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ABSTRACT 

Global demand for clean sustainable energy is growing with the planet’s population.  While 

fossil fuels are the current standard, many are looking to the nearly endless energy supplied by 

the Sun.  Because of the potential cost benefit over conventional silicon solar cells, dye 

sensitized solar cells (DSSCs) are a popular research topic. 

In Chapter One, current fuel sources and cost as well as the present DSSC research are 

discussed. A description and explanation of DSSC device principles are also provided.   

Chapter Two provides an overview of the challenges for DSSC and ways these might be 

overcome: multichromophoric absorption, better charge injection, donor-acceptor charge 

separation. 

In Chapter Three the synthetic schemes and methods for the dye molecules are discussed. 

Characterization of these dyes by 1H and 13C NMR and mass spectrometry are also presented. 

In Chapter Four, individual dyes are assembled into Zinc-porphyrin•••peryleneimide and zinc 

phthalocyanine•••peryleneimide dyads in solution.  The dyads as well as individual dyes will be 

characterized in solution by UV-vis, NMR, and electrochemical techniques to measure the 

absorption, binding constants, and redox potentials. 

Chapter Five describes how DSSC are constructed from a dye coated working electrode, 

platinized indium tin oxide (Pt/ITO) counter electrode, and I−/I3
− redox mediator.  The TiO2-

coated F: SnO2 (FTO), working electrode was functionalized with supramolecular dyad systems 

in a two-step process.  Then Current/Voltage relationship and Incident Photon to Current 

Conversion Efficiency of the DSSC devices were measured. These measurements found that 

multichromphoric dye-sensitized solar cells (DSSCs) based on self-assembled zinc-

porphyrin•••peryleneimide and zinc phthalocyanine•••peryleneimide dyads exhibit higher device 

efficiency than individual dye DSSCs.  The novel ZnPc•••peryleneimide system has the highest 

reported efficiency (η = 2.3%) among DSSCs made of supramolecular dyad chromophores.  
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Increased efficiency of dyad systems can be attributed to co-sensitization as well as vectorial 

electron transfer that lead to better electron-hole separation in the device. 

Chapter Six describes how the electron deficient 3,4,9,10-perylenediimide (PDI-12) selectively 

undergoes thermal ET from strong Lewis basic OH− and F− anions, but remains electronically 

and optically silent to poor Lewis basic anions, as ET and CT events are turned OFF. These 

interactions have been fully characterized by UV/Vis, NMR, and EPR spectroscopies. These 

results demonstrate the generality of anion-induced ET events in aprotic solvents, as long as 

the electronic requirements are satisfied. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Energy Sources and Costs 

Life runs on energy, and more specifically modern life runs on fossil fuels.  Factories to make 

products, transportation to move people and products, industrial farming to feed the world, and 

electricity to make everything work; about 86% of that energy comes from fossil fuels.1  As 

global population increases and the global standard of living rises, the amount of energy needed 

continues to increase exponentially.  An examination of current energy supplies reveals there 

are enough fossil fuel resources for the foreseeable future, but there are other considerable 

costs associated with this energy source. 

The current fossil fuel of choice is oil pumped out of the ground and shipped around the world.  

Current levels and reduced consumer need has put the price of oil at close to $100 per barrel, 

which translates to approximately $188 per megawatt hour (MWh) for fuel cost.2  This doesn’t 

take into account the military and geopolitical cost of dealing with unfriendly and often corrupt 

governments to obtain their resources.  The environmental effects of oil production and 

accidental oil spills can devastate ecosystems on land and in the ocean.  Current estimates are 

uncertain for global oil reserves after the next thirty years.3  This inevitable shortage would not 

affect current electrical production because most electrical power plants do not burn petroleum.  

This shortage would drastically change the current transportation industry and consumer 

automobiles, which has begun to move toward electric cars.  Electric automobiles would place a 

greater demand on electrical power plants. 

Coal has long been used in electric power plants and the projected supply will last into the next 

century.  If the price of coal is estimated to be $60 per ton then the price of electricity produced 

would be $32 MWh for fuel cost and approximately $100 per MWh levelized cost including 

fuel.1,2  Coal can also be liquefied in a hydrogenation process to turn it into a substitute for 
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gasoline, making the transition to electric cars less pressing.4  However there are major 

environmental concerns associated with coal mining and burning.  Burning coal releases 

mercury, sulfur dioxide, arsenic, carbon dioxide, and in some older plants particulate matter.5  

An abundance of cleaner burning natural gas has recently emerged. 

The relatively new practice of hydraulic fracturing in natural gas mining has led to a new fossil 

fuel boom in the United States.  This new mining technology has reduced the cost of natural gas 

in the United States significantly and lead to the building of new natural gas electric power 

plants.  At current prices these plants can produce power ca. $30 per MWh in fuel cost and 

approximately $67 per MWh levelized cost including fuel.1,2  Because of the weight and size of 

natural gas tanks and engines, they are not used in consumer automobiles but have been 

adopted by public transportation systems around the world.6  However natural gas can be 

converted to hydrogen if hydrogen powered automobiles become cost effective.7  The 

environmental effects of hydraulic fracturing on ground water contamination are still being 

debated, but natural gas just like all other fossil fuels releases carbon dioxide into the 

environment, a known cause of climate change. 

Nuclear power currently supplies about 14% of the world’s energy needs.1  Nuclear power 

plants can deliver energy at an almost nominal rate of $12 per MWh based on fuel cost.1  When 

initial infrastructure cost, which are substantial, are considered the price is ca. $108 per MWh.2  

However, because of the risk associated with the nuclear industry, the energy supplied from 

nuclear power plants has been in decline for the last several years.  Work is also being done to 

minimize the nuclear waste stream and find suitable storage solutions.8 

Renewable energy resources have garnered public support recently, as sustainability has 

become more important to industrialized countries.  These energy sources accounts for about 

19% of global electricity production and 16% of that comes from hydroelectricity.2  Although 

some large scale photovoltaic power stations already exist affording greater than 50 MW net 

capacities, and more under construction, solar energy accounts for only a small fraction of 
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global energy needs.  Solar energy does have one of the greatest potential to solve world 

energy needs because of the abundance and availability of radiant sunlight hitting the earth’s 

surface.  Currently the cost of photovoltaic energy, ca. $144 per MWh levelized cost,2 is not 

competitive with fossil fuels, without government subsidies, but it is worth noting that the fossil 

fuel industry is also subsidized by governments around the world.  Once the social cost and 

environmental damage are considered in the price of energy, renewable sources ought to 

become more attractive. 

1.2 Photovoltaic Technologies 

The push for more sustainable energy sources has created interest in photovoltaic technology 

(PV) both commercially and academically.  Researchers have explored different avenues of 

light capturing devices with both organic and inorganic materials, but the basic concepts are 

always the same.  Light is absorbed to create excited states where electrons become mobile in 

order to create a potential gradient and thereby produce a flow of electrons, i.e., photocurrents.  

The details as well as the advantages and disadvantages differ based on the exact design of 

PV.  Currently, the most commercially successful PV devices are silicon solar cells, at $2 – $5 

per watt for large scale plants, but advances in technology could rapidly change the market.9   

Single crystal silicon PVs have been explored and optimized for over fifty years and are close to 

reaching their theoretical limit for single junction on the lab scale.9  Multiple junction silicon cells 

have obtained higher efficiencies than single junction but require more processing.  Single 

crystal silicon PVs are the choice for high performance solar cell applications, but are expensive 

because of demanding and high energy production requirements.  Less expensive 

polycrystalline silicon PVs are more popular than monocrystalline ones, but they have lower 

efficiencies.  Silicon PVs are heavy, rigid, and require full sunlight for optimal performance which 

limits their applications.10  Another option, thin film PVs are constructed by layering inorganic 

semiconductors.  They have also gained popularity in recent years because of lower cost 

production cost,11 but failed to become the market choice because of cheaper silicon cells from 
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China.12  All of these choices rely on inorganic material some of which is expensive and others 

that are difficult to process. 

Organic materials are of growing interest because they are easier to manufacture, as they 

require less sterile environments and are amenable to solution processing.13  More importantly, 

electronic and optical properties of organic compounds are easily tunable in most cases.  

Organic solar cells comprise a composite of materials with electron donors and acceptors 

together in a polymer blend layered between two electrodes.14  These types of devices have 

had limited success because a potential gradient is not well developed in the blended materials 

and therefore the excitons recombine before they can reach an electrode which diminishes their 

efficiencies.15 

Dye sensitized solar cells (DSSC) are a mixture of organic and inorganic parts made popular in 

1991 by Gratzel.16a  This work reinvigorated the idea of dye sensitized semiconductors.  The 

breakthrough came from using a nanoporous TiO2 semiconductor on top of conductive glass, 

which increased the surface area to attach dye and raised the efficiencies of these types of 

devices from around 1% to over 7%.16b,c  Gratzel’s group made another large improvement a 

couple of years later using a new ruthenium dye bringing DSSC device efficiency to 10% at Air 

Mass (AM) 1.5 G.17a   

 

 

Figure 1.1. Standard Ruthenium chromophores N3, N719, and Black dye used the sensitizing 
dye in DSSC. 
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These dramatic improvements in a comparatively inexpensive solar device made this a popular 

research area.  Standard Ru(II)-based dyes such as, N3,17b N719,17c and Black dye17d have 

been used as chromophores for DSSCs and have progressed through many iterations of 

incremental improvements in device efficiency and dye stability (Figure 1.1).  Other non-

ruthenium dyes have been used as sensitizers for DSSC such as zinc porphyrin, zinc 

pthalocyanine, etc.17e,f 

1.3 DSSC Materials and Principles 

The skyrocketing research interest in DSSCs is in part due to the complexity of the devices.  In 

general DSSC devices consist of transparent conductive glass, a mesoporous semiconductor 

layer, a chromophore, a redox mediator, and a counter electrode illustrated in Figure 1.2.  A 

mesoporous semiconductor, usually TiO2, is layered and sintered on glass with conductive 

coating like fluorine doped tin oxide (FTO).18a-c  Dye molecules are anchored on the nanoparticle 

semiconductor with a functional group like carboxylic acid, phosphonic acid, or sulfonic acid.18c  

The device is filled with a redox couple such as iodide/triiodide (I−,I3
−) which carry/transport 

electrons from the counter electrode to a hole on an oxidized chromophore.  Each piece of the 

system can be modified to try to improve device performance.18d 

1.3.1 Energy Level Diagram and Mechanism 

All the parts of DSSC combine to turn sunlight into electrical current.  Photocurrent is the result 

of excited electrons cascading down an energy gradient.  Light enters the device through a 

transparent conductive glass substrate like FTO to excite an electron in the chromophore 

attached to TiO2 semiconductor.  The excited electron is then ejected into the Fermi energy 

level of the semiconductor and percolates through TiO2 nanoparticles.  The electron moves 

through an external electrical load to the platinum counter electrode.  Oxidized dye molecules 

are reduced by I- in a 2 step process that produces I3
-, which has a very slow recombination 

rate to prevent reduction by electrons in the Fermi energy level of TiO2.
18,19   
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The reduction of the sensitizer dye (D+) most likely happens in the following manner.  Iodide 

loses an electron to the oxidized dye D+ and forms D•••I2−•.  Two I2
•− species then 

disproportionates to form triiodide and iodide.   

D+ + I−  (D•••I)  1 

(D•••I) + I−  D•••I2−•  2 

(D•••I2−•)  D + I2
−•  3 

2I2
−•  I3

− + I−   4 

The I3- migrates to the Pt counter electrode by diffusion through organic solvent and reduced 

back to 3I−.  The diagram in figure 1.4 contains the energy level diagram for the DSSC light to 

Figure 1.2. Diagram of a typical DSSC composed of a working electrode, counter electrode, 
and a redox mediator which shows the direction of electron flow. 
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current conversion process and loss mechanisms, shown with dashed arrows, which convert 

light into heat.19 

 

 

 

Loss mechanisms contribute to poor device performance.  The major loss mechanisms include 

internal conversion of the excited dyes back to the ground state, recombination from the TiO2 to 

the redox mediator, and recombination from TiO2 to the oxidized dye.19,20  Difference in potential 

(ΔV) between the electrochemical potential of the redox mediator and the semiconductor’s 

Fermi energy level is responsible for the open circuit voltage (VOC).  There is a delicate balance 

between the energy levels of the semiconductor, dye, and redox couple that must be maintained 

to produce a high current and high voltage within the device.21 

Figure 1.3. DSSC energy level diagram of the semiconductor sensitizing dye and redox 
mediator. The mechanism leading to current flow is show by the solid arrows and loss 
mechanisms are show with dashed arrows.  The difference between the redox potential of the 
semiconductors Fermi energy level and that of the redox mediator is shown as ΔV, known as 
the open circuit voltage. 

 

  

Energy 

(S*/S) 

(S+/S*) 

(I
-
/I

3

-
) 

 

e
-
 

e
-
 e

-
 

e
-
 

ΔV 

semiconductor 
dye 

electrolyte counterelectrode 



8 

 

PV characteristics, open circuit voltage (VOC), current density at short circuit (JSC), maximum 

power point (Pmax), fill factor (FF), and device efficiency (%η) are determined from I/V 

measurements.  Devices are measured with a source meter and when combined with computer 

software such as LabView™ can create an IV curve like the one in Figure 1.4. as well as 

calculate all of the PV performance characteristics previously mentioned. 

 

 

 

The JSC, VOC, and Pmax are measured directly by the source meter and the other values are 

calculated from these parameters using the following equations.                     Equation 1.1 

The FF is given as a percentage and can be visualized as the smaller dash square divided by 

the larger dashed square in Figure 1.5, meaning that FF cannot be greater than one.                           Equation 1.2 

Pin is the power of the light illuminating the working area of the PV in mA/cm2, so that η is also 

represented as a percentage. 

Figure 1.4. Standard current/potential curve characteristics, short circuit current density (JSC), 
open circuit volatage (VOC) and maximium power point (Pmax) for a PV device. 
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1.3.2 Advantages and Disadvanges of DSSC 

There are good reasons why interest in DSSC devices has continued for so long.  The potential 

payoffs of high efficiency DSSC PVs are enormous commercially as well as beneficial 

environmentally.  The lower cost materials and cheaper manufacturing processes would reduce 

the upfront cost substantially and make consumer grade PV affordable without government 

subsidies.  These PVs also weigh less than traditional silicon solar cells making instillation less 

expensive.  DSSCs also maintain efficiency in low light environments unlike silicon PVs.22  Low 

light PVs could be useful for overcast areas as well as indoor environments where ambient light 

could be collected and the energy recycled.  Some DSSC PV are even developed on flexible 

light weight substrates that could be used on car roofs or clothing.23  Even though the efficiency 

and stability are not where researcher want them to be, DSSC have had limited commercial 

success.  Dyes of different colors not only add aesthetic value to the windows of EPFL's new 

convention center they are functional DSSC PVs. 

Some of the major short comings for DSSCs include liquid redox couples, sealing problems, 

insufficient efficiency, and long term stability of chromophores.  Commercialization of DSSC to 

help solve actual energy needs has long been the dream of DSSC researchers.  Liquid redox 

couples pose a problem for these PVs in commercial applications because they consist of 

organic solvents that can leak out, and render the cell inoperable.  Because of the organic 

solvent, sealing the DSSC is critical as even a small defect in a seal or wear over time can 

render a cell useless.  One of the most commonly used redox couples, (I−/I3
−), is corrosive and 

shortens the cells operational lifetime.19,24  To overcome these issues solid state devices 

utilizing p-type organic [PEDOT, polyaniline, polypyrrole, P3HT etc.]25 and p-type inorganic [CuI, 

CuSCN ect.]26 redox mediators are being studied.  Efficiencies for DSSCs have had modest 

improvement up to 15%27 in the last 20 years, but still are still under the ca. η = 20% value that 

would make these devices viable alternatives.  To address this problem most research is 

geared to search for a better chromophore.  Ideal DSSC chromophores should have high molar 
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extinction coefficients across the visible spectrum to the near IR region.  Maintaining enough 

driving force to get good electron injection from a dye that can still be reduced by the redox 

mediator is the reason long wavelength and near IR dyes are so problematic.28  Any 

chromophores used in PV devices also need to be thermally and electronically stable to survive 

not only elevated temperatures but also continuous redox cycling.19  Most of the dyes studies 

are some variation of trisbipryidine ruthenium like N3 dye in Figure 1.2, developed in Gratzels 

earlier work.16a  Dyes based on ruthenium have reported efficiencies between 10 – 14%.17  

These chromophores are limited because of molar extinction coefficients less than 15,000 M-

1cm-1 and long term stability issues.17  Organic dyes have also been studied but do not typically 

have the broad absorption range needed.29  Trying to find one dye to meet all the criteria for a 

DSSC chromophore is a challenging task. 

1.4 Mulitchromophoric Dye Sensitized Solar Cells 

 Instead of finding one superior panchromatic dye,30 perhaps two or more good dyes could be 

combined to achieve the desired results. To make the task of finding a DSSC chromophore 

more manageable multichromophoric DSSCs have been developed.31  A few different strategies 

such as co-sensitation32, multiple covalently attached chromophores33, non-covalent,34 and 

donor-acceptor35 systems to make multichromophoric devices have emerged. 

Co-sensitization of multiple dyes on the TiO2 surface has been used by many groups with mixed 

results.32  The semiconductor surface area does not change, so to attach one dye molecule 

another must be displaced.  Putting together dyes of different max extends the total absorption 

range at the detriment of absorption intensity.  In order for this strategy to be successful the 

dyes selected must have very high molar extinction coefficients not typical of ruthenium 

chromophores.  Nazeeruddin et. al employed a co-sensitization strategy with two organic dyes 

with intense absorption in the visible spectrum.32a  One based on a triphenylamine which 

absorbs in the blue part of the spectrum and the other based on squaraine which absorbs in the 

red and near IR region. 
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Multiple dyes attached covalently so that only one side anchors to the TiO2 utilizes the 

semiconductor surface area more efficiently.  The dyes selected must have cooperative 

properties in order for the covalently linked dye to transfer and electron or energy to the part of 

the molecule anchored to the surface.33  In a recent example of this strategy, Odobel et al. 

created a covalently linked trichromophoric dye consisting of boradiazaindacene, zinc porphyrin, 

and squaraine.33a  Just the final step linking the three dyes together was optimized at 28% yield.  

If the yields of synthesis for individual dyes were included, then the total yield would drop 

significantly.  Linking dyes covalently can create large molecules with limited solubility and make 

processing difficult.  Connecting the dyes covalently also lowers the overall yield synthetically 

which limits large scale device viability. 

Connecting dyes non-covalently solves some of the issues from processing and synthesis, but 

the dyes must still be selected with absorption and donor/acceptor properties in mind.    Linking 

two or more dyes together non-covalently becomes a simple matter of mixing them together in 

solution.  These types of systems combine the light capturing ability of multiple chromophores 

while avoiding the problems associated with covalently linked systems.34  D’Souza et al. 

designed and fabricated supramolecular donor-acceptor dyads, but the power conversion of 

these systems was low compared to other DSSCs.34a  Supramolecular donor-acceptor systems 

are easily constructed and have the potential to revolutionize light harvesting materials.  

However, non-covalent bonds are not as strong as covalent bonds and therefore binding 

strength must be considered for these systems.36 

1.5 Supramolecular Systems 

Introduction into the supramolecular world starts in nature where large proteins fold into 

biologically active material through hydrogen bonding and small molecules attach to binding 

sites on the proteins to change biological activity.37  Another biological example is the transport 

of O2 and CO2 through a metal ligand bond with Fe of hemoglobin.38  The plants utilize the same 

non-covalent strategies to arrange chromophores in light harvesting antenna complexes found 



12 

 

in photosystems I and II.39  Non-covalent bonding is a powerful tool that is currently being 

incorporated into materials with novel properties.  Research is presently being conducted in 

efforts to create self-healing coating,40 biodegradable polymers,41 sensors,42 and stimuli 

responsive vessels.43  There are also reports in the literature of supramolecular dyad and triad 

light harvesting systems studied in organic solvents.44  Predicting the binding interaction of 

systems with multiple binding sites like those of proteins are too complex to predict at this time, 

so most bottom up systems utilize only a few non-covalent interactions.  It is also important to 

remember non-covalent bonds are concentration dependent based on a binding association 

constant, an inherent property of the non-covalent bond. 

Supramolecular dyad systmes will be exploited as photo-sensitizers for the fabrication of 

multichromophoric DSSC devices in this thesis.  A detailed outline of the goals and structure of 

this thesis will be presented in the next chapter. 
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CHAPTER TWO 

HYPOTHESIS AND GOALS 

2.1 Ways to Improve DSSC 

The goal of this research project is to create DSSC devices from organic dyad chromophores 

formed with non-covalent interactions.  These novel supramolecular organic dyad systems can 

be beneficial to light harvesting systems in the following ways. 

 

 

 

2.1.1 Absorption in a Supramolecular Dyad 

The standard DSSC dyes are ruthenium based dye with broad absorption ranges, but relatively 

low molar extinction coefficients of around 12,000 M-1cm-1.17  Organic dyes usually have higher 

extinction coefficients, 50,000 – 150,000 M-1cm-1, but a narrow absorption range.  The easiest 

way to extend the absorption range for organic dyes in a DSC is to use a co-sensitization 

process32 (see CHAPTER ONE page 11).  This process uses a mixture of dyes that can each 

Figure 2.1. (a) Diagram of the DSSCs constructed and sensitized with either (b) supramolecular 
ZnP•••PMI-1 dyad, (c) ZnPc•••PMI-1 dyad. 
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bind to the semiconductor surface.  The dyes have different absorption ranges so more of the 

light spectrum can be captured.  Each dye is in competition for surface sites so the absorption 

range is extended at the expense of absorption intensity of individual dyes.  As mentioned 

earlier other; groups have attempted to sensitize DSSCs with multiple chromophores linked 

covalently, which can be difficult to synthesize, purify, process.  Our approach is to design dyes 

that can self-assemble and stack on top of each other on the semiconductor surface.  This is 

advantageous since there would be no competition for surface binding sites and no reduction in 

the absorption of individual dyes while still extending the range of light harvested.  Self-

assembly also has the advantage of a shorter synthetic procedure and smaller molecules are 

easier to purify and solvate for surface adhesion. 

2.1.2 Charge Injection 

An excited electron from the sensitizer dye must be injected into the conduction band of the 

semiconductor and move toward the counter electrode through a load to generate 

photocurrent.19,20  One of the factors that affect the electron injection of a dye is the type of 

functional group binding it to the surface.  Typically dyes bound to the surface with carboxylic 

groups have better charge injection than phosphonic or sulfonic groups, even though phosphate 

group provide better surface attachment to the TiO2.
18c  Carboxylate groups have p-orbital 

overlap that provides a conjugated connection to the semiconductor that electrons can move 

through.  The anchoring dye selected for this study utilizes an anhydride functional group to bind 

to the TiO2 surface.  Anhydride anchoring group provides excellent surface adhesion as well as 

good electron injection, because it contains the same conjugation as the carboxylate and two 

point attachment. 

2.1.3 Charge Separation in a Dyad System 

Once light is absorbed by the chromophore an electron moves from the HOMO energy level into 

the LUMO of the excited state and subsequently, the excited electron injects into the conduction 
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band of the semiconductor (TiO2).
18,19  Once the electron is injected into the semiconductor, it 

will produce a maximum photocurrent unless it is subject to one of the loss mechanisms seen in 

Figure 1.4 (chapter 1).  Charge separation can help negate back electron transfer from the 

semiconductor to the oxidized dye or the redox mediator.35  In our dyad system, a second donor 

chromophore is attached to the surface anchoring dye.  When an electron is injected in to the 

TiO2, the second donor chromophore can reduce the oxidized anchoring dye back to a neutral 

state.  If a hole on the donor chromophore and an electron in the TiO2 are separated by a 

neutral molecule a charge separated state will be created.  Separating charge leads to a longer 

lifetime for the electron and hole, allowing the electron more time to percolate through the TiO2 

nanoparticle layer and the oxidized chromophore more time to be reduced back to neutral by 

the redox mediator. 

2.2. Aims and Structure of Thesis 

In order to implement the design described above, complimentary organic chromophores will 

have to be designed and synthesized.  Highly tunable perylene tetracarboxylic anhydride makes 

an attractive acceptor/anchoring chromophore.45  ZnP and ZnPc are excellent 

donor/chromophores46 that can coordinate through a metal ligand bond with the Zn.47  The 

following molecules Figure 2.1 will be synthesized and purified through standard organic 

techniques.  Unless otherwise stated, synthesized dyes will be characterized using 1H and 13C 

NMR, MALDI-TOF, and ESI-MS. 

Individual dye molecules and reference dyad systems composed of PDI-2•••ZnP and PDI-

2•••ZnPc will be characterized with UV-vis, cyclic voltammetry, ESI-MS, ITC, and 1H NMR.  UV-

vis will measure the chromophores absorption properties.  Redox properties of dyes will be 

measured with the cyclovoltammetry; ITC and 1H NMR titrations will be employed to quantify 

binding strength between of the Zn/pyridine bonds.  All these properties will be used to 

determine the likelihood that the chromophores chosen can be utilized in DSSC devices. 
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Once the individual chromophore and dyad systems absorption, redox, and binding properties 

are measured for PMI-1, ZnP, and ZnPc, they will be attached a TiO2 working electrode.  Lab 

scale DSSC devices will be constructed from the sensitized working electrodes, (I−,I3
−) redox 

couple, and a Pt counter electrode.  The PV characteristics, IV and IPCE, of the devices will be 

measured and FF and %η calculated. 

Lastly the sensing properties of another PDI derivative will be explored using Lewis basic anions 

F− and OH−.  This interaction will be characterized using UV-vis titrations, spectoelectrochemical 

changes, 1H and 19F NMR, and EPR techniques.  Anion-π interactions is an area of research 

explored in great depth within our group and the interaction of PDI with Lewis basic anions is an 

extension of that work. 

Figure 2.2. PMI-1 and PDI-3 were synthesized to act as chromophores and anchoring 
molecules in DSSC devices and PDI-2 as reference compound for solution.  ZnP and ZnPc 
were selected to be the second chromophore and donor for DSSC devices. 
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2.3 Experimental Methods 

2.3.1 Materials and Chemicals 

All chemicals, solvents, and electrolytes were purchased from Sigma-Aldrich, Across Organic, 

Cambridge Isotope Laboratory, and EMD chemicals and used as received unless otherwise 

mentioned. Solvents used in this study were dried and distilled prior to use. TEC-15 (3.0 mm) 

FTO-coated transparent conductive glass substrate was purchased from Hartford Glass Co., 

Inc, USA. Ti-Nanoxide T paste was purchased from Solaronix (Switzerland).  Freshly prepared 

solutions of PDI-12 and anions in dry, HPLC grade solvents — purchased from Sigma-Aldrich 

and EMD Chemicals — were used for all spectroscopic and electrochemical measurements. 

2.3.2 Instrumental methods 

NMR Spectroscopy: 1H, 13C and 19F NMR spectra were recorded at 298 K in deuterated 

solvents on Bruker Avance 400 MHz and 600 MHz spectrometers. 

Electrospray Ionization Mass Spectrometry (ESI-MS): ZnP•••PDI-2 and ZnPc•••PDI-2 dyad 

complex formation in methanol was detected by ESI-MS technique. ESI-MS was recorded on a 

JEOL AccuTOF JMS-T100LC mass spectrometer using negative ionization mode. 

Matrix assisted laser dissorption ionization time of flight (MALDI-TOF):  Organic dye 

spectra were collected without any matrix unless otherwise stated.  MALDI-TOF spectra were 

recorded on a Bruker Autoflex II in negative ionization mode. 

Isothermal Titration Calorimetry:  ITC studies were measured on a Microcal VP-ITC ultra-

sensitive isothermal titration microcalorimeter (Microcal Inc. Northampton, MA).  The ITC 

temperature control was set for 25.0±0.1 ⁰C.  ITC curves were performed with py-NI as the host 

molecule at 0.75 mM and titrated with ZnP as the guest molecule at 20 mM. 

UV/Vis Spectroscopy: UV/Vis spectra of ZnP, ZnPc, PDI-2, ZnP•••PDI-2 and ZnPc•••PDI-2 

complex were recorded in CH2Cl2 and dye coated TiO2-FTO film, using a PerkinElmer Lambda-

25 UV/Vis spectrophotometer. 
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Cyclic Voltammetry: Cyclic voltammetry (CV) experiments were performed on a Princeton 

Applied Research VersaStat-3-200 potentiostat/galvanostat instrument using a standard three 

electrode electrochemical cell having glassy carbon working electrode, Pt-wire counter 

electrode, and Ag/AgCl (3 N aq. NaCl) as reference electrode. All CVs were recorded at room 

temperature (100 mV/s scan-rate) in dry and degassed organic solvent using 0.1 M 

tetrabutylammonium hexafluorophosphate (Aldrich) as supporting electrolyte. 

Preparation of Dye-Functionalized TiO2/FTO Working Electrode: Nanoporous TiO2 paste 

coated FTO (F: SnO2,) transparent conductive oxide (TCO) glasses were used as substrates for 

working electrode. A ca. 5 m thick nanocrystalline TiO2 (Ti-Nanoxie T, solaronix) film was 

deposited on FTO glass by doctor-blade technique. The mesoporous TiO2 electrodes were 

sintered up to 450 °C, for 30 min. The nanoporous TiO2 electrodes (at room temp condition) 

were functionalized with ZnP, ZnPc, PMI-1, ZnP•••PDI-2 and ZnPc•••PDI-2 dyad. TiO2/FTO 

electrodes were immersed into either PMI-1 (0.15 mM in CH2Cl2) or pyridine-4-carboxylic acid 

(0.15 mM in EtOH) solution for 15 h. After being washed in solvent (CH2Cl2) and dried in air, 

PMI-1 or pyridine-4-carboxylic acid functionalized TiO2/FTO surfaces were immersed further into 

ZnP (2 mM in CH2Cl2) or ZnPc (2 mM in CH2Cl2) for 30 min and then washed and dried in air 

again. These electrodes were used as the working electrode or photoanode. Photoanode 

surfaces were confirmed by UV/Vis spectroscopy. 

Preparation of Pt/ITO Counter Electrode: Pt-coated (30 nm) ITO glass substrate was 

prepared with standard procedure by magnetron sputtering technique at either Advanced 

Material Research Institute (AMRI), The University of New Orleans, Louisiana or Argonne 

National Laboratory, Chicago, Illinois. 

Preparation of I–/I3 – Electrolyte: I–/I3 – electrolyte were prepared from a mixture of 1 M LiI 

and 0.6 M I2 in propylene carbonate or acetonitrile. 

Construction of DSSCs: For DSSCs construction, the dye-functionalized photoactive area of 

the working electrode was confined to 0.25cm2. Then the dye-functionalized TiO2/FTO working 
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electrode and Pt/ITO counter electrode, separated by Dyesol (Australia) 30 m thick  

hermoplast hot-melt sealing foil were sealed and I−/I3
− electrolyte (in propylene carbonate) was 

injected between the two electrodes via the counter electrode. 

Current/Voltage (IV Curve): I/V curves of DSSCs based on ZnPc, PMI-1, and 

ZnPc•••PMI-1 and ZnP•••PMI-1 dyes were measured using a light source (300 W Xenon lamp, 

Model 67005 Oriel Instruments, USA) and Keitheley source meter (Model 2400) under 

llumination of 100 mW/cm2. The I/V curve was recorded using Labview program. The intensity 

of light was measured using a reference cell (Oriel, USA) and was corrected by a standard air-

mass filter (Oriel, USA). The light intensity was maintained by either Oriel optical neutral density 

filters or power source meter. 

Incident Photon to Converted Electron (IPCE) Measurement: Incident photon-to-current 

conversion efficiency (IPCE) spectra were recorded on an Oriel setup equipped with 300 W 

xenon lamp as a monochromatic light source and Newport 10CGA-305 and 10CGA-570 filters. 

Calibration was performed with a standard silicon photo-detector (UV-Silicon Det 10×10 mm 

calib, Model no, 71675, Photodetector Newport Oriel Instruments, USA). The photocurrent 

response of DSSCs was measured using a Keithley 2400 source meter, referenced to the 

output of a calibrated silicon diode.The IPCE spectra were recorded using TRACQ BASIC 

software. 

Spectroelectrochemistry: Spectroelectrochemistry was conducted in an Optically Transparent 

Thin Layer Electrochemical Cell (OTTLE) fitted with a Pt-gauge working electrode, Pt-wire 

counter electrode, and Ag/AgCl (3 N aq. NaCl) reference electrode using degassed (N2-purged) 

0.1 mM solutions of PDI-12 in 0.1M TBAPF6 in THF and DMF at room temperature. UV/Vis 

spectra were recorded at 2 min. intervals on a PerkinElmer Lambda-25 UV/Vis 

spectrophotometer while the applied potential (Vap) was controlled by the PAR potentiostat, 

using Virtual Potentiostat software. PDI-12•− radical anion started to form at Vap = –550 mV (vs. 

Ag/AgCl) and saturated at –1100 mV. 
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EPR Spectroscopy: EPR spectra of neutral PDI-12 (1 mM) and F–-generated PDI-12•− radical 

anion were recorded in THF and DMF using a Bruker Elexsys-500 spectrometer, at the X-band, 

microwave frequency 9.3902 GHz; microwave power 1 mw; and modulation amplitude 1 Gauss 

(G) at 298 K. The microwave frequency was measured with a built-in digital counter and the 

magnetic field was calibrated using 2, 2-diphenyl-1-picrylhydrazyl (DPPH; g = 2.0037). 

Modulation amplitude and microwave power were optimized for high signal-to-noise ratio and 

narrow peaks.  
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CHAPTER THREE 

SYNTHESIS OF ORGANIC DYES FOR DSSC 

3.1 Perylene Dianhydride Tetraoxyaryl 

Organic dyes are versatile chromophores due to their tunable properties, processablity, and 

high yielding synthesis.  Synthesis of the DSSC chromophores begins with core substitution of 

perylene tetracarboxylic dianhydride (PDA).  Perylene tetracarboxylic has intense absorption in 

the visible range and is extremely thermally and electronically stable making it an ideal 

chromophore for a DSSC.48  Synthesis of the core chromophore PDA(OAr)4 is described in 

Figure 3.1.  Functional groups in the bay position affect PDA’s donor/acceptor properties and 

can also change lambda max ( max) of the chromophore.49  Tert-butyl groups were also added to 

the bay position to increase solubility of the molecule and hinder π-stacking.50   

 

 

Figure 3.1. Synthetic scheme for the core perylene chromophore with four t-butyl aryl groups in 
the bay positions and anhydrides to attach other groups. 
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Tetrachloro-perylene-3,4,9,10-tetracarboxylic dianhydride 4 was purchased from HBCChem inc. 

as the starting material for the functionalized PDI compounds.  An imidation was performed on 4 

to add n-octyl units to the imide positions. This serves to increase solubility and protect the 

anhydride in the subsequent step.  The imidation reaction was performed under acidic 

conditions to reduce the nucleophilicity of the primary amine and hinder the substitution reaction 

with the chlorine groups in the bay positions.  Propionic acid was used as the solvent and 

heated the reaction to reflux for 12 hours after adding the n-octylamine to the reaction flask.  

The reaction was cooled to room temperature poured over excess water causing a red 

precipitate to form which was filtered off to yield 95% of the bis n-octylamine tetrachloro-

perylene diimide 5.  The product 5 was characterized by 1H NMR, 13C NMR, and MALDI-TOF.  

No matrix was needed or used to observe the molecular ions of any of the PDI species in the 

MALDI-TOF measurements, because of the absorption properties of the chromophore and the 

wavelength of the laser used in the instrument. 

 

Figure 3.2. 1H and 13C 400 MHz NMR of compound 5 in CD2Cl2 at 298K. 
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The tetrachloro perylene diimide 5 was air dried and used in the subsequent reaction without 

purification.  Tert-butyl phenoxide was added to the bay positions of 5 through a nucleophilic 

aromatic substitution reaction using N-Methyl-2-pyrrolidone (NMP) as the solvent and potassium 

carbonate as a base to deprotonate the phenol.  The reaction was poured over acetic acid and 

stirred at room temperature for 30 minutes and then excess water was added forming a dark red 

precipitate which was filtered by vacuum.  The precipitate was purified by silica column 

chromotography and yielded 80% of compound 6 which was characterized by 1H NMR, 13C 

NMR, and MALDI-MS. The four tert-butyl phenoxy groups in the bay positions of perylene serve 

multiple functions.  The oxygen’s lone pairs in conjugation with the aromatic ring increase 

electronic density in the electron deficient perylene.  Tert-butyl groups increase solubility of the 

molecule, but also serve to decrease aggregation in solution and on the TiO2 surface.51  Less 

aggregation on the TiO2 surface made spacer molecules like chenodeoxycholic acid 

unnecessary. The tert-butyl phenoxy group is so bulky that it also twist the perylene from 

planarity based on computer models.50  

730 735 740 745 750 755 760 765 770

m/z 

Figure 3.3. MALDI-TOF [M-] of compound 5 [750 m/z calcd.] with no matrix present. 
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Figure 3.4. 1H and 13C 400 MHz NMR of compound 6 in CD2Cl2 at 298K. 

Figure 3.5. MALDI-TOF [M-] of compound 6 [1207 m/z calcd.] with no matrix present. 
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The n-octyl groups were then hydrolyzed off with potassium hydroxide refluxing in isopropanol 

for at least 4 hours.  The reaction was then poured over acetic acid and stirred at room 

temperature for an hour to reform the anhydride functional groups.  Water was then added to 

the reaction forming a dark red precipitate which was filter by vacuum and yielded ca. 100% of 

PDA-7.  No further purification of the compound was required.  Compound PDA-7 was 

characterized by 1H NMR, 13C NMR, and MALDI-MS.  The anhydride functionality enables any 

molecule with a primary amine to be attached to PDA-7, creating a high degree of flexibility for 

PDA in terms of functional group attachments.  The anhydride is reactive toward nucleophiles 

like primary amines that can reform the ring imide ring.  PDA-7 is the common intermediate of 

PMI-1 and PDI-2, but can also be functionalized with any other primary amines creating a 

flexible starting material. 

 

 

Figure 3.6. 1H and 13C 400 MHz NMR of compound 7 in CD2Cl2 at 298K. 
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3.2 Pyridine Monoimide 

Starting from PDA-7, asymmetric perylene monoimides (PMI) and perylene diimides (PDI) can 

be synthesized. 

 

 

970 975 980 985 990 995 1000 1005 1010

m/z 

Figure 3.7. MALDI-TOF [M-] of PDA-7 [984 m/z calcd.] with no matrix present. 

Figure 3.8. Synthesis of PMI-1 by attaching 4-amino pyridine to only one of the imide positions 
of PDA-7. 
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A 4-amino pyridine was added to one side of PDA-7 by controlling stoichiometry in an imidation 

reaction using pyridine and imidazole as the solvent and heated at 150⁰C for up to 48 hours.  

The reaction was poured over acetic acid and stirred at room temperature for 1 hour and 

precipitated out in water and filtered by vacuum.  The precipitate was purified on a silica column 

yielding 35% of the PMI-1.  Compound PMI-1 was characterized by 1H NMR, 13C NMR, MALDI-

MS, and high resolution ESI-MS.  Pyridine was added to the perylene chromophore in order to 

coordinate52 to zinc metal in zinc porphyrin and zinc phthalocyanine through a noncovalent 

metal ligand bond.  Zinc in the porphyrin and phthalocyanine ring is in the +2, zinc(II), oxidation 

state  and will only coordinate one additional ligand,52 so the binding between the zinc and 

pyridine ligands will be a 1:1 ratio. 

 

 

Figure 3.9. 1H and 13C 600 MHz NMR of PMI-1 in CD2Cl2 at 298K. 
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3.3 Perlene Diimide Reference 

 

 

 

1040 1045 1050 1055 1060 1065 1070 1075 1080

m/z 

Figure 3.10. MALDI-TOF [M-] of PMI-1 [1060 m/z calcd.] with no matrix present. 

Figure 3.11. Synthesis of PDI-2 by attaching aminocyclohexane in the second imide position of 
PMI-1. 
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An amino cyclohexane group was attached to PMI-1 under the same conditions used 

previously, a solvent mixture of pyridine and imidazole and heated to reflux for 48 hours.  The 

reaction was poured over acetic acid and stirred at room temperature for 1 hour before water 

was added and a dark red precipitate formed.  The precipitate was filter under vacuum and 

purified on a silica column yielding 60% of compound PDI-2.   The asymmetric PDI-2 was 

needed as a reference molecule to measure redox potentials and binding constants for the dyad 

systems, because the anhydride functional group on PMI-1 was interfering with these 

measurements.  Once the PMI-1 is attached to the TiO2 surface the anhydride group will be 

occupied and not available to interfere with supramolecular binding.  The redox potentials of the 

perylene will change depending on whether there is oxygen (anhydride) or nitrogen (imide) 

attached. The anhydride most likely opens up on the TiO2 surface which would change the 

redox potentials anyway. 

 

Figure 3.12. 1H and 13C 600 MHz NMR of PDI-2 in CD2Cl2 at 298K. 
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3.4 Perylene Diimide Initial Anchor 

 

 

1120 1125 1130 1135 1140 1145 1150 1155 1160

m/z 

Figure 3.13. MALDI-TOF [M-] of PDI-2 [1142 m/z calcd.] with no matrix present. 

Figure 3.14. Synthesis of PDI-3 by attaching 4-aminobenzoic acid in the second imide position 
of PMI-1. 
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A 4-amino benzoic acid was originally attached to the PMI-1 in order to bind to the TiO2 surface.  

Compound PDI-3 was synthesized under the same conditions used previously.  Purification on 

a silica column yielded 40% of PDI-3.   Unfortunately binding on the TiO2 surface using 

molecule PDI-3 was poor. We discovered an article by Imahori et. al in which the anhydride of a 

similar PDA was used to bind to the TiO2 surface53, so compound PMI-1 was used to make 

devices with improved surface binding and also made PDI-3 unnecessary. 

 

 

 

3.5. Zinc Porphyrin 

Zinc Porphyrin was synthesized according to literature procedure54 and purified by silica column 

using DCM.  The reaction for zinc porphyrin is light sensitive and had to be performed under 

dark conditions.  4-tertbutylbenzaldehyde and pyrrole were mixed in DCM for 15 minutes and 

then BF3 etherate (Lewis acid) was added to the reaction.  After an hour p-chloranil was added 

to the reaction flask as a solid all at once and the reaction continued to reflux in a water bath for 

one hour. 

1160 1165 1170 1175 1180 1185 1190 1195 1200

m/z 

Figure 3.15. MALDI-TOF [M-] of PDI-3 [1179 m/z calcd.] without matrix. 
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3.6. Perylene Diimide for Anion Sensing 

 

 

A swallow tail PDI-12 was synthesized for use as an anion sensor.  The molecule was 

synthesized in one step from 9 using NMP as a solvent with acetic acid and 1-hexylheptylamine 

at 120⁰C.  The reaction mixture was poured over water to form a solid precipitate which was 

filtered by vacuum and washed with methanol to yield ca. 95% of PDI-12. 

PMI-1 and PDI-2 were designed to coordinate into dyad structures with ZnP and ZnPc to form 

ZnP•••PMI-1, ZnPc•••PMI-1, ZnP•••PDI-2, and ZnPc•••PDI-2.  The dyad systems consisting of 

PMI-1 will be sensitized onto TiO2 for device construction.  Systems with PDI-2 will be 

Figure 3.16. Synthesis of Zinc Porphyrin from tert-butylbenzoic acid and pyrrole. 

Figure 3.17. Synthesis of Swallow tail PDI-12 by attaching tridecan-7-amine to both imide 
positions. 
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assembled and characterized in organic solvent.  PDI-12 was synthesized to explore the 

sensing properties of electron deficient PDI with Lewis basic anions.  Anions will be added to 

solutions of PDI-12 and spectroscopic changes measured. 

 

3.7 Conclusion 

Perylene dianhydride and perylene imide dyes were designed and synthesized for solution 

characterization and DSSC device construction.  Perylene tetracarboxylic dianhydride (PDA) is 

thermally and electronically stable, an important trait for a DSSC chromophore that could 

potentially undergo hundreds of millions of redox reactions over a device’s lifetime.  Another 

advantage is this chromophore and its derivatives have high extinction coefficients, ca. 50,000 – 

80,000 M-1 cm-1, in the visible region.  Dyes with a high extinction coefficient can sensitize a 

thinner layer of TiO2 to obtain the same level of light absorption as dyes with lower extinction 

coefficients.  PDA also has many positions which can be functionalized for connectivity as well 

as changing perylene’s electronics and max. Unsubstituted PDA is only slightly soluble in 

volatile organic solvents, so bulky t-butly phenoxy groups were attached to the four bay 

positions.  These bulky groups improve solubility and decrease π-π interactions between the 

perylene rings.  All the reactions from the scheme in Figure 3.1 to make PDA-7 were high 

yielding.  PMI-1, PDI-2, and PDI-3 were synthesized from PDA-7 by attaching functional groups 

in the imide positions.  Connecting dyes supramolecularly has the advantage of a shorter 

synthetic scheme, leading to higher yields.  A pyridine ring was introduced onto one imide 

position of both PMI-1 and PDI-3 in order to coordinate to a second metalated chromophore.  

Attaching groups to one side of the PDA was optimized with a pyridine/imidazole solvent 

mixture.  Other solvents gave poor or no yields of the one sided product.  The other products 

recovered during purification were twice reacted PDI and unreacted PDA.  The PDA could be 

reused as the starting material.  The PDI could be hydrolyzed back to PDA and the reused. A 

benzoic acid group was then attached to form PDI-3 in the final synthetic step to act as an 
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anchoring group.  Once it was discovered in the literature that the anhydride side of PMI-1 could 

anchor to the TiO2 surface, PDI-3 was abandoned.  PDI-2 was synthesized by attaching a 

cyclohexyl group to the anhydride side of PMI-1.  PDI-2 was needed as a reference molecule 

during solution characterization studies because of interference from the anhydride functional 

group.  ZnP and ZnPc were chosen as the second chromophore because of their high 

extinction coefficients and availability.  Both ZnP and ZnPc have been used as DSSC 

chromophores and are known to be compatible in these types of devices. 

 

3.8 Experimental Section 

All reactions were performed under N2 atmosphere using dry solvents unless otherwise 

specified. Analytical thin layer chromatography (TLC) was performed on silica gel 60-F254 

(Merck) plates and detected under UV lamp and/or by developing with I2. Column 

chromatography was performed on silica gel 60 (SorbTech). 1H NMR spectra were recorded at 

298 K in appropriate deuterated solvents using Bruker Avance 400 MHz and Bruker Avance 600 

MHz spectrometers. Electrospray Ionization mass spectra (ESI-MS) were recorded on a JEOL 

AccuTOF JMS-T100LC ESI mass spectrometer. 

 

PDI 5. Commercially available tetrachloro-perylene bisanhydride 4 (5.0 g, 9.4 mmol) was heated 

under reflux in propionic acid (120 mL), into which octylamine (5.5 mL) was added dropwise 

over 30 minutes and refluxed for 12 h. After allowing the reaction mixture to cool to room 

temperature the mixture was poured on water and the resulting precipitate was filtered and 

washed with H2O. This product was used in the next step without further purification. 1H NMR 

(600 MHz, CD2Cl2):  8.66 (s, 4H), 4.19 (t, J=7.7, 4H), 1.76 (p, J=7.7, 4H), 1.45 (p, J=7.7, 4H), 

1.40 (p, J=7.7, 4H), 1.29 (m, 12H), 0.89 (t, J=7.0, 6H) ppm. 13C NMR (150 MHz, CD2Cl2):  

13.83, 22.64, 27.07, 28.01, 29.21, 29.30, 31.81, 40.83, 123.37, 128.64, 131.47, 132.63, 135.19, 

and 162.19 ppm. (MALDI-TOF) m/z 750 [M-]. 
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PDI 6. PDI 5 (4.0 g, 5.3 mmol), tert-butyl phenol (6.4 g), and K2CO3 were heated under reflux in 

N-methylpyrrolidinone (135 mL). After cooling the reaction mixture to room temperature, the 

mixture was poured on AcOH (200 mL) and stirred for 1 h. H2O was then added to the solution 

and the resulting precipitate was filtered and dried under vacuum. The crude product was 

further purified by column chromatography on silica gel (CHCl3/Hexane 3:1) to obtain 5.1 g. of 

PDI 6 as a purple powder (80% yield). 1H NMR (600 MHz, CDCl3):  8.22 (s, 4H), 7.23 (d, 

J=8.6, 8H), 6.83 (d, J=8.7, 8H) 4.11 (t, J=7.5, 4H), 1.29 (s, 18H), 1.25 (s, 18H), 0.89–0.82 (m, 

34H) ppm. 13C NMR (150 MHz, CD2Cl2):  13.82, 22.61, 27.04, 28.00, 29.17, 29.27, 31.19, 

31.79, 34.25, 40.50, 119.16, 119.48, 119.82, 120.47, 122.65, 126.59, 132.87, 147.31, 153.18, 

155.76, and 163.12 ppm. MALDI-TOF MS (m/z) 1206 [M–]. 

 

PDA-7. PDI 6 (5.0g, 4.1 mmol) and KOH (30 g) were heated under reflux in isopropanol (300 

mL). After cooling the reaction mixture to room temperature, it was stirred in acetic acid (100 

mL) for 1h, H2O was added, and the resulting precipitate was filtered and dried under vacuum to 

obtain 3.9 g of product (95% yield). This compound was used in the next step without further 

purification. 1H NMR (600 MHz, CD2Cl2):  8.17 (s, 4H), 7.30 (d, J=8.6, 8H), 6.87 (d, J=8.6, 8H), 

1.30 (s, 36H) ppm. 13C NMR (150 MHz, CD2Cl2):  31.15, 31.17, 34.31, 118.67, 119.27, 121.39, 

121.46, 126.69, 126.85, 133.43, 148.00, 152.60, 156.31, and 159.79 ppm. MALDI-TOF MS 

(m/z) 985 [M–]. 

 

PMI-1. A mixture of PDA-7 (1.0 g, 1.01 mmol), imidazole (25 g) and pyridine (20 mL) was 

heated to 150 °C. 4-Aminopyridine (0.086 g, 0.91 mmol) dissolved in pyridine (15 mL) was 

added drop-wise to PDA 7 solution over 5 h. and the reaction mixture heated at 150 °C for 15 h. 

After cooling it to room temperature, the mixture was stirred in acetic acid (250 mL) for 1 h, 

excess water was then added and the resulting precipitate was filtered and dried under vacuum. 
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Purification achieved by column chromatography on silica gel (CHCl3/EtOAc 15:1, CHCl3) to 

give 0.38 g of product (35% yield) as a purple powder. 1H NMR (400 MHz, CD2Cl2):  8.75 (d, 

J=5.9, 2H), 8.19 (s, 2H), 8.17 (s, 2H), 7.31–7.26 (m, 10H), 6.88 – 6.84 (m, 8H), 1.31 (s, 18H), 

1.28 (s, 18H) ppm. 13C NMR (150 MHz, CD2Cl2):  31.14, 31.16, 34.27, 34.30, 118.33, 119.13, 

119.26, 119.66, 120.20, 120.68, 121.41, 121.58, 121.83, 122.58, 123.88, 126.72, 126.81, 

133.08, 133.49, 143.16, 147.71, 147.87, 150.99, 152.69, 152.88, 156.03, 156.27, 159.89, and 

162.56 ppm. HRMS (ESI-TOF): m/z for C69H61N2O9 calcd. 1061.43770; found 1061.43935 

(M+). 

 

Porphyrin. Porphyrin was synthesized from p-t-butyl benzaldehyde and pyrrole according to a 

literature procedure54 and purified by column chromatography on silica gel (CH2Cl2/Hexane 1:1). 

1H NMR (400 MHz, CD2Cl2):  8.89 (s, 8H), 8.17 (d, J=8.0, 8H), 7.81 (d, J=4, 8H), 1.62 (s, 36H), 

–2.86 (s, 2H) ppm. 

 

ZnP. Porphyrin was metallated with Zn(AcO)2 according to literature procedure and purified by 

column chromatography on silica gel (CH2Cl2). 
1H NMR (400 MHz, CD2Cl2):  8.98 (s, 8H), 8.16 

(d, J=8, 8H), 7.81 (d, J=12, 8H), 1.62 (s, 36H) ppm. ESI-MS (m/z) 901.3 [M+]. 
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CHAPTER FOUR 

CHARACTERIZATION OF ORGANIC DYES AND SUPRAMOLECULAR 

DYADS IN SOLUTION 

 

4.1 Introduction 

Assembling molecules into a supramolecular structure with unique material properties created 

through the precise placement of individual molecules through noncovalent interactions is one 

of the most powerful tools in nature.37  These chromophoric dyads are simple examples of 

supramolecular structures when compared to the natural world, but still show the enormous 

potential of deliberately designed supramolecular light harvesting systems.  These donor-

acceptor35 dyad systems consist of aromatic PMI as a chromophore/electron transport and a 

second dye, zinc porphyrin or zinc pthalocyanine, as a chromophore/electron donor.  The two 

chromophores were linked through a noncovalent metal ligand bond between pyridine and zinc.  

Utilizing the PMI as the anchoring dye and then linking a second dye maximized the TiO2 

surface area compared to co-sensitization of multiple dyes.  This approach is also superior to 

covalently linked dyes due to a simplified synthetic method.  Even though the dyes are not 

covalently linked they are still in close enough proximity to undergo electron transfer.55  Electron 

transfer from the ZnP/ZnPc could lead to a charge separated state with a neutral PMI 

separating an oxidized ZnP+•/ZnPc+• and an electron rich TiO2 semiconductor.  Charge 

separation increases the exciton lifetime slowing down the rate of recombination.56   

 

4.2  Supramolecular Self-assembly of Organic Dyads 

Initially supramolecular dyads were characterized in solution before the chromophores were 

assembled on the TiO2 surface for the device measurements.  As stated before a supramolecur 

design also had advantages over using multiple chromophores linked through covalent bonds.  
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A much simpler synthetic process produces two chromophores in high yields that can be 

combined in a supramolecular dyad through simple processing.  This is because two smaller 

molecules compared to those linked covalently, are easier to purify and solubilize.  The process 

for solution assembly was a simple matter of mixing the two molecules together and waiting for 

thermodynamic equilibrium to occur.  PDI-2 was mixed with ZnP in DCM in a 1:1 ratio and 

stirred at room temperature leading to the formation of Dyad-1 (Figure 4.1).  PDI-2 was used in 

solution studies so that the anhydride group from PMI-1 would not interfere with binding 

measurements.  This was a reasonable compromise since the anhydride group would be bound 

to the surface of the TiO2 and incapable of interaction with the zinc metal. 

 

 

 

The same conditions were followed with PDI-2 and ZnPc to make Dyad-2 shown in Figure 4.2.  

Both compounds were added to DCM in a 1:1 ratio and stirred at room temperature for at least 

12 hours.  This was most likely an excessive time to allow for supramolecular interaction to 

occur.  Although it was not measured at the time, the kinetics for this interaction could be 

measured with NMR spectroscopy if the coordination does not happen to quickly. 

 

Figure 4.1. PDI-2 and ZnP at a 1:1 ratio in mM concentration assembled into Dyad-1 at room 
temperature in CH2Cl2. 
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In both Dyad-1 and Dyad-2 a metal ligand bond between the pyridine lone pair and the zinc 

metal was formed.  Pyridine naphthalene imide (py-NI) was used as a model compound for 

PMI-1 and PDI-2 in certain experiments in order to provide a comparison between methods and 

to increase confidence in the binding constant (Ka) calculated.  This molecule was choosen 

because of the similar manner of binding and high solubility.  The reference molecule py-NI was 

synthesized and provided by Dr. Samit Guha. 

Figure 4.2. PDI-2 and ZnPc at a 1:1 ratio in mM concentration assembled into Dyad-2 at room 
temperature in CH2Cl2. 

Figure 4.3. Py-NI and ZnP at a 1:1 ratio in mM concentration assembled into Dyad-3 at room 
temperature in CH2Cl2. 
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4.3. Characterization of Supramolecular Dyads 

The organic dye’s optical properties and electrochemical properties were investigated 

individually and in a dyad system.  Since the two molecules are not linked covalently, the dyad’s 

optical and electrochemical properties must be characterized and the binding constants 

measured in solution.  The supramolecular bond between the zinc and the pyridine group is 

much weaker than a covalent bond and exists as a function of concentration reported as the 

binding constant Ka with units M-1 for a 1:1 binding.  Because of the labile nature of the zinc-

pyridine bond; a soft ionization technique was needed to see the dyad using mass 

spectrometry, so electron spray ionization time of flight mass spectrometry (ESI-MS) was 

employed.  The molecular ions for the individual molecules as well as the dyads were observed 

by this technique. 

 

Figure 4.4. ESI-MS spectrum of ZnP and py-NI in methanol [M+].  Mass peaks for both ZnP 
[900 m/z calcd.] and Dyad-3 [1175 m/z calcd.] are observed in the spectrum.  Py-NI [274 m/z 
calcd.] is observed in the spectrum, but is not show. 

ZnP 

Dyad-3 

m/z 
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Calculated masses of ZnP and py-NI were 900.4 m/z and 274.1 m/z respectively and the mass 

of the dyad was calculated to be 1174.5 m/z.  The mass of the py-NI is not shown, but the 

protonated species of the ZnP and Dyad-3 were both observed in the spectrum in Figure 4.4.  

There were no other ratios of ZnP and py-NI complex observed for this system, which is 

consistent for a 1:1 binding model.  The dimer complex of ZnP was observed at 1804 m/z but 

not shown in the spectrum in Figure 4.4. 

 

 

 

The molecular ions for ZnP and PDI-2 are calculated to be 900.4 m/z and 1141.5 m/z 

respectively.  The Dyad-1 is calculated to be 2042.9 m/z.  All three protonated species can be 

Figure 4.5.  ESI-MS Spectrum of ZnP and PDI-2 and Dyad-1 in methanol [M+].  Mass peaks for 
ZnP [900 m/z calcd.], PDI-2 [1142 m/z calcd.], and Dyad-1 [2042 m/z calcd.] are observed in 
the spectrum. 

ZnP 

PDI-2 

Dyad-1 

m/z 
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observed in the ESI-MS spectrum including a small peak for the ZnP dimer at 1804 m/z.  No 

other species at higher m/z were observed for this system. 

 

 

 

The molecular ion for ZnPc is calculated to be 800.3 m/z and Dyad-2 is calculated to be 1942.9 

m/z.  All three species can be observed in Figure 4.6, including the peak for ZnPc dimer at 1603 

m/z.  There were no species of higher m/z observable in this system.  Ions observed in the ESI-

MS spectra provide a qualitative confirmation of the presence of Dyad-1, Dyad-2, and Dyad-3 in 

a methanol solution, but do not give an indication of binding strength.  To get a quantitative 

measurement of binding strength a different technique like NMR, UV-Vis, or fluorescent titration 

must be employed. 

Figure 4.6. ESI-TOF of ZnPc, PDI-2, and Dyad-2 in MeOH [+M].  Mass peaks for ZnPc [800 
m/z calcd.], PDI-2 [1142 m/z calcd.], and Dyad-2 [1942 m/z calcd.] were observed in the 
spectrum. 

ZnPc 

PDI-2 

Dyad-2 

m/z 
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Literature values from two different sources for a zinc tetraphenylporphyrin•••pyridine binding 

constant with a 1:1 ratio is between 0.9 x 103 M-1 and 7.7 x 103 M-1 using UV-Vis titrations in 

organic solvents, chloroform and dichloromethane respectively.57 Because of the range of 

binding constants in the literature, NMR titration was the technique chosen for measuring the 

binding strength of the supramolecular dyads in our systems.  The titrations were performed by 

making up a number of NMR tubes with the same final concentration of PDI-2 or py-NI in each 

and adding a known equivalence of the zinc species, ZnP or ZnPc, and then bringing each tube 

to the same volume with deuterated solvent.  The exchange of host/guest species is fast 

compared to the NMR time scale which leads to signal averaging of the individual molecules 

and the dyad.58  The concentration of the dyad in the mixture is determined by the amount of 

proton peak shifting between the individual molecule’s chemical shift and the chemical shift of 

the supramolecular complex.  The binding constant was calculated from the chemical shifts of 

multiple protons in the NMR spectrum using a global nonlinear fitting model in OriginPro 9 

based on equation 4.1, derived from a review paper by Thordarson.59 

               √          
     Equation 4.1. NMR host/guest 

nonlinear fitting equation. 

In equation 4.1; y is the dependent variable of absolute value of the proton shift in ppm, x is the 

independent variable of guest equivalence, H is a constant variable of the concentration of host 

(M), B is a fitted parameter of peak shift (Δ ppm) of the host/guest complex from the chemical 

shift of the individual host, and Ka (M-1) is a fitted parameter of the binding constant.  The 

binding constant parameter Ka was fitted so that its value was shared between all the data sets 

in a global nonlinear fit.  Global nonlinear fitting accounts for the shifting patterns of each 

individual proton when determining the binding constant.  However the equation shown above is 
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only valid for a 1:1 binding model.  A new equation would need to be derived in order to fit any 

higher order binding. 

 

 

 

A NMR titration with ZnP and PDI-3 at 2mM was performed, but no clear proton shifting pattern 

could be discerned from the data.  This could be a result of a binding competition between the 

pyridine and the carboxylic acid functional group with zinc or from protonation of the pyridine 

nitrogen.  So a reference compound PDI-2 was used instead, which is also valid for PMI-1 since 

the anhydride would be bound to the TiO2 and not capable of binding with zinc.  Cyclohexyl 

attached to the other imide position of PDI-2 has no affinity with ZnP or ZnPc. 

Figure 4.7. 1H NMR 600 MHz titration of ZnP and PDI-3 at 2mM each in CDCl3 at 298K.  No 
clear shifting pattern was observed for PDI-3 protons when titrated with ZnP. 
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A smaller model compound py-NI was used to compare NMR binding data with the literature 

values for binding with pyridine and zinc tetraphenylporphyrin.  An NMR titration was performed 

as described previously with ZnP at various concentrations and py-NI at 2mM in CD2Cl2 on a 

Bruker 600 MHz NMR.  Upfield shifting of the protons on the py-NI is caused by the ring current 

of the aromatic porphyrin ring.  The protons Ha and Hb on the pyridine ring show the most 

significant up field shifting as the ratio of ZnP increases.  The shifting and broadening of Ha is so 

significant it cannot be observed at the lowest equivalence of ZnP, which is typical in NMR 

titrations with pyridine and a zinc porphyrin ring.60  As the protons of the py-NI get further away 

Figure 4.8. 1H NMR titration of ZnP at 2mM and py-NI at 2 mM in CD2Cl2 at 298K. Upfield 
shifting of the py-NI protons due to the ZnP ring current are shown with dashed lines.  
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from the porphyrin ring the upfield shifting becomes less pronounced.  The nonlinear regression 

was performed with proton shifting data of Hb, Hc, Hd, and He.  The binding constant Ka was 

calculated to be 2.43 x 103 M-1, which is consistent with the literature values reported previously. 

 

 

 

 
Ka (M

-1

) B (Δ ppm) 

py-NI H
B
 

2.43 x 10
3 

1.63 

py-NI H
C
 0.243 

py-NI H
D
 0.412 

py-NI H
E
 0.222 

 

An isothermal titration calorimetry (ITC) measurement was also performed to find a binding 

constant for this dyad system.  ITC measurements titrate in guest molecules at high 

concentration into solutions of host molecules and energy is typically released upon complex 

formation.61  The instrument then records the amount of energy required to bring the solution 

back to the starting temperature.  As the host becomes saturated with guest molecule the 

temperature change decreases.  ZnP was not soluble at the concentrations needed for a guest 

molecule titrant, so it was used as the host molecule solution at 0.75mM in DCM.  The py-NI at 

20mM in DCM was titrated into the ZnP solution at 25.0±0.1 ⁰C.  Py-NI mimics the pyridine 

attached to an aromatic ring with an imide functional group and no other coordination groups 

making it a good reference for PDI-2.  The py-NI molecule is also soluble enough to make up a 

20mM concentration to be injected in the ITC at 25 ⁰C.  The Ka found for this system with a 1:1 

ratio fitting model was 2.13 x 103, which is close to the value calculated through NMR titration 

Table 4.1.  Binding Constant Ka and proton shifts B of Dyad-1 calculated from equation 4.1 and 
the proton shifting data of the ZnP:py-NI NMR titration. 
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measurements.  Because neither PDI-2 nor ZnP were soluble enough in DCM to make solution 

of high enough concentration for the ITC injection, valid ITC measurements for the other dyad 

systems could not be obtained. 

 

 

NMR titration with ZnP at various ratios and PDI-2 at 3mM was performed in CD2Cl2 in a Bruker 

600 MHz NMR.  The proton closest to the binding pyridine nitrogen, Ha, once again disappears 

upon addition of ZnP.60  Proximity to the binding site on PDI-2 determines the change in 

chemical shift, which indicates the supramolecular binding is occurring as expected.  There was 

also a noticeable shift of the Hz proton on the ZnP molecule between the 0:1 ratio when on PDI-

2 was not present and all the other ratios where ZnP is saturated with the host.  This is most 

Figure 4.9. ITC measurement of ZnP at 0.75 mM and py-NI titrated in at 20 mM in CH2Cl2 at 
25.0±0.1 ⁰C.  Squares are measured data of heat change and the solid line is the best fit. 
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likely due to the aryl groups in the bay position of the PDI-2, since the same chemical shift is not 

seen in the NMR titration with py-NI. 

 

 

A nonlinear fitting to determine the Ka of Dyad-1 was based on the shifting patterns of Hb, Hc, 

Hd, and He shown in figure 4.10.  All the calculated values for Ka and B can be found in Table 

4.2.  The global binding constant was calculated to be 3.03 x 105 M-1 with an R-square value of 

0.λλ0.   The calculated values of B correspond with the protons’ shifts at high ratios of the guest 

molecule ZnP and thus the highest levels of supramolecular complex. 

Figure 4.10. NMR titration of ZnP and PDI-2 at 3mM each in CD2Cl2 at 298K. Upfield shifting of 
the PDI-2 protons used to calculate Ka is shown with solid lines. Upfield shifting of PDI-2 protons 
is due to the ZnP ring current. 
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An NMR titration of ZnPc at various concentrations and PDI-2 at 3mM was performed using 

CD2Cl2 as a solvent in a Bruker 600 MHz instrument. 

 

 

Proton Signal Ka (M
-1

) B (Δ ppm) 

PDI-2 H
b
 

3.03 x 10
5 

0.959 

PDI-2 H
c
 0.229 

PDI-2 H
e
 0.061 

PDI-2 H
f
 0.118 

 

The protons on PDI-2 once again underwent an upfield chemical shift on addition of the guest 

molecule due the ZnPc aromatic ring. The proton closest to the pyridine binding site disappears 

at the smallest addition of ZnPc, similar to the titration with ZnP.   

 

 

 

Proton Signal Ka (M
-1) B (Δ ppm) 

PDI-2 Hb 

3.06 x 104 

1.45502 

PDI-2 Hc 0.42762 

PDI-2 He 0.17132 

PDI-2 Hf 0.23992 

 

Table 4.2.  Binding constant Ka and proton shifts B of Dyad-2 calculated from equation 4.1 and 
the proton shifting data from the ZnP : PDI-2 NMR titration. 

Table 4.3. Binding constant Ka and proton shifts B of Dyad-3 calculated from equation 4.1 and 
the proton shifting data from the ZnPc : PDI-2 NMR titration. 
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A binding constant was calculated using the chemical shifts of protons Hb, Hc, Hd, He, and Hf in a 

nonlinear fitting of equation 4.1.  Binding between the ZnPc and PDI-2 was an order of 

magnitude weaker than the binding of ZnP, but still enough to assemble on the surface of a 

solar device as seen later in surface UV-vis measurments. 

 

 

 

Figure 4.11. 1H NMR titration of ZnPc and PDI-2 3mM each in CD2Cl2 at 298K. Upfield shifting 
of the PDI-2 protons used to calculate Ka is shown with solid lines. Upfield shifting of PDI-2 
protons is due to the ZnPc ring current.  A spectrum of only ZnPc is not shown because π-
stacking of the porphyrin ring caused broad distorted peaks. 
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4.4 Optical Measurements 

Optical and electrochemical properties are also important components when selecting 

sensitizing dyes for DSSC.  These properties must be measured in order to know if the organic 

dyes selected have the desired absorption and electron donating/accepting ability.  Absorption 

is very important for any chromophore, for obvious reasons.  A high molar extinction coefficient 

is and broad absorption range ideal for light capturing in DSSCs.  Ruthenium based dyes seen 

in Figure 1.2 (Chapter 1) are currently the standard in DSSC construction.17a-d  These types of 

dyes provide a broad absorption range, but have low molar extinction coefficients and require a 

thicker TiO2 layer for sufficient light harvesting.  The organic dyes discussed here have high 

molar extinction coefficients, but more narrow absorption ranges (Figures 4.12 and 4.13).  Two 

dyes were combined to from a dyad in order to extend the absorption range and capture more 

light. 

Absorption measurements were made with a Perkin Elmer Lambda-25 UV/Vis 

spectrophotometer.  All solutions were measured in a quartz cuvette with a Teflon stopper to 

reduce evaporation during the experiments. As seen in Figure 4.12, the PDI-2 and the ZnP 

spectra are measured independently and together in the same solution at 5 x 10-6 M in DCM.  

The two individual spectra could be summed to produce the dyad spectrum except for a small 

drop in the Soret band intensity with two isosbestic points on either side.  This is common 

spectroscopic change in ZnP absorption is due to binding with a nitrogen lone pair and has 

been used by other groups to calculate binding constants.57   In this case, the change in the 

Soret band was low because only a small amount of dyad is formed at these low 

concentrations. Porphyrins are a common organic dye because of their high molar extinction 

coefficient in the Soret band as seen in Figure 4.12.17e  The Q bands of the ZnP overlap with the 

absorption of PDI-2 to increase the absorption in the 500 – 650 nm region.  Practical absorption 

range increases from 450 – 620 nm to 400 – 620 nm with the formation of the dyad species.  
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The mixture of ZnP with the PDI-2 gives good absorption in the visible region with no change in 

the Q band region since there is very little electronic interaction between the two chromophores. 

 

 

 

individual molecules all at 3 x 10-6 M (Figure 4.13).  There is a noticeable increase in absorption 

of the Q band region of ZnPc with addition of the PDI-2.  This increase is the result of 

aggregation of the ZnPc disrupted by the PDI-2.62  The same aggregation was seen in the NMR 

spectrum of ZnPc and disappeared upon addition of PDI-2. There is also an isosbestic point at 

700 nm proving there is some change in electronic properties of the ZnPc and not a simply a 

concentration change.  

Phthalocyanine is also a common organic dye with a high extinction coeofficent in both the 

Soret as well as the Q band regions.17f  Absorption of the dye mixture is an additive combination 
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Figure 4.12. UV/Vis spectra of PDI-2 (red), ZnP (green), and Dyad-1 (blue) in CH2Cl2. 
Absorption spectrum of PDI-2 and ZnP are additive except in the Soret band, which decreases 
in intensity. 
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of the two dye species except for the Q band region already discussed, demonstrating very little 

electronic interaction between the two chromophores. 

 

 

Similarly, the absorption of PDI-2 with ZnPc was measured in DCM and compared with the  

There is much less absorption overlap between PDI-2 and ZnPc compared to PDI-2 and ZnP.  

The potential absorption range of the PDI-2 is increased from 450 – 620 nm to 300 – 700 nm in 

Dyad-2 by adding ZnPc.  The combination of these two dyes provides excellent absorption 

across the visible spectrum. 

 

4.5 Electrochemical Measurements 

CVs were performed to investigate the redox properties of individual dyes as well as dyad 

systmes.  These electrochemical experiments were performed with a Princeton Applied 
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Figure 4.13. UV/Vis spectra of PDI-2 (red), ZnPc (green), and Dyad-2 (blue) in CH2Cl2.  The 
absorption of the ZnPc Q-band is reduced compared to the Dyad-2 absorption due to stacking. 
In Dyad-2 the stacking is disrupted by PDI-2 and the absorption of the Q-band increases. 
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Research VersaStat-3-200 potentiostat/galvanostat instrument using a standard electrochemical 

cell, consisting of a glassy carbon working electrode, Pt-wire counter electrode, and Ag/AgCl (3 

N aq. NaCl) reference electrode. 

Reductive cyclovoltometry for ZnP is not shown because it is not readily reduced at the 

potentials shown.  The first reduction of PDI-2 is not well defined at -0.75 mV and is merged 

with the second reduction at -0.94 mV (Figure 4.16).   

 

 

 

Even though the sample was purged with nitrogen, the poor peak resolution was most likely a 

result of oxygen in the sample.  The same sample under the same conditions with additional 

nitrogen purging seen (Figure 4.17), shows both reduction peaks resolved.   

Figure 4.14. CV of ZnP and PDI-2 at 0.5 mM and Dyad-1 at 1 mM in CH2Cl2. Dyad-1 is more 
easily oxidized at +780 mV compared to ZnP (+830 mV) and harder to reduce at -820 mV 
compared to PDI-2 (-780 mV). No reduction of ZnP was observed within the ranges measured. 
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Entry E
1
Ox (mV) E

1
Red (mV) Band Gap HOεO (eV) δUεO (eV) 

PDI-2 +1340 -780 1.λ7 -5.57 -3.60 
ZnP +830 -1000 2.05 -5.21 -3.16 

Dyad-1 +780 -820 2.02 -5.58 -3.56 
 

However, the onset reduction does change from -0.63 mV in PDI-2 to -0.70 mV in the dyad 

system.  Dyad-1 system is slightly harder to reduce than the individual PDI-2, since ZnP is 

electron rich and a good donor molecule. 

 

 

Table 4.4. Redox potentials for PDI-2, ZnP, Dyad-1 measured with CV.  HOMO and LUMO 
energy levels and optical Band gap were calculated from redox potentials and onset absorption. 

Figure 4.15. CV reductive cycle of ZnPc, PDI-2, and Dyad-2 all at 1mM in CH2Cl2. Dyad-1 is 
more easily oxidized at +445 mV compared to ZnPc (+485 mV) and harder to reduce at -820 
mV compared to PDI-2 (-790 mV). 
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  The oxidative cyclovoltamagram for PDI-2, ZnP and Dyad-1 can be seen in Figure 4.14.  ZnP 

is a known electron donating species and shows the classic porphyrin onset oxidation peaks at 

0.70 V and 1.05 V.63a  This onset oxidation shifts to 0.60 V for the dyad system.  The dyad is 

more easily oxidized than the individual ZnP, because the lone pair from the pyridine ring is 

donating into the system making it more electron rich.64  The PDI-2 doesn’t start oxidizing until 

1.2 V, making it a poor electron donor by itself. 

 

 

Entry E
1
Ox (mV) E

1
Red (mV) Band Gap HOεO (eV) δUεO (eV) 

PDI-2 +1340 -780 1.λ7 -5.57 -3.60 
ZnPc +485 -820 1.72 -4.87 -3.14 

Dyad-2 +445 -7λ0 2.02 -5.61 -3.5λ 
 

The CV was also measured for ZnPc, PDI-2, and Dyad-2, all at 1mM in CH2Cl2 (Figure 4.17).  

The dyad systems reductive cycle is a combination of the individual molecules with the first 

onset reduction at -0.58 V.  The onset oxidation of ZnPc occurs at 0.3 V.  This means that ZnPc 

is a much better electron donor than ZnP, onset oxidation at 0.7 V. 

Flourescence measurements were performed on a Jobin Yvon Horiba FluoroMax 

Spectrofluorometer.  Emission spectra of the PDI-2, ZnP, and a mixture of both at 20 x 10-6 M in 

CHCl3 were measured to try to finding quenching mechanism from energy transfer or electron 

transfer.  At this concentration very little of the dyad would be formed in the solution.  Because 

both molecules had high extinction coefficients across the visible region, the mM concentrations 

needed to form the dyad could not be used without overwhelming the detector or self-quenching 

in the sample.  Fluorescence spectra can be found in the Appendix. 

The electrochemical properties measured here helped to predict the suitablility of this dyad as a 

chromophore for DSSCs.  The chromophores characterized here have high extinction 

Table 4.5. Redox potentials for PDI-2, ZnPc, Dyad-2 measured with CV.  HOMO and LUMO 
energy levels and optical Band gap were calculated from redox potentials and onset absorption. 
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coefficients that in the dyad systems cover a wide absorption range in the visible region.  The 

absorption range of ZnPc does not overlap with the PMI-1 absorption as much as the ZnP.  A 

larger absorption range is beneficial in DSSCs because more light can be harvested.  The CV 

measurements also show that ZnPc is a better electron donor than ZnP by 500 mV.  These 

results suggest that ZnP•••PMI as well as ZnPc•••PMI can be used as chromophores for 

supramolecular multichromophoric solar devices. 

 

4.6 Conclusion 

Solution characterization of the chromophores was performed in order to quantify the 

supramolecular bond between the two chromophores as well as the optical and redox properties 

of the individual dye molecules and the supramolecular complexes.  The masses of both 

supramolecular complexes, ZnP•••py-PDI-cy and ZnPc•••py-PDI-cy, were observed with the soft 

ionization technique ESI-MS using methanol as the solvent.  Determining the binding constant 

values was first attempted with ITC, but due to solubility limitations this method was not 

compatible with PDI-2 and ZnP.  NMR titration was selected as the method to determine the 

binding constants for these supramolecular complexes, because this technique works well for Ka 

in the 102 – 105 M-1 range and literature values place pyridine – Zinc Porphyrin coordination at 

ca. 103 M-1.57  To test its validity, NMR titration was compared to ITC using ZnP and a reference 

compound py-NI.  The binding constants found for the ZnP•••py-NI complex were 2.1 x 103 M-1 

with NMR titration and 2.4 x 103 M-1 with ITC.  A difference of ca. 10% was deemed acceptable 

and Ka values for the other dyads were measured using NMR titration.  NMR titration found Ka 

values of 3.0 x 105 and 3.1 x 104 in DCM at 25 ⁰C for Dyad-1 and Dyad-2 respectively. 

Absorption measurements were taken of individual molecules as well as dyads.  The absorption 

range of PDI-2 was found to be 450 – 620 nm.  Dyad-1 extended the absorption range to 400 – 

620 nm due to intense absorption of the ZnP Soret band from 400 – 450 nm.  Dyad-1 

absorption appears to be the combination of both dyes except for a small decrease in the Soret 
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band extinction coefficient.  Dyad-2 extended the absorption range to 300 – 700 nm due to the 

Soret and Q Bands of ZnPc.  The absorption measurement of Dyad-2 shows an increase in the 

extinction coefficient of the Soret and Q bands compared to ZnPc individually even though PDI-

2 has little or no absorption in those regions.  This increase is attributed to disruption of π-π 

interaction in the ZnPc molecules by dyad formation.  This interaction was also seen in the 1H 

NMR spectrum of individual ZnPc, not shown, which caused broad, uneven, and shifted peaks.  

An extended absorption range of the dyads is beneficial for light harvesting applications and the 

facile manner of supramolecular coordination is beneficial in terms of synthesis.  Fluorescence 

experiments were performed to look at quenching in the dyad assemblies but no useful 

information could be ascertained because of concentrations needed for dyad formation could 

not be used without saturating the detector. 

Cyclic voltammetry experiments were performed for individual dyes as well as dyad components 

in solution.  These experiments were used to determine redox potentials for the chromophores 

which were used to calculate energy levels.  Both dyad complexes were oxidized at a lower 

potential than individual dye molecules.  The oxidation of ZnP and Dyad-1 are +830 mV and 

+780 mV respectively.  The oxidation of ZnPc and Dyad-2 are +485 mV and +445 mV 

respectively.  The two dyad systems are better donors than the ZnP and ZnPc independently.  

ZnPc is a much better donor than ZnP, which is an important characteristic for creating charge 

separation in the dyad systems. 
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CHAPTER FIVE 

MULTICHROMOPHORIC SOLAR CELL DEVICE CONSTRUCTION AND 

QUANTIFICATION 

5.1 Introduction 

The construction and optimization of DCSCs has been a major area of research for more than 

20 years ever since Grätzel et al. produced a solar device with 7% efficiency under 1.5 AM 

using TiO2 and molecular dye.16  This demonstrated the possibilities of DSSC devices and 

created a research frenzy in the decades following.17-19  Utilizing TiO2 as a high surface area 

semiconductor on which the chromophores were attached created a major leap in terms of 

device efficiency.  In 2013 over 3000 peer reviewed journal articles were published in this area.  

Not only was this a huge increase in device efficiency, but for the first time a less expensive 

alternative to conventional silica solar cells was considered viable.  The level of research 

interest is in part due to the complexity of the DSSC devices.  There are multiple parts of the 

device that can be optimized separately or together.  The devices consist of a semiconductor 

working electrode, a chromophore, a redox media, and a counter electrode.  As mentioned 

previously, the working electrode usually consists of TiO2, but other semiconductors have been 

used including p-type semiconductors.65  The redox mediator was originally an I-/I3- in organic 

solvent, but many others have emerged including solid state redox mediators.25,26  Many 

chromophores have been tested, the most common have been ruthenium and porphyrin based 

dyes.17,29  The counter electrode is typically Pt, Au, or Ag but even this has been changed and 

modified.19  All of this research has increased the device efficiency (η) in small increments over 

the last 20 years; the most recent record was 15% by Grätzel et al. at EPFL.27  This puts 

DSSCs within striking distance of the efficiency need to be competitive with commercialized 

solar technology. 
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5.2 Assembly of the Working Electrode 

To make the working electrode for the DSSC; a 20 nm nanoparticle TiO2 paste (Ti-Nanoxide T, 

solaronix) was doctor bladed onto FTO (fluorine doped tin oxide) glass slides at ca. 5 m 

thickness (Figure 5.1).  The coated slides were then sintered up to 450 ⁰C in a furnace for 30 

minutes.  This created a transparent conductive oxide (TCO) working electrode.  The organic 

dye molecules were synthesized with the goal of making organic chromophores for DSSC 

devices.  Once the compounds were synthesized and characterized in solution, the next step 

was to attach them on the working electrode. 

 

 

Once the electrode was prepared, it was functionalized at room temperature with the PMI-1, or 

pyridine-4-caroxylic acid and ZnP or ZnPc.  Pyridine-4-caroxylic acid was used as a control for 

the chromophore and anchoring dye PMI-1.  The anchoring compounds were applied to the 

Figure 5.1. SEM image of 20 nm TiO2 paste doctor bladed and sintered on FTO conductive 
glass. 
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TCO by immersion in 0.15 mM DCM solutions of PMI-1 or pyridine-4-carboxylic acid (0.15 mM 

in EtOH) for 15 hours.  The PMI-1 attached to TiO2 through the anhydride functional group and 

the pyridine-4-carboxylic acid through the carboxylic acid functionality.  The TCOs were then 

washed with DCM to remove any excess compound from the surface and air dried.  To 

functionalize the TCOs further, they were immersed in solutions of either ZnP or ZnPc at 2 mM 

in DCM for 30 min and then unbound dye was washed and dried subsequently.  The 

functionalization of the dye molecules on TCO was confirmed through UV-Vis spectroscopy. 

 

  

A one step functionalization of the TiO2 film was also performed for both the ZnP•••PεI-1 and 

ZnPc•••PεI-1.  For a one step functionalization the host and guest molecules were mixed in 

equal concentrations for 24 hours to form the dyad and then the TiO2/FTO surface was 

Figure 5.2. Diagram of the two step process utilized to sensitize a TiO2/FTO film with Dyad-1 
and Dyad-2. The resulting dye coated surfaces were the working electrodes for the DSSC 
devices. 
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immersed in the solution for 15 hours.  The population of the dye attached to the surface, 

measured through UV-Vis, as well as the device efficiency was lower than when the two step 

process describe previously was used. 

 

5.3 Surface Absorption Measurements 

The surface coverage of the dye on TiO2/FTO films was measured through UV-Vis 

spectroscopy using a PerkinElmer Lambda-25.  The entire substrate was held in place by a 

glass slide adapter from PerkinElmer and the FTO glass background was subtracted out of all 

the spectra.  The characteristic ZnP Soret band, max = 430 nm,17e can be seen in the UV-Vis 

spectrum when attached to both the PMI-1 and the pyridine-4-carboxylic acid, a clear indication 

of ZnP coverage. 
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Figure 5.3. Suface absorption of FTO/TiO2 working electrodes of ZnP•••py-4-carboxylic acid 
(purple), PMI-1 (red), and ZnP•••PMI-1 Dyad-1 (green). 
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Even though the TiO2 film was thin, ca. 5 m, compared to standard ruthenium sensitized 

DSSCs, ca. 10 m of TiO2 + 5 m of scatting layer, the organic dyes’ TCO absorption was 

competitive because of the high extinction coefficient. The combination of ZnP and PMI-1 on the 

TCO has excellent absorption properties from 400 nm – 650 nm.  At max of ZnP and PMI-1, 

absorbance is ca. 1.5, where nearly 97% of the light is being captured on FTO/TiO2 surface. 

Absorption measurements of ZnPc and PMI-1 on the electrode surface showed similar results.  

The measurement of the dyad appeared to be a combination of the original dye molecules on 

the surface.  The absorption range for the dyad species was 400 nm – 750 nm.  Once again the 

absorbance at the max of the two chromophores was at or above 1.5 on the y axis and above 

0.5 or ca. 60% absorption across the entire region. 
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Figure 5.4. Suface absorption of FTO/TiO2 working electrodes of ZnPc•••py–4–Carboxylic acid 
(orange), PMI-1 (red), and ZnPc•••PεI-1 Dyad-2 (Blue). 
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5.4 Device Assembly 

Once the dye was attached to the working electrode, the rest of the device could be assembled.  

The counter electrode consisted of an ITO glass substrate coated with Pt ca. 30 nm thickness. 

Counter electrodes were provided by Advanced Material Research Institute (AMRI), The 

University of New Orleans, Louisiana and Argonne National Laboratory.  The redox media used 

in MCSC devices was an I-/I3- electrolyte prepared with 1 M LiI and 0.6 M I2 in propylene 

carbonate. 

Devices were constructed with a photoactive area of 0.25 cm2 on the working electrode.  The 

extra TiO2 film was etched off with a glass slide.  The TiO2/FTO working electrode and the 

Pt/ITO counter electrode were separated and sealed with a 30 um thick thermoplast hot-melt 

sealing foil from Dysesol.  Redox electrolyte I-/I3- was impregnated between the electrodes 

through a hole in the counter electrode using a vacuum chamber. 

 

 

Figure 5.5. Photograph of fabricated DSSC consisting of a dye coated FTO/TiO2 working 
electrode, platinum coated ITO counter electrode, and iodide/triiodide redox couple.  The 
working area of DSSC devices are ca. 0.25 cm2. 



65 

 

5.5 Device Measurement 

DSSC photovoltaic performances were measured with a Keitheley source meter (Model 2400) 

using Labview.  The I/V curves were measured under 100 mW/cm2 illumination from a 300 W 

xenon lamp, (Model 67005 Oriel Instruments, USA) calibrated with a reference cell (Oriel, USA) 

and mismatch corrected with a standard air-mas filter (Oriel, USA).  Light intensity was 

maintained by either optical neutral density filters from Oriel, USA or by power meter wattage 

adjustment. 

Devices sensitized with PMI-1, ZnP•••PεI-1, ZnP•••pyridine-4-carboxylic, ZnPc•••PεI-1, and 

ZnPc•••pyridine-4-carboxylic acid were constructed and the photovoltaic properties measured.  

The open circuit voltage (VOC) is similar for all the devices because the same semiconductor 

and electrolyte was used for all of them.  A slight increase in VOC is seen when the short circuit 

current increases, which is expected with an increase in electron density in the Fermi level of 

the TiO2 semiconductor.20,21 

  

Figure 5.6. I/V measurement of ZnP•••py- 4 –carboxylic acid (purple), ZnPc•••py- 4 –carboxylic 
acid (orange), PMI-1 (red), ZnP•••PMI-1 dyad (green), and ZnPc•••PMI-1 Dyad-1 (blue). 
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When anchored to the TiO2 electrode surface with pyridine-4-carboxylic acid, the ZnP and ZnPc 

show only slight current generation of 0.47 mA/cm2 and 0.55 mA/cm2 respectively.  A more 

modest current of 3.21 mA/cm2 was generated with devices sensitized with only PMI-1.  The 

highest current and devices efficiencies were observed when ZnP and ZnPc were added to the 

systems.  Addition of ZnP to PMI-1 increased the device efficiency from 0.7% to 1.1%.  There 

was a more substantial increase using the ZnPc•••PMI-1 giving a device efficiency of 2.3%, 

more than double the PMI-1 by itself. 

 

 

 

Dye composition JSC (mA/cm2) VOC (mV) FF (%) PCE (%) 

ZnPc•••PMI-1 10.0 460 50 2.20 ± 0.12 

ZnP••• PMI-1 5.51 410 49 1.10 ± 0.06 

PMI-1 3.21 390 57 0.72 ± 0.04 

ZnPc 0.55 350 63 0.15 ± 0.01 

ZnP 0.47 340 60 0.09 ± 0.02 

 

Both the controls, ZnP and ZnPc with py- 4 –carboxylic acid have a very small current response 

compared to devices with PMI-1.  The ZnP and ZnPc are not driving the electron ejection, but 

are making the process more favorable.  This improvement could be the result of multiple 

factors at work in the device.  The addition of the second chromophore, either ZnP or ZnPc, to 

the PMI-1 extends the absorption range so that more light is captured by the dyad system.  Both 

ZnP and ZnPc are also excellent electron donating chromophores.  Electron donation from ZnP 

or ZnPc to PMI-1 could occur through different mechanisms.  Once excited the ZnP* or ZnPc* 

could donate into the PMI-1 to create PMI-1-1 and ZnP+1 or ZnPc+1 and electron injection into the 

Table 5.1. PV performance results: Current density (JSC), Open Circuit voltage (VOC), Fill Factor 
(FF), and Photocurrent Efficiency (PCE) of DSSC devices. 
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TiO2 to produce current.  Another possibility is that PMI-1 could become excited to PMI-1* and 

then be reduced by ZnP or ZnPc creating PMI-1- and ZnP+1 or ZnPc+1.  Once reduced PMI-1- 

could inject the extra electron into the TiO2 semiconductor.  The third possibility is that PMI-1 

becomes excited and injects an electron into the TiO2 to become PMI-1+ and is then 

immediately reduced by the ZnP or ZnPc to create ZnP+1 or ZnPc+1 and neutral PMI-1.  Electron 

donation creates a charge separated state with PMI-1 between the electron in the TiO2 and the 

hole ZnP+1/ZnPc+1.  Back electron transfer from the conduction band of TiO2 to the oxidized dye 

is a major loss mechanism in the device.  Separating the charge would decrease back electron 

transfer and increase the current generated in the device. 
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Figure 5.7. IPCE measurement of ZnPc•••PMI-1 (blue), ZnP•••PMI-1 (green), ZnPc•••py-4-
carboxylic acid (orange), ZnP•••py-4-carboxylic acid (purple), and PMI-1 (red). 
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To better understand the increased efficiency of the supramolecular devices incident photon to 

current efficiency (IPCE) was measured for the devices.  The IPCE measures the current 

response as the device is illuminated by different wavelengths of light.66 This type of 

measurement is useful to understand the sensitization effect of individual chromophores that are 

responsible for current produced by the device. 

The current generated from the controls of ZnPc shows little current conversion where the dye 

absorbs, however the control for ZnP show current generated at the wavelength range of the 

ZnP soret band, max = 430 nm.  The PMI-1 individual chromophore device has current 

generation similar to the surface UV-Vis absorption spectra, which is a good indication that the 

PMI-1 is responsible for the majority of the current produced.  When the ZnP•••PMI-1 dyad is 

measured, a sharp current peak is observed in the area where the ZnP soret band absorbs just 

like that seen in the control.  This indicates that the increase in device efficiency in the 

ZnP•••PMI-1 dyad is coming from light absorption by the ZnP, so the excited ZnP* is donating 

an electron to the PMI-1 and then to the TiO2 conduction band.  The IPCE measurement of the 

ZnPc•••PMI-1 dyad is displaying only a small increase in current at the max of ZnPc, but shows 

a strong increase in current in the absorption range of PMI-1, 450 nm – 600 nm.  Since ZnPc 

does not absorb strongly in this range and no additional PMI-1 is observed in UV-Vis 

measurements, the increase in current must be a result of charge separation in the dyad 

system.  As seen from the electrochemistry the ZnPc is a much better electron donor than the 

ZnP, so this electron donation mechanism dominates.  Either the excited PMI-1* ejects its 

electron in to TiO2 and is then reduced by ZnPc or the excited PMI-1* is reduced by ZnPc first 

and then ejects an electron into TiO2.  To discern this mechanism further, transient absorption 

experiments would need to be performed. 
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5.6 Conclusion 

Multiple dyes were sensitized onto working electrodes as supramolecular dyad systems.  A two-

step method, anchoring PMI-1 on the surface before forming the dyad, was found to be superior 

to a one step method, forming the dyad in solution then anchoring on the surface, based on 

surface UV-vis absorption measurements.  Surface absorption measurements showed excellent 

light absorption, above A = 0.5 or ca. 70% light absorption, for PMI-1 on TiO2 from 450 – 650 

nm.  The absorption range was increased to 400 – 650 nm by the addition of ZnP and to 400 – 

750 by the addition of ZnPc.  An extended absorption range increases the light harvesting 

potential of the DSSC devices and potential photocurrent. Working electrodes sensitized with 

Dyad-1 or Dyad-2 were fabricated into DSSC devices with a platinum counter electrode and 

iodide/triiodide redox mediator.  IV measurements reveal power conversion efficiency of 1.1% 

and 2.2% for the Dyad-1 and Dyad-2 device respectively.  The increase in efficiency from 

devices constructed with a single chromophore PMI-1, PCE = 0.72%, is attributed to ZnP and 

ZnPc.  IPCE measurements record photocurrent based on the wavelength of light.  

Photocurrent from the device constructed from Dyad-1 increases over the absorption range of 

the Soret band of ZnP as expected.  Photocurrent from the device constructed from Dyad-2 

increases over the absorption range of PMI-1 with only a slight increase in Soret and Q band 

regions of ZnPc.  The IPCE results indicate that most of the increase in photocurrent from 

Dyad-2 is the result of the ZnPc donor ability and not the extended absorption range.   These 

results are promising considering that the dyes in these systems were organic without an 

expensive Ru chromophore and were assembled using supramolecular interactions.  The 

chromophoric dyads described here are examples of only a handful of supramolecular systems 

assembled for DSSC, making them an encouraging addition to the first generation of 

supramolecular DSSCs. 
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CHAPTER SIX 

PERYLENE DIIMIDE FOR SENSOR APPLICATIONS 

6.1 Introduction 

In the preceding chapters, we have discussed the utilization of of perylene diimide as a 

chromophore in supramolecular solar cells.  Perylene Diimide was also found to be useful as a 

colorimetric sensor for Lewis basic anions.  This work builds on previous work from our group in 

which we introduce electron deficient aromatic NDI species as anion sensors. 

The ubiquity and functional diversity of anions in chemical and biological systems continue to 

command our effort to study interactions between anions and their surroundings.67 Over the 

past two decades, this effort has delivered a myriad of anion receptors, most of which rely on 

non-covalent hydrogen bonding, halogen bonding, and electrostatic interactions,68 as well as 

covalent Lewis acid coordination69 for binding, sensing, transport, and storage of anions. The 

recent discovery of electronic interactions between anions and electron-deficient π-systems, 

namely anion–π interactions,70 has reinvigorated scientists to explore their potential in the realm 

of supramolecular and materials chemistry.  

 

Figure 6.1.  Orange colored perylenediimide (PDI-12) is reduced to green colored PDI-12•− by 
strong Lewis basic OH− and F− anions in aprotic solvents, but remains unchanged in the 
presence of less basic anions. 
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Conceptually, anion–π interactions mirror cation–π interactions that take place between cations 

and electron-rich π-systems.71 While crystallographic evidence of anion–π complexes72 began 

to emerge at the turn of this century, most of these interactions were not strong enough to elicit 

any optical response from the participating weak π-acids. Using stronger π-acidic receptors, 

Kochi,73 Wang,74 Dunbar,75 and Matile76 observed stronger anion–π interactions that possessed 

significant charge-transfer (CT) character. As a result of CT interactions, these complexes 

displayed Mulliken dependent absorption spectra, i.e., the location of the CT bands (CT 

transition energy) varied with the electron donor and acceptor strengths.77 In spite of these 

developments and the fact that iodide,78 dithionite,79 and ascorbate ions80 have been routinely 

used for the reduction of Lewis acids, formal electron transfer (ET) from stronger Lewis basic 

anions, particularly OH−, F−, and CN− ions, to neutral π-acids remained elusive until lately. 

Since donor/acceptor CT and formal ET interactions belong to the same energy continuum,81 

we first envisioned82–84 that the nature of anion and π-acid interactions could be manipulated 

from supramolecular anion–π interactions to electronic CT and ET interactions by adjusting the 

electron donating ability of anions (HOMO levels) with respect to the electron-accepting ability of 

neutral π-acceptors (LUMO levels). In a series of recent papers,82-85 we have demonstrated that 

depending on the Lewis basicity of anions (HOMO levels) and π-acidity of electron-deficient 

1,4,5,8-naphthalenediimide (NDI) derivatives (LUMO levels) they interact with each other 

through four distinct mechanisms: (1) strong Lewis basic anions (OH−, F−, and CN−) trigger 

thermal ET to NDIs generating paramagnetic NDI•− radical anions and NDI2− dianions, (2) 

moderate Lewis basic anions (AcO− and Cl−) undergo photoinduced ET (PET) that produces 

NDI•− radical anions, (3) poor Lewis basic anions (Br− and I−) form diamagnetic CT complexes 

with NDIs (no NDI•− was formed), and (4) non- Lewis basic anions (TfO−, ClO4
−, etc.) form  non-

chromogenic anion–π complexes. Our discovery of tunable electronic interactions between 

anions and NDIs82-85 prompted some researchers86,87 to replicate ET events from F− and  CN− to 

different NDIs and inspired others88 to revisit and expose the possibility of ET and PET from 
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Lewis basic OH−, F−, and Cl− ions to another π-acid, HAT(CN)6, which was previously  known to 

form only CT complexes with Cl−, Br−, and I− ions.75 

Encourage by our pioneering work on the NDI system and the recent surge in the literature  

showing CT73-76 and formal ET82-88 interactions between anions and a handful of π-acids  

prompted us to explore the generality of these interactions involving other π-acids, such as 

3,4,9,10-perylenediimide (PDI-12).89 Herein, we demonstrate that PDI-12 selectively undergoes 

thermal ET from strong Lewis basic OH− and F− ions in aprotic solvents but remains silent to 

less Lewis basic anions (Cl−, Br−, I−, and PF6
−), as CT and ET events are turned OFF due to 

donor-HOMO/acceptor-LUMO energy mismatch (Figure 6.1). The result of all anion-induced ET 

events is the formation of stable paramagnetic radical anions (and occasionally dianions) of π-

acidic receptors, while the oxidized anions (i.e., X• radicals) usually act as sacrificial agents82-

85,88 on account of their extremely high reactivity. Although tunable optical and electronic 

properties of PDI derivatives have been exploited extensively in organic solar cells89 and other 

functional materials,90 their anion-recognition properties remained largely unexplored. 

 

6.2 Electrochemical and Spectroelectrochemical Analysis 

Electrochemical and spectroelectrochemical measurements were conducted to understand the 

electronic and spectral properties of PDI-12, PDI-12•- radical anions, and PDI-122- dianions.  

These measurements were performed using Bu4N
+PF6

- (TBAPF6
-) as a supporting electrolyte in 

THF.  A cyclic voltammogram reveals that PDI-12 is a reasonably strong π-acid (E1red = -510 

mV/E2red = -830 mV vs. Ag/AgCl in THF), but weaker compared to NDI82-84 and HAT(CN)6
75,88 

receptors.  Therefore, unlike stronger π-acids PDI-12 does not become reduced to its radical 

anion in the solvents THF, DMF, or DMSO.84,88 

The spectroelectrochemistry of PDI-12 shows the absorption change of the neutral species 

compared to the reduced radical anion species.  Neutral PDI-12 displays absorption peaks at 

456, 486, and 522 nm upon reduction of the neutral PDI-12 to its radical anion at -1100 mV 
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these peaks diminish and new absorption peaks appear at 683, 704, 714, 768, and 799 nm, 

establishing isosbestic points at 440 and 540 nm.  The spectroelectrochemistry cell was not 

completely sealed and PDI-12 was not air stable when reduced electrochemically which was 

observed when the sample was oxidized back to its original state there was loss in sample 

absorption.  The same air sensitivity was observed when PDI-12 was reduced with hydrazine for 

EPR studies, but not when mixed with Lewis basic anions. 

 

 

 

Electrochemically reduction of N,N’-diaryl substituted PDI to corresponding PDI2- is known to 

display absorption peaks at 532, 570, 597, and 646 nm.91  However we did not observe PDI-122- 

dianion formation at potentials as low as -1600 mV vs. Ag/AgCl in THF. Electrochemical 
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Figure 6.2. Spectroscopic Changes of PDI-12 (0.1 M TBAPF6
- in THF, vs Ag/AgCl) at 0 mV – 

PDI-12 (pink) and -1100 mV – PDI-12•- radical anion (green). 
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oxidation of the anion species PDI-12•- at 0 mV vs. Ag/AgCl regenerated the PDI-12 spectrum, 

indicating almost no degradation of the PDI-12•- species. 

 

 

 

6.3 UV-Vis Titration of PDI with different anions 

A spectroscopic change is expected if ET or CT occurs between PDI-12 and any anions that 

were evaluated.  To investigate the spectroscopic response of PDI-12 to various anions with 

increasing Lewis basicity (PF6
−<< I−<Br−<Cl−<F−<HO−),93 UV-Vis titrations were conducted in: 

DMSO, THF, and acetone.  Aprotic solvents were chosen to eliminate the possibility of 

stabilization of anions via hydrogen bonding.  Titration results with TBAOH in acetone were not 

Figure 6.3. CV reduction of PDI-12 (0.1M TBAPF6
- in THF vs. Ag/AgCl). 
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displayed because of the enolate reaction of acetone.  When strong Lewis basic anions OH− 

and F− were added to solution of PDI-12 in aprotic solvents, the color of the solution changed 

from orange to green. 

 

 

Figure 6.4. UV-Vis titration of PDI-12 in DMSO with: (a) TBAOH: pink trace: 0 eq. (neutral PDI-
12), green trace: 10 eq. (PDI-12•−), red trace: 50 eq.; (b) TBAF: pink trace: 0 eq. (neutral PDI-
12), green trace: 80 eq.; (c) TBACl: black trace: 0 eq., red trace: 100 eq.; (d) TBABr: black trace: 
0 eq., pink trace: 100 eq.; (e) TBAI: black trace: 0 eq., red trace: 100 eq.; (f) TBAPF6: black 
trace: 0 eq., red trace: 100 eq. 
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The corresponding UV-Vis spectroscopic changes matched with the electrochemically reduced 

PDI-12•− spectrum as well as the isosbestic points.  Weaker Lewis basic anions had no effect on 

the PDI-12 absorption spectrum. The spectroscopic changes in the presence of TBA+F− and 

TBA+OH− are the result of an electron transfer or charge transfer from anion to PDI-12. 

 

Figure 6.5. UV-Vis titration of PDI-12 in THF with: (a) TBAOH: pink trace: 0 eq. (neutral PDI-
12), green trace: 8 eq. (PDI-12•−), red trace: 100 eq.; (b) TBAF: pink trace: 0 eq. (neutral PDI-
12), green trace: 100 eq.; (c) TBACl: black trace: 0 eq., red trace: 100 eq.; (d) TBABr: black 
trace: 0 eq., red trace: 100 eq.; (e) TBAI: black trace: 0 eq., red trace: 100 eq.; (f) TBAPF6: 
black trace: 0 eq., red trace: 100 eq. 
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The anion generated absorption spectra that matched with the electrochemically generated PDI-

12•− spectra ruling out alternative pathways, such as nucleophilic attack94 or deprotonation of 

PDI-12. 

 

 

While no PDI-122− dianion spectra were observed even at 100 equivalence, excess amounts of 

OH− (110 equiv.) produced characteristic PDI-12•− absorption spectrum.  Hydrolysis of PDI with 

Figure 6.6. UV-Vis titration of PDI-12 in Acetone with: (a) TBAF: pink trace: 0 eq. (neutral PDI-
12), green trace: 80 eq. (PDI-12•−); (b) TBACl: black trace: 0 eq., red trace: 100 eq.; (c) TBABr: 
black trace: 0 eq., red trace: 100 eq.; (d) TBAI: black trace: 0 eq., pink trace: 100 eq.; (e) 
TBAPF6: black trace: 0 eq., red trace: 100 eq. 
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OH− in protic solvents at elevated temperatures95 is well known, so there is a possibility of partial 

hydrolysis of PDI-12 under the conditions used, however, we did not observe the phenomenon 

in THF at room temperature during UV-vis titrations.  Addition of an oxidizing agent, NOBF4
96 to 

the reduced PDI-12 species regenerated the original absorption spectra in the presence of 100 

equivalence of F− and 110 equivalence of OH−. 

In deoxygenated water, Na2S2O4 (Sodium dithionate) reduces PDI-12 to PDI-12•− radical anion 

and PDI-12•− dianion, but the spectrum of neutral PDI-12 did not change in the presence of F− 

with more than 10% water in DMSO and THF.  The absence of ET from F− to PDI-12 in H2O is 

attributed to severe hydration of small F− anion (ΔHHydration = -115 kcal mol-1).97   

 

6.4 NMR Studies 

NMR titrations studies were conducted to gain insights into structural and electronic changes of 

PDI-12 in the presence of various anions.  Both 1H and 19F NMR titrations were performed in 

THF-d8 and (CD3)2CO98 with PDI-12 and TABF•3H2O.  The titration of PDI-12 with TBAF•H2O 

caused the PDI-12 signals at 8.85 and 8.61 ppm to broaden and disappear, indicating the 

formation of the paramagnetic PDI-12•− radical anion.  While the aromatic protons disappeared 

at 1 equivalent of TBAF•3H2O, N-alkyl protons were less affected during the titration, which 

indicates the radical anion electron density is confined within the π-system of the aromatic ring.  

No chemical shifting or new signal was observed even at 100 equivance of TBAF•H2O, which 

ruled out nucleophilic attack by F−, deprotonation, or hydrolysis of PDI-12.  Addition of NOBF4 

regenerated the original NMR data for the neutral PDI-12 spectrum, showing the reversibility of 

chemical redox process. To confirm that the F− anion is responsible for the formation of PDI-12•− 

radical anion, 19F NMR titrations were performed.  Commercially available TBAF•3H2O was 

titrated with increasing equivalence of PDI-12 in both THF-d8 and (CD3)2CO.  Signals observed 

at ca. -113 ppm and at -149 ppm corresponded to F− and HF2
− respectively82-84,99.  In aprotic 
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solvents, the equilibrium (F− + H2O  HF + OH−; HF−+ F−  HF2
−) favors F− over HF2

− according 

to the 19F NMR signal intensities of both species.84 

 

 

 

Figure 6.7. 1H NMR (400MHz, THF-d8, 25⁰C) titration of PDI-12 with TBAF. 

Figure 6.8. 1H NMR ( 400 MHz, (CD3)2CO, 25⁰C) titration of PDI-12 with TBAF. 
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This equilibrium is also consistent with the principles of acid-base chemistry which favors the 

weaker acid (H2O) over the stronger acid (HF).92  At 1 equivalent of PDI-12 the F− signal 

completely disappears while the HF2
− signals undergoes slight broadening.  No new fluorine 

signals were observed, which ruled out the formation of a covalent C-F bond. 

 

 

 

TBAOH also produced similar results in UV-Vis and NMR spectroscopic changes in PDI-12.  

Similar to F− titrations when TBAOH was added to PDI-12 in THF-d8 the Ha and Hb signals first 

broadened and eventually disappeared. In addition, new NMR signals appeared in the aromatic 

region in the presence of excess OH−.  After NOBF4 was added to the solution the original 

spectrum reappeared and the new aromatic peaks persisted which were assigned to a 

hydrolyzed product.  In a separate NMR experiment, excess TBAOH was added to PDI-12 

before the addition of NOBF4.   

The original PDI-12 signals at 8.85 and 8.61 ppm disappeared and two new doublets appeared 

at 8.42 and 7.49 ppm which could be attributed to PDI-122− or the hydrolyzed product.  Upon 

Figure 6.9. 1H NMR (400 MHz, THF-d8, 25⁰C) titration of TBAF with PDI-12. 

TBAF • 3H2O 0.0 equiv. PDI-12 

TBAF • 3H2O 0.25 equiv. PDI-12 

TBAF • 3H2O 1.0 equiv. PDI-12 
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addition of NOBF4, the original signal regenerated in addition to doublets at 8.84 and 8.16 ppm, 

which were assigned to the hydrolyzed perylene tetracarboxylic acid.95  The ratio of the 

hydrolyzed product to recovered PDI-12 varied, as determined by NMR integration, with 

reaction time and temperature. 

 

 

The other anions used, Cl−, Br−, I− did not cause any change in the 1H NMR of PDI-12.  This is 

consistent with the results of UV-Vis experiments where poor Lewis basic anions had no effect 

on PDI-12 spectrum.  Mixed solutions of PDI-12 and excess Cl−, Br−, I−, and PF6
− resulted in the 

disappearance of the 1H NMR peaks upon addition of TBAF, showing that  PDI-12 is still 

selective for F−, even in the presence of other anions.  Addition of NOBF4 to the solution 

mixtures regenerated the original PDI-12 1H NMR spectrum. 

 

6.5 EPR Measurements 

EPR studies were performed to verify the PDI-12•− radical anion formation with Lewis basic 

anions.  PDI-12 and TBAF are both diamagnetic species and EPR inactive, but when added 

Figure 6.10. 1H NMR (400 MHz, (CD3)2CO, 25⁰C) titration of TBAF with PDI-12. 

TBAF • 3H2O 0.0 equiv. PDI-12 
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together, the produce EPR spectra consistent with PDI-12•− radical anion, with g-value = 

2.003.100  The hyperfine splitting pattern and g-value of PDI-12•− spectra produced with TBAF 

were very similar to the PDI-12•− radical anion spectrum produced with hydrazine101 with sight 

peak broadening.  The EPR spectrum of PDI-12•− generated in the presence of TBAF suggests 

that the electron density is delocalized over two equivalent N atoms (imide rings) and coupled 

with two sets four core H atoms. 

 

 

Smaller concentrations of TBAF resulted in broad EPR signals of PDI-12•− radical anion, likely 

because the stacking between PDI-12 and PDI-12•−.102a  Since TBAF only produces EPR active 

PDI-12•−, excess TBAF could be used without concern of forming the EPR inactive PDI-122− 

species.  In contrast, PDI-12 produced an EPR signal with 10 equivalent of the more Lewis 

basic anion TBAOH, but the spectrum gradually decreased and disappeared at >100 

equivalence.  The decrease in EPR signal at higher concentrations of TBAOH can be attributed 

3345 3350 3355

Field (Gauss)/ [G]

Figure 6.11. EPR Spectra (DMF, 25⁰C) of PDI-12 (1mM) pink trace: 0 M of TBAF; green trace: 
0.5 M TBAF. Microwave frequency = 9.39 GHz power = 1 mW, and modulation amplitude =  1G. 
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to the formation of PDI-122−, an EPR silent diamagnetic species84,88 or hydrolyzed product 

observed in the 1H NMR titrations. 

 

 

6.6 Conclusions from NMR, UV-vis, Spectroelectrochemical, and EPR 

Experiments 

The aforesaid results are in complete agreement with ET from Lewis basic anions to the π-

acidic PDI-12 receptor which produced PDI-12•− radical (and PDI-122− dianions with excess 

OH−) in aprotic solvents.  The non-lewis basic anions and PF6
− did not produce any ET or CT 

interactions.  ET from F− and OH− is turned off in protic solvents since hydrated F− ions become 

significantly stabilized.  UV-vis titrations experiments, in various nonpolar aprotic solvents, 

demonstrate a change in the absorption spectrum of PDI-12 that matches the electrochemically 

reduced PDI-12•− seen in spectroelectrochemistry experiments.  The NMR spectrum of PDI-12 

disappears upon addition of TBAF and TBAOH exactly what would happen if a species 

becomes paramagnetic.  The EPR clearly shows a paramagnetic species that signal increases 

as more TBAF is added to a solution of PDI-12 in THF.  UV-vis titrations, 

Figure 6.12. (a) EPR spectra (THF, 25⁰C) of PDI-12 pink trace: 0 equiv TBAF; black traces: 1 
and 1.5 equiv TBAF; green trace 2 equiv TBAF. (b) EPR spectra (DMF, 25⁰C) PDI-12 pink 
trace: 0 equiv of TBAOH; blue trace: 10 equiv of TBAOH; red trace: 100 equiv TBAOH; green 
trace: 500 equiv TBAOH. Microwave frequency = 9.39 GHz power = 1 mW, and modulation 
amplitude =  1 G. 
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spectroelectrochemical, NMR, and EPR experiments suggest the formation of a radical PDA 

species upon addition of Lewis basic anions, however the fluorine atom cannot be accounted for 

after the proposed electron transfer.  Addition experiments to determine the fate of the fluorine 

atom after interaction with PDI-12 would aid in understanding the mechanism occurring in this 

system.  
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APPENDIX A 

FLUORESCENCE MEASUREMENTS 

Fluorscence measurements were made with a HORIBA Scientific Fluormax-4 and quartz 

fluorescence cuvettes.  Solutions with individual dyes and mixtures were mixed with each 

compound at 20 x 10-6 M concentration in CH2Cl2.  
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