutolabIII potenƟostat using BASi glassy carbon electrode, a plaƟnum mesh counter electrode, 

and a fabricated 0.01 M AgNO3, 0.1 M TBAPF6 in acetonitrile Ag/AgNO3 reference electrode. All 

measurements were internally referenced to ferrocene/ferrocenium couple via addiƟon of 

ferrocene to soluƟon aŌer measurements or run in a parallel soluƟon of the same 

solvent/electrolyte. UV-Vis spectra were taken using a PerkinElmer Lambda 35 UV-Vis 

spectrometer using a 1 cm path length quartz cuveƩe at 480 nm/min. Elemental Analysis data 

were obtained via Midwest Microlab. For single-crystal X-ray diffracƟon, single crystals were 

mounted on a nylon loop with paratone oil using a Bruker APEX-II CCD diffractometer. Crystals 

were maintained at T ¼ 173(2) K during data collecƟon. Using Olex2, the structures were solved 

with the ShelXS structure soluƟon program using the Direct Methods soluƟon method. 

Photoelectrochemical measurements were performed with a potenƟostat (Autolab PGSTAT 

128N) in combinaƟon with a xenon arc lamp. An AM 1.5 solar filter was used to simulate sunlight 

at 100 mW cm-2, and the light intensity was calibrated with a cerƟfied reference cell system (Oriel 

Reference Solar Cell & Meter). A black mask with an open area of 0.07 cm-2 was applied on top of 

the cell acƟve area. A monochromator (Horiba Jobin Yvon MicroHR) aƩached to the 450 W xenon 

arc light source was used for monochromaƟc light for IPCE measurements. The photon flux of the 

light incident on the samples was measured with a laser power meter (Nova II Ophir). IPCE 

measurements were made at 20 nm intervals between 400 and 700 nm at short circuit current. 

TEC 15 FTO was cut into 1.5 cm by 2 cm pieces which were sonicated in soapy DI water for 15 

minutes, followed by manual scrubbing of the FTO with Kimwipes. The FTO pieces were then 

sonicated in DI water for 10 minutes, rinsed with acetone, and sonicated in isopropanol for 10 
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minutes. The FTO pieces were dried in room temperature air then immersed in an aqueous 40 

mM TiCl4 soluƟon for 60 minutes at 70 °C. The water for the TiCl4 treatment was preheated to 70 

°C prior to adding 2 M TiCl4 to the water. The 40 mM soluƟon was immediately poured onto the 

samples and placed in a 70 °C oven for the 60-minute deposiƟon. The FTO pieces were 

immediately rinsed with 18 MΩ water followed by isopropanol and were annealed by heaƟng 

from room temperature to 500 °C, holding at 500 °C for 30 minutes. A 0.36 cm2 area was doctor 

bladed with commercial 30 nm TiO2 nanoparƟcle paste (DSL 30NRD). The transparent films were 

leŌ to rest for 10 minutes and were then placed in a 125 °C oven for 30 minutes. The samples 

were annealed in an oven that was ramped to 325 °C for 5 minutes, 375 °C for 5 minutes, 450 °C 

for 5 minutes, and 500 °C for 15 minutes. The 30 nm nanoparƟcle film thickness was 

approximately 8 μm. AŌer cooling to room temperature, a second TiCl4 treatment was performed 

as described above. When the anodes had cooled to 80 °C, they were soaked in a dye soluƟon of 

0.1 mM Y123 in 1 : 1 acetonitrile : tert-butyl alcohol for 18 hours. AŌer soaking, the anodes were 

rinsed with acetonitrile and were dried gently under a stream of nitrogen. 

The PEDOT counter electrodes were prepared by electropolymerizaƟon in a soluƟon of 0.01 M 

EDOT and 0.1 M LiClO4 in 0.1 M SDS in 18 MΩ water. A constant current of 8.3 mA for 250 seconds 

was applied to a 54 cm2 piece of TEC 8 FTO with predrilled holes using an equal size piece of FTO 

as the counter electrode. The PEDOT electrodes were then washed with DI water and acetonitrile 

before being dried under a gentle stream of nitrogen and cut into 1.5 cm by 1.0 cm pieces. The 

working and counter electrodes were sandwiched together with 25 μm surlyn films by placing 

them on a 140 °C hotplate and applying pressure. The cells were then filled in a nitrogen filled 

glove box with electrolyte through one of the two predrilled holes and were sealed with 25 μm 



 

30 
 

surlyn backed by a glass coverslip and applied heat to seal with a soldering iron. The electrolyte 

consisted of 0.10 M Cu(I), 0.05 M Cu(II), 0.1 M Li(Counter-ion), and 0.5 M 4-tert-butylpyridine in 

acetonitrile. All batches were made with at least 10 cells per batch. Contact to the TiO2 electrode 

was made by soldering a thin layer of indium wire onto the FTO. 

PreparaƟon of copper(I) 6,6഻-bis(1,1-di(pyridine-2-yl)ethyl)-2,2഻-bipyridine Bistriflimide 

([Cu(bpyPY4)]TFSI: 

Copper(I) tetrakisacetonitrile bistriflimide (0.1647 g, 0.43 mmol) was dissolved in minimal dry 

acetonitrile. Meanwhile 6,6഻-bis(1,1-di(pyridin-2-yl)ethyl)-2,2഻-bipyridine (bpyPY4) (0.2545 g, 0.49 

mmol) was dissolved in minimal dry dichloromethane. The bpyPY4 soluƟon was added dropwise 

to the copper soluƟon, turning the soluƟon a dark red color. ReacƟon was sƟrred overnight then 

precipitated with dry ether and filtered. The solvent was then removed via vacuum and the 

Cu(I)bpyPY4 product was collected (0.2829 g, 76.1% yield). 1H-NMR (CDCl3 500 MHz) δ 2.25 (s, 

6H), 7.219 (s, 4H), 7.76 (s, 4H), 8.10 (d, 2H), 8.17 (t, 2H), 8.35 (d, 2H) Elem. Anal. calc. for 

C36H28N7F7O4S2Cu: C, 50.03; H, 3.27; N, 11.34. Found: C, 50.05; H, 3.73; N, 11.08. 

Copper(II) bistriflimide (0.4215 g, 1.16 mmol) was dissolved in minimal dry acetonitrile. 

Meanwhile BPYPY4 (0.6942 g, 1.33 mmol) was dissolved in minimal dry dichloromethane. The 

BPYPY4 soluƟon was added dropwise to the copper soluƟon, turning the soluƟon a pale blue 

color. ReacƟon was sƟrred overnight then precipitated with dry ether and filtered. The solvent 

was then removed via vacuum and the Cu(II)bpyPY4 product was collected (0.7912 g, 63.9% 

yield). Elem. Anal. calc. for C38H28N8F12O8S4Cu + ether: C, 41.40; H, 3.14; N, 9.20. Found: C, 41.48; 

H, 3.10; N, 9.13. 
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All the electrochemical measurements were performed by using μAutoLabII potenƟostat or 

Autolab PGSTAT128N in a home-made electrochemical cell under N2 atmosphere. Copper 

complexes were dissolved in dry acetonitrile, the specific concentraƟons will be specified in the 

result and discussion secƟon. Also dissolved in the soluƟon was 0.1 M supporƟng electrolyte, 

which will be specified in the main text. 

For the cyclic voltammetry measurements, glassy carbon disk was used as the working electrode. 

The reference electrode was a home-made 0.1 M Ag/AgNO3 reference electrode. A salt bridge 

was used to prevent the leakage of the silver containing electrolyte in the reference electrode. 

The CV of ferrocene was measured in the same solvent before and aŌer measuring the sample. 

The redox potenƟal of ferrocene/ferrocenium was used to correct the potenƟal of the home-

made reference electrode. The counter electrode for CV measurement was a plaƟnum mesh. Scan 

rate was varied and will be specified in the main text. For the ƟtraƟon measurement, different 

concentraƟons of TBP were added into the soluƟon containing copper complexes and supporƟng 

electrolyte. The soluƟon was sƟrred and then stabilized before measuring.  

The absorpƟon spectra were measured with Lambda 35 (PerkinElmer) spectrometer. SoluƟons 

containing copper complexes were prepared in the glovebox under an inert atmosphere with dry 

acetonitrile. Screw-cap quartz cuveƩe with 1 cm path length was used for all the absorpƟon 

measurements in soluƟon. Blank acetonitrile was used as the reference for the absorpƟon. For 

the ƟtraƟon measurement, a stock soluƟon containing a constant concentraƟon of copper 

complex was prepared in the glove box. Each sample contains 4 mL of the stock soluƟon and a 

stoichiometric amount of TBP. The absorpƟon spectra of different samples were measured. 
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Proton NMR of copper complexes were measured using a J-Young NMR tube under an inert 

atmosphere with Agilent DDR2 500 MHz NMR spectrometer at room temperature. For the 

ƟtraƟon measurement, 0.5 mL soluƟon containing a constant concentraƟon of copper complex 

was prepared in the glove box with deuterated acetonitrile. Dichloromethane was used as a non-

coordinaƟng reference proton source to calibrate the proton peak area. AŌer running NMR of the 

pure copper complex, the tube was brought back into the glove box and another aliquot of TBP 

was added into the same sample. For each run, the parameters, number of scans, temperature, 

decay Ɵme, and scan range, used for the NMR measurement were kept the same. 

3.3 Results and Discussion 

The synthesis of the ligand, bpyPY4, has been previously reported, wherein 1,1- bis(2-

pyridyl)ethane underwent deprotonaƟon with n-BuLi before the addiƟon of the electrophile, 6,6഻-

dibromo-2,2഻-bipyridine. The metalaƟon was done uƟlizing two different counter ions, triflate and 

bistriflimide, in an aƩempt to overcome solubility limitaƟons. The copper(I) triflate version 

exhibits a solubility of less than 0.1 M. In contrast, the solubility of the copper(I) bistriflimide 

version exceeds 1.25 M, leading to the use of bistriflimide versions for all studies on this copper 

complex system. As depicted in Scheme 3.1, the metalaƟon is carried out using an equimolar raƟo 

of the appropriate copper salt, either [Cu(acetonitrile)4](TFSI) or Cu(TFSI)2 where TFSI = 

Bistriflimide, with bpyPY4 in acetonitrile to afford [Cu(bpyPY4)](TFSI) or [Cu(bpyPY4)](TFSI)2, 

respecƟvely. The complexes were purified by slow diffusion of diethyl ether into concentrated 

acetonitrile soluƟons, and their characterizaƟon was accomplished with 1H-NMR spectroscopy 

and elemental analysis. 
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Scheme 3.1: Syntheses of the [Cu(bpyPY4)]TFSI1/2 complexes and crystal structures of the 
caƟons of the Cu(I) species (leŌ) and Cu(II) species (right). Depicted ellipsoids are at the 50% 

probability level. The anions and hydrogens were omiƩed for clarity. 

 
Single crystal X-ray diffracƟon ascertained the solid-state structures of the copper complexes, 

with details documented in Tables 3.1A and 3.2A. It was observed that the hexadentate ligand 

formed a five-coordinate geometry around the copper(II) center, binding five out of the six 

pyridine donors of the bpyPY4. AlternaƟvely, the copper(I) center revealed a four-coordinate 

geometry with two pyridine donors from bpyPY4 remaining unbound. Geometric indices, τ5 and 

τ4, are used for five-coordinate and four-coordinate complexes, respecƟvely, to determine how 

much distorƟon there is between ideal geometries.73,74 The τ value in each case will have a range 

from 0 to 1. For five-coordinate complexes, a τ5 value of 0 represents an ideal square pyramidal 

geometry, and a value of 1 represents an ideal trigonal bipyramidal geometry. For the five-

coordinate copper(II) complex, the τ5 value was 0.61, indicaƟve of a distorted trigonal 

bipyramidal geometry. Within this configuraƟon, the bipyridine fragment of the bpyPY4 ligand 
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posiƟons itself both axially and equatorially around the copper(II) ion. Notably, the copper(II) ion 

exhibited a displacement distance of 0.225 Å from the plane defined by the equatorial donors, 

poinƟng towards the axial pyridine donor. As a result, the angles involving the axial pyridine 

nitrogen donor, the copper(II) ion, and the equatorial donors slightly exceed 90°. Moreover, the 

bipyridine fragment showcases a near-planar orientaƟon, with its pyridine rings forming a torsion 

angle of 5.0(4)°. 

In the case of the copper(I) complex, a four-coordinate complex, an ideal square planar geometry  

is represented by a τ4 value of 0, and an ideal tetrahedral geometry is represented by a τ4 value 

of 1.74 The copper(I) counterpart showcased a τ4 value of 0.63, denoƟng a highly distorted 

tetrahedral geometry. In terms of coordinaƟon, the bpyPY4 ligand coordinates the copper(I) ion 

in a manner where the bipyridine unit occupies two of the coordinaƟon sites, and the remaining 

two sites have a pyridine from each of the 1,1-bis(2-pyridyl)ethane fragments bound. The average 

bond distance between the copper-bipyridine nitrogen stands at 2.082(3) Å, aligning with data 

from other tetrahedral copper(I) complexes with bipyridine ligands.75,76 Yet, the copper-pyridine 

nitrogen bond is slightly shorter, averaging 2.015(2) Å. The bipyridyl segment, in this instance, 

demonstrates a pronounced distorƟon, marked by a torsion angle of -18.0(4)° between its 

pyridine rings.  

The 1H-NMR spectrum of [Cu(bpyPY4)]TFSI, recorded in deuterated acetonitrile at room 

temperature, integrates to 20 protons. Two broad peaks of equal intensity at δ = 7.17 and 7.73 

ppm, integraƟng only to four protons each, combine for eight protons in total. Sharp resonances 

at δ = 810, 8.17, and 8.35 ppm, comprising two doublets and a triplet further downfield in the 

aromaƟc spectrum, account for six protons, two protons per peak, and align with the bipyridine 
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unit. A sharp singlet at 2.25 ppm accounts for the remaining six protons, represenƟng the two 

methyl peaks. However, the bpyPY4 framework has 28 protons. Intriguingly, while the bpyPY4 

framework boasts 28 aromaƟc protons, the spectrum under-represents this number by eight 

protons. Insights from the solid-state structure of the copper(I) complex, depicted in Scheme 3.1, 

reveal two non-coordinaƟng pyridines, which could account for the eight proton discrepancy. The 

observable broad peaks at 7.17 ppm and 7.73 ppm suggest a rapid exchange on the NMR 

Ɵmescale between non-coordinated and coordinated pyridine donors.  

 
Figure 3.1: 1H-NMR spectrum (500 MHz, CD3CN) of [Cu(bpyPY4)](TFSI). 

To delve deeper into this phenomenon, variable-temperature 1H-NMR spectroscopy was 

executed, with spectra obtained from −40 to 25 °C consolidated in Figure 3.2. This allows for an 

interrogaƟon of the soluƟon's dynamic coordinaƟon behavior. As the temperature decreased, 
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new broad peaks emerged by 0°C, yielding eight pronounced peaks by −30°C. IntegraƟng to 16 

protons, these peaks originate from the four terminal pyridines, illustraƟng two disƟncƟve 

chemical environments. The presumpƟon is that two of these fluctuaƟng pyridines, one from 

each dipyridylethane “arm”, remain uncoordinated, each possessing four disƟnct aromaƟc 

protons. In contrast, the other two are coordinated, accounƟng for the remaining four peaks. 

Notably, chemical shiŌs for non-coordinated pyridines diverge slightly from the free ligand, but 

such a downfield shiŌ has been documented in prior studies for dissociated heterocycles within 

a coordinated ligand matrix.77,78 

 
Figure 3.2: Variable temperature 1H-NMR spectra of [Cu(bpyPY4)]TFSI in CD3CN. 

In anhydrous acetonitrile, the UV-visible spectra of the copper complexes reveal disƟnct 

absorpƟon characterisƟcs. The [Cu(bpyPY4)]TFSI complex shows absorpƟon peaks of moderate 

intensity spanning from 249 to 324 nm, with molar absorpƟviƟes ranging from 51,500 to 33,400 

M−1cm−1. The copper(I) complex also displays lower intensity shoulders at 329, 391, and 450 nm, 

characterized by molar absorpƟviƟes of 10000, 6600, and 4100 M−1cm−1, respecƟvely. A subtle 

shoulder peak at 538 nm is observed, signifying a metal-to-ligand charge transfer with an 

exƟncƟon coefficient of 2500 M−1cm−1. The copper(II) complex demonstrates d−d transiƟon 

bands at 616 and 845 nm, each with exƟncƟon coefficients of 270 and 194 M−1cm−1, respecƟvely. 
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These characterisƟcs are emblemaƟc of a structure predisposed to a trigonal bipyramidal 

geometry in soluƟon. 

 
Figure 3.3 UV−visible spectra of the[Cu(bpyPY4)]TFSI complex (yellow) and the 

[Cu(bpyPY4)]TFSI2 complex (blue) in anhydrous CH3CN. 

The cyclic voltammogram of the copper(II) complex revealed a copper(II/I) redox couple at −0.454 

V versus the ferrocenium/ferrocene couple as shown in Figure 3.4, with a peak spliƫng value of 

93 mV, indicaƟng that it is quasi-reversible. This redox potenƟal is found to be surprisingly 

negaƟve relaƟve to most previously reported copper(II/I) redox couples. 79–84 
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Figure 3.4: A cyclic voltammogram of 2.00 mM [Cu(bpyPY4)](TFSI)2 in anhydrous CH3CN with 0.1 

M TBAPF6 as a supporƟng electrolyte, measured at a scan rate of 0.1 V/s on a glassy carbon 
working electrode. 

The interacƟon of TBP with the [Cu(bpyPY4)]2+/+ redox couple was probed via cyclic voltammetry 

at varying concentraƟons of the Lewis base, with TBP present in an excess of at least 10 

equivalents to align with device condiƟons delineated later. The addiƟon of TBP to the copper 

complex shows no significant influence on either the cathodic or anodic wave of the copper(II/I) 

redox couple, indicaƟng there is no reacƟon between the [Cu(bpyPY4)]2+ complex and TBP. This 

observaƟon was further substanƟated by UV-Vis spectroscopic analysis, showing that, despite 

increasing TBP concentraƟons, the UV-visible absorpƟon spectra remained consistent aŌer being 

corrected for diluƟon. This reinforces the finding that TBP remains unbound to the metal center 

of the redox shuƩle. If there was subsƟtuƟon occurring the peak at 845 nm would show a rapid 

decrease in intensity due to a lack of contribuƟon from the [Cu(TBP)4]2+ complex. Further insight 

was sought using 1H-NMR spectroscopy. TitraƟon of the [Cu(bpyPY4)]2+ sample with TBP unveiled 
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no signals corresponding to free bpyPY4, suggesƟng an absence of ligand subsƟtuƟon. This 

behavior is aƩributed to the transient, non-coordinated pyridines within the hexadentate ligand, 

which likely occlude any open coordinaƟon sites on the metal, precluding the detrimental binding 

of external Lewis bases.  

 
Figure 3.5: A) Cyclic Voltammogram of 2 mM [Cu(bpyPY4)](TFSI)2 with 0.1 M TBAPF6 in 

anhydrous CH3CN with increasing concentraƟon of TBP at a glassy carbon working electrode; 
scan rate = 100 mVs-1. B) UV-Vis absorpƟon spectra of 2 mM [Cu(bpyPY4)](TFSI)2 in anhydrous 

CH3CN with increasing equivalents of TBP. A spectra of 2 mM [Cu(TBP)4]TFSI is shown as a 
control. C) 1H-NMR spectra of [Cu(bpyPY4)](TFSI)2 in CH3CN with increasing equivalents of TBP. 

Unbound bpyPY4 and TBP are shown as controls. 

Stopped-flow spectroscopy was uƟlized to measure the cross-exchange electron transfer rate 

constant, k12, between [Cu(bpyPY4)]2+ and decamethylferrocene (Fe(Cp*)2).  
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Scheme 2.2: ReacƟon followed in stopped-flow experiments. 

 
 

Decamethylferrocene was chosen for the cross-exchange to opƟmize the driving force and 

because it has a well-known self-exchange rate constant for electron transfer. Due to the large 

potenƟal difference between [Cu(bpyPY4)]2+/+ and [Fe(Cp*)2]+/0, it was assumed that the reacƟon 

went to compleƟon, with no significant back reacƟon. Figure 3.6A shows a fit of the absorbance 

at 450 nm vs Ɵme plot, which represents the growth of the [Cu(bpyPY4)]+ species in soluƟon due 

to the reducƟon of [Cu(bpyPY4)]2+ by Fe(Cp*)2, using the following equaƟon:  

𝐴 = 𝐴ஶ + (𝐴଴ − 𝐴ஶ)𝑒ି௞೚್ೞ௧ (3.1) 
 

For all reacƟons, Fe(Cp*)2 was held in excess to maintain pseudo-first order condiƟons, allowing 

kobs to be represented by:  

𝑘𝑜𝑏𝑠 = 𝑘12[𝐹𝑒(𝐶𝑝∗ )2 ] (3.2) 

 
Figure 3.6: A) An absorbance vs Ɵme plot at 450 nm, showing the increase of [Cu(bpyPY4)]TFSI 

species (black dot) and fiƫng (red line) for the reducƟon of [Cu(bpyPY4)]TFSI2 by 
decamethylferrocene (Fe(Cp*)2). B) The pseudo-first order rate constant, kobs, vs the 

concentraƟon of [Fe(Cp* )2] for the reacƟons of [Cu(bpyPY4)]TFSI2 and [Fe(Cp* )2] in CH3CN 
containing 0.1 M LiTFSI. 
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A linear fit of the previously fiƩed kobs values vs concentraƟon of Fe(Cp*)2 provided the value of 

the cross-exchange rate constant, k12, from the slope of the line (Figure 3.6B). The iniƟal reacƟon 

mixtures and the pseudo-first order observed rate constants can be found in Table 3.1.  

Table 3.3: The iniƟal reacƟon mixture and the observed rate constant, kobs, for the cross 
exchange between [Cu(bpyPY4)]TFSI2 and [Fe(Cp* )2]. 

 
 

Using the experimentally determined cross-exchange rate constant from EquaƟon 3.2, k12, and 

the previously determined self-exchange constant for [Fe(Cp*)2]+/0 , k11, the Marcus cross-relaƟon  

𝑘12 = (𝑘11𝑘22𝐾12𝑓12)1/2𝑊12 (3.3) 

was used to calculate the self-exchange rate constant for [Cu(bpyPY4)]2+/+ , k22, where K12 is the 

equilibrium constant, f12 is a nonlinear correcƟon term, and W12 is an electrostaƟc work term for 

bringing the reactants into contact. The nonlinear correcƟon term and the work term were 

calculated (see below for details on the calculaƟon) and determined to be 2.60 and 0.99, 

respecƟvely (Table 3.3). However, it should be noted that there will be some error in the 

calculaƟon of the work term since the Debye-Huckel model is not expected to have accurate 

results when the soluƟon has a high ionic strength, as was the case for this experiment with 0.1 

M supporƟng electrolyte. The equilibrium constant, K12, was determined using EquaƟon 3.4:  

𝑛𝐹𝛥𝐸 = 𝑅𝑇𝑙𝑛𝐾12 (3.4) 
 

where n is the number of electrons transferred, F is Faraday’s constant, ΔE is the difference in 

formal potenƟal between the oxidant and reductant in soluƟon, R is the ideal gas constant, and 
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T is the temperature in Kelvin. The redox potenƟal for [Cu(bpyPY4)]2+/+ was found to be -0.43 V 

vs ferrocene and the redox potenƟal of [Fe(Cp*)2]+/0 has been previously determined to be -0.52 

V2 vs ferrocene85, using cyclic voltammetry which gave a calculated K12 of 18.4. The self-exchange 

rate constant for [Fe(Cp*)2]+/0 was previously idenƟfied to be 3.8 × 107 M-1s-1 using NMR 

techniques.86 Using these values, the self-exchange rate for the [Cu(bpyPY4)]2+/+ couple was 

determined to be 8.78 M-1s-1. The measurement was run mulƟple Ɵmes to confirm reproducibility 

and all samples were within error (see Table 3.2).  

Table 3.4: The self-exchange rate of [Cu(bpyPY4)]TFSI1/2 complex for each trial. 

 
 
The work required to move the reactant complexes to a distance, r, for the electron transfer 

reacƟon was calculated using the EquaƟon 3.5.  

𝑊ଵଶ = exp [
ି௪భమା௪మభି௪భభି௪మమ

ଶோ
] (3.5) 

𝑤௜௝(𝑟) =  
௭೔௭ೕ௤మேಲ

ସగఌబఌ௥(ଵାఉ௥)
 (3.6) 

EquaƟon 3.6 is used to determine the work associated with the forward and reverse cross-

exchange reacƟon, w12 and w21 respecƟvely, and the self-exchange reacƟons, w11 and w22. In this 

equaƟon zi and zj are the charges of the interacƟng complexes, q is the charge of an electron, NA 

is Avogadro’s constant, ε0 is the permiƫvity of free space, ε is the staƟc dielectric of the medium, 

𝛽 = (
ଶ௤మேಲூ

ଵ଴଴଴ బఌ௞ಳ்
)ଵ/ଶ, I is the ionic strength of the soluƟon, and kB is the Boltzmann’s constant. The 

calculaƟon has the following assumpƟons: the work is assumed to be primarily Coulombic, the 
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distance, r, is assumed to be the center-to-center distance between the complexes, and the 

reactants are assumed to be spherical. The non-linear correcƟon term, f12, was calculated using 

the equaƟon  

𝑙𝑛𝑓ଵଶ =
ଵ

ସ

ቀ௟௡ భమା
ೢభమషೢమభ

ೃ೅
ቁ

మ

୪୬ቀ
ೖభభೖమమ

ೋమ ቁା
ೢభభశೢమమ

ೃ೅

 (3.7) 

where K12 is the equilibrium constant, w12 and w21 are the work associated with the forward and 

reverse cross-exchange reacƟon respecƟvely, R is the ideal gas constant, T is temperature in 

Kelvin, and Z is the frequency factor, which is assumed to be 1013 M-1s-1 due to the larger inner-

sphere contribuƟons to the total reorganizaƟon energy.  

The total reorganizaƟon energy of the self-exchange reacƟon was calculated following the 

equaƟon  

𝑘ଵଵ = 𝐾ଵଶ𝑍𝛤𝑒ି(ఒభభ ସ௞ಳ்)⁄  (3.8) 

where k11 is the previously calculated self-exchange rate, K12 is the equilibrium constant, Z is the 

frequency factor, same as in EquaƟon 3.7, Γ is a correcƟon for nuclear tunneling, which is assumed 

to be ~1, λ11 is the total reorganizaƟon energy of the self-exchange reacƟon, kB is the Boltzmann 

constant, and T is the temperature of soluƟon. The resulƟng λ11 was found to be 3.15 eV.  

The outer-sphere reorganizaƟon energy for two spherical reactants can be determined using  

𝜆ଵଵ,௢ =
(௱௭௤)మ

ସగఌబ
ቀ

ଵ

ଶ௔భ
+

ଵ

ଶ௔మ
−

ଵ

௥భభ
ቁ ൬

ଵ

஽೚೛,ೞ೚೗
−

ଵ

஽ೞ,ೞ೚೗
൰ (3.9) 

where λ11,o is the outer-sphere reorganizaƟon energy, Δz is the change in charge of the complex, 

q is the charge of an electron, ε0 is the permiƫvity of free space, a1 and a2 are the atomic radii of 

the reactants, r11 is the center−center distance between the reactants, Dop,sol is the opƟcal 

dielectric constant of the medium, which is equal to the square of the refracƟve index of the 
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medium, and Ds,sol is the staƟc dielectric constant of the medium. The outer-sphere reorganizaƟon 

energy for the self-exchange reacƟon was calculated to be 0.99 eV. The inner-sphere 

reorganizaƟon energy was determined using 𝜆11,𝑖 = 𝜆11 − 𝜆11,𝑂 yielding a result of 2.16 eV for the 

inner-sphere reorganizaƟon energy of the self-exchange reacƟon. 

Table 3.5: Summary of the kineƟc data used to calculate the self-exchange rate constant of the 
[Cu(bpyPY4)]TFSI1/2 complex by monitoring the reacƟon of [Cu(bpyPY4)]TFSI2 and [Fe(Cp* )2] in 

CH3CN containing 0.1 M LiTFSI at 25°C. 

 
 

DSSC devices were fabricated with [Cu(bpyPY4)]TFSI1/2 as the redox mediator, where poly(3,4-

ethylenedioxythiophene) (PEDOT) was uƟlized at the counter electrode and the commercial dye 

Y123 was used as the light-harvester. The electrolyte consisted of 0.10 M [Cu(bpyPY4)]TFSI, 0.05 

M [Cu(bpyPY4)]TFSI2, 0.1 M LiTFSI, and 0.5 M 4-tert-butylpyridine, 10 equivalents vs the Cu(II) in 

the electrolyte, in acetonitrile. The constructed devices gave respectable performance with a JSC 

of 4.98(±0.01) mAcm-2 and an overall power conversion efficiency of 1.23% for the devices with 

TBP and 4.73(±0.36) mAcm-2 and an overall power conversion efficiency of 0.21% for the devices 

without TBP, as shown in Table 3.6. 
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Figure 3.7: J−V curves for the [Cu(bpyPY4)]TFSI1/2 based DSSC devices. The devices represented 

by the black curve contains TBP while the gray curve is without TBP. 

Table 3.6: Summary of device performance, parameters represent the average of three devices. 

 η (%) Jsc (mA*cm-2) Voc (V) FF 

Cu(PY6) 0.21(±0.07) 4.73(±0.36) 0.14(±0.01) 0.32(±0.05) 

Cu(PY6) with TBP 1.23(±0.08) 4.98(±0.01) 0.44(±0.01) 0.56(±0.02) 

 
Both sets of devices were affected by mass transport issues which limited their current. Looking 

at the incident photon-to-current conversion efficiency (IPCE) spectra, which measures the 

current at various wavelengths to determine how much of the photons absorbed at each 

wavelength are converted to current. The IPCE in Figure 3.8 shows that as TBP is added there is a 

slight increase in the photon-to-current conversion between 450 and 650 nm. This increase could 

be caused by decreased recombinaƟon to the redox shuƩle as TBP is being added to the soluƟon. 

The IPCE spectra can also be integrated to determine what the theoreƟcal current of the device, 

resulƟng with an integrated current of 7.87 mAcm-2 for the devices with TBP and 7.77 mAcm-2 for 
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the devices without TBP, we can see that roughly 3 mAcm-2 were lost due to the mass transport 

limitaƟons. 

 
Figure 3.8: IPCE curves for the [Cu(bpyPY4)]TFSI1/2 based DSSC devices. The devices represented 
by the black points and curve contains TBP while the gray points and curve is without TBP. For 

the IPCE, the points represent IPCE responses while the solid lines represent the integrated 
photocurrent. 

The effect of TBP on the fermi level of the devices was invesƟgated. By knowing the soluƟon 

potenƟal and the VOC of the devices the fermi level could be calculated, which can be determined 

by adjusƟng the open circuit voltage (VOC) by the soluƟon potenƟal. For both devices with and 

without TBP the soluƟon potenƟal was roughly the same, at -0.443 V vs ferrocene for the devices 

without TBP and -0.466 V vs ferrocene for the devices with TBP. However, there was a stark 

difference in the VOC between both sets of devices, devices without TBP having a VOC of only 0.14 

V vs soluƟon potenƟal where devices with TBP had a VOC of 0.44 V vs soluƟon potenƟal.  This 

indicates that the addiƟon of TBP caused the fermi level to undergo a negaƟve shiŌ of roughly 

300 mV. Although the [Cu(bpyPY4)]TFSI1/2 complex does not undergo ligand subsƟtuƟon the 
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addiƟon of TBP to the electrolyte sƟll drasƟcally increases the electron lifeƟme, by almost 1000 

fold. This indicates that the addiƟon of TBP is sƟll able to reduce recombinaƟon in the system, 

although not as significantly as the [Cu(dbmed)]OTf1/2 system. This shiŌ in potenƟal could be 

aƩributed to the addiƟon of TBP in soluƟon, which can shiŌ the potenƟal of the conducƟon band 

of the Ɵtania to more negaƟve potenƟals and reducing recombinaƟon by adsorbing to the 

Ɵtania.33,34  

 

Figure 3.9: A plot of the electron lifeƟme vs potenƟal plot for DSSC devices using 
[Cu(dbmed)]OTf1/2 (green), [Cu(bpyPY4)]TFSI1/2 (red), with (pale color) and without (dark color) 

the addiƟon of TBP. 

3.4 Conclusions 
 
This study has demonstrated the complex relaƟonship between ligand design and metal 

coordinaƟon in copper complexes using the bpyPY4 scaffold. The crystallographic analysis 

revealed that the bpyPY4 ligand can adapt to both five-coordinate and four-coordinate structures 
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around copper(II) and copper(I) centers. These structures showed significant deviaƟons from 

ideal geometries, indicaƟng the influence of the bpyPY4 scaffold on how the ligand and metal 

interact. 

The behavior of these copper-ligand interacƟons was further explored using 1H-NMR studies, 

which showed a rapid interchange between pyridine donors that are coordinated and those that 

are not. The results from variable-temperature NMR spectroscopy highlighted the unstable 

nature of the copper-pyridine bonds, providing a detailed view of how these bonds behave in 

soluƟon. 

The UV-visible spectroscopic analysis helped improve understanding on the electronic transiƟons 

in these complexes, revealing specific absorpƟon paƩerns that correspond to their structural 

preferences in soluƟon. The consistent behavior of the [Cu(bpyPY4)]2+/+ redox couple, even with 

added TBP, suggests a strong metal-ligand bond, which is promising for applicaƟons where 

interacƟons with Lewis bases are expected. 

The high theoreƟcal current and the negaƟve redox potenƟal make this redox shuƩle a candidate 

for uƟlizaƟon with narrow band gap dyes for high photocurrent DSSC devices.  Future studies will 

focus on uƟlizing this redox complex with near IR absorbing dyes and developing new ligand 

designs to vary the energeƟcs and stability of the copper species. 

Overall, this comprehensive study not only deepens our understanding of copper complexes with 

hexadentate ligands but also lays the groundwork for designing new ligands that can control and 

alter the shapes and reacƟviƟes of metal centers. The potenƟal uses of these systems in areas 

like catalysis and electronic devices are significant, highlighƟng the value of detailed studies like 

this one. 
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Chapter 4 – InvesƟgaƟon of [Cu(PY5)]2+/+ 

4.1 IntroducƟon 

Following Grätzel's seminal 1993 report on dye-sensiƟzed solar cells (DSSCs) achieving 10% 

efficiency, advancements were hindered by the reliance on the I3-/I- redox shuƩle.15 The high 

overpotenƟal required for efficient dye regeneraƟon was a major limitaƟon. Recent progress with 

outer sphere redox shuƩles offers a soluƟon to miƟgate this limitaƟon and enhance DSSC 

performance.23 Conversely, Co(III/II) based redox shuƩles introduce an inner-sphere 

reorganizaƟon energy challenge due to electron transfer transiƟons between d7 Co(II) and d6 

Co(III) states. This affects dye regeneraƟon kineƟcs by limiƟng the available electron transfer 

driving force.23 

The robust performance of copper-based redox shuƩles in DSSCs has posiƟoned them as a 

compelling avenue for overcoming convenƟonal limitaƟons. Their success stems from their 

remarkable ability to aƩain efficiencies that surpass previous benchmarks. With an excepƟonal 

15.2% efficiency under standard solar irradiance and an astonishing 34.5% efficiency under indoor 

fluorescent lighƟng at 1000 lux intensity, copper-based redox shuƩles have firmly established 

their credenƟals.20,87 This achievement can be aƩributed to their intrinsic advantage of lower 

inner-sphere electron transfer reorganizaƟon energies compared to tradiƟonal opƟons. 

Furthermore, their versaƟle coordinaƟon geometries, witnessed in copper(II) d9 complexes which 

frequently adopt six-coordinate, octahedral or tetragonal, five-coordinate, square pyramidal or 

trigonal bipyramidal, or four-coordinate, tetrahedral or square planar geometries, and copper(I) 

d10 complexes which predominantly adopt four-coordinate, tetrahedral or square planar 

geometries, underscore their adaptability.60–63 Employing ligands based on bidentate bipyridine 
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or phenanthroline moƟfs, augmented with strategically posiƟoned bulky groups, these shuƩles 

can reduce the reorganizaƟon energy needed for the transiƟon between Cu(II) and Cu(I) redox 

states, facilitaƟng more efficient electron transfer processes within the DSSC system.64 

Recent observaƟons have illuminated a criƟcal facet of copper-based redox shuƩle performance 

within DSSCs. Notably, prevalent Lewis base addiƟves, including 4-tert-butylpyridine (TBP), have 

been revealed to coordinate with Cu(II) species.38 This coordinaƟon has potenƟally adverse 

impacts on copper redox mediator electrochemistry and, consequently, overall device efficacy. 

Studies into this phenomenon elucidate that TBP-induced coordinaƟon or ligand subsƟtuƟon—

oŌen involving bipyridyl and phenanthroline ligands—leads to intricate electrochemical changes 

within the DSSC devices. When the ligand subsƟtuƟon occurs and [Cu(TBP)4]2+ is present in the 

devices it is accompanied by a substanƟal negaƟve shiŌ in formal redox potenƟals, by hundreds 

of millivolts.38 This phenomenon limits the aƩainable photovoltage, exerƟng a significant 

constraint on device performance. 

Recent strides in copper-based redox shuƩle design have been underscored by the efforts of Sun 

and colleagues, who introduced copper based redox shuƩles incorporaƟng pentadentate ligands 

within DSSC devices.41 The pentadentate Cu(II) complex was shown to have a resistance to 

subsƟtuƟon, even when exposed to commonly employed Lewis base addiƟves such as 4-tert-

butylpyridine (TBP). This resistance to ligand subsƟtuƟon is aƩributed to two factors. First, the 

increased denƟcity of the ligand translates to a heightened overall stability of the metal complex, 

owing to the chelaƟng effect. Second, they specifically designed the coordinaƟon sphere's steric 

constraints to shield the copper complexes—parƟcularly their oxidized forms—from TBP 
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coordinaƟon. Building upon this concept, a copper-based redox shuƩle harnessing the potency 

of a pentadentate ligand, 2,6-bis[1,1-bis(2-pyridyl)ethyl]pyridine (PY5), is presented.  

4.2 Experimental Details 

All NMR spectra were taken on an Agilent DirectDrive2 500 MHz spectrometer at room 

temperature and referenced to residual solvent signals. All NMR spectra were evaluated using 

the MestReNova soŌware package features. Cyclic voltammograms were obtained using 

µAutolabIII potenƟostat using BASi glassy carbon electrode, a plaƟnum mesh counter electrode, 

and a fabricated 0.01 M AgNO3, 0.1 M TBAPF6 in acetonitrile Ag/AgNO3 reference electrode. All 

measurements were internally referenced to ferrocene/ferrocenium couple via addiƟon of 

ferrocene to soluƟon aŌer measurements or run in a parallel soluƟon of the same 

solvent/electrolyte. UV-Vis spectra were taken using a PerkinElmer Lambda 35 UV-Vis 

spectrometer using a 1 cm path length quartz cuveƩe at 480 nm/min. Elemental Analysis data 

were obtained via Midwest Microlab. ConƟnuous-wave (Cw) EPR measurements were performed 

using a Bruker E-680X spectrometer operaƟng at X-band frequencies and equipped with an SHQ-

E cavity. EPR samples comprising 0.01 M Cu(II) complexes in acetonitrile or dichloromethane. The 

liquid soluƟons were studied in a quartz flat cell. An Oxford ESR-900 cryostat and an ITC-503 

temperature controller were used for measurements at 298 K. Cw-EPR simulaƟons were 

performed with EasySpin 5.2.28, running in MATLAB 2020a. We simulated the soluƟon spectra 

using the “chili” module from EasySpin. Our simulaƟons varied the coefficients for copper 

hyperfine coupling, isotropic diffusion correlaƟon Ɵme, and intrinsic linewidth. The results are 

shown as dashed curves offset from the spectra (solid lines).For single-crystal X-ray diffracƟon, 

single crystals were mounted on a nylon loop with paratone oil using a Bruker APEX-II CCD 
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diffractometer. Crystals were maintained at T ¼ 173(2) K during data collecƟon. Using Olex2, the 

structures were solved with the ShelXS structure soluƟon program using the Direct Methods 

soluƟon method. Photoelectrochemical measurements were performed with a potenƟostat 

(Autolab PGSTAT 128N) in combinaƟon with a xenon arc lamp. An AM 1.5 solar filter was used to 

simulate sunlight at 100 mW cm-2, and the light intensity was calibrated with a cerƟfied reference 

cell system (Oriel Reference Solar Cell & Meter). A black mask with an open area of 0.07 cm-2 was 

applied on top of the cell acƟve area. A monochromator (Horiba Jobin Yvon MicroHR) aƩached 

to the 450 W xenon arc light source was used for monochromaƟc light for IPCE measurements. 

The photon flux of the light incident on the samples was measured with a laser power meter 

(Nova II Ophir). IPCE measurements were made at 20 nm intervals between 400 and 700 nm at 

short circuit current. 

TEC 15 FTO was cut into 1.5 cm by 2 cm pieces which were sonicated in soapy DI water for 15 

minutes, followed by manual scrubbing of the FTO with Kimwipes. The FTO pieces were then 

sonicated in DI water for 10 minutes, rinsed with acetone, and sonicated in isopropanol for 10 

minutes. The FTO pieces were dried in room temperature air then immersed in an aqueous 40 

mM TiCl4 soluƟon for 60 minutes at 70 °C. The water the for the TiCl4 treatment was preheated 

to 70 °C prior to adding 2 M TiCl4 to the water. The 40 mM soluƟon was immediately poured onto 

the samples and placed in a 70 °C oven for the 60-minute deposiƟon. The FTO pieces were 

immediately rinsed with 18 MΩ water followed by isopropanol and were annealed by heaƟng 

from room temperature to 500 °C, holding at 500 °C for 30 minutes. A 0.36 cm2 area was doctor 

bladed with commercial 30 nm TiO2 nanoparƟcle paste (DSL 30NRD). The transparent films were 

leŌ to rest for 10 minutes and were then placed in a 125 °C oven for 30 minutes. The samples 
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were annealed in an oven that was ramped to 325 °C for 5 minutes, 375 °C for 5 minutes, 450 °C 

for 5 minutes, and 500 °C for 15 minutes. The 30 nm nanoparƟcle film thickness was ~8 μm. AŌer 

cooling to room temperature, a second TiCl4 treatment was performed as described above. When 

the anodes had cooled to 80 °C, they were soaked in a dye soluƟon of 0.1 mM Y123 in 1:1 

acetonitrile : tert-butyl alcohol for 18 hours. AŌer soaking, the anodes were rinsed with 

acetonitrile and were dried gently under a stream of nitrogen. 

The PEDOT counter electrodes were prepared by electropolymerizaƟon in a soluƟon of 0.01 M 

EDOT and 0.1 M LiClO4 in 0.1 M SDS in 18 MΩ water. A constant current of 8.3 mA for 250 seconds 

was applied to a 54 cm2 piece of TEC 8 FTO with predrilled holes using an equal size piece of FTO 

as the counter electrode. The PEDOT electrodes were then washed with DI water and acetonitrile 

before being dried under a gentle stream of nitrogen and cut into 1.5 cm by 1.0 cm pieces. The 

working and counter electrodes were sandwiched together with 25 μm surlyn films by placing 

them on a 140 °C hotplate and applying pressure. The cells were then filled in a nitrogen filled 

glove box with electrolyte through one of the two predrilled holes and were sealed with 25 μm 

surlyn backed by a glass coverslip and applied heat to seal with a soldering iron. The electrolyte 

consisted of 0.10 M Cu(I), 0.05 M Cu(II), 0.1 M Li(Counter-ion), and 0.5 M 4-tert-butylpyridine in 

acetonitrile. All batches were made with at least 5 cells per batch. Contact to the TiO2 electrode 

was made by soldering a thin layer of indium wire onto the FTO. 

Acetonitrile,  deuterated  acetonitrile,  dichloromethane,  methanol, ethanol, diethyl-ether, 

deionized water, 1,1-bis(2-pyridyl)ethane, 2,6-difluoropyridine, 2.5 M n-butyl lithium in hexanes, 

tetrakisacetonitrile copper(I) triflate,  copper(II)  triflate ,  silver  nitrate,  tetrabutylammonium  
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hexafluorophosphate, lithium triflate, lithium bistriflimide, silver bistriflimide, copper (I) chloride, 

copper (I) bistriflimide, and isopropyl alcohol were purchased from Sigma-Aldrich. 

StarƟng material 1,1-Bis(2-pyridyl)ethane, and ligand PY5  were synthesized according to 

published procedures.88  

[Cu(PY5)](OTf)  

A mixture of PY5 (74.5 mg, 0.168 mmol) and [Cu(ACN)4](OTf) (57.5 mg, 0.153 mmol) in anhydrous 

acetonitrile was sƟrred for 30 minutes at room temperature. The soluƟon was precipitated with 

anhydrous diethyl ether, forming a yellow solid, and the solid was collected. The solid was dried 

under vacuum. (97.8 mg 97.4% yield) 1H NMR (500 MHz, acetonitrile-d3): δ = 8.53 (d, 4H); 8.04 

(t, 1H); 7.92 (d, 2H); 7.77 (t, 4H); 7.37 (d, 4H); 7.26 (t, 4H); 2.20 (s, 6H); 2.18 (1.5 H). Elem. Anal. 

Calc. for C30H25CuF3N6O3S C, 54.42; H, 3.98; N, 12.28. Found: C, 54.79; H, 3.91; N, 12.05. TOF-MS-

ES+ m/z calc. for [Cu(PY5)] C29H25CuN5 506.14; Found, 506.1407. 

[Cu(PY5)](TFSI)  

Silver Bistriflimide (47.0 mg, 0.121 mmol) and copper chloride (12.0 mg, 0.121 mmol) was 

dissolved in minimal anhydrous ACN and was sƟrred for 30 minutes at room temperature. AŌer 

mixing, the solid silver chloride was removed from the soluƟon, and the soluƟon was then added 

to PY5 (52.5 mg, 0.118 mmol) and sƟrred overnight. The soluƟon was precipitated with anhydrous 

diethyl ether, forming a yellow solid, and the solid was collected. The solid was dried under 

vacuum. (90.2 mg 96.9% yield). 1H NMR (500 MHz, acetonitrile-d3): δ = 8.53 (d, 4H); 8.04 (t, 1H); 

7.92 (d, 2H); 7.77 (t, 4H); 7.37 (d, 4H); 7.26 (t, 4H); 2.20 (s, 6H); 2.18 (1.5 H). Elem. Anal. Calc. for 

C31H25CuF6N6O4S2 C, 54.42; H, 3.98; N, 12.28. Found: C, 54.79; H, 3.91; N, 12.05. TOF-MS-ES+ m/z 

calc. for [Cu(PY5)], 506.14; Found, 506.14. 
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[Cu(PY5)](OTf)2 

 A mixture of PY5 (0.2924 g, 0.66 mmol) and Cu(OTf)2 (0.2210 g, 0.61 mmol) in anhydrous DCM 

was sƟrred for 30 minutes at room temperature. The soluƟon was precipitated with anhydrous 

diethyl ether, forming a blue solid, and the solid was collected. The solid was dried under vacuum. 

(0.4776 mg 92.5% yield) Elem. Anal. Calc. for C31H25CuF6N6O6S2 C, 46.24; H, 3.13; N, 7.89. Found: 

C, 45.93; H, 3.32; N, 8.38.  

[Cu(PY5)](TFSI)2  

A mixture of PY5 (47.8 mg, 0.108 mmol) and Cu(TFSI)2 (67.2 mg, 0.108 mmol) in anhydrous DCM 

was sƟrred for 30 minutes at room temperature. The soluƟon was precipitated with anhydrous 

diethyl ether, forming a blue solid, and the solid was collected. The solid was dried under vacuum. 

Any further purificaƟon was done via recrystallizaƟon from ACN with diffused ether.(46.3 mg 

40.1% yield) Elem. Anal. Calc. for C35H28CuF12N8O8S4 C, 37.93; H, 2.55; N, 10.11. Found: C, 37.38; 

H, 2.31; N, 9.41.  

4.3 Results and Discussion 

The synthesis of the ligand, PY5, has been previously documented, involving the deprotonaƟon 

of 1,1-bis(2-pyridyl)ethane by n-BuLi followed by the addiƟon of 2,6-difluoropyridine as the 

electrophile.89 The copper complexes were synthesized by reacƟng equimolar raƟos of the PY5 

ligand with copper precursors in different solvents, leading to the formaƟon of [Cu(PY5)]OTf, 

[Cu(PY5)]OTf2, [Cu(PY5)]TFSI, and [Cu(PY5)]TFSI2. The copper(I) bistriflimide was synthesized by 

combining equimolar amounts of silver bistriflimide and copper chloride. The complexes were 

purified via recrystallizaƟon from acetonitrile for copper(I) and dichloromethane for copper(II) 

soluƟons and characterized using 1H-NMR and elemental analysis. 
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Scheme 4.3: Syntheses of the [Cu(PY5)]2+/+ complexes, where is the counter ion used for each 
batch, either triflate (OTf) or bistriflimide (TFSI). 

 
Single crystal X-ray diffracƟon revealed the solid-state structures of the complexes. A geometric 

index, τ4, can be used for four-coordinate complexes to determine how much distorƟon there is 

from ideal tetrahedral or square planer geometries.74 Where a τ4 of 1 represents an ideal 

tetrahedral geometry and 0 represents an ideal square planer geometry. The [Cu(PY5)]OTf 

complex exhibited a highly distorted tetrahedral geometry with a calculated τ4 value of 0.65. The 

constrained nature of the ligand led to a significant porƟon of the copper center being solvent-

exposed. The choice of solvent during synthesis played a role in prevenƟng a disproporƟonaƟon 

reacƟon in which the copper(I) form disproporƟonated to copper metal and a copper(II) complex 

when the complex was synthesized in dichloromethane. InteresƟngly when an NMR was taken of 

the disproporƟonated copper(II) product, it did not match the syntheƟc [Cu(PY5)]OTf2 product. 
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Acetonitrile was used as the solvent of choice when synthesizing the copper(I) form since it did 

not cause the copper(I) form to undergo disproporƟonaƟon. 

 

Figure 4.1: Crystal structures of the caƟons of the [Cu(PY5)]OTf species (A), and [Cu(PY5)]OTf2 
species (B), and the [Cu(PY5)]TFSI2 species which was grown in dichloromethane, a non-
coordinaƟng solvent (C). Depicted ellipsoids are at the 50% probability level. The non-

interacƟng anions and hydrogens were omiƩed for clarity. 

The solid-state structure of [Cu(PY5)]OTf2 showed pseudo-octahedral geometry, with the PY5 

ligand coordinated at five sites and the acetonitrile, the solvent used for synthesis, coordinated 

at the sixth site. The average bond length for the PY5 ligand is 2.081 Å, and the bond length 

between the copper and the nitrogen on the acetonitrile is 2.369 Å, a significantly longer distance. 
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To invesƟgate changes in a system with a vacant axial site, the crystals were regrown using an 

innocent solvent, dichloromethane. This process revealed an interacƟon between one of the 

oxygens on the trifluoromethanesulfonate counter-ion and the copper center in the axial 

posiƟon. The bond length was measured at 2.453 Å. This copper-counter-ion bond length 

increases further when the bistriflimide counter-ion is studied, yielding a copper-oxygen bond 

length of 2.728 Å. Challenges arose in purifying acetonitrile-bound copper(II) complexes due to 

the lability of acetonitrile, leading to a mixture of copper complexes with and without acetonitrile 

bound. To ensure accurate measurements, the copper(II) form was synthesized in 

dichloromethane. 

To assess the structural nuances of the copper complex with different counter ions, 1H-NMR 

analysis was employed. The 1H-NMR spectra for both [Cu(PY5)]OTf and [Cu(PY5)]TFSI, shown in 

Figures 4.1A and 4.4A respecƟvely, were recorded in deuterated acetonitrile at room 

temperature. Both spectra display an integraƟon for 25 protons. Four peaks represenƟng the 

pyridine “arms” are observed: one at approximately 8.5 ppm and three others between 7.35 and 

7.95 ppm, with each integraƟng to four protons. Peaks at around 8.00 ppm, integrated to one 

proton, and 7.25 ppm, integrated to two protons, correspond to the central pyridine. The peak at 

approximately 2.20 ppm, integraƟng to six protons, is aƩributed to the ligand's methyl groups. 

The copper(II) complex is a paramagneƟc compound making it hard to pull any quanƟfiable 

informaƟon from the spectra, however, it should be noted that the NMR of both of the OTf and 

TFSI counter ion, irrespecƟve of it they are of the copper(I) or copper(II) complexes, yield similar 

spectra. 
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Figure 4.3: A) Cyclic voltammograms of 2 mM [Cu(PY5)]OTf2, blue, [Cu(PY5)]TFSI2, red, in 

anhydrous CH3CN. B) [Cu(PY5)]OTf2 in dichloromethane, blue, with 5 equivalents of acetonitrile 
added to the soluƟon. All samples contained 0.1 M TBAPF6 as a supporƟng electrolyte, 

measured at a scan rate of 0.1 V/s on a glassy carbon working electrode. 

To further understand how the electrochemical behavior of the complex was affected by the 

different counter ions, cyclic voltammetry was conducted. In the [Cu(PY5)]OTf2 complex, two 

peaks were observed in the cyclic voltammogram. One peak appeared at -0.372 V vs ferrocene, 

while the other was observed at -0.662 V vs ferrocene. When the complex was measured in the 

absence of acetonitrile, using dichloromethane as the solvent, the peak at -0.662 V went away, 

and when acetonitrile was Ɵtrated into the soluƟon, the peak at -0.622 V returned. Which 
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indicates that the peak at -0.662 V was the acetonitrile bound complex, and the peak at -0.372 V 

was either triflate bound or a 5-coordinate [Cu(PY5)]OTf2 complex. When the [Cu(PY5)]TFSI2 

complex was invesƟgated in anhydrous acetonitrile it exhibited a single peak at -0.382 V vs 

ferrocene, indicaƟng that the acetonitrile was not axially bound in the TFSI version of the 

complex. This could be due to the increased bulk of the TFSI counter-ion when compared to the 

OTf counter-ion, the TFSI may be physically blocking the acetonitrile from binding with the copper 

center. The minimal change in redox potenƟal of the peak around -0.375 V vs ferrocene with 

various counter ions indicates that the redox couple being measured does not require the 

presence of acetonitrile, and it is indifferent to the counter-ion present, even though the triflate 

counter-ion has much stronger interacƟons with the copper center. This suggests that the peak 

at around -0.375 mV corresponds to a 5-coordinate species where the axial posiƟon is vacant. 

 
Figure 4.2: The UV-Vis spectra of the copper(I), A, and copper(II), B, complexes in anhydrous 
acetonitrile. The triflate complexes are in blue while the bistriflimide complexes are in red. 

ShiŌing our focus to how the different counter ions affect the opƟcal properƟes of the copper 

complexes, we examined their UV-visible absorpƟon spectra. The UV-Vis spectra of the copper(I) 

complexes in acetonitrile displayed peaks below 450 nm which were aƩributed to π-π* 

absorpƟons from pyridine units. Metal to ligand charge transfer bands were observed between 
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450-500 nm in copper(I) complexes, with no significant difference between the triflate and 

bistriflimide variants. 

The [Cu(PY5)]OTf2 complex exhibits two d-d transiƟons, the first at 597 nm, with an exƟncƟon 

coefficient of 79.8 M-1s-1, and the second at 909 nm, with an exƟncƟon coefficient of 13.2 M-1s-1. 

The [Cu(PY5)]TFSI2 complex only exhibits one peak at 598 nm, with an exƟncƟon coefficient of 

53.0 M-1s-1, although the tailing on the peak could indicate the overlap of two peaks. The 

observaƟon of two d-d transiƟons is indicaƟve of either a Jahn-Teller distorted octahedral 

complex, or a square pyramidal complex. However, the large difference in wavelengths between 

the two transiƟons indicates that this is a square pyramidal geometry. The difference in 

absorbance of spectra when the counter-ion is changed is most likely due the lack of acetonitrile 

bound to the axial posiƟon in the TFSI version of the complex. 
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Figure 4.4: Simulated, red, and experimental, black, EPR spectra of 2 mM [Cu(PY5)]OTf2 in 

either anhydrous acetonitrile, A, or dichloromethane, B. Spectra C shows the difference 
between the dichloromethane spectra, red, and the acetonitrile spectra, black, when corrected 

for solvent affects. 

Electron ParamagneƟc Resonance spectra were taken in an aƩempt to elucidate the soluƟon 

geometry of the copper(II) form of the redox couple. Two spectra were taken of the [Cu(PY5)]OTf2 

complex, one of the complex synthesized and measured in acetonitrile and the other in 

dichloromethane. The EPR showed that in both systems the complex is axially elongated which is 

indicaƟve of the complex having an elongated octahedral, square pyramidal, or square planer 

geometry. The two systems have similar g-value but the hyperfine coupling is quite different 
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between the two, indicaƟng that the complexes are similar in geometry but not idenƟcal. When 

the spectra were adjusted to account for the effects of using two different solvents, it becomes 

easy to see that the species in soluƟon are not idenƟcal. However, it remains unclear what the 

complex’s exact makeup in soluƟon is. 

Table 4.1: EPR Parameters of [Cu(PY5)]OTf2 complexes with liquid soluƟons in acetonitrile (ACN) 
or dichloromethane (DCM) at room temperature. All parameters were simulated using MATLAB. 

 g parallel g perpendicular hyperfine parallel (G) hyperfine perpendicular (G) 

In ACN 2.28 2.04 437 42.6 

In DCM 2.30 2.04 372 39.8 

 
To invesƟgate potenƟal interacƟons between the triflate counterion and the copper center in 

soluƟon, a variable temperature 19F-NMR experiment was conducted. The experiment involved 

cooling the soluƟon from room temperature to -40°C. Upon lowering the temperature, the 

fluorine peak corresponding to the triflate counterion exhibited a decrease in intensity coupled 

with an increase in sharpness. This observaƟon suggests that the counter-ion does not undergo 

exchange with the axial site on the copper center, implying that the counter-ion doesn't interact 

with the copper center in soluƟon. Such an exchange would typically result in broadening of the 

peak as the temperature decreases. Notably, this trend remained consistent irrespecƟve of 

whether acetonitrile or dichloromethane was used as the solvent. When this evidence is compiled 

with the previous results of the UV-Vis, cyclic voltammetry, and EPR experiments it becomes clear 

that the soluƟon geometry of the [Cu(PY5)]2+/+ complexes a square pyramidal where the axial site 

is vacant. 



 

64 
 

-210-200-190-180-170-160-150-140-130-120-110-100-90-80-70-60-50-40-30-20-10010
f1 (ppm)

-200000

-100000

0

100000

200000

300000

400000

500000

600000

700000

800000

900000

1000000

1100000

1200000

1300000

1400000

1500000

1600000

1700000

1800000

1900000

2000000

2100000

 
Figure 4.5: 19F-NMR spectra of [Cu(PY5)]OTf2 in anhydrous deuterated acetonitrile at various 

temperatures, 25°C-red, 0°C-green, -20°C-blue, and -40°C-purple. 
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Figure 48.6: 19F-NMR spectra of [Cu(PY5)]OTf2 in deuterated dichloromethane at various 

temperatures, 25°C-red, 0°C-green, -20°C-blue, and -40°C-purple. 

In order to understand how the dynamic nature of the interacƟon with the open axial site the 

self- exchange kineƟcs of both systems were invesƟgated. First the [Cu(PY5)]OTf complex was 

invesƟgated uƟlizing stopped-flow spectroscopy. Stopped-flow spectroscopy was uƟlized to 

measure the cross-exchange electron transfer rate constant, k12, between [Cu(PY5)]OTf2 and 

octamethylferrocene (FcMe8).  

[𝐶𝑢(𝑃𝑌5)]ଶା + 𝐹𝑐𝑀𝑒8 
     ௞భమ      
ር⎯⎯⎯ሮ  [𝐶𝑢(𝑃𝑌5)]ା + 𝐹𝑐𝑀𝑒8ା          (4.1) 
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Figure 4.7: An absorbance vs Ɵme plot at 450 nm, showing the increase of [Cu(PY5)]OTf2 species 
(black dot) and fiƫng (red line) for the reducƟon of [Cu(PY5)]OTf2 by octamethylferrocene 

(FcMe8). 

Octamethylferrocene was chosen for the cross-exchange to opƟmize the driving force and 

because it has a well-known self-exchange rate constant for electron transfer.90 Due to the large 

potenƟal difference between [Cu(PY5)]2+/+ and [FcMe8]+/0, it was assumed that the reacƟon went 

to compleƟon, with no significant back reacƟon. Figure 4.7 shows a fit of the absorbance at 450 

nm vs Ɵme plot, which represents the growth of the [Cu(PY5)]+ species in soluƟon due to the 

reducƟon of [Cu(PY5)]2+ by FcMe8, using the following equaƟon: 

𝐴 =  𝐴ஶ + (𝐴ை − 𝐴ஶ)𝑒ି௞೚್ೞ௧           (4.2) 
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For all reacƟons, FcMe8 was held in excess to maintain pseudo-first order condiƟons, allowing 

kobs to be represented by:  

𝑘௢௕௦ =  𝑘ଵଶ[𝐹𝑐𝑀𝑒8]                  (4.3) 

A linear fit of the fiƩed kobs values vs concentraƟon of FcMe8 provided the value of the cross-

exchange rate constant, k12, from the slope of the line. The iniƟal reacƟon mixtures and the 

pseudo-first order observed rate constants can be found in Table 4.2.  

Table 4.2: The iniƟal reacƟon mixture and the observed rate constant, kobs, for the cross 
exchange between [Cu(PY5)]OTf2 and FcMe8. 

[Cu(PY5)(OTf)2] / M [FcMe8] / M 

 
2.58E-04 

 
3.10E-04 

2.74E-05 3.61E-04 

 
4.13E-04 

 
4.65E-04 

 
Using the experimentally determined cross-exchange rate constant from EquaƟon 4.3, k12, and 

the previously determined self-exchange constant for [FcMe8]+/0, k11, the Marcus cross-relaƟon 

𝑘ଵଶ = (𝑘ଵଵ𝑘ଶଶ𝐾ଵଶ𝑓ଵଶ)ଵ/ଶ𝑊ଵଶ       (4.4) 
was used to calculate the self-exchange rate constant for [Cu(PY5)]2+/+, k22. Where K12 is the 

equilibrium constant, f12 is a nonlinear correcƟon term, and W12 is an electrostaƟc work term for 

bringing the reactants into contact. The nonlinear correcƟon term and the work term were 

calculated (see below for details on the calculaƟon) and determined to be 2.60 and 0.99, 

respecƟvely as seen in Table 4.3. However, it should be noted that there will be some error in the 

calculaƟon of the work term since the Debye-Huckel model is not expected to have accurate 
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results when the soluƟon has a high ionic strength, as was the case for this experiment (0.1 M 

supporƟng electrolyte). The equilibrium constant, K12, can be determined using EquaƟon 4.5:  

𝑛𝐹𝛥𝐸 = 𝑅𝑇𝑙𝑛𝐾ଵଶ                         (4.5) 
 

where n is the number of electrons transferred, F is Faraday’s constant, ΔE is the difference in 

formal potenƟal between the oxidant and reductant in soluƟon, R is the ideal gas constant, and 

T is the temperature in Kelvin. The redox potenƟal for [Cu(PY5)]2+/+  was found to be -0.372 V vs 

ferrocene91 and the redox potenƟal of [FcMe8]+/0 has been previously determined to be -0.377 V 

vs ferrocene, using cyclic voltammetry which gave a calculated K12 of 0.62. The self-exchange rate 

constant for [FcMe8]+/0 was previously idenƟfied to be 2.01 × 107 M-1s-1  using NMR techniques.92 

Using these values, the self-exchange rate for the [Cu(PY5)]OTf1/2 couple was determined to be 

88.1 (±7.3) M-1s-1.  

The work required to move the reactant complexes to a distance, r, for the electron transfer 

reacƟon was calculated using the EquaƟon 4.6.  

𝑊ଵଶ =  exp [−
௪భమା௪మభି௪భభି௪మమ

ଶோ
]    (4.6) 

 

𝑤௜௝(𝑟) =
௭೔௭ೕ௤మேಲ

ସగఌబఌ௥(ଵାఉ௥)
   (4.7) 

 
EquaƟon 4.7 was used to determine the work associated with the forward and reverse cross-

exchange reacƟon, w12 and w21 respecƟvely, and the self-exchange reacƟons, w11 and w22. In this 

equaƟon zi and zj are the charges of the interacƟng complexes, q is the charge of an electron, NA 

is Avogadro’s constant, ε0 is the permiƫvity of free space, ε is the staƟc dielectric of the medium, 

𝛽 = ቀ
ଶ௤మேಲூ

ଵ଴଴଴ఌబఌ௞ಳ்
ቁ

ଵ/ଶ

, I is the ionic strength of the soluƟon and kB is the Boltzmann’s constant. The 

calculaƟon has the following assumpƟons: the work is assumed to be primarily Coulombic, the 
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distance, r, is assumed to be the center-to-center distance between the complexes, and the 

reactants are assumed to be spherical.  

The non-linear correcƟon term, f12, was calculated using the equaƟon 

𝑙𝑛𝑓ଵଶ =
ଵ

ସ

ቀ௟௡௄భమା
ೢభమషೢమభ

ೃ೅
ቁ

మ

୪୬ቀ
ೖభభೖమమ

ೋమ ቁା
ೢభభశೢమమ

ೃ೅

   (4.8) 

 
where K12 is the equilibrium constant, w12 and w21 are the work associated with the forward and 

reverse cross-exchange reacƟon respecƟvely, R is the ideal gas constant, T is temperature in 

Kelvin, and Z is the frequency factor, which is assumed to be 1013 M-1s-1 due to the larger inner-

sphere contribuƟons to the total reorganizaƟon energy.  

Table 4.3: Summary of the kineƟc data used to calculate the self-exchange rate constant of the 
[Cu(PY5)]OTf1/2 complex by monitoring the reacƟon of [Cu(PY5)]OTf2 and FcMe8 in acetonitrile 

containing 0.1 M LiOTf at 25°C. 

KineƟc Parameter Values 

K12 0.62 

k12 / M-1s-1 4.53E+04 

k22 / M-1s-1 2.01E+07 

f12 1 

W12 2.6 

k11 / M-1s-1 88.1 

λse / eV 2.57 

λi / eV 1.55 

λo / eV 1.02 

 
The self-exchange of fast exchanging redox complexes can be found by invesƟgaƟng the methyl 

peaks in the 1H-NMR spectra of the pure diamagneƟc [Cu(PY5)]TFSI complex, the pure 
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paramagneƟc [Cu(PY5)]TFSI2 complex, and mixtures of the diamagneƟc and paramagneƟc 

species. All peaks were fiƩed to a Lorentzian/Gaussian lineshape. The self-exchange rate 

constant, kse,  was  calculated from  

𝑘௦௘ =  
ସగఄ೏ఄ೛(௱ఔ)మ

൫ௐ೏೛ିఄ೛ௐ೛ିఄ೏ௐ೏൯஼
  (4.9) 

 
where Wdp is the line width (full width at half-maximum) of the mixed species methyl resonance 

peak, Wp and Wd are the line widths of the paramagneƟc and diamagneƟc peaks, respecƟvely, Xp 

and Xd are the mole fracƟons of the paramagneƟc and diamagneƟc species, respecƟvely, C is the 

total concentraƟon of the exchanging species, and Δν is the observed frequency shiŌ relaƟve to 

the posiƟon of the resonance for the diamagneƟc species. The diamagneƟc and paramagneƟc 

line widths and the frequency shiŌ are listed in Table 4.4. This analysis produced a kse of 389 M-

1s-1 for [Cu(PY5)]TFSI1/2 in deuterated acetonitrile at 22°C.  

Table 4.4: List of parameters used to calculate the self-exchange of [Cu(PY5)]TFSI1/2. 

Wp 102.27 
Wd 11.3 
Xd 0.404249 
Xp 0.595751 
ΔV 22.562 
Wdp 204.66 
Kex 389.0535 

 
The total reorganizaƟon energy for each of the self-exchange reacƟons was calculated following 

the equaƟon 

𝑘ଵଵ = 𝐾ଵଶ𝑍𝛤𝑒ି(ఒభభ ସ௞ಳ்)⁄   (4.10) 

where k11 is the previously calculated self-exchange rate, K12 is the equilibrium constant, Z is the 

frequency factor, which is assumed to be 1013 M-1s-1 due to the larger inner-sphere contribuƟons 
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to the total reorganizaƟon energy, Γ is a correcƟon for nuclear tunneling, which is assumed to be 

~1, λ11 is the total reorganizaƟon energy of the self-exchange reacƟon, kB is the Boltzmann 

constant, and T is the temperature of soluƟon in Kelvin. The resulƟng λ11 was found to be 2.57 eV 

for the OTf complex and 2.41 for the TFSI complex.  

The outer-sphere reorganizaƟon energy for two spherical reactants can be determined using 

𝜆ଵଵ,௢ =
(௱௭௤)మ

ସగఌబ
ቀ

ଵ

ଶ௔భ
+

ଵ

ଶ௔మ
−

ଵ

௥భభ
ቁ ൬

ଵ

஽೚೛,ೞ೚೗
−

ଵ

஽ೞ,ೞ೚೗
൰  (4.11) 

where λ11,o is the outer-sphere reorganizaƟon energy, Δz is the change in charge of the complex, 

q is the charge of an electron, ε0 is the permiƫvity of free space, a1 and a2 are the atomic radii of 

the reactants, r11 is the center−center distance between the reactants, Dop,sol is the opƟcal 

dielectric constant of the medium, which is equal to the square of the refracƟve index of the 

medium, and Ds,sol is the staƟc dielectric constant of the medium. The outer-sphere reorganizaƟon 

energy for the self-exchange reacƟon was calculated to be 1.02 eV for the OTf complex and 1.01 

eV for the TFSI complex. The inner-sphere reorganizaƟon energy was determined using 𝜆ଵଵ,௜ =

𝜆ଵଵ − 𝜆ଵଵ,ை yielding a result of 1.55 eV for the OTf complex and 1.40 eV for the TFSI complex for 

the inner-sphere reorganizaƟon energy of the self-exchange reacƟon.  
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Figure 4.8: A) Cyclic Voltammogram of 2 mM [Cu(PY5)](OTf)2 with 0.1 M TBAPF6 in anhydrous 

acetonitrile with increasing concentraƟon of 4-tert-butylpyridine (TBP) at a glassy carbon 
working electrode; scan rate = 100 mVs-1. B) UV-Vis absorpƟon spectra of 2 mM [Cu(PY5)](OTf)2 

in anhydrous acetonitrile with increasing equivalents of TBP. C) 1H-NMR spectra of 
[Cu(PY5)](OTf)2 in anhydrous acetonitrile with increasing equivalents of TBP. Unbound PY5 and 

TBP are shown as controls. 

Lewis bases such as TBP are used as addiƟves in DSSCs to increase the performance of the DSSC 

devices.35–37 Several copper based redox shuƩles have been shown to undergo a ligand 

subsƟtuƟon with the TBP, even polydentate ligands.38,39 This can have a significant impact on the 
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redox potenƟal and kineƟcs of the system as mulƟple redox systems are present at any given 

Ɵme. Looking at the cyclic voltammetry data, Upon the addiƟon of TBP to the soluƟon containing 

[Cu(PY5)]OTf2, both of the redox waves go away and a new wave grows in at -0.512 V vs ferrocene, 

indicaƟng that the [Cu(PY5)]OTf2 complex is reacƟng with TBP. The new peak conƟnues to grow 

in as TBP is added unƟl about 10 equivalents relaƟve to the amount of copper(II) in the soluƟon, 

indicaƟng that whatever the change that occurred has fully stabilized by 10 equivalents added. 

As such the amount of TBP used in the devices in this study was 10 equivalents, in order to 

minimize mixed species in soluƟon.  

When the addiƟon of TBP is monitored via UV-Vis spectroscopy, there is a noƟceable blue shiŌ of 

23 nm for the peak at ~600 nm, which also comes with an almost 50% increase in absorbance, 

and a blue shiŌ of 58 nm for the peak at ~900 nm, with minimal change in absorbance. Once 10 

equivalents of TBP is added, relaƟve to the copper(II) in soluƟon, the reacƟon seems to have 

reached equilibrium and the peaks no longer shiŌ. This agrees with the previous cyclic 

voltammetry study indicaƟng that there is a reacƟon occurring which has reached equilibrium by 

10 equivalents of TBP added to the soluƟon.  Although it should be noted that when the reacƟon 

has stabilized the resulƟng spectra does not match the spectra of [Cu(TBP)4]OTf2, meaning that 

whatever is formed it is not the ligand subsƟtuted product. 

In an aƩempt to understand what the interacƟon of the [Cu(PY5)]OTf2 complex and TBP was 

producing, the reacƟon was monitored via 1H-NMR. Upon the addiƟon of TBP to the 

[Cu(PY5)]OTf2 soluƟon a change in the spectra is seen as soon as a single equivalent of TBP is 

added. However, aŌer that iniƟal change in the spectra, the only change in the spectra is the 

broad peaks that seem to correspond to TBP. The broadness of the peaks seems to indicate that 
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there is a rapid exchange on the NMR Ɵmescale of the TBP and the copper center. However, the 

spectra show no signs of unbound ligand in the soluƟon as TBP added, suggesƟng the PY5 ligand 

remains bound to the copper center. This indicates that the interacƟon being seen likely stems 

from TBP displacing the labile axial acetonitrile, resulƟng in a [Cu(PY5)(TBP)]2+ copper complex, 

rather than the displacement of the ligand. It is also worth noƟng that it has been posited that 

the interacƟon of TBP with copper complexes may not necessarily be undergoing a full 

subsƟtuƟon, instead it may be just a coordinaƟon of the TBP to the copper center causing the 

change in properƟes, similar to what is being seen with [Cu(PY5)]OTf2.39,93 

 
Figure 4.9: J−V curves for the [Cu(PY5)]OTf1/2, blue, and [Cu(PY5)]TFSI1/2, red, based DSSC 

devices. The devices represented by the pale colored curves contain TBP while the dark colored 
curves are without TBP. 

0
1
2
3
4
5
6
7
8
9

10

-0.5 -0.4 -0.3 -0.2 -0.1 0

Cu
rr

en
t /

 m
Ac

m
-2

Voltage / V

CuPY5(OTf) without TBP
CuPY5(OTf) with TBP
CuPY5(TFSI) without TBP
CuPY5(TFSI) with TBP



 

75 
 

 

Table 4.5: Summary of device performance of devices comparing [Cu(PY5)]OTf and 
[Cu(PY5)]TFSI, parameters represent the average of five devices. 

 η / % JSC / mAcm-2 VOC / V FF 

CuPY5(OTf) 1.30(±0.25) 8.22(±1.16) 0.26(±0.02) 0.60(±0.01) 

CuPY5(OTf) with 
TBP 

1.40(±0.30) 6.22(±1.97) 0.35(±0.05) 0.66(±0.04) 

CuPY5(TFSI) 1.01(±0.35) 6.57(±2.18) 0.26(±0.01) 0.59(±0.02) 

CuPY5(TFSI) with 
TBP 

1.33(±0.09) 5.84(±0.49) 0.36(±0.03) 0.64(±0.01) 

 
DSSC devices were fabricated with the commercial dye, Y123, being used as the light-harvester, 

and where poly(3,4-ethylenedioxythiophene) (PEDOT) was uƟlized at the counter electrode. The 

devices uƟlized either [Cu(PY5)]OTf1/2 or [Cu(PY5)]TFSI1/2 as the redox shuƩle used, and for each 

redox shuƩle a batch was fabricated with 10 equivalents of TBP relaƟve to the amount of 

copper(II) in soluƟon, and another batch without the addiƟon of TBP. The devices yielded 

staƟsƟcally similar results for the JSC, around 6.71 mAcm-2, and efficiencies, around 1.26% for all 

the batches. The difference between the cells with and without TBP is noƟceable in the open 

circuit voltage (VOC) where the devices with TBP have an increase of around 100 mV compared to 

their counterparts without TBP. While the devices with and without TBP show differences from 

one another the devices with differing redox mediator showed staƟsƟcally idenƟcal performance 

when compared, as shown in Table 4.5.  
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This similarity in performance across the different redox shuƩles indicates that even though there 

was a difference in both the redox and kineƟc properƟes of the two versions of the redox shuƩle, 

the choice of counter-ion did not significantly affect device characterisƟcs. When looking at the 

soluƟon potenƟal of the devices it can be seen that the soluƟon potenƟal is similar between the 

OTf and TFSI versions of the complex, -0.372 V and -0.398 V vs ferrocene respecƟvely, which for 

both complexes is slightly negaƟve of the NernsƟan potenƟal of -0.357 and -0.365 respecƟvely. 

The predominate form of the redox shuƩle that seems to be controlling the soluƟon potenƟal of 

the devices is the five-coordinate redox couple represented by the wave at ~-0.375 V vs ferrocene, 

with minimal contribuƟon from the acetonitrile bound wave at -0.662 V. When TBP is added to 

the devices the soluƟon potenƟal negaƟvely shiŌs to -0.496 V and -0.501 V vs ferrocene for the 

OTf and TFSI complexes respecƟvely, which matches well with the predicted -0.503 V vs ferrocene 

for the [Cu(PY5)(TBP)]OTf1/2 complex. This was expected due to the binding of TBP to the copper 

center, so both versions of the complex would form the [Cu(PY5)(TBP)]2+ complex. Due to the 

similarity of the device results between the variaƟons of the complex only [Cu(PY5)]OTf1/2 was 

used for subsequent experiments.  
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Figure 4.10: J-V curves of best performing devices containing [Cu(PY5)]OTf1/2 in dry acetonitrile 
and 0 M TBP (green), 0.055 M TBP (blue), 0.211 M TBP (gray), 0.526 M TBP (yellow). 

Table 4.6: Summary of device performance of devices containing [Cu(PY5)]OTf with various 
equivalents of TBP added, parameters represent the average of five devices. 

 η / % Jsc / mA*cm-2 Voc / V FF 

0 M TBP 2.00(±0.06) 8.40(±0.09) 0.39(±0.00) 0.61(±0.02) 

0.055 M 
TBP 

2.12(±0.10) 8.91(±0.39) 0.41(±0.02) 0.58(±0.04) 

0.526 M 
TBP 

2.01(±0.24) 7.81(±0.63) 0.45(±0.01) 0.57(±0.03) 

 
The effect of the addiƟon of TBP in the DSSC devices was invesƟgated via fabricaƟng devices with 

various concentraƟons of TBP used. All of the devices had an improved power conversion 

efficiency of around 2.04%, which can be aƩributed to both an increased short circuit current 

(JSC), around 8.38 mAcm-2, and a significantly increased open circuit voltage (VOC), which is over 

100 mV improved over the previous aƩempt. However, it can be noted that the current of the 

devices were hampered by mass transport issues. The incident photon-to-current conversion 

efficiency (IPCE) spectra was measured, which measures the current at various wavelengths to 
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determine how much of the photons absorbed at each wavelength are converted to current. The 

IPCE in figure 4.12 shows that as TBP is added there is a general trend towards an increased 

photon-to-current conversion between 400 and 650 nm. This increase could be caused by 

decreased recombinaƟon to the redox shuƩle as TBP is being added to the soluƟon. The IPCE 

spectra can also be integrated to determine what the theoreƟcal current of the device is, with 

the results listed in table 4.7, and all of the devices show higher theoreƟcal current than the 

measure short circuit current, geƫng as high as 10 mAcm-2 when 0.526 M of TBP is added to the 

soluƟon. The high theoreƟcal current and the negaƟve redox potenƟal make this redox shuƩle a 

candidate for uƟlizaƟon with narrow band gap dyes for high photocurrent DSSC devices.   
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Figure 4.11: IPCE curves for the best performing [Cu(PY5)]OTf1/2 based DSSC devices with 
various amounts of TBP added. The devices represented by the green diamonds and curve 
contain 0 M TBP added, the blue square and curve represent 0.055 M TBP added, the gray 

triangles and curve represent 0.211 M TBP added, and the yellow circles and curve represent 
0.526 M TBP added. The points represent IPCE responses while the solid lines represent the 

integrated photocurrent. 
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Table 4.7: The measured current and the integrated current found via IPCE for devices 
containing [Cu(PY5)]OTf1/2 and various equivalents of TBP added. 

 Jsc / mA*cm-2 
Integrated Current / 

mA*cm-2 

0 M TBP 8.40(±0.09) 8.92 

0.055 M TBP 8.91(±0.39) 9.82 

0.526 M TBP 7.81(±0.63) 10.64 

 
The soluƟon potenƟal of the [Cu(PY5)]OTf1/2 soluƟon without TBP was -0.374 V vs ferrocene 

matching well with the calculated NernsƟan potenƟal of -0.357 V vs ferrocene. Upon the addiƟon 

of 0.526 M TBP the soluƟon potenƟal shiŌed to -0.490 V vs ferrocene as the TBP bound to the 

copper center, the calculated potenƟal was -0.503 V vs ferrocene. This shiŌ in redox potenƟal and 

the change in the open circuit potenƟal from 0.39 V to 0.45 V as TBP is added to the soluƟon 

indicates that the fermi level of the devices increased from -0.764 V vs ferrocene to -0.940 V vs 

ferrocene. The addiƟon of TBP seems to have shiŌed the fermi level ~200 mV which is a small 

shiŌ in the fermi level when compared to the [Cu(bpyPY4)]TFSI1/2 complex and the 

[Cu(dbmed)]OTf1/2 complex. When the electron lifeƟme is compared to the previous complexes 

it can be seen that the lifeƟme of the [Cu(PY5)]OTf1/2 complex is similar to that of the 

[Cu(bpyPY4)]TFSI1/2 complex. The addiƟon of TBP shows an increase in the electron lifeƟme by a 

factor of 10. This is likely due to a combinaƟon of low driving force for recombinaƟon for both the 

complexes due to their negaƟve redox potenƟal, and their relaƟvely slow electron transfer 

kineƟcs.   
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Figure 4.12: A plot of the electron lifeƟme vs potenƟal plot for DSSC devices using 
[Cu(dbmed)]OTf1/2 (green), [Cu(bpyPY4)]TFSI1/2 (red), [Cu(PY5)]OTf1/2 (blue), with (pale color) 

and without (dark color) the addiƟon of TBP. 

4.4 Conclusion 

A copper-based redox shuƩle featuring a pentadentate polypyridyl ligand with a labile axial 

posiƟon was developed for use in DSSC devices. This complex was studied using two different 

counter ions which provide different redox and kineƟc properƟes for the copper complex, 

including a 4-fold increase in self-exchange rate. Despite these differences in kineƟcs and redox 

behavior, both variants of the copper complex showed idenƟcal performance in DSSC 

applicaƟons. In soluƟon, the copper(II) complexes predominantly adopted a five-coordinate 

geometry with a vacant axial site. Further analysis revealed that while there is an interacƟon 

between the copper complex and TBP, this interacƟon is limited to the subsƟtuƟon at the labile 

axial posiƟon by the base, rather than involving the ligand itself. Notably, the addiƟon of TBP to 
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the DSSC’s electrolyte led to an increase in device performance. This suggests that the presence 

of a Lewis base, even when reacƟng with the copper complexes, is beneficial for the overall 

efficiency of DSSCs. 
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Chapter 5 – Developing a model to predict ligand exchange in DSSCs 

5.1 IntroducƟon 

In the wake of Grätzel's pioneering 1993 report on achieving a 10% efficient dye-sensiƟzed solar 

cell (DSSC) through the use of dye-sensiƟzed photoelectrodes, further advancements in efficiency 

were hampered by the reliance on the triiodide/iodide (I3-/I-) redox shuƩle.15 A primary constraint 

of I3-/I- uƟlizaƟon arises from the considerable overpotenƟal required for efficient dye 

regeneraƟon. 

Over the last decade, the adopƟon of outer sphere redox shuƩles has enabled the design of 

systems that miƟgate this overpotenƟal, resulƟng in performance enhancement.23 However, the 

incorporaƟon of Co(III/II) based redox shuƩles has encountered challenges due to substanƟal 

inner-sphere reorganizaƟon energy accompanying electron transfer. This complicaƟon, arising 

from the transiƟon of a high-spin d7 Co(II) system to a low-spin d6 Co(III) system, directly affects 

dye regeneraƟon kineƟcs by limiƟng the available electron transfer driving force.23 

In contrast, there has been a growing interest in copper-based redox shuƩles for DSSCs. These 

shuƩles have achieved record efficiencies of 15.2% under 1 sun illuminaƟon and an impressive 

34.5% under 1000 lux intensity fluorescent lighƟng.20,87 The success of copper-based redox 

shuƩles can be aƩributed to their diminished inner-sphere electron transfer reorganizaƟon 

energies, placing them on par with convenƟonal I3−/I− and Co(III/II)-based counterparts. 

Copper complexes are versaƟle, adopƟng diverse geometries influenced by oxidaƟon state and 

ligand environment. Cu(II) d9 complexes typically exhibit six-coordinate, octahedral or tetragonal, 

five-coordinate, square pyramidal or trigonal bipyramidal, or four-coordinate, tetrahedral or 
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square planar geometries. Similarly, Cu(I) d10 complexes predominantly assume four-coordinate, 

tetrahedral or square planar geometries.60–63 

Most copper redox shuƩles in DSSCs uƟlize bidentate bipyridine or phenanthroline ligands with 

bulky flanking groups to minimize structural variaƟon between Cu(II) and Cu(I) states. Notably, 

recent experimental findings indicate that commonly employed Lewis base addiƟves, like 4-tert-

butylpyridine, can coordinate to Cu(II) species, potenƟally having a detrimental impact on the 

electrochemical behavior and device performance.38 This coordinaƟon-induced complexity 

influences redox species and shiŌs formal redox potenƟals, limiƟng photovoltage. However, not 

all copper redox couples undergo ligand subsƟtuƟon.39,41,94,95  

The focus of this work lies in harnessing a profound insight contributed by Dr. Rorabacher. Dr. 

Rorabacher demonstrated a strong correlaƟon between the potenƟal of a copper redox couple 

and the stability constant of its Cu(II) form.96 It was found that the Cu(I) form of copper redox 

shuƩles tend to have a similar stability constant, where the stability constant is determined by 

the steric strain. Dr. Rorabacher was also able to show that, in aqueous soluƟons, the stability 

constant of the Cu(II) form was found to be inversely proporƟonal  to the redox potenƟal of the 

Cu(II/I) complex. This relaƟonship was found to be linear, shown in Figure 5.1, with a slope of -

0.059, matching the electrochemical constant of the Nernst equaƟon, which indicates that this is 

a fundamental property. The trend was tested against a variety of ligand types from cyclic ligands 

to tripodal ligands, and the trend held true across all the different types. This means that ligands 

that bind with copper to form complexes with more negaƟve redox potenƟals should be able to 

subsƟtute ligands bound to copper complexes with more posiƟve redox potenƟals. This 

relaƟonship between redox potenƟal and stability constant presents a novel pathway for 
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predicƟng ligand subsƟtuƟon in copper complexes, specifically in the presence of 4-tert-

butylpyridine (TBP).  

 

Figure 5.1: A plot of copper redox potenƟals versus the log of the stability constant of the 
copper(II) form of the redox complex in aqueous soluƟons. The ligands represent samples of 

various ligand types. The solid line has the NernsƟan slope of -0.059, indicaƟng that this 
relaƟonship follows the fundamental trend.97 

Building upon Dr. Rorabacher's work, our study delves into the interplay between redox potenƟal 

and stability constant. The ability to predict ligand subsƟtuƟon by TBP, a crucial factor in the 
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electrochemical behavior of copper complexes, opens the door to engineering redox mediators 

with enhanced performance in DSSCs. 

5.2 Experimental Details 

All NMR spectra were taken on an Agilent DirectDrive2 500 MHz spectrometer at room 

temperature and referenced to residual solvent signals. All NMR spectra were evaluated using 

the MestReNova soŌware package features. Cyclic voltammograms were obtained using 

µAutolabIII potenƟostat using BASi glassy carbon electrode, a plaƟnum mesh counter electrode, 

and a fabricated 0.01 M AgNO3, 0.1 M TBAPF6 in acetonitrile Ag/AgNO3 reference electrode. All 

measurements were internally referenced to ferrocene/ferrocenium couple via addiƟon of 

ferrocene to soluƟon aŌer measurements or run in a parallel soluƟon of the same 

solvent/electrolyte. UV-Vis spectra were taken using a PerkinElmer Lambda 35 UV-Vis 

spectrometer using a 1 cm path length quartz cuveƩe at 480 nm/min. Elemental Analysis data 

were obtained via Midwest Microlab. 

Synthesis of [Cu(dmbpy)2]OTf: 

Copper(I) tetrakisacetonitrile triflate (1.0284 g, 2.73 mmol) was dissolved in minimal dry 

acetonitrile. Meanwhile dmbpy (1.0605 g, 5.76 mmol) was dissolved in minimal dry 

dichloromethane. The dmbpy soluƟon was added dropwise to the copper soluƟon, turning the 

soluƟon a red color. ReacƟon was sƟrred for 30 minutes then precipitated with dry ether and 

filtered. The solvent was then removed via vacuum and the Cu(I)(dmbpy)2OTf product was 

collected (1.4716 g, 96.1% yield). 1H NMR (500 MHz, CDCl3) δ 8.26 (d, 2H), 8.02 (t, 2H), 7.44 (d, 

2H), 2.22 (s, 6H). 

Synthesis of [Cu(dmbpy)2]OTf2: 
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Copper(II) triflate (1.0325 g, 2.85 mmol) was dissolved in minimal dry acetonitrile. Meanwhile 

dmbpy (1.1255 g, 6.11 mmol) was dissolved in minimal dry dichloromethane. The dmbpy soluƟon 

was added dropwise to the copper soluƟon, turning the soluƟon a dark green color. ReacƟon was 

sƟrred for 30 minutes then precipitated with dry ether and filtered. The solvent was then 

removed via vacuum and the Cu(II)(dmbpy)2(OTf)2product was collected (1.7771 g, 85.4% yield).  

Synthesis of N,N഻-Dibenzyl-N,N഻-bis(6-methylpyridin-2-ylmethyl)ethylenediamine (dbmed): 

2-(Chloromethyl)-6-methylpyridine hydrochloride (0.5300g, 3.0 mmol) and 

benzyltriethylammonium chloride (0.0121 g, 0.05 mmol) were added to 20 mL dichloromethane 

and sƟrred unƟl fully dissolved. N,N’-Dibenzylethylenediamine (0.35 mL, 1.48 mmol) was then 

added to the soluƟon, aŌer which a cloudy white soluƟon was formed. Meanwhile sodium 

hydroxide (20.1807 g, 500 mmol) was added to 20 mL of water which was then added to the 

dichloromethane soluƟon and sƟrred vigorously. AŌer 2 hours the organic soluƟon became clear 

and the aqueous soluƟon turned white. The soluƟon was then allowed to reflux overnight. AŌer 

refluxing addiƟonal water was added to the soluƟon to allow the layers to fully separate then the 

organic layer was then separated from the aqueous layer. The aqueous layer was then extracted 

with dichloromethane two Ɵmes, and all the organic layers were combined and dried with 

magnesium sulfate. Then the solvent was removed under low vacuum. The crude solid was then 

recrystallized in acetonitrile and dried to obtain the product (0.4270 g, 60.1% yield). 1H-NMR 

(CDCl3 500 MHz) δ 2.50 (s, 6H), 2.67 (s, 4H), 3.56 (s, 4H), 3.67 (s, 4H), 6.96 (d, 2H), 7.25 (m, 12H), 

7.45 (t, 2H).  

Synthesis of [Cu(dbmed)]OTf: 
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Copper(I) tetrakisacetonitrile triflate (0.1123 g, 0.30 mmol) was dissolved in minimal dry 

acetonitrile. Meanwhile dbmed (0.1487 g, 0.33 mmol) was dissolved in minimal dry 

dichloromethane. The dbmed soluƟon was added dropwise to the copper soluƟon, turning the 

soluƟon a bright yellow color. ReacƟon was sƟrred overnight then precipitated with dry ether and 

filtered. The solvent was then removed via vacuum and the Cu(I)dbmed product was collected 

(0.1876 g, 94.9% yield). 1H-NMR (CDCl3 500 MHz) δ 2.67 (s, 2H), 2.72 (s, 6H), 2.82 (s, 2H), 3.57 (s, 

2H), 3.74 (s, 2H), 3.85 (s, 2H), 4.16 (s, 2H), 7.20 (m, 4H), 7.29 (m, 8H), 7.43 (d, 2H), 7.83 (t, 2H). 

Synthesis of [Cu(dbmed)]OTf2: 

Copper(II) triflate (0.808 g, 2.23 mmol) was dissolved in minimal dry acetonitrile. Meanwhile 

dbmed (0.1030 g, 2.29 mmol) was dissolved in minimal dry dichloromethane. The dbmed soluƟon 

was added dropwise to the copper soluƟon, turning the soluƟon a deep blue color. ReacƟon was 

sƟrred overnight then precipitated with dry ether and filtered. The solvent was then removed via 

vacuum, and the Cu(II)dbmed product was collected (0.1596 g, 87.9% yield).  

Synthesis of [Cu(TBP)4]OTf: 

Copper(I) tetrakisacetonitrile triflate (0.2513 g, 0.67 mmol) was dissolved in minimal dry 

dichloromethane. 4-tert-butylpyridine (0.972 mL, 6.63 mmol) was then added to the soluƟon, 

turning the soluƟon a bright yellow color. ReacƟon was sƟrred overnight then precipitated with 

dry ether, forming pale yellow crystals, and the solid was filtered. The product was then dried via 

vacuum and was collected (0.4351 g, 86.% yield). 1H NMR (500 MHz, acetonitrile-d3) δ 8.47 (s, 

2H), 7.44 (s, 2H) 1.33 (s, 9H). 

Synthesis of [Cu(TBP)4]OTf2: 
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Copper(II) triflate (0.4135 g, 1.14 mmol) was dissolved in minimal dry acetonitrile. TBP (1.14 mL, 

8.00 mmol) was then added to the soluƟon, turning the soluƟon a deep purple color. ReacƟon 

was sƟrred for 2 hours then precipitated with dry ether and filtered. The reacƟon was then 

recrystallized using acetonitrile and ether. The product was then dried via vacuum and was 

collected (0.9043 g, 87.5% yield).  

Synthesis of [Cu(bpyPY4)]OTf: 

Copper(I) tetrakisacetonitrile triflate (0.1647 g, 0.43 mmol) was dissolved in minimal dry 

acetonitrile. Meanwhile 6,6഻-bis(1,1-di(pyridin-2-yl)ethyl)-2,2഻-bipyridine (bpyPY4) (0.2545 g, 0.49 

mmol) was dissolved in minimal dry dichloromethane. The bpyPY4 soluƟon was added dropwise 

to the copper soluƟon, turning the soluƟon a dark red color. ReacƟon was sƟrred overnight then 

precipitated with dry ether and filtered. The solvent was then removed via vacuum and the 

Cu(I)bpyPY4 product was collected (0.2440 g, 76.1% yield). 1H-NMR (CDCl3 500 MHz) δ 2.25 (s, 

6H), 7.20 (s, 4H), 7.76 (s, 4H), 8.10 (d, 2H), 8.18 (t, 2H), 8.37 (d, 2H) 

Synthesis of [Cu(bpyPY4)]OTf2: 

Copper(II) triflate (0.4215 g, 1.16 mmol) was dissolved in minimal dry acetonitrile. Meanwhile 

BPYPY4 (0.6942 g, 1.33 mmol) was dissolved in minimal dry dichloromethane. The BPYPY4 

soluƟon was added dropwise to the copper soluƟon, turning the soluƟon a pale blue color. 

ReacƟon was sƟrred overnight then precipitated with dry ether and filtered. The solvent was then 

removed via vacuum and the Cu(II)bpyPY4 product was collected (0.6571 g, 63.9% yield). 

5.3 Results and Discussion 

While Dr. Rorabacher already confirmed the NernsƟan relaƟonship between copper(II) stability 

constants and potenƟal, the relaƟonship was only invesƟgated in aqueous soluƟons, whereas 
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most DSSC electrolytes use acetonitrile as the solvent. To discern the relaƟonship between the 

redox potenƟal and stability constants of copper complexes in acetonitrile, data from previous 

studies was analyzed, specifically concentraƟng on the stability constants of these complexes in 

acetonitrile.98,99 AŌer all the collated data was ploƩed, Figure 5.2A, a linear regression, with a 

fixed slope of -0.059, was applied, resulƟng in the equaƟon y = -0.059x + 0.9002. This equaƟon 

was then used to simulate the stability constants of redox shuƩled uƟlized in DSSC by using their 

previous determined redox potenƟals, Figure 5.2B.38,39,41,94,95 

 
Figure 5.2: A) a plot of published copper redox potenƟals versus the log of the stability constant 
of the copper(II) form of the redox complex found in acetonitrile.98,99 The solid line was fit while 

holding the slope at the NernsƟan slope of -0.059, resulƟng in an equaƟons of y = -0.059x + 
0.9002. B) A simulated plot where the stability constant of the copper(II) form of various copper 

complexes used in DSSCs was simulated using the equaƟon from plot A.38,39,41,94,95 

The simulated plots reveal a paƩern: copper complexes that undergo ligand subsƟtuƟon display 

more posiƟve potenƟals and subsequently exhibit lower stability constants compared to the 

[Cu(TBP)4]2+/+ redox shuƩle, while those complexes that do not undergo ligand subsƟtuƟon have 

more negaƟve potenƟals and thus higher stability constants. This correlaƟon underscores the role 

of redox potenƟal as a potenƟal tool for predicƟng the suscepƟbility of copper complexes to 

ligand subsƟtuƟon. 



 

91 
 

The validaƟon of the simulated data was pursued by examining four copper complexes uƟlized in 

DSSCs, based on their relevance to the study's goals and their disƟncƟve redox potenƟals. The 

selected complexes were [Cu(TBP)4]2+/+, [Cu(dmbpy)2]2+/+, [Cu(dbmed)]2+/+, and [Cu(bpyPY4)]2+/+. 

The [Cu(TBP)4]2+/+ was chosen as a reference point for comparaƟve evaluaƟon, forming the 

baseline against which other complexes were assessed. The selecƟon of [Cu(dmbpy)2]2+/+ was 

moƟvated by its posiƟve redox potenƟal, placing it as one of the copper redox shuƩles with the 

highest predicted stability constant among those commonly employed in DSSCs. Conversely, 

[Cu(bpyPY4)]2+/+ was singled out for its negaƟve redox potenƟal, reflecƟng its status among 

copper redox shuƩles with the lowest potenƟals integrated into DSSCs. The selecƟon of 

[Cu(dbmed)]2+/+ was due to its redox potenƟal closely resembling that of [Cu(TBP)4]2+/+, which 

enabled a targeted exploraƟon of ligand subsƟtuƟon behavior while upholding a uniform 

potenƟal. 

For [Cu(dmbpy)2]2+/+, [Cu(dbmed)]2+/+, and [Cu(bpyPY4)]2+/+ the stability constants were 

determined via the applicaƟon of square wave voltammetry. Due to the high stability of copper(II) 

complexes in acetonitrile, making them difficult to measure, the stability constants of the 

copper(I) form were experimentally determined. Copper(I) complexes have been shown to have 

a significantly lower stability constant in acetonitrile than in water. This has been aƩributed to the 

significantly higher binding energy of copper(I) to acetonitrile than that of water, causing about a 

106 decrease in stability constants in acetonitrile relaƟve to their aqueous values.99,100 Square 

wave voltammetry was uƟlized to determine the stability constant of the copper(I) form of the 

complexes. When using square wave voltammetry, assuming the sweep rate is held constant, the 

copper(I) oxidaƟon peak can be directly related to the [CuIL] following the equaƟon 
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𝑖 = 𝑛𝐹𝐴𝐶(𝜋𝐷𝜎)
భ

మ𝛸(𝜎𝑡)  (5.1) 

where i is the peak current, n is the number of electrons transferred, F is the Faraday constant, C 

is the bulk concentraƟon of CuIL, D is the diffusion coefficient, σ  = (nFν/RT), ν is the sweep rate, 

R is the gas constant, T is the absolute temperature, and Χ(σt) is the normalized current. The 

concentraƟon at each measurement was determined using the proporƟonality of the peak 

current, i, for the measurement compared to the peak current when all copper is bound to ligand, 

i∞, usually at 120% ligand added, following the equaƟon [CuL] = CCu(i/i∞). 

From the combinaƟon of definiƟon of equilibrium constant between copper and a ligand 

𝐾஼௨௅ =
[஼௨௅]

[஼௨][௅]
   (5.2) 

and the known concentraƟons of copper, CCu, and ligand, CL,  

𝐶஼௨ = [𝐶𝑢] + [𝐶𝑢𝐿]  (5.3) 

𝐶௅ = [𝐿] + [𝐶𝑢𝐿]  (5.4) 

a new equaƟon can be derived 

[𝐶𝑢𝐿] =  
௄಴ೠಽ஼ಽ(஼಴ೠି[஼௨௅])

ଵା௄಴ೠಽ(஼಴ೠି[஼௨௅])
  (5.5) 

then subsƟtuƟng equaƟon 5.5 into equaƟon 5.1 yields the equaƟon 

஼಴ೠ

௜
=

ଵ

௒
+

ଵ

௒௄಴ೠಽ(஼ಽି[஼௨௅])
  (5.6) 

where CCu is the total concentraƟon of copper in soluƟon, CL is the total concentraƟon of ligand 

in soluƟon, i is the peak current, KCuL is the stability constant of the copper(I) form of the complex, 

and Y is the product of several electrochemical constants. By ploƫng CCu/i by 1/(CL – [CuL]) and 

taking a linear regression of the plot, you obtain a slope of 1/YKCuL and an intercept of 1/Y. By 

dividing the intercept by the slope, one is leŌ with KCuL. 
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To get the stability constant of the copper(II) form, the Nerst equaƟon was used 

𝐸஼௨಺಺௅
௙ = 𝐸஼௨(ூ/ூூ)௦௢௟௩

௙ −
ଶ.ଷ଴ଷோ்

ி
𝑙𝑜𝑔

௄
಴ೠ಺಺ಽ

௄
಴ೠ಺ಽ

 (5.7) 

where ECu(I/II)solv
f is the formal potenƟal of the solvated copper(I/II), [Cu(ACN)4]2+/+, redox couple, 

which was found to be 0.601 V vs ferrocene99.  

The log of stability constants of the copper(II) for of the complexes were found to be 9.05, 15.02, 

and 21.53 respecƟvely for the [Cu(dmbpy)2]2+/+, [Cu(dbmed)]2+/+, and [Cu(bpyPY4)]2+/+ complexes. 

These results match well with the log of the predicted stability constants found previously, 9.49, 

15.34, and 22.55 respecƟvely. However, when the [Cu(TBP)4]2+/+ complex was aƩempted to be 

measured via square wave voltammetry it was found that the electron kineƟcs of the complex 

were too slow at the sweep rate used for  a redox wave to show, so a different technique was 

used to determine the copper(II) stability constant. 
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Figure 5.13: The square wave voltammetry plots for 2.0 mM of A) [Cu(dmbpy)2]OTf2, blue, B) 

[Cu(dbmed)]OTf2, orange, C) [Cu(bpyPY4)]OTf2, green, and [Cu(ACN)4]OTf2, in anhydrous 
acetonitrile containing 0.1 M LiOTf. D) The UV-Vis spectra of 2.0 mM [Cu(dbmed)]OTf2 Ɵtrated 

increasing equivalents of TBP. For all spectra as the concentraƟon of ligand increases the darker 
the spectra. 

For [Cu(TBP)4]2+/+ the redox couple was electrochemically irreversible at the sweep rates used for 

the square wave measurement, so instead UV-Vis was used to determine the relaƟve stability 

constant between [Cu(TBP)4]2+/+ and [Cu(dbmed)]2+/+. Since the difference of the predicted 

stability constants for the  [Cu(dbmed)]OTf2 and the [Cu(TBP)4]OTf2 complexes is small, only 10.6, 

UV-Vis spectroscopy can be used to determine the equillibrium constant for the reacƟon 

[Cu(dbmed)](OTf)2 + 4 TBP [Cu(TBP)4](OTf)2 + dbmed
  (Scheme 5.1) 

The wavelength of 1100 nm was used due to the minimal contribuƟon from the [Cu(TBP)4] 

complex, free TBP, and free dbmed to the absorbance at this wavelength. Due to this we can use 

the Beer-Lambert law 

𝐴 = 𝜀஼௨௅𝑏[𝐶𝑢𝐿] (5.8) 
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where εCuL is the exƟncƟon coefficient of the [Cu(dbmed)]OTf2 complex, b is the path length in 

cm, and [CuL] is the concentraƟon of the [Cu(dbmed)]OTf2 complex in soluƟon. By using the 

definiƟon of an equilibrium constant  

𝐾஼௨௅ =
[஼௨(்஻௉)ర][ௗ௕௠௘ௗ]

[஼௨(ௗ௕௠௘ௗ)][்஻௉]ర
 (5.9) 

and the definiƟons of the analyƟcal concentraƟons of copper(II), CCu, and dbmed, Cdbmed, and TBP, 

CTBP, in soluƟon  

𝐶஼௨ = [𝐶𝑢(𝑇𝐵𝑃)ସ] + [𝐶𝑢(𝑑𝑏𝑚𝑒𝑑)] (5.10) 

𝐶ௗ௕௠௘ௗ = [𝑑𝑏𝑚𝑒𝑑] + [𝐶𝑢(𝑑𝑏𝑚𝑒𝑑)] (5.11) 

𝐶்஻௉ = [𝑇𝐵𝑃]ସ + [𝐶𝑢(𝑇𝐵𝑃)ସ] (5.12) 

under the assumpƟon that all the copper(II) is complexed with a ligand, the equilibrium 

coefficient calculaƟon can be rearranged to be 

𝐾௘௤ =
(஼಴ೠି[஼௨(ௗ௕௠௘ௗ)])(஼೏್೘೐೏ି[஼௨(ௗ௕௠௘ௗ)])

[஼௨(ௗ௕௠௘ௗ)](஼೅ಳುି஼಴ೠି[஼௨(ௗ௕௠௘ௗ)])
 (5.13) 

Using this relaƟonship the equilibrium constant for the relaƟonship between [Cu(dbmed)]OTf2 

and [Cu(TBP)4]OTf2 was determined to be 1.02 (± 0.27) which, when referenced against the 

stability constant for [Cu(dbmed)]OTf2, gave a stability constant of 16.74 for [Cu(TBP)4]OTf2, which 

is close to the predicted stability constant of 16.21. 
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Table 5.8: Simulated and experimental copper(II) stability constants and the percent error in 
between the measurements. 

 
Experimental 
Cu(II) stability 

constant 

Simulated Cu(II) 
stability constant 

Percent Error 
(%) 

Cu(dmpby)2 9.05 9.49 4.92 

Cu(dbmed) 15.02 15.34 2.01 

Cu(bpyPY4) 21.53 22.55 4.73 

Cu(TBP)4 16.68 16.21 2.80 

 
The stability constants determined for all the copper complexes are listed in Table 5.1 along with 

the predicted stability constant and the percent error for each copper complex. The comparison 

between these experimental results and the simulated data revealed that all the complexes 

displaying deviaƟons of less than 5% from the simulated outcomes. This agreement to the 

predicƟve model denotes the potenƟal of the redox potenƟal-stability constant relaƟonship to 

be used as a predicƟve tool for anƟcipaƟng ligand subsƟtuƟon behavior. 
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Figure 5.4: A plot of copper redox potenƟals versus the log of the simulated, orange, and 

experimental, blue, stability constant of the copper(II) form of the redox complex found in 
acetonitrile. The linear fit equaƟon for the experimental results was found to be y = -0.060x + 

0.900. 

AddiƟonally, to deepen insights, the potenƟal of each redox shuƩle was ploƩed against the 

measured stability constant, enabling a subsequent linear regression analysis. This analysis 

yielded a slope of -0.060, closely mirroring the anƟcipated fundamental value of -0.059. Although 

it is important to note that this relaƟonship should only hold true as long as the stability constants 

of the copper(I) form of the redox couple have similar values. This adherence to theoreƟcal 

expectaƟons further underscores the legiƟmacy of the correlaƟon, offering a compelling avenue 

for leveraging redox potenƟal to predict ligand subsƟtuƟon behavior in copper complexes. 
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5.4 Conclusions 

This study capitalizes on Dr. Rorabacher's work, revealing a compelling connecƟon between redox 

potenƟal and stability constants in copper complexes. This correlaƟon enables a predicƟve model 

of potenƟal-stability constant relaƟonships. Assuming the stability constants of the copper(I) form 

are consistent, this model facilitates the accurate predicƟon of copper complexes. Specifically, it 

helps disƟnguish between those that undergo ligand subsƟtuƟon and those that do not. 

ValidaƟon with four relevant copper complexes shows the predicƟve model's accuracy. Given the 

knowledge that ligand subsƟtuƟon can be beneficial for DSSCs, enhancing efficiencies could be 

achieved by enabling ligand subsƟtuƟon with a base that induces a smaller negaƟve shiŌ in the 

soluƟon potenƟal.38 This predicƟve method could allow for the selecƟon of targeted redox 

shuƩle/base combinaƟons, aiming to maximize the efficiency of DSSC devices. This work paves 

the way for informed design and opƟmizaƟon of copper-based redox shuƩles in dye-sensiƟzed 

solar cells, offering new dimensions for enhancing their performance. 
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APPENDIX A: CHAPTER 2 SUPPLEMENTARY DATA 

Figure 2.1A: 1H-NMR spectrum (500 MHz, CDCl3) of dbmed. 



 

111 
 

 

 
Figure 2.2A: 1H-NMR spectrum (500 MHz, CDCl3) of [Cu(dbmed)](OTf). 
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Figure 2.3A: 1H-NMR spectrum (500 MHz, CDCl3) of [Cu(dbmed)](OTf)2. 
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Figure 2.4A: Crystal structure of the [Cu(dbmed)]OTf species. 

Table 2.1A: Selected bond lengths and angles for the [Cu(dbmed)]OTf complex. The bond 
lengths are reported in angstroms (Å) and bond angles are in degrees (°). The standard 

deviaƟons of each value are shown in parenthesis. 

Atom Atom 
Length/
Å 

Atom Atom Atom Angle/° 

Cu1 N1 2.268(5) N1 Cu1 N3 
83.46(18
) 

Cu1 N2 1.950(5) N2 Cu1 N1 120.1(2) 

Cu1 N3 2.302(5) N2 Cu1 N3 82.8(2) 

Cu1 N4 1.953(5) N2 Cu1 N4 151.0(2) 

   N4 Cu1 N1 83.8(2) 

   N4 Cu1 N3 118.5(2) 
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APPENDIX B: CHAPTER 3 SUPPLEMENTARY DATA 

Table 3.1A: Selected bond lengths and angles for the [Cu(bpyPY4)]OTf complex. The bond 
lengths are reported in angstroms (Å) and bond angles are in degrees (°). The standard 

deviaƟons of each value are shown in parenthesis. 

Atom Atom Length/Å Atom Atom Atom Angle/° 

Cu1 N1 2.019(2) N1 Cu1 N2 87.61(9) 

Cu1 N2 2.086(2) N1 Cu1 N3 135.49(10) 

Cu1 N3 2.078(2) N3 Cu1 N2 78.64(10) 

Cu1 N4 2.011(2) N4 Cu1 N1 126.30(9) 

   
N4 Cu1 N2 137.50(9) 

   
N4 Cu1 N3 89.34(9) 

Table 3.2A: Selected bond lengths and angles for the [Cu(bpyPY4)]OTf2 complex. The bond 
lengths are reported in angstroms (Å) and bond angles are in degrees (°). The standard 

deviaƟons of each value are shown in parenthesis. 

Atom Atom Length/Å Atom Atom Atom Angle/° 

Cu1 N1 1.969(3) N1 Cu1 N2 81.88(11) 

Cu1 N2 2.208(3) N1 Cu1 N3 88.16(12) 

Cu1 N3 2.053(3) N1 Cu1 N4 81.95(12) 

Cu1 N4 1.993(3) N1 Cu1 N5 172.85(13) 

Cu1 N5 1.980(3) N3 Cu1 N2 86.34(11) 

   
N4 Cu1 N2 133.89(12) 

   
N4 Cu1 N3 135.76(12) 

   
N5 Cu1 N2 96.68(11) 

   
N5 Cu1 N3 98.76(12) 

   
N5 Cu1 N4 94.20(12) 
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Figure 3.1A: : 1H-NMR spectrum (500 MHz, CD3CN) of [Cu(bpyPY4)](TFSI)2. 
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APPENDIX C: CHAPTER 4 SUPPLEMENTARY DATA 

 
Figure 4.1A: 1H-NMR of [Cu(PY5)]OTf in deuterated acetonitrile. 
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Figure 4.2A: 1H-NMR of synthesized [Cu(PY5)]OTf2 in deuterated acetonitrile. 
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Figure 4.3A: 1H-NMR of disproporƟonated [Cu(PY5)]OTf2 in deuterated acetonitrile. 
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Figure 4.4A: 1H-NMR of [Cu(PY5)]TFSI in deuterated acetonitrile. 
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Figure 4.5A: 1H-NMR of [Cu(PY5)]TFSI2 in deuterated acetonitrile. 

 

Table 4.1A: Selected bond lengths and angles for the [Cu(PY5)]OTf complex. The bond lengths 
are reported in angstroms (Å) and bond angles are in degrees (°). The standard deviaƟons of 

each value are shown in parenthesis. 

Atom Atom Length/Å Atom Atom Atom Angle/° 

Cu1 N15 2.057(3)  N15 Cu1 N31 90.20(14) 
Cu1 N31 2.100(4)  N37 Cu1 N15 88.69(15) 
Cu1 N37 1.980(4)  N37 Cu1 N31 90.51(15) 
Cu1 N44 1.938(4)  N44 Cu1 N15 97.32(14) 

   N44 Cu1 N31 118.19(15) 

   N44 Cu1 N37 150.50(16) 
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Table 4.2A: Selected bond lengths and angles for the [Cu(PY5)]OTf2 complex. The bond lengths 
are reported in angstroms (Å) and bond angles are in degrees (°). The standard deviaƟons of 

each value are shown in parenthesis. 

Atom Atom Length/Å Atom Atom Atom Angle/° 

Cu1 N1 2.082(3) N1 Cu1 N3 87.45(10) 
Cu1 N2 2.035(3) N1 Cu1 N5 175.41(11) 
Cu1 N3 2.160(3) N1 Cu1 N6 90.63(11) 
Cu1 N4 2.038(3) N2 Cu1 N1 82.47(11) 
Cu1 N5 2.090(3) N2 Cu1 N3 87.50(11) 
Cu1 N6 2.369(3) N2 Cu1 N4 176.29(11) 

   N2 Cu1 N5 96.93(11) 

   N2 Cu1 N6 91.25(12) 

   N3 Cu1 N6 177.83(11) 

   N4 Cu1 N1 99.16(11) 

   N4 Cu1 N3 89.23(11) 

   N4 Cu1 N5 81.17(11) 

   N4 Cu1 N6 92.07(12) 

   N5 Cu1 N3 87.98(11) 

   N5 Cu1 N6 93.94(12) 
 

Table 4.3A: Selected bond lengths and angles for the [Cu(PY5)]TFSI2 complex. The bond lengths 
are reported in angstroms (Å) and bond angles are in degrees (°). The standard deviaƟons of 

each value are shown in parenthesis. 

Atom Atom Length/Å Atom Atom Atom Angle/° 

Cu(1) N(2) 2.0224(14)  N(2) Cu(1) N(3) 82.00(6) 
Cu(1) N(3) 2.0675(14)  N(2) Cu(1) N(4) 92.78(6) 
Cu(1) N(4) 2.1130(14)  N(2) Cu(1) N(5) 98.97(6) 
Cu(1) N(5) 2.0491(14)  N(2) Cu(1) N(6) 175.34(6) 
Cu(1) N(6) 2.0262(14)  N(3) Cu(1) N(4) 87.35(6) 

   N(5) Cu(1) N(3) 175.30(6) 

   N(5) Cu(1) N(4) 88.00(6) 

   N(6) Cu(1) N(3) 97.08(6) 

   N(6) Cu(1) N(4) 91.74(6) 

   N(6) Cu(1) N(5) 82.32(6) 
 

 


