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Photovoltaic technologies for solar energy conversion are promising routes to renewable energy 

generation. A major difficulty in improving photovoltaic energy conversion efficiency lies in the 

spectral mismatch between the energy distribution of photons in the incident solar spectrum and 

the bandgap of semiconductor materials. Luminescent downshifting (LDS) layers and 

luminescent solar concentrators (LSCs) offer a passive approach to utilise the short-wavelength 

portion of the solar spectrum by absorbing short-wavelength photons and re-emitting at longer 

wavelengths, where the external quantum efficiency of the photovoltaic device is high. β-

Diketonate-based europium(III) complexes are promising candidates for use as spectral 

converters due to their high quantum yields, extended absorption window, large Stokes shift 

between the absorption and emission spectra and narrow emission bands in the red region. 

Two Eu(III) complexes have been synthesised, and their photophysical properties investigated: 

Eu(tta)3DPEPO and Eu(hfac)3DPEPO, where tta is 2-Thenoyltrifluoroacetone, hfac is 

hexafluoroacetylacetone, and DPEPO is bis[2-(diphenylphosphino)phenyl]ether oxide. The 

photophysical properties of the complexes were examined in the solution phase and in 

polymethylmethacrylate (PMMA) films. Both complexes exhibited favourable photophysical 

properties with total quantum yields in the range of 0.75 to 0.85.  
 

Co-doping europium complexes with light-harvesting organic chromophores were considered as 

a practical approach to cut the cost of the metal used and to extend the harvesting window in the 

UV region. The use of Förster resonance energy transfer to enhance ultraviolet excitation of the 

Eu(III) complexes in PMMA films co-doped with organic molecules was investigated. The 

absorption spectra of the chosen donors, DPEPO, indole, biphenyl, and p-terphenyl, complement 

those of the complexes, making them useful in harvesting high-energy photons in the 250–320 

nm region. Examination of the excitation spectra of the europium complexes in the presence and 

absence of the donors showed that, in each case, an enhancement in UV excitation of the Eu(III) 

complex was observed, except for Eu(hfac)3DPEPO co-doped with indole.  

The energy transfer efficiencies of the different donors were determined. DPEPO had the highest 

energy transfer efficiency for each complex, 33% and 38% for Eu(tta)3DPEPO and 

Eu(hfac)3DPEPO, respectively. Preliminary solar testing experiments of Eu(tta)3DPEPO and 

Eu(tta)3DPEPO co-doped with DPEPO were conducted to evaluate their practical performance as 

spectral converters on c-Si solar cells. Results showed an improvement in the short-circuit 

current density and the external quantum yield of the device.  
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The role of an optically active host material in LDS layers and LSCs applications was considered 

in terms of their photophysical properties. The photoactive nature of Poly(N-vinylcarbazole) 

(PVK) and its unique photophysical properties were discussed. The use of PVK as an active host 

for Eu(hfac)3DPEPO and Eu(tta)3DPEPO was investigated. It was determined that energy transfer 

to the complexes occurs from the carbazole monomer excited state, not from the emitting excimer 

species. Thus, in PVK doped with the europium complexes, each complex acts as a trap for the 

migrating monomer excitons.  

Energy transfer from PVK to Eu(hfac)3DPEPO was found to occur with an efficiency of ~15% and 

appeared to be independent of complex concentration over the range of 2.5 to 16 wt%. However, 

absorption by the PVK matrix competes with direct excitation of the complex, resulting in an 

overall depletion in excitation intensity rather than the desired enhancement. It was predicted 

that if the energy transfer efficiency could be increased to 50% ere would be a substantial 

enhancement of the excitation intensity over the majority of the wavelength range.  In contrast, 

for Eu(tta)3DPEPO, the use of PVK as a matrix was found to give a beneficial enhancement in 

excitation intensity. The energy transfer efficiency from PVK to the complex was found to be 

~20%, similar to that found for energy transfer in Eu(hfac)3DPEPO. The effect of varying the PVK 

matrix concentration on energy transfer to Eu(tta)3DPEPO was investigated. The effect of adding 

co-dopant organic chromophores to Eu(tta)3DPEPO in the PVK matrix was also investigated. A 

multistep energy transfer process can be proposed to explain the enhancement in the excitation 

intensity by DPEPO and biphenyl. 

In summary, the thesis reports the synthesis and photophysical characterisations of two 

europium complexes in the solution phase and PMMA for spectral converters applications. Co-

doping the europium complexes with organic chromophores was investigated, and energy 

transfer process efficiencies were determined and analysed. The most efficient system was 

coupled to a c-Si solar cell for solar testing and evaluation. The role of an optically active polymer 

in transferring energy to the europium complexes and to the Eu(tta)3DPEPO co-doped with 

organic molecules was discussed, and energy transfer processes were proposed and analysed.  
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The sun shines on the earth every day, transmitting a tremendous amount of energy in the form 

of electromagnetic radiation (light) and providing more energy in a couple of hours than the 

world consumes in one year. Hence, tapping into this dense source of renewable energy has been 

an ongoing goal for humankind since early civilisations. Solar cells (photovoltaic devices) have 

been developed to harness the sun’s power by converting sunlight to electricity. The process of 

efficiently converting sunlight to electricity is a major area of research for the scientific 

community.  

Sunlight consists of minute packets of energy referred to as photons; these photons vary in 

energy. Some are high-energy (in the ultraviolet region of the spectrum), while others are lower-

energy photons (in the visible region). One of the significant obstacles that stand in the way of the 

efficient conversion of light to electricity is solar cells’ insensitivity to certain types of photons in 

sunlight, particularly high-energy photons. As a result, these photons are not well absorbed in 

solar cells, leading to decreased conversion efficiency.  

Spectral convertors are interesting approaches that are being developed to tackle this problem. 

The working principle of spectral converters is to convert the incoming high-energy photons to 

lower-energy photons before they reach the solar cell, allowing the solar cell to absorb them; 

therefore, enhancing the overall efficiency process of converting sunlight to electricity. The work 

in this thesis focuses on luminescent down-shifting (LDS) layers and luminescent solar 

concentrators (LSCs) as spectral converters. LDS layers and LSCs absorb the high-energy photons 

of the ultraviolet region in the solar spectrum, then re-emit them at a lower energy level, where 

the efficiency of the solar cell is higher.  

LDS layers and LSCs consist of luminescent molecules that can absorb and re-emit photons at 

more favourable energy levels. A polymer can act as a passive host to those luminescent 

molecules. Rare earth complexes, particularly europium complexes, are great candidates to serve 

as luminescent molecules due to their brightness, extended absorption window of high-energy 

photons, and intense emission in the red region. In addition, polymers (large molecules) are 

widely used as a host material to provide a suitable environment for these luminescent species.  

The majority of the experimental work carried out in this thesis was conducted by fluorescence 

spectroscopy. Spectroscopy is an essential tool that chemists frequently use to obtain information 

about atoms and molecules by studying how they interact with light. When a molecule absorbs 

light, it acquires energy, which allows it to exist in an excited state—a higher energy level.  
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Upon reaching the excited state, atoms and molecules tend to discard the excess energy by 

emitting light before returning to the ground state—the lower energy level they existed in before 

acquiring the extra energy. The fluorescence of a molecule can tell us useful information; its 

colour reveals the energy of the excited state, its brightness indicates its intensity, and the 

lifetime—the time taken for the excited molecule to ‘relax’ back to the ground state—gives us 

additional details about the molecule and its environment. This information can be used to assess 

and optimise the lanthanide complexes to make them better spectral converters.  

 

The europium ion has an intense red emission; its emission matches well the wavelength range 

where solar cells highly absorb. However, the europium ion cannot absorb light on its own; 

therefore, organic molecules are attached to it, to form a europium complex. The organic 

molecules harvest the high-energy photons and transfer the energy to the europium ion, and 

finally, energy in the form of bright red emission will be released to be absorbed by the solar cell.   

 

In this thesis, two europium complexes have been synthesised and investigated. The complexes 

were examined in the solution phase and the solid phase. The investigation of the complexes 

involved measurements of brightness, of colour/energy of the absorbed and emitted light, and of 

the time it takes the excited molecule to relax and emit light. As a result, both complexes exhibited 

great efficiency regarding absorption and emission of light, making them suitable candidates for 

LSCs and LDS layers applications.    

 

However, europium is an expensive metal. Therefore, part of this work was dedicated to 

investigating the possibility of decreasing the amount of metal used and adding inexpensive 

organic molecules to harvest more light and transfer the energy to the europium. Thus, we can 

collect more light and cut costs by decreasing the amount of metal used. Furthermore, this thesis’s 

investigation examined the energy transfer process from four organic molecules to the europium 

complexes. Based on these results, we tested the best energy donor combined with a europium 

complex in a traditional silicon solar cell; preliminary results showed significant enhancement in 

the solar cell’s efficiency.      

 

Spectral converters usually consist of luminescent species and a passive host material that can 

provide a suitable environment for the luminescent species to absorb and emit light, but the last 

part of this work followed an interesting approach by turning the passive host into an active one. 

A different type of energy transfer process from an optically active polymer to europium 

complexes, and europium complexes co-doped with organic molecules, was observed. The nature 

of the energy transfer was investigated and analysed. 
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 It was found that an optically active host can play the same role as co-doping europium 

complexes with organic molecules, thereby cutting costs and assisting in harvesting the high-

energy photons in the ultraviolet region. Therefore, an overlooked source of energy can be 

harvested and utilised. 

  

Overall, the work in this thesis has provided insights into the effectiveness of europium 

complexes in absorbing and emitting light and into the process of transferring energy from 

different donors to the complexes and how that affects the overall efficiency of solar cells. And 

finally, the process of how an optically active host material can transfer energy was elucidated.  
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“The Stone Age came to an end, not for lack of stones, and the Oil Age will 

end, but not for lack of oil.” 

Ahmed Zaki Yamani - Saudi Oil Minister (1962-1986)   
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This chapter aims to provide an overview of the use of lanthanides complexes as spectral 

converters for solar cells applications. I will briefly discuss the importance of solar energy and 

the recent developments in solar technologies. Then, I will emphasise the role of spectral 

converters in enhancing solar cells' efficiency and how lanthanides complexes can be used in such 

applications.  

 

The late Sir David Mackay, famous for writing an essential reference on sustainable energy, 

entitled “Sustainable Energy – without the hot air”,1 noted that there is a heated debate in the 

scientific community and amongst policymakers about the future of energy in our planet and the 

effect of climate change on our livelihood. The end of fossil fuels’ reign would not be associated 

with the last drop of oil but when the supply cannot meet the demand. Knowing that we are 

approaching this point in the future, what is our plan to handle the energy demands? What about 

nuclear energy or renewable energy – how much do they cost economically and socially, and what 

are the risks? The debate, in essence, is about numbers, but, as the author noted, in such 

arguments, people tend to use adjectives such as ‘huge’, ‘big’, or ‘expensive’ when referring to 

energy policies. Using such adjectives is not sufficient to reach the right conclusions; we need 

numbers.1  

The motivation behind any research or policy on sustainable energy stems from humankind's 

ever-increasing demand for a finite source of energy, leading to political, military, social, and 

economic conflicts.2 According to the International Energy Outlook 2020 (IEO2020) report, the 

global consumption of energy will increase by 50% by 2050 with a 0.7% growth in global 

population per year.3 The majority of the energy demand comes from nations outside the 

organisation for economic cooperation and development (OECD). It is projected to increase by 

71% from 2012 to 2040, compared to only 18% from OCED nations.4 More than 50% of the 

estimated increase in energy consumption worldwide from 2012 to 2040 will take place in Asia, 

where China and India are the fastest-growing economies.5 In 2018, energy consumption 

witnessed an increase of 1.3%; this increase was primarily due to China followed by India and 

Indonesia.6 
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The production of electricity is a good indicator of the energy demand; the world production of 

electricity has increased each year continuously since 1974 with an exception when the world 

financial crisis hit the world in 2008–2009.7  In the United Kingdom, the total energy consumption 

only decreased by 1.4 million tonnes of oil equivalent (mtoe), equivalent to 1%, to 142.0 mtoe in 

2018–2919.8 

 
Since the industrial revolution, the global energy systems have grown consistently with few 

exceptions during wars or economic recessions; in the last 50 years, we have witnessed a 

significant increase. This increase is expected to continue for the next several decades.9 The 

international energy outlook presents the U.S. Energy Information Administration’s (EIA) 

assessment of the outlook for global energy. In their report (IEO-2020), they project that fossil 

fuels will remain the primary source of energy, but by 2050 renewables will be the most-used 

energy source and will be the preferred fuel source for power generation (Figure 1.1). 

 

 

Reproduced from.10 

When dealing with the subject of energy consumption, policymakers, scientists and activists are 

asking three main questions: (i) how much of an energy resource do we have, and is it sustainable; 

(ii) how does the consumption of these resources affect the environment; (iii) what the nature of 

national security threats that might arise by importing energy such as oil from unstable countries 

or volatile regions is.1 The current answers to all of these questions will raise a red flag. According 

to British Petroleum’s statistical review of world energy (2020), 84% of the world’s primary 

energy came from fossil fuels in 2019. Oil consumption has increased to a new record mainly due 

to the  economic growth from China,11 leading to a rise in the emission of carbon dioxide (CO2).12, 

13  
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Fossil fuels provide the wrong answer to the three questions of concern. First, fossil fuels are a 

finite source of energy. Although there are different speculations about how much oil is left to 

consume, we are sure that there will be a day when we will have to face oil depletion. Hence it is 

considered an unsustainable source of energy. Second, fossil fuels contribute to the problem of 

climate change by producing greenhouse gasses, most notably CO2. The second half of the 20th 

century has witnessed an alarming phenomenon in the rise of concentration of CO2 in the 

atmosphere converging on 400 parts per million (ppm), which is very close to the tipping point, 

at 450 ppm, where it could cause irreversible changes on climate.12 To protect the ice sheets from 

irreversible loss, the concentration of  CO2  has to fall under 350 ppm.12, 13 Reducing the 

dependence on fossil fuels is a crucial factor in achieving this goal. Thirdly, one of the greatest 

lessons of recent history was the economic vulnerability of countries to energy crises such as the 

1973 and 1980s crises; as a result, securing oil supplies in volatile regions became a matter of 

national security.14 On the other hand, and in contrast to fossil and nuclear fuels, the resources of 

renewable energy are accessible geographically to almost every country, an ideal solution to 

countries with limited resources of oil, and a game-changer in policymaking and geopolitics.14    

 

Renewable energy may provide the right answer to all the concerns mentioned above. Indeed, 

many countries have already started to prepare for the energy transition to sustainable energy. 

In the UK, the government is expected to announce a ban on fossil fuel vehicles by 2030.15 The 

state of California in the United States made a similar decision; the governor signed a bold 

executive order to ban fossil fuel vehicles by 2035.16 One of the most exciting developments came 

from China, which accounts for 75% of the growth in the world’s consumption of energy;11 the 

Chinese government vowed to reach carbon neutrality by 2060.16 Even petrostates could benefit 

from investing in renewable energy: Saudi Arabia, which is one of largest producers and 

exporters of oil, announced in 2017 its ambitious plan to prioritise the renewable energy sector 

in the country, part of a more extensive campaign (Vision 2030) to diversify its economy and to 

become less dependent on oil by 2030.17 The Saudi minister of energy H.R.H Prince Abdulaziz Bin 

Salman  said the country is aiming to be a pioneer in renewable energy technolgies.18  

 

Out of the gloomy days of the coronavirus pandemic (COVID-19), renewable energy was the only 

energy source ever to grow in 2020 (shown in Figure 1.2).19, 20 The rate of the demand for global 

energy declined by 6%, which is exceptional as it has only happened three times over the last 

century: during Spanish flu in the 1920s, the Great Depression in the 1930s and World War II in 

the mid-1940s.19 And for the first time in 134 years, the United States consumed more renewable 

energy than coal.21 
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Figure 1.2 Projected change in primary energy demand by fuel in 2020 relative to 2019. 

Reproduced from 22. 

 
Among the different renewable energy sources, solar energy is the most significant source and 

has the highest expectations. Every day an average of 90,000 terawatts of solar energy reaches 

the earth’s surface.23 The current global demand for energy is averaging from 15 to 17 terawatts, 

and compared with the energy capacity of other renewables sources, such as wind 

(870 terawatts), biomass (90 terawatts), and wave (7 terawatts), clearly solar energy has the 

most potential to meet global energy demand.23  Thus, one of the primary drivers in science and 

engineering in terms of energy harvesting is the quest to harness the sun’s energy as efficiently 

as possible.24 

The International Renewable Energy Agency (IREA) confirmed that the global generation 

capacity of solar energy at the end of 2019 was up to 586 gigawatts, resulting in a 20% increase 

in generation capacity.25 As of 2019, over 2% of the global electricity production came from solar 

energy; in Italy solar is responsible for generating more than 8% of the country’s electricity.26 

Italy, Germany, and Spain hosted the biggest solar power plants in 2010,27, and by 2017 China 

had become the host of one of the largest floating solar power plants, in the city of Huainan, with 

a capacity of 40 megawatts.28 In India, the prime minister cited solar technology as the best 

solution to India’s energy problems, and that his government would work to install 100 gigawatts 

by 2022, which would provide 10% of India’s electricity.29 Even Chevron, one of the top oil 

companies in the world, decided that it could use solar panels in its oil fields to cut the expense of 

its operations.30 
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The electromagnetic spectrum coming from the sun is composed of photons of varying 

wavelengths, as shown in Figure 1.3. The solar radiation that reaches the top of the atmosphere 

consists of the following: ~8% of the photons are of the ultraviolet (UV) region, ~40% of the 

visible region, and ~52% of the infrared (IR) region.27 The atmosphere plays a role in shaping the 

incoming solar spectrum; due to the attenuation of the electromagnetic flux, it changes during the 

day, and it varies based on the location and throughout different seasons of the year.27, 31  

 

The energy current density that reaches the outer boundary of the atmosphere has an 

approximate value that varies from 1353 Wm-2 32 to 1368 Wm-2.27 This value can be defined as the  

solar constant, which represents the “total radiant energy received vertically from the sun, per 

unit area per unit of time, just outside the Earth’s atmosphere and assuming the planet is at its 

average distance from the sun”.27 

 

For this reason, scientists have agreed on a fixed definition of the solar spectrum. Air-mass (AM) 

is a scale indicating the path-length of extraterrestrial solar radiation passing the earth’s 

atmosphere; it quantifies the losses in sunlight power as it passes the atmosphere.33 The AM scale 

can serve as the definitive standard (source of illumination) to measure the performance of 

different solar cells; thus, other AM standards are used for various s applications. Air-mass zero 

(AM0) is a standard that describes the solar radiation outside the earth’s atmosphere, and it is 

used to measure the performance of solar panels on orbiting satellites in space.27AM1.5 is a more 

convenient standard that corresponds to a solar zenith angle of 48.2 ℃, representing mid-

latitudes. This is the most-used standard for terrestrial applications– characterising the 

performance of solar cells. There has been a recent modification to update this standard to 

enhance its accuracy, resulting in AM1.5G, the “G” means global, which covers both direct and 

diffuse radiation.27 The latter standard is usually referred to as “one Sun,” a quantity that has an 

integrated power flux of 1000 Wm-2.34 
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The sun, a 4.5 billion-year-old star, beams down a tremendous amount of energy every day. The 

sun radiates enough energy to the earth's surface in ∼90 minutes to cover the world’s energy 

consumption in one year.23 Thus, the sun’s energy is highly underutilised. For solar technologies, 

the goal is to harness solar power efficiently, which would achieve a smooth transition from fossil 

fuels. The technology for converting solar energy into electricity has vastly improved in the last 

four decades. Silicon solar panels used to cost thousands of dollars per watt, but by the mid-

1970s, the cost had fallen to $10023. Since then, the cost of conventional solar panels has 

continued to dramatically decline from around $100 in 1976 to $0.23 per watt in 2019, a 99.3% 

decrease, as shown in Figure 1.4.36. The International Energy Agency declared solar technology 

as the cheapest source of electricity.37 Despite many challenges, the growth of the solar industry 

and market seems unstoppable; from the mid-1990s to 2016, the global annual production of 

solar panels grew at a consistent pace of 40%.29  
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Figure 1.4 shows an illustration of the decreasing price per watt of the silicon solar panel 

over the last four decades. Reproduced from 36.  
 

The electromagnetic radiation of the sun can be utilised in two ways: direct and indirect methods. 

The direct method of harnessing the sunlight can be either a passive or an active transformation.27 

A passive transformation occurs in buildings through the collection of sunlight for thermal and 

illuminative purposes. An active transformation approach involves storing and converting 

sunlight. This can take place in three different ways: thermal transformation, photochemical 

transformation or photovoltaic transformation.27 We will focus on the photovoltaic conversion, 

as it is within the scope of this thesis 

Humankind’s quest to harness the sun’s energy goes back over three thousand years when the 

Chinese invented “yangsui”, or “burning mirrors” to concentrate sunlight and spark a fire.29 

Then came the Hero of Alexandria who made another advance by converting solar energy into 

mechanical work in the 1st century BC.29  

 

However, it was not until the 19th century that the photovoltaic effect was first discovered.27 In 

1839, the French physicist Edmond Becquerel discovered the photovoltaic phenomenon. Upon 

illumination, a current and voltage were observed as silver chloride was immersed in an 

electrolyte solution and connected to a metal counter electrode.27, 38 He also noticed that blue or 

ultraviolet light correlated with the best results, an inexplicable phenomenon at the time.29  
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In 1905, Albert Einstein published a paper that explained this phenomenon; he postulated that 

electromagnetic radiation is composed of photons varying in energy and that electrons in a metal 

or semiconductor can be emitted (or ejected) from orbiting around the nucleus when exposed to 

photons of specific energy. As a result, emitted electrons move freely, and more of the photons 

lead to a flow of free electrons, forming an electric current.29, 39 

 

It took about a half-century for the basic solar technology to materialise. In 1941 the first silicon 

cell was produced with an efficiency of less than 1%.40 The second half of the 20th century has 

witnessed the rise of the photovoltaic industry when Bell laboratories produced silicon solar cells 

with an efficiency of 4% in 1954, then improved it to 11% and consequently produced a 14% 

solar cell in 1960.27 Photovoltaics were used for the first time in Vanguard 1, the first satellite that 

carried silicon solar panels in 1958, producing power of 0.5 watts for over six years.23 

  
From the 1960s onwards, there has been an enormous improvement in terms of efficiency and 

the different types of semiconductor materials introduced to the photovoltaic industry.  The types 

of semiconductors include crystalline silicon (c-Si), multi crystalline silicon (mc-Si), amorphous 

silicon (a-Si), cadmium telluride (CdTe), copper indium gallium selenide (CIGS), dye-sensitised 

(DSSC), gallium arsenide (GaAs), organic (OPV) and perovskite solar cells. 

Silicon has many advantages: it is abundant, rigid, and non-toxic, but one of the main 

disadvantages is the manufacturing process, which is complex and uses a lot of energy.41 In 2007, 

crystalline silicon solar cells occupied 90% of the photovoltaic market, leaving only 10% to thin-

film solar cells, such as a-Si, CdTe, and GaAs.27, 42 Thin-film photovoltaics such as CdTe and CIGS 

can be used as a better alternative to crystalline silicon solar cells, as they offer good absorption 

of sunlight, low-cost production, and good efficiencies.29 In 2011, mainly due to technological 

advances, thin films started to take a small share from the c-Si market to make 20% of the total 

photovoltaic market.27 Table 1.1 highlights the latest developments in photovoltaic devices in 

terms of their efficiencies.43 
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Table 1.1 The confirmed efficiencies of single-junction terrestrial cells and submodules 

under the global AM1.5 spectrum (1000 W/m2) at 25℃.  Reproduced from 44. 

 

Classification Efficiency (%) 

Si (crystalline cell) 26.7 ± 0.5 

GaAs (thin film cell) 29.1 ± 0.6 

CIGS (cell) 23.35 ± 0.5 

CdTe (cell) 21.0 ± 0.4 

Si (amorphous cell) 10.2 ± 0.3 

Perovskite (cell) 21.6 ± 0.6 

Dye sensitised (cell) 11.9 ± 0.4 

Organic (cell) 15.2 ± 0.2 
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Solar cells are only sensitive to certain parts of the solar spectrum. The efficiency of the 

photovoltaic device in converting photons into electricity is mainly related to the bandgap, a 

semiconductor property that can be defined as “the amount of energy that an electron needs to 

break free from its host atom and contribute to the cell’s electric output”.29 Photons carrying 

energy below the bandgap of the semiconductor material will be wasted, and those with energy 

above the bandgap will be used inefficiently.45, 46 Photons carrying energy below the bandgap will 

pass through the cell without being absorbed and thus are considered “transparency losses”.45 

Another type of optical loss occurs in the case of high energy photons (typically in the UV region) – 

photons carrying energy greater than the bandgap – as they will provide only the bandgap’s 

energy to the electron, and the rest of the photon’s energy will be wasted as a result of 

thermalisation through collision with the lattice.45, 46 Both types of spectral losses, thermalisation 

of high energy photons (greater than the bandgap) and non-absorption of photons below the 

bandgap, result in losses of approximately 50% of the incident solar spectrum in silicon-based 

solar cells.46, 47 One approach to address this spectral mismatch, hence enhancing the efficiency, 

is to find a way to utilise the high energy photons in the blue and UV region that are not fully 

absorbed.  

 

 

There are two main approaches to utilise high-energy photons. The first approach is an active 

one: it has to improve and optimise the electronic properties of a solar cell by implementing 

multi-junction or interfering with the device's design through low doping levels and narrow 

junctions.45, 48 The second approach could be described as a passive approach. It involves 

manipulating the frequency of high energy photons of the incident solar spectrum and converting 

it to match the highest spectral response of the target solar cell.45, 49  

Solar cells vary in their spectral response to the solar spectrum in general. Therefore, external 

quantum efficiency (EQE) measurements are used to measure the wavelength-dependent 

photovoltaic response of a solar cell to the entire solar range.50 Figure 1.5 shows the EQE of CdTe, 

c-Si, GaAs  and mc-Si in response to the solar spectrum; it is clear that the performance of the 
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aforementioned cells increases dramatically in the visible and near-infrared regions (λ> 550 nm), 

which makes a strong case for the importance of spectral converters.45, 51There are two innovative 

types of spectral converters: (i) luminescent solar concentrators (LSCs) and (ii) luminescent 

down-shifting layers (LDS). 

 

 
 

Figure 1.5 (a) The external quantum efficiency curve of CdTe solar cell in the green dashed 

line. Normalised absorption (Abs, black line) and emission (Ems, red dashed line) 

spectrum of a mixed dye down-shifting layer containing V570 and Y083 dyes is also shown, 

reproduced from51 (b) External quantum efficiency curve of c-Si single junction (solid 

black line), GaAs (dotted line), and mc-Si solar cell (dashed line). Reproduced from 45. 
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In 1976 Weber and Lambe published a paper entitled “Luminescent greenhouse collector for 

solar radiation,” which introduced the idea of luminescent solar concentrators (LSCs) to cut the 

cost of expensive solar panels by using large-area collectors – to collect sunlight – with minimal 

need for solar cells.52 Throughout the 1970s and 1980s, Zewail and co-workers and other 

research groups continued to explore this concept and provided detailed theoretical treatments 

of some of the photophysical concepts involved in such a system, such as the nature of energy 

transfer and the role of dyes and matrices in LSCs.52-57 At the time, two main challenges were 

facing silicon solar panels: first, they were considered an expensive technology; the second was 

the challenge of aesthetics. Integrating crystalline silicon solar cells into urban architecture 

(buildings) has proved to be difficult; they are unattractive, heavy and limited in their colour and 

design.58-60 LSCs were invented to tackle these concerns: they can be inexpensive to produce; are 

adaptable to a wide variety of buildings with different colours and shapes; are transparent; and 

can be placed on windows and doors for interior design purposes, which would minimise the 

need for large sizes of photovoltaic (PV) devices to produce electricity.59-61 Thus, LSCs can make 

significant contributions to facilitate the realisation of sustainable architectures, such as net-zero 

energy buildings.62 

The working principles of LSCs are shown in Figure 1.6. LSCs are composed of thin transparent 

plastic or glass waveguides impregnated with luminescent molecules. The fluorescent molecules 

absorb the short wavelength portion of the incident solar radiation and then re-emit at a longer 

wavelength. The re-emitted photons are trapped in the waveguide by total internal reflection 

(TIR) to become more concentrated along the edges. The PV device is coupled at the edges to 

convert the concentrated light into electricity.60, 61 Thus, the short-wavelength photons are 

utilised and converted to longer wavelengths which are better absorbed by the PV device. LCSs 

can suffer from several loss mechanisms, for example, by a reflection of the incident light on the 

front surface, incomplete absorption of incident light by the dye, or re-absorption of fluorescence 

by the luminescent molecules.63, 64 
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Figure 1.6 Incident short wavelength portion of the sunlight (green arrow) penetrates the 

waveguide and is absorbed by the luminescent molecules. Next, the light is re-emitted at a 

longer wavelength (red arrow) and confined by total internal reflection. Finally, the light 

reaches the edges of the waveguide, where the photovoltaic device exists to convert the 

light into electricity. Reproduced from 60. 

 

There are several considerations for making an efficient LSC; one is that they must be able to keep 

the re-emitted photons ‘trapped’ in the waveguide, which is a function of the refractive index of 

the waveguide. Nevertheless, an efficient LSC involves more than photon trapping; the optical 

efficiency can describe it, ߟ୭୮୲ , which  is given by Equation 1-160 

= ୭୮୲ߟ (1 − ܴ) ୘୍ܲୖ  . . ୟୠୱߟ . ୔୐୕ଢ଼ߟ . ୗ୲୭୩ୣୱߟ .୦୭ୱ୲ߟ . ୘୍ୖߟ  ୱୣ୪୤              Equation 1-1ߟ

                                 

where ܴ is the reflection of the incident solar radiation from the waveguide surface; ୘୍ܲୖ  is the 

total internal reflection efficiency; ߟୟୠୱ  is the fraction of light absorbed by the dye(s); ߟ୔୐୕ଢ଼  is the 

photoluminescent quantum yield of the chosen dye(s), which gives the emission probability of 

the re-emitted photons; ߟୗ୲୭୩ୣୱ is an indicator of the energy lost due to Stokes shift – the energy 

difference between the absorption and emission peaks, correlated with fluorescence; ߟ୦୭ୱ୲ is the 

transport efficiency of the confined photons through the waveguide, related to the collector’s 

design, ߟ୘୍ୖ is the efficiency related to the waveguide’s geometry – absorption within the 

waveguide and reflection at the surfaces; and ߟୱୣ୪୤  is the transport efficiency of the re-emitted 

photons.56, 60 It’s worth noting that the ߟ terms mentioned above describe efficiency with values 

ranging between 0 and 1.  
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To make LSCs of high optical efficiency, all of the different efficiencies mentioned in Equation 1-1 

should be addressed. LSCs consist of two main components: the waveguide (host material) and 

luminescent dye(s). Host materials should fulfil several requirements to be used in LSCs. Most 

host matrices are polymers, primarily polymethyl methacrylate (PMMA) and polycarbonate 

(PC).60 Such polymers are widely used because they are easily prepared and possess good optical 

transmission of photons in the visible region. Polymers facilitate the total internal reflection of 

the re-emitted luminescence with a refractive index of 1.5–1.6, which would minimise any losses 

caused by the waveguide, the refractive indices of PMMA and PC are 1.49 and 1.59, respectively.61, 

65 Polymeric matrices have disadvantages; in some cases, they become an active component and 

absorb the incident photons, contributing to losses in the LSC, and they suffer from degradation 

and limited photostability upon prolonged exposure to ultraviolet radiation.60, 66 Organic-

inorganic hybrid matrices provide an exciting alternative to the conventional polymers: in 

addition to their suitable refractive index they also provide enhanced stability due to the 

inorganic component (glasses).65, 67 Environment-friendly alternatives to conventional polymers 

are also considered, to serve as a host material for LSCs application.68 

The luminescent dye deserves special consideration; it is, after all, the essential part of LSCs. It 

performs the primary purpose of spectral conversion, harvesting the short wavelength photons 

and converting them into longer wavelengths. Optical efficiency is critical for an excellent LSC 

output; therefore, several requirements ensure an excellent optical efficiency. The ideal 

luminescent dye should exhibit a wide absorption window, especially in the ultraviolet and visible 

region below 550 nm; it should have a high molar absorption coefficient and a large Stokes shift 

(minimal overlap between the absorption and emission bands) to minimise the losses due to 

reabsorption; it should have close to unity efficiency of fluorescence, ߟ୔୐୕ଢ଼ (high quantum yield) 

the energy of the re-emitted photons ought to match the optimal spectral response of the coupled 

photovoltaic device; it should have good thermal and photostability; and it should be soluble in 

the host matrix.60, 61, 69 

Since the invention of LSCs, organic dyes have been considered suitable candidates due to their 

good photostability, high quantum yields, and high absorption coefficients.69 Rhodamine 6G, for 

example, was used in the early stages of this application.52 Bipyridines,70 perylenes,71 also 

coumarins, naphthalimides,60, 61, and Lumogen F dyes have been used in LCSs.72 The dye that has 

been particularly examined in LSCs application is the perylene bisimide dye, known as Lumogen 

Red 305, as it has a high quantum yield (97%) in PMMA, is flexible, has good photostability, and 

has red emission where silicon solar cells have the highest response.69, 73-75 However, there are 

limits to organic dyes, primarily that they have small Stokes shifts, leading to losses due to re-

absorption, and aggregation-caused quenching of fluorescence.69   
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Inorganic quantum dots (QDs) were also proposed as an alternative to organic emitters for LSCs 

application.76 Their advantages stem from the tunability of its absorption and emission spectra 

by a combination of material design, high quantum yield, and good stability.77 For example, CdS 

quantum dots have exhibited high quantum yield (>95%) with large Stokes shift,76 but they do 

have toxicity issues as a result of the metals used in conventional QDs, such as Cd or Pb.78, 79 Other 

challenges might come from the difficulties in physically incorporating QDs within the 

waveguides.73  

 

Luminescent down-shifting layers were first developed in the late 1970s as a result of the 

research on LCSs.45, 52, 56 Hovel and co-workers were the first to apply a planar luminescent sheet 

on the top of a solar panel.45, 48 Instead of concentrating the emitted photons to the attached PV 

devices at the edges, the LDS layer shifts and converts the high energy portion of the incident light 

before it reaches the top of the PV device, as shown in Figure 1.7.45, 47 As a result of the down-

shifting, the emitted photons will be well-matched with the PV device’s spectral response, thus 

enhancing the EQE as more electron-hole pairs are produced.45, 47 The benefit of LDS layers is not 

limited exclusively to enhancing solar cells’ efficiency, but it can also serve as a protective layer 

against the harmful photons of the ultraviolet region, leading to PV devices with an extended 

lifetime and stability.80, 81 The same requirements for the luminescent dyes and the host matrices 

in LSCs can be applied to LDS layers.   

    

Figure 1.7 shows the working principle of the LDS layer on the top of a PV device. A 

luminescent dye (in yellow) absorbs a portion of incident light (1). It will re-emit its longer 

wavelengths either directly (2) or it reaches the PV device following total internal 

reflection (3), or it can be reabsorbed by the neighbouring molecules (4) and re-emitted 

again (5). The portion of the light that is out of absorption bands of the luminescent dye 

will be transmitted directly to the PV device (6). Reflection on the surface of the LDS layer 

and other losses has been neglected. Adapted and modified from 45. 
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The first practical application of lanthanides (Ln) goes back to 1891 when Carl Auer added  1% 

of CeO2  to ThO2 to obtain the incandescent gas mantle commonly known as Auer’s lamp.82, 83 Since 

then, lanthanides, due to their unique luminescence properties, have become a fixture in high-

end products and technologies, such as smartphones, electronics, lasers, light generation and 

conversion, electric wind turbines and molecular biology.49, 82, 84 Lanthanides even became a 

matter of national security when the U.S. government declared some of the lanthanide elements 

as critical materials, and they became part of the trade war between the U.S. and China.84     

The main interest in lanthanides stems from their exceptional spectroscopic properties.49 Due to 

their electronic configuration, the 4f orbitals in the trivalent lanthanide cations are occupied with 

electrons, generating a wealth of electronic levels.85 One of the interesting facts about 4f orbitals 

in LnIII is that they are shielded by 54 electrons (core electrons), notably the filled 5s2 and 5p6 

subshells, which are lower in energy.85 This fact explains the similarities in the lanthanide cations' 

chemical properties and accounts for their unique optical properties.85, 86 The effects of shielding 

the 4f orbitals extend to the interaction with the surrounding ligands; when LnIII is inserted into 

the chemical environment, it causes a weak crystal-field splitting, of the order of 100 cm-1, which 

can be treated as a perturbation, limiting the metal ions from forming covalent bonding. The 

absence of crystal-field effects is behind the characteristic narrow and sharp bands in absorption 

and emission spectra of LnIII.87-89  

The unique optical properties of lanthanides make them excellent candidates for LSC and LDS 

layers applications. They have narrow emission bands that can be tuned depending on the metal 

ion: red emission in the case EuIII and green in TbIII. They have long-lived excited states on the 

scale of micro to milliseconds and, in contrast to organic dyes, a large Stokes shift is easily 

obtained: in some of the EuIII complexes the pseudo-Stokes shift is >300 nm, minimising the 

reabsorption losses in LSC and LDS.47, 49, 69 90  
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According to Laporte’s parity selection rule, states of the same parity cannot be connected to the 

electric dipole in electromagnetic radiation; as a result, the f-f transitions are forbidden.82 Thus, 

lanthanides have very low molar absorption coefficients (ߝ) in the range 1–10 M−1 cm−1, leading 

to inefficient direct excitation. This obstacle makes them unattractive as spectral converters, in 

terms of their harvesting abilities, even if they exhibit an excellent quantum yield, close to one in 

the case of the red phosphors Y2O3:Eu.82 

 

 

The problem of low molar absorption coefficients in lanthanides can be overcome by attaching 

an organic chromophore to the lanthanide ion. The organic chromophore acts as an ‘antenna’ to 

harvest the solar radiation, then transfers the energy from the excited states of the organic 

molecule to the metal ion, which eventually results in emission.91 Figure 1.8 depicts a simplified 

scheme of the processes involved in sensitising the emission in a europium complex. The energy 

migration path starts with ligand-centered absorption, resulting in an excited  singlet state (Sଵ
∗), 

followed by intersystem crossing  (Sଵ
∗→T∗, ݇ூௌ஼) to the long-lived first excited triplet state of the 

ligand, from which an intermolecular energy transfer is undergone (T∗→ Eu୍୍୍, ݇ா்), to the 

emissive states in Eu୍୍୍, then the light conversion process will be completed by a europium-

centred emission.82, 91   

Since the light-harvesting occurs mainly through an organic chromophore, the ligands must be 

designed and tailored for this purpose. The ligands should be highly absorbing, with large molar 

absorption coefficients, and facilitate efficient energy transfer to the metal ion, with minimal 

losses, and suppress and minimise non-radiative relaxation processes of the excited lanthanide 

ion.82  

The overall quantum yield of lanthanide luminescence (∅௧௢௧) is the ratio of the number of photons 

emitted by the metal ion to the number of photons absorbed by the ligand. Therefore, the ligand 

sensitisation, efficient energy transfer, and the intrinsic quantum yield of the lanthanide ion (∅௅௡) 

must be addressed. For this reason, aromatic or hetero-aromatic ligands (highly π-conjugated 

systems) accompanied with high absorption coefficients and high quantum yield values are 

preferred. Another consideration is the energy of the first excited triplet state in the ligand, as it 

must be moderately above the excited state of the lanthanide ion for an efficient energy transfer 

and to prevent reversible transfer processes from taking place.61, 91   
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Another important consideration when it comes to ligand design is the issue of non-radiative 

deactivation caused by vibrational excitation of the ligands; this problem becomes more critical 

in the case of ions emitting in the red region, such as Eu୍୍୍, in which the energy gap between the 

excited and ground states is comparable in magnitude to the vibrational energy of  high-frequency 

modes of bonds such as O-H, C-H, N-H, etc.82 This can be solved by replacing hydrogen with 

heavier atoms through deuteration or fluorination.61, 82  

Rare-earth ions and complexes have been investigated since the late 1970s for photovoltaic 

applications. Neodymium (Nd) and holmium (Ho) were among the first candidates to be 

considered as luminescent dyes in LSCs application.57, 76 Neodymium, terbium, and samarium 

complexes are still being investigated for different solar energy conversion applications.49, 76, 92-96  

Due to their bright red emission, europium (Eu3+) complexes have been used heavily in LSC and 

LDS devices; the red emission around 614 nm is well-matched with high spectral response in c-

Si,97 CdTe, CIGS98, 99 and DSSC100 solar cells. In addition to its practical use to enhance solar cell 

efficiency, the characteristic emission of europium which consists of a pure magnetic dipole 

transition can be used to calculate different photophysical parameters,101, which will be discussed 

in the following chapter. A review of the literature on europium complexes will be presented in 

the Introduction to Chapter 4. 
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Figure1.8 depicts a simplified scheme of photophysical processes involved and the main 

migration path in sensitising the emission of the europium complex. Absorption (bold 

black arrow), non-radiative decay processes (dashed and dotted black arrows), emission 

(solid grey arrows). Sଵ
∗ = first singlet excited state (red box), T∗ = first triplet excited state 

(green box), A = absorption, F = fluorescence, P = phosphorescence, ݇ூ஼  = rate of internal 

conversion, ݇ூௌ஼  = rate of intersystem crossing, and ݇ா்  = rate of energy transfer. 

Secondary migration mechanisms and back transfer processes have been omitted for 

clarity. Adapted and modified from 91. 
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Chapter 2 provides the fundamental theoretical background relevant to absorption and emission 

spectroscopies and energy transfer in a donor-acceptor system. It will include a brief description 

of the underpinning concepts for the experimental work undertaken through this thesis and the 

relevant equations and calculation methods used in the thesis. Chapter 3 offers a description of 

the practical techniques used throughout the thesis and the details for the synthesis procedures 

of DPEPO, Eu(hfac)3DPEPO and  Eu(tta)3DPEPO.   

The introduction of Chapter 4 provides an overview of the use of europium β-diketonate 

complexes in LSCs and LDS layers, in addition to reporting the photophysical properties of 

Eu(hfac)3DPEPO and Eu(tta)3DPEPO both in the solution phase and when encapsulated in PMMA 

polymer. The photophysical investigation included quantum yield and lifetime measurements. 

The role that ligands (DPEPO, hfac, and tta) play in transferring energy to the europium centre 

will be discussed.    

Chapter 5 investigates the possibility of cutting the cost of the lanthanide metal used by adding 

inexpensive co-dopants that can assist in light-harvesting and transferring the energy to 

europium complexes. The use of Förster resonance energy transfer to enhance the ultraviolet 

excitation of the Eu(hfac)3DPEPO and Eu(tta)3DPEPO in PMMA films co-doped with organic 

molecules was investigated. The commercial availability and the absorption spectra of the chosen 

donors, DPEPO, indole, biphenyl, and p-terphenyl, complement those of complexes that would 

make them helpful in harvesting high energy photons in the 250–320 nm region. The energy 

transfer efficiencies of the different donors were determined. Preliminary experiments of 

Eu(tta)3DPEPO co-doped with DPEPO on c-Si solar cells were carried out to evaluate their 

practical performance as spectral converters. The solar testing measurements included 

measuring the current density and the external quantum yield of the examined devices.  

The introduction of Chapter 6 provides an overview on the role of host materials in LDS layers 

and LSCs, then discusses the photoactive nature of Poly(N-vinylcarbazole) (PVK) and its unique 

photophysical properties, such as strong absorption in the UV region, fluorescence emission and 

the nature of energy transfer in the PVK matrix. The use of PVK as an active host for 

Eu(hfac)3DPEPO and Eu(tta)3DPEPO was investigated. The energy transfer from the PVK host to 

europium complexes was examined, calculated, and analysed. The effect of adding co-dopant to 

Eu(tta)3DPEPO in the PVK matrix was assessed.  
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The final chapter in this thesis, Chapter 7,  summarises the most important findings, presents the 

overall conclusions, and suggests future directions to pursue further work based upon the results 

shown in this thesis.  
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"Still and all," added Pencroff, "there's so much knowledge in the world. What 

a fat book could be made, Mr. Cyrus, out of everything we know!"  

"And an even fatter one out of everything we don't" answered Cyrus Smith. 

 Jules Verne – The Mysterious Island 
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                                                                                                             CHAPTER 2  

Theory 
 

This chapter summarises some of the essential principles that are considered central to 

conducting experimental techniques and for analysing and understanding the results presented 

throughout this thesis. We begin by discussing the basic concepts related to electronic 

spectroscopy, followed by background information associated with the unique photophysics of 

lanthanides and energy transfer in a donor–acceptor system. Further details regarding specific 

spectroscopic measurements and calculations will be outlined in the appropriate experimental 

section of each chapter. The contents of this chapter are primarily based on the following 

resources: P. Atkins, de Paula, and J. Keeler1, G.Bünzli2, A. Gilbert and J. Baggott3, J. Lakowicz4, and 

D. Andrews5.  

Spectroscopy is associated with examining information obtained from the interaction of light 

with atoms and molecules. The ability of an atom or a molecule to absorb and emit light depends 

on its electronic and nuclear composition. The principles of quantum mechanics, through the 

solution of Schrödinger’s Equation, constitute that each atom and molecule have discrete levels 

of energy, which provides them with the capacity to deduce and determine information from the 

interaction of matter with light.1,3 Electronic spectroscopy, which is the focus of this thesis, deals 

with the transitions between the electronic energy states in molecules.  

An excited-state species is created when a molecule, ܯ, absorbs electromagnetic radiation. 

Equation 2.1 illustrates this process as follows:  

ܯ                                   + ℎݒ →          Equation 2-1                                                              ∗ܯ

where ℎ is Planck’s constant and ݒ is the frequency of incident radiation.  

The radiation absorbed by the molecule promotes an electron from its ground state (i) to the 

excited state (f), as shown in Figure 2.1. Transitions to higher electronic levels in a molecule are 

associated with changes in vibrational energy as well, leading to the formation of electronic 

excited states and vibrational excited states. Absorption of radiation can only occur in the case of 

coupling between the oscillating electric field of the incident radiation with the more mobile 

electrons in a molecule.  
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Figure 2.1 Absorption of radiation with energy, E, resulting in the excitation of a molecule 

from the ground state (Ei) to the excited state (Ef). The energy difference between the two 

energy levels is Ef – Ei = E = ࢜ࢎ (where ࢎ = Planck’s constant and ࢜ = frequency of the 

incident radiation). 

 

Molecules, in general, follow the Born–Oppenheimer principle, which is based on the fact that 

nuclei have much more mass and correspond to much slower motion than electrons. This 

principle allows the separation of a molecular wavefunction Φெ into two parts—nuclear and 

electronic. 

      Φெ(ݍ, ܳ) ≈ ѱ௘௟௘௖ (ݍ) ࣒௡௨௖ (ܳ)                                                   Equation 2-2 

where ݍ ܽ݊݀ ܳ are labels that indicate the electron coordinates and nuclear coordinates, 
respectively.    

 

Based on the molecular wavefunction in Equation 2-2, molecular energies can be expressed as 

the sum of three terms: 

ܧ   = ௘௟௘௖ܧ + ௩௜௕ܧ + ௥௢௧ܧ                                             Equation 2-3 

where ܧ௘௟௘௖  is electronic energy,  ܧ௩௜௕  is vibrational energy, and  ܧ௥௢௧  is rotational energy.  

In the context of lanthanides, the process of absorption only occurs through operators related to 

the nature of the electromagnetic radiation: the electric dipole (ED), the even-parity magnetic 

dipole (MD), and electric quadrupole (EQ).  

A further consequence of the Born–Oppenheimer approximation establishes the basis of the 

Franck–Condon principle (FC), which assumes that nuclei of a molecule are fixed during 

electronic transitions; therefore, the transition can be represented as a vertical line when we 

draw the potential energy diagram, as illustrated in Figure 2.2. 
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 The probability of electronic-vibrational (vibronic) transitions, and consequently the spectra 

profiles, are dictated by the Franck–Condon principle. The extent of overlap between vibrational 

wavefunctions in the ground and excited states determines the probability of transition. A 

significant overlap leads to higher absorption. In Figure 2.2, the 4-0 transition is depicted to be 

the most probable.  

 

 

 

Figure 2.2 Schematic potential energy diagram, showing the electronic transitions 

(absorption and fluorescence) denoted by vertical arrows between the ground and 

excited states. The horizontal displacement (shift in nuclear configuration) of the excited 

electronic state potential in addition to the overlap between the ground and excited-state 

vibrational densities determines the difference between the maximum absorption and 

fluorescence energies. 

 

Electromagnetic radiation includes perpendicular electric and magnetic fields oscillating in time. 

The coupling of the oscillating electric field, in particular, with the mobile electrons in a molecule 

leads to absorption.  
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To describe the size and magnitude of this interaction, and later, to establish the formulae that 

describe the absorption measurements, it is best to start with a formula that describes the 

relationship between the intensity ܫ of light ( power/unit) and the strength of electric field ߃: 

ܫ                                   = ଵ
ଶ

 ଶ                                                  Equation 2-4߃଴ߝܿ 

where ܿ is the speed of light and ߝ଴ is the vacuum permittivity. 

For a photon to be absorbed by a molecule, the existence of a transitional dipole moment allows 

the molecule to be promoted to the excited state. The dominant mechanism of coupling between 

the electric field and the mobile electrons requires a dipolar interaction with the electric field of 

light. The following equation describes this interaction 

௜௡௧߅             = .ߤ̂−  Equation  2-5                                                                    ߃

where ߅௜௡௧  is the interaction operator and ̂ߤ is the ED quantum operator. 

The transition dipole moment (TDM) is a transient dipole moment that exists during the process 

of transitioning from one state to another. To achieve a transition from the initial state with a 

wavefunction ߰௜  to a final state with wavefunction, ߰௙, the following integral gives the value of 

TDM:  

௙௜ߤ = ∫ ߰௙
∗ ∙ ߤ̂ ∙ ߰௜݀ݍ                                                            Equation 2-6 

 

where ߰௙
∗  is the wavefunction of the final (excited) state, ߰௜ is the wavefunction of the initial 

ground state, and ݀ݍ includes the relevant spatial coordinates such as nuclear position (bond 

length) and the positions of all the electrons involved.5  

TDM indicates if the transition is allowed and demonstrates the strength of an electronic 

transition. If the value of TDM is zero, then the probability of the transition is zero; thus, the 

transition is forbidden. If the TDM value is anything but zero, then the transition is allowed. It 

should be noted that taking the square of the TDM value determines the probability of an 

electronic transition to occur.   

The energy of the electromagnetic radiation in the UV to the visible region, which is within the 

scope of this thesis, corresponds to the transitions between electronic energy levels leading to 

electronic excitation. Thus, the absorption measurements are carried out using UV-Vis 

spectrometry.  
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The underlying theoretical framework of measuring the absorption of a photon by a single 

molecule can be traced to Fermi’s golden rule, which is a well-known formula in theoretical 

physics. The following equation describes the rate, Γ, of photon absorption by a molecule from 

the initial state|݅⟩ to a set of final states |݂⟩: 

௜→௙߁                                 = ଶగ
ћ

 ଶ  ρ,                                   Equation 2-7|⟨݅|௜௡௧ܪ|݂⟩| 

where ћ is the reduced Plank constant (ℎ/2ߨ), and ρ is the density of states. 

From the above Equations (2-5),(2-6), and (2-7), it is clear that a relationship exists between the 

intensity of light passing and the square of TDM and the square of the electric field. It is also 

evident from Equation (2-8) that the loss of intensity rate upon travelling through an absorbing 

medium is proportional to the concentration of absorbing species,  Therefore, we can get the .ܥ

differential form of  the Beer-Lambert law: 

 

              − ௗூ
ௗ௭

=  Equation 2-8                                                          ܥܫߙ

 

where ௗூ
ௗ௓

  is the rate of change of intensity along propagation ߙ ,ݖ  is the absorption coefficient, a 

value related to the density of the states and the square of transition moment, and ܫ is the 

instantaneous intensity.  

Solving this differential equation will result in an exponential decay function - the integral form 

of the Beer-Lambert law (Equation 2-9). The intensity of an absorption transition can be 

experimentally determined, as shown in Equations (2-9 and 2-10). 

ܫ =  ଴݁ିఈ஼௟                                                                   Equation 2-9ܫ

where ݈ is the path length. 

 

 

The product of ݈ܥߙ can be given by the symbol ܣ, the absorbance of the sample, and it is related 

to the transmittance ܶ =  ଴. Expressing the above equation in logarithmic form makes it moreܫ/ܫ

accessible in terms of calculations.  
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ܣ        = ଵ଴݃݋݈ ቀூబ
ூ

ቁ =   Equation  2-10                                                                                  ࢒ࢉࢿ

where ߝ =   .and is referred to as the molar absorption coefficient 2.303/ߙ

The molar absorption coefficient is an intrinsic molecular property that can be experimentally 

obtained. The molar absorption coefficient is the degree to which a molecule absorbs light at a 

specific wavelength and can be related to the TDM. Consequently, a connection between 

experimental electronic spectroscopy and quantum mechanics can be established.   

 

 

 

Following the absorption of electromagnetic radiation, the excited-state population decays back 

to the ground state. Two types of decay processes exist; radiative decay transitions and non-

radiative decay transitions. Radiative decay transitions (or luminescence) involve the emission 

of light (e.g., fluorescence or phosphorescence). Non-radiative decay transitions do not involve 

light emission but involve the loss of energy as heat. 

The differences between fluorescence and phosphorescence depend on whether the transitions 

are allowed or forbidden. The possibility of a transition to be allowed is governed by the spin 

multiplicity, which states that spin must be conserved in the course of an electronic transition. 

The spin multiplicity is given by 2S+1, where S is the total spin quantum number. In the case of a 

singlet state, a molecule with all spin paired electrons possesses S = 0, and the spin multiplicity 

has a value of 1; hence, the word ‘singlet’ is used.  

However, a molecule with two unpaired electrons possesses S = 1. Consequently, the spin 

multiplicity has a value of 3; thus, the state is called the triplet state. Transition is allowed if the 

electron is in the excited state in which the spin of the excited-state electron is paired 

(antiparallel) to the electron in the ground state. However, if the spin of the excited electron 

becomes parallel to the electron in the ground state, this transition is forbidden.   

The intramolecular photophysical processes leading to the decay of the excited state are 

illustrated in the following Jablonski diagram (Figure 2.3).  
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Figure 2.3 A simplified Jablonski diagram illustrates radiative (vertical lines) and non-

radiative (horizontal lines) processes in the excited states. The transitions shown are 

absorption (solid black line), fluorescence (solid red line), phosphorescence (solid 

purple line), vibrational relaxation (dashed black lines), internal conversion (dotted 

orange line), and intersystem crossing (dotted green line).  

 

 

In the Jablonski diagram, S1 and S2 represent the first and second excited singlet electronic states, 

respectively; T1 is the lowest energy excited triplet state. In the case of fluorescence, an electron 

in the first excited state S1 relaxes via vibrational relaxation (dotted vertical lines). When 

excitation occurs to higher excited levels, i.e. the second excitation singlet level, an electron in the 

second excited state S2 relaxes via vibrational relaxation (dotted vertical lines) then undergo 

internal conversion (dotted orange line)  to S1. Following this step, the excited molecule returns 

to the electronic ground state, thus emitting a photon (fluorescence). Intersystem crossing (ISC) 

(dotted green line) from the first singlet excited state is the process whereby (T1) becomes 

populated. 
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It is worth mentioning, in molecules, the rate constant of internal conversion (IC) and vibrational 

relaxation is much greater than the rate of emission from (S1  or T1) to the ground singlet state. 

This is described best by Kasha’s rule (attributed to Michael Kasha), which states that the energy 

of emission does not depend on which electronically excited state is initially excited and that 

emission always occurs from the lowest electronic excited level of a given spin multiplicity.6  

Although emission occurs solely from the lowest excited state, emission spectra cover a wide 

range of wavelengths because of transitions to multiple vibrational energy levels in the ground 

state. In addition, IC and vibrational relaxation to the lowest excited state also leads to an energy 

difference between the absorbed and emitted photons. Thus, the emitted photon has lower 

energy. The difference in wavenumber or wavelength between the absorption peak and the 

emission peak is referred to as the Stokes shift.  

Since fluorescence occurs from the emitting state of the same multiplicity, which is in the ground 

state, the transition is spin-allowed. Thus, the fluorescence is an intense transition and occurs at 

fast rates; typically, it occurs in the picosecond (10-12 s) to microsecond (10-6 s) timescales.  

In contrast, phosphorescence is the radiative transition that occurs when the excited electron 

decays back from an excited state that is different from that of the ground state in terms of spin 

multiplicity, such as the transition from the first excited triplet state (T1) to the ground singlet 

state (S0). Consequently, phosphorescence occurs at longer wavelengths. Because this is a spin-

forbidden transition, phosphorescence cannot be observed. In the presence of a heavy atom, 

phosphorescence as transition becomes partially allowed; however, the transition itself is not as 

intense as fluorescence. Compared with the fast transitions observed in fluorescence, 

phosphorescence occurs less rapidly; typical timescales range from the millisecond (10-3 s) to 

second. 

 

 

Intramolecular non-radiative decay occurs by vibrational relaxation, IC, and intersystem crossing 

(shown as dotted lines in Figure 2-3). IC involves the conversion between states of the same 

multiplicity; on the other hand, intersystem crossing involves conversion between states of 

different multiplicity. Non-radiative decay also occurs because of intermolecular interactions, 

described by the general term fluorescence quenching. Various types of intrmolecular 

interactions, such as electronic energy transfer from a donor to an acceptor, can cause quenching.  
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The luminescence lifetime is defined by the decay kinetics of the excited state. The overall rate of 

decay of a populated excited state can be described by considering radiative processes and non-

radiative processes (IC, ISC, quenching, etc.). A population of excited-state molecules, [M*], decays 

according to the following equation:  

 

                      − ௗ[ெ∗]
ௗ௧

= (݇௥ +  ݇௡௥)[ܯ∗]                                                        Equation    2-11 

where ݇ோ and ݇ேோ are the radiative and non-radiative rate constants of the decay transitions, 

respectively.  

If we define k as the sum of the rate constants for radiative and non-radiative decay processes 

(݇ =  ݇௥ +  ݇௡௥), and integrate Equation 2-11, we get an expression for the concentration of the 

excited-state population as a function of time 

(ݐ)[∗ܯ]                       =  ଴݁ି(୩௧)                                                          Equation   2-12[∗ܯ]

where [ܯ∗]଴ is the concentration of M∗ at t = 0.  

 

The property observed during fluorescence experiments is the fluorescence intensity, I, which is 

related to the excited-state population: 

(ݐ)ܫ                                 = ଴݁ܫ 
ష೟
ഓ                                                         Equation   2-13 

where ܫ଴ is the intensity of fluorescence at t = 0 (= ݇ோ[ܯ∗]଴), and ߬ = (1/k) is the lifetime of the 

excited-state population, known as the fluorescence lifetime. Equation 2-13 relates observable 

intensity to the fluorescence lifetime and determines the lifetime experimentally. 

 From emission spectroscopy, we can measure the parameter that quantifies the efficiency of the 

luminescence process, which is the total quantum yield (߶௧௢௧), as defined in Equation 2-14: 

                        ߶௧௢௧ =  ௡௨௠௕௘௥ ௢௙ ௘௠௜௧௧௘ௗ ௣௛௢௧௢௡௦ 
௡௨௠௕௘௥ ௢௙ ௔௕௦௢௥௕௘ௗ ௣௛௢௧௢௡௦ 

                           Equation   2-14 

Quantum yields can also be expressed in terms of the rate constants for the radiative and non-

radiative decay processes, as shown in Equation 2-15: 

                             ߶௧௢௧ = ௞ೝ
௞ೝା௞೙ೝ

                                                                   Equation   2-15 
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The photophysics of lanthanide complexes is unique because of the forbidden nature of f–f 

transitions. The excitation is indirect (organic ligands act as an antenna), and energy is 

transferred through ISC then undergo intramolecular energy transfer into the 4f levels of the 

lanthanide ion. Thus, the quantum yield calculation is not straightforward. The definition of the 

total quantum yield would become the ratio of the number of photons emitted by the metal to the 

number of photons absorbed by the ligand/matrix, which is the quantum yield of the Ln-centered 

emission upon ligand excitation, as shown in Equation 2-16: 

                                     ߶௧௢௧ =  ௅௡                       Equation 2-16߶ߟ

                                                        
where ߟ, commonly referred to as sensitisation efficiency,  is the efficiency of energy transfer from 

the ligand’s excited state to the accepting Eu3+ ion, and ߶௅௡ is the quantity describing the intrinsic 

quantum yield of a lanthanide ion. From the equation, the value of energy transfer efficiency can 

be obtained if both values of total and intrinsic quantum yield are known. In the rare case of 

having ߶௅௡ that is equal to unity and 100% energy transfer efficiency, we would get an overall 

quantum yield of 1.  

The word ‘intrinsic’ is used to emphasise that this is the quantum yield of the luminescence 

originated from the metal centre when the lanthanide ion is directly excited. It indicates the scale 

of the processes of non-radiative deactivation in the inner coordination sphere and outer 

coordination sphere of the lanthanide ion. Notably, the words ‘intrinsic’ and ‘internal’ are used 

interchangeably in the literature.7  

The intrinsic quantum yield of emission of the lanthanide ion can be expressed in terms of the 

radiative or ‘natural’ lifetime ߬௥௔ௗ and the luminescence lifetime ߬௢௕௦ or in rate constants of the 

de-excitation of the excited states, as shown in Equation 2-17.  

߶௅௡ = ఛ೚್ೞ
ఛೝೌ೏

= ௞ೝ
௞ೝା௞೙ೝ

                                         Equation  2-17 

where the luminescence lifetime ߬௢௕௦ = ଵ
௞೚್ೞ

 is the observed luminescence decay , which can be 

obtained experimentally. The luminescence rate constant ݇௢௕௦ is the sum of the radiative rate 

constant  and the non-radiative rate constant. ߬௥௔ௗ  describes the lifetime when all non-radiative 

deactivation processes are absent. Therefore, when the non-radiative deactivation processes are 

absent, the radiative lifetime equal that of the luminescence lifetime (߬௥௔ௗ = ߬௢௕௦) and the value 

of the intrinsic quantum yield would be one; however, this scenario only occurs in very few cases.  
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Therefore, to determine the intrinsic quantum yield, we ought to obtain the radiative lifetime in 

addition to the luminescence lifetime. Calculating the radiative lifetime is a significant task; it 

usually requires obtaining Einstein’s coefficients for spontaneous emission, which can be 

extracted from the Judd–Ofelt parameters.8 However, in the particular case of europium, the 

radiative lifetime can be determined by applying a simplified equation that contains variables 

obtained from the emission spectrum.8, 9     

According to Laporte’s parity selection rule, electronic transitions of the same parity are 

forbidden. Therefore, f–f transitions are not allowed by the ED mechanism. However, f–f 

transitions are allowed by the MD mechanism and the induced or ‘forced’ ED mechanism.9 MD 

transitions have weak intensities, and they are largely independent of the lanthanide ion’s 

chemical surroundings. However, in contrast to MD transitions, some of the induced ED 

transitions are extremely sensitive to the changes in the chemical surroundings of the Eu(III) ion; 

one of the transitions  (5D0  →  7F2) is referred to as the ‘hypersensitive’ transition.  

In the case of the Eu3+ ion, the radiative lifetime can be directly calculated from the emission 

spectrum using the values extracted from the observed pure MD transition  (5D0  →  7F1), and the 

total Eu3+ emission spectrum as, shown in Equation 2-18: 9  

                         ଵ
ఛೝೌ೏

= . ெ஽,଴ܣ ݊ଷ ቀூ೟೚೟
ூಾವ

ቁ                                                Equation    2-18 

 
where ܣெ஽,଴ is the spontaneous emission probability for MD transition in vacuo and is equal to 

14.65 s-1.  ܫ௧௢௧  refers to the integration of the total area of the emission spectrum from the (5D0) 

level to the 7FJ manifold, and ܫெ஽ refers to the integrated area of emission intensity of the pure 

MD transition (5D0  →  7F2). ݊ is the refractive index of the medium (the solvent or the polymer). 

Notably, the radiative lifetime is not a fixed value and depends on the refractive index and the 

environment surrounding the lanthanide ion.8   

  

Measurements of the total luminescence quantum yield are conceptually straightforward but can 

be challenging to implement experimentally. In the present work, the fact that the samples are 

polymeric thin films will make these measurements more difficult to conduct. 
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There are two main methods to measure the total quantum yield. The first is the absolute method, 

which depends on using an integrating sphere, which is considered a state-of-the-art accessory 

but is not widely used.10  

 The other method is the relative (or comparative) method, in which the sample is compared to a 

reference (standard) with a known quantum yield. The comparative method was used to obtain 

all the data related to the quantum yields in this work. The relative quantum yield was calculated 

according to the following equation11, 12: 

                         ߶ௌ =  ߶௥௘௙ .  ூೄ
ூೝ೐೑

 ஺ೝ೐೑

஺ೄ

௡ೄ
మ

௡ೝ೐೑
మ                                     Equation 2-19 

where  ߶ୗ and ߶୰ୣ୤ are the quantum yield of the sample and the known quantum yield of a 

reference, respectively. ܫୗ is the integrated emission spectrum of the sample, ܫ୰ୣ୤ is the integrated 

emission spectrum of the reference, ܣୗ is the absorbance at the excitation wavelength of the 

sample, ܣ୰ୣ୤ is the absorbance at the excitation wavelength of the reference, ݊ௌ and ݊୰ୣ୤ are the 

refractive indices of the sample and reference, respectively. 

The comparative method requires careful consideration of many factors to obtain accurate 

measurements, as shown in Equation 2-19. These factors include choosing an appropriate 

reference with a known quantum yield and measuring the emission from the sample and the 

reference under the same experimental conditions.    

 

 

The work presented in this thesis is concerned with two types of energy transfer: i) 

intramolecular energy transfer from the organic ligands to the emitting levels of the Eu3+ ion and 

ii) energy transfer from an external donor to the europium complexes. This section focuses on 

the latter.  

The use of Förster resonance energy transfer to enhance ultraviolet excitation of the Eu(III) 

complexes in PMMA films co-doped with organic molecules was investigated in Chapter 5. 

Besides the straightforward radiative energy transfer, which is a ‘trivial’13 energy transfer, in 

which energy transfer occurs by the acceptor’s reabsorption of the emission originated from the 

donor, there are two primary energy transfer mechanisms, of which energy can be transferred 

between the acceptor and the donor systems: Dexter and Förster. Both are non-radiative 

processes.  
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A short-range electron exchange mechanism (Dexter)14, which heavily depends on the distance, 

requires the orbitals of the donor and acceptor to overlap; thus, the distance between the donor 

and the acceptor should be less than 10 Å. In the Dexter mechanism, an exchange of electrons 

occurs between the excited donor and the acceptor. It is distance-dependent since the rate 

constant of the energy transfer exponentially decreases as the distance between the donor and 

acceptor increases.13 

 However, Förster resonance energy transfer (FRET) occurs over much larger distances between 

the donor and acceptor. 15 It is a long-range Coulombic interaction between an excited donor, say 

(D*), and an acceptor (A); typical distances are in the range of 10–100 Å, which is a well-suited 

mechanism in the context of the system consisting of polymeric films of lanthanide complexes co-

doped with organic molecules. The mechanism involves electrostatic interaction of similar energy 

transitions dipoles in (D*) and (A); therefore, it is a Coulombic energy transfer mechanism. The 

following equation can illustrate it: 

∗ܦ                                                                 + ܣ → ܦ +  Equation 2-20                              ∗ܣ

 where the asterisk denotes an electronic excited state. Theoretically, it can be based on the donor 

as an oscillating dipole exchange energy with an acceptor (an oscillating dipole with comparable 

resonance energy).  

The rate constant of  energy transfer, ݇ா் , for a single donor and acceptor separated by 

distance, ݎ, depends on multiple factors such as the distance between D and A, the donor lifetime 

߬଴ in the absence of the acceptor:13 

                   ݇ா் = ቀ ଵ
ఛబ

ቁ ቀோబ
௥

ቁ
଺

                                              Equation 2-21 

 

where ܴ଴ (Förster distance) is the critical distance for energy transfer between the donor and 

acceptor at which the rate of fluorescence (radiative decay) from the donor is equal to the 

competing energy transfer to the acceptor. ܴ଴ is expressed by the following Equation:4 

ܴ଴ = 9.78 × 10ଷ(ĸଶ. ∅஽ . ݊ିସ. ଵ((ߣ)ܬ
଺ൗ      (in Å)               Equation 2-22 
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where ∅஽ is the quantum yield of donor emission determined in the absence of acceptor. ĸଶ is the 

term that describes the orientations of the transitions of dipoles of the acceptor and the donor. ݊ 

is the refractive index of the medium (solvent/polymer). (ߣ)ܬ is the spectral overlap integral of 

the emission spectrum of the donor and the absorption spectrum of the acceptor.  

According to Swartz et al.16, who investigated the energy transfer in multiple-dye planer 

luminescent solar concentrators, Förster theory can also give the critical concentration of the 

acceptor ܥ଴(ܣ), as illustrated in the following equation: 

(ܣ)଴ܥ = 8.35 × 10ିଷ
଴ܰ

ିଵܴ଴
ିଷ                                            Equation 2-23 

where ଴ܰ is the Avogadro’s number.  

An efficient Förster energy transfer mechanism can manifest itself in reducing the fluorescence 

intensity of the donor, decreasing the donor’s lifetime, and enhancing the fluorescence intensity 

of the acceptor. 

In summary, the rate of energy transfer in the Förster mechanism depends on the high value of 

the donor quantum yield, the well-matched relative orientation of the donor and acceptor dipole 

moments, and the optimum distance between the donor and acceptor. Furthermore, the spectral 

overlap between the emission of the donor and the absorption of the acceptor is fundamental to 

having an efficient resonance energy transfer mechanism.    

   

To experimentally determine the energy transfer efficiency for a system consisting of a donor–

acceptor system, where we have one or more excitation energy donors, we must consider the 

direct excitation of the acceptor (organic ligands in the europium complex) in the absence of 

donor(s) and excitation of the donor(s) followed by transfer of energy to the acceptor. The 

equations (below) that describe the energy transfer efficiency in this work were based on the 

work of Da-Guang Xu and T.M. Nordlund.17 

,(௘௫ߣ)௔ܣ ,(௘௫ߣ)ௗܣ   ,are the absorbance of the acceptor in the absence of the donor (௘௫ߣ)௧௢௧ܣ ݀݊ܽ

the absorbance of the donor alone, and total absorbance (acceptor + donor), respectively. If the 

acceptor in the absence of donor is directly excited at a wavelength ߣ௔ (at 340 nm, in the case of 

Eu(tta)3DPEPO), the measured fluorescence intensity would be 

(௔ߣ)௔ܨ  =  ଴                                                                      Equation 2-24∅(௔ߣ)௔ܫ ∆
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 where ∆ ܫ௔(ߣ௔) is the number of photons per second absorbed by the acceptor, and ∅଴ is the 

normal fluorescence quantum yield that was obtained under suitable sample conditions.  

When the donor is exclusively excited (e.g., at 250-275 nm in the case of the donors used in this 

work), which transfers energy to the acceptor with average efficiency ߟ஽ି஺(ߣௗ), the measured 

intensity of fluorescence would be 

(ௗߣ)ௗܨ  =  ଴                                                                    Equation 2-25∅ (ௗߣ)஽ି஺ߟ (ௗߣ)ௗܫ ∆

When the acceptor and the donor are both excited at a specific wavelength (ߣ௘௫), the measured 

intensity of fluorescence would be 

(௘௫ߣ)௧௢௧ܨ = ቀ ஺ೌ (ఒ೐ೣ)
஺೟೚೟ (ఒ೐ೣ)

+ ஺೏ (ఒ೐ೣ)
஺೟೚೟ (ఒ೐ೣ)

 ଴              Equation 2-26∅(௘௫ߣ)ܫ ∆ ቁ(௘௫ߣ)஽ି஺ߟ 

where ∆ ܫ(ߣ௘௫) is the total number of photons absorbed per second. Notably, ∆ ܫ௔ = ( ஺ೌ
஺೟೚೟

 ܫ ∆(

and ∆ ܫௗ = ( ஺೏
஺೟೚೟

 Since .ܫ ∆(

(௘௫ߣ)௔ܨ = ஺ೌ (ఒ೐ೣ)
஺೟೚೟ (ఒ೐ೣ)

 ଴                                                              Equation 2-27∅(௘௫ߣ)ܫ ∆

Then,  

଴∅(௘௫ߣ)ܫ ∆ = (௘௫ߣ)௔ܨ ஺೟೚೟ (ఒ೐ೣ)
஺ೌ (ఒ೐ೣ) 

                                                              Equation 2-28 

By rearranging the term  ∆ ܫ(ߣ௘௫)∅଴ in Equation 2-27 with Equation 2-28, we get  

(௘௫ߣ)௧௢௧ܨ = ቀ ஺ೌ (ఒ೐ೣ)
஺೟೚೟ (ఒ೐ೣ)

+ ஺೏ (ఒ೐ೣ)
஺೟೚೟ (ఒ೐ೣ)

ቁ(௘௫ߣ)஽ି஺ߟ  (௘௫ߣ)௔ܨ ஺೟೚೟ (ఒ೐ೣ)
஺ೌ (ఒ೐ೣ)

    Equation 2-29 

The equation can be rearranged to obtain   ߟ஽ି஺(ߣ௘௫)  

(௘௫ߣ)஽ି஺ߟ    = ቄቀி೟೚೟ (ఒ೐ೣ)
ிೌ  (ఒ೐ೣ)

. ஺ೌ (ఒ೐ೣ)
஺೟೚೟ (ఒ೐ೣ)

ቁ − ஺ೌ (ఒ೐ೣ)
஺೟೚೟ (ఒ೐ೣ)

ቅ ஺೟೚೟ (ఒ೐ೣ)
஺೏ (ఒ೐ೣ)

            Equation 2-30 

 

(௘௫ߣ)஽ି஺ߟ          = ி೟೚೟ (ఒ೐ೣ)
ிೌ  (ఒ೐ೣ)

 ஺ೌ (ఒ೐ೣ)
஺೏ (ఒ೐ೣ)

− ஺ೌ (ఒ೐ೣ)
஺೏ (ఒ೐ೣ)

                                                   Equation 2-31 

Then, we can arrive at the equation used in this work to calculate the average energy transfer 

efficiency from the donors to the europium complexes.  

஽ି஺ߟ =  ஺ೌ (ఒ೐ೣ)
஺೏ (ఒ೐ೣ)

ቀி೟೚೟ (ఒ೐ೣ)
ிೌ  (ఒ೐ೣ)

− 1ቁ                                                               Equation 2-32 

 

This equation deals with the case in which there is unavoidable absorption by the acceptor at 
the wavelength used to excite the donor. 
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“Every science must devise its own instruments. The tool required for philosophy 

is language. Thus, philosophy redesigns language in the same way that, in a 

physical science, pre-existing appliances are redesigned.”   

Alfred N. Whitehead – Process and Reality  
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This chapter will describe the main experimental techniques used throughout this thesis, such as 

absorption spectroscopy, steady-state fluorescence spectroscopy, and luminescence lifetime. The 

synthesis of the ligand DPEPO, Eu(tta)3DPEPO, and Eu(hfac)3DPEPO is reported as well.  Further 

details regarding the experimental discussion will be included in the following chapters.  

 

 

A Varian Cary 300 UV-Vis spectrometer was used to obtain the UV-visible absorption spectra of 

the solution-phase samples. The spectrometer was operated in double-beam mode, and the 

samples were contained in 10 mm-path-length fused silica cuvettes (Starna Scientific Ltd). All 

solution-phase measurements were conducted at room temperature. The absorption spectra of 

the thin films deposited on 25 mm x 25 mm x 1mm quartz slides (Agar Scientific Ltd) were 

measured using a Jasco V-670 spectrophotometer with SpectraManagerTM software in single-

beam mode at room temperature. In the solution-phase and solid-phase measurements of the 

europium complexes and organic ligands, a baseline was taken by subtracting the absorption 

spectra of the solvent or the polymer, respectively.     

 

A FluoroMax 3P spectrofluorometer (Horiba Jobin Yvon) was used for the steady-state 

measurements. FluorEssenceTM software v.3.5. was used to control the spectrofluorometer. The 

solution-phase measurements were conducted at room temperature, with solutions contained in 

a 10 mm-path-length fused silica cuvette (Starna Scientific Ltd). 

Figure 3.1 shows a schematic representation of the FluoroMax spectrometer. The excitation 

source in FluoroMax 3P is an ozone-free Xenon arc lamp. The fluorometer is equipped with 

modified Czerny-Turner monochromators in the excitation and emission positions. Both 

monochromators have a groove density of 1200 grooves/mm; the grating disperses light from 

200–900 nm. Also, each monochromator has a slit width that can be adjusted to control the 

bandpass as well as the intensity of the light. In this work, the excitation and emission slit width 

was kept to 3 nm to avoid saturation of the detector in the solution-phase measurements.  
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The excitation slit width was increased to 15 nm for the solid-state measurements, and the 

emission slit width was kept at 3 nm. Upon excitation, a beam splitter directed ~8% of the 

excitation light to the reference photodiode. The reference photodiode monitors the output of the 

Xenon lamp, correcting the wavelength dependence of the lamp intensity.1, 2 The ratio of the 

fluorescence signal to the lamp reference signal is used. The spectra presented throughout this 

thesis have been corrected accordingly. In addition, to cut off undesirable second emissions from 

the monochromators, an optical filter was used.  

The excitation light is directed toward a monochromator for solution-phase measurement, and 

the selected wavelength is focused through the sample solution. The emission from a sample is 

collected at a 90-degrees angle to the excitation source. Photon emitted passes through an 

emission monochromator, and the dispersed emission is monitored by a photomultiplier detector 

operating in photon counting mode. 

 
1. Ozone-free xenon lamp                  7/8. Excitation slit/shutter             14. Sample collection mirror 

2. Collection mirror (excitation)         9. Collection mirror (excitation)   15/16. Emission shutter/slit  

3. Entrance slit (excitation)                10. Beam splitter                        17. Collection mirror (emission) 

4. Collection mirror (excitation)        11. Deflection mirror (reference) 18.Grating 

5. Grating                                           12. Photodiode reference detector 19. Focusing mirror 

6. Focusing mirror (excitation)          13. Sample position                        20. Exit slit 

                                                                                                                   21. Photomultiplier tube 

Figure 3.1 Schematic representation of the FluoroMax spectrometer  3) 
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For the solid-state measurements, thin films consisting of europium complexes in polymeric 

matrices were spin-coated on quartz slides. They were characterized using a different approach 

than the solution-phase measurements. Two optical fibres (HORIBA RSU246-1-SQ) attached to 

the FluoroMax 3P were used to convey light to and from the FluoroMax spectrometer. In order to 

measure the emission/excitation spectra and lifetimes, a sample mould was 3D-printed, with the 

sample mounted and inserted into a fixed slot, as shown in Figure 3.2. The fibre optics can be 

attached at a fixed angle and kept at a certain distance from the studied sample; by using this 

sample mould, any change in the intensity of the excitation or the emission spectrum could only 

be attributed to a change in the sample itself and thus ensuring the precision and reproducibility 

of the measurements. 

Figure 3.2 A) a photo of the sample mould obtained through 3D printing with optical 

fibres, B) a graphic representation of the sample mould with optical fibres attached to the 

FluoroMax 3P spectrometer used for solid-state measurements. 



53 
 

 

 

The FluoroMax 3P spectrofluorometer has a second source of illumination, a pulsed Xenon lamp, 

used for phosphorescence measurement. The samples were excited with a pulse light, and an 

R928P photon-counting detector detected the phosphorescence. According to the manufacturer 

of the FluoroMax 3P spectrofluorometer: ‘The flash lamp operates at up to 25 Hz. The control 

module triggers each lamp pulse. When the start of the light output is detected, a signal is sent to 

the control module for timing purposes[..] A typical sequence of data acquisition starts with a flash 

from the pulsed lamp, sensed by the control module as time t = 0. The light enters the excitation 

monochromator, where it is dispersed. Monochromatic light from the monochromator excites the 

sample. Luminescence emission from the sample then passes through the emission monochromator 

to the photomultiplier-tube detector. The control module includes a gate-and-delay generator, 

allowing the signal at the detector to be integrated only during a specific period after the flash ( the 

Dealy After Flash) for a pre-determined length of time ( the Sample Window).’1  

Phosphorescence decay by delay feature was used via phosphorimeter operations to measure the 

europium lifetimes. A fixed window is set, and the delay between the flash and the opening of that 

widow is incrementally increased, thus building up the decay curve. There are several conditions 

for recording the lifetimes. The parameters and conditions used are as follows: a 3 ms sample 

window; a delay increment of 0.01 ms; an initial delay of 0.05 ms; and a maximum delay 5 ms. 

Concentrations and slit widths were adjusted to avoid saturation of the detector. The 

luminescence lifetime was obtained from the decay data and fitted via a single exponential 

function using an iterative non-linear least-squares algorithm with the ‘Solver’ function in 

Microsoft Excel. For the solid-state measurements, the same sample mould was used, as shown 

in Figure 3.2.  

 

  
The fluorescence spectra, lifetimes, and total quantum yields were measured in air-equilibrated 

solutions (oxygen was not purged ) for europium complexes and organic molecules in the solution 

phase. The absorption of the lanthanide complex and organic ligands were maintained below 0.1 

to minimize the inner filter effect. The total quantum yields of Eu(hfac)3DPEPO and 

Eu(tta)3DPEPO were measured at an excitation wavelength of 300 and 340 nm, respectively. The 

quantum yields were determined using a comparative method, with quinine sulphate in 0.5 M 

H2SO4 (ϕ = 0.546)4 as a reference.  
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For the solid-state measurements, the total quantum yield of Eu(tta)3DPEPO in PMMA was 

determined using Eu(hfac)3DPEPO in PMMA as a reference because it is well-known and was 

previously determined by Moudam et al.6 The lifetime measurements were measured at a fixed 

wavelength for each complex.  

 

 

Acetone, hexane, dichloromethane, H2O, H2SO4, chloroform, and ethanol were HPLC grade with 

the exception of ethanol (Absolute) and 30% (w/w) H2O2, which were obtained from Fisher 

Chemicals. All solvents were used without further purifications. Europium(III) chloride 

hexahydrate (99.9%), potassium tert-butoxide, hexafluoroacetylacetone (98%), sodium 

hydroxide, quinine hemisulfate salt monohydrate (90%), 2-thenoyltrifluoroacetone (99%), and 

bis(2-(diphenylphosphino)phenyl) ether (98%) were sourced from Alfa Aesar.  

 

All the solvents used in this study to synthesise the europium complexes and DPEPO were 

degassed (by purging N2 for 1 hr).  All reactions were performed in standard glassware under a 

nitrogen atmosphere. Mr. Stephen Boyer determined the elemental analyses at London 

Metropolitan University, North Campus, Holloway Road, London, N7 8DB. The mass spectra were 

obtained using Bruker ESI. In addition, 1H measurements were performed at room temperature 

with Bruker ava 500 MHz spectrometer (2-channel instrument with a 5 mm DCH CryoProbe™ 

optimised for 1H).  

 

The synthesis of the ligand DPEPO is a one-step synthesis, as shown in Figure 3.3. Bis(2-

(diphenylphosphino)phenyl) ether (2.69 g, 5 mmol) was dissolved in 10 ml of 1,4-dioxane at 

room temperature. Then,  1 ml of 30% H2O2 (10.5 mmol) was added dropwise with vigorous 

stirring, and the mixture was then stirred for 2 hr. Then, 10 ml of water was added to stop the 

reaction. The mixture was extracted with 3 × 30 ml of dichloromethane. The oil phase was washed 

with 2 × 30 ml water to remove the 1,4-dioxane. The organic layer was dried with MgSO4. The 

solvent was removed in a vacuum, and a white powder (soluble in CH3Cl) was obtained. This 

method followed the synthesis protocol described by Xu et al. 5. (C36H28O3P2, Mwt = 570,55 g.mol-

1) ESI MS: m/z = 571.15.   
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1H NMR (500 MHz, Chloroform-d) δ 7.75 – 7.59 (m, 1H), 7.54 – 7.22 (m, 1H), 7.13 (dddd, J = 8.2, 

7.3, 1.9, 0.9 Hz, 0H), 7.06 (tdd, J = 7.6, 1.8, 1.1 Hz, 0H), 6.03 (dd, J = 5.0, 1.0 Hz, 0H). 

 

 

The complex Eu(hfac)3DPEPO was synthesised in two steps, as shown in Figure 3.3. First, 

Eu(hfac)3(H2O)2 was synthesised as follows: 3 mmol of potassium tert-butoxide was added to a 

solution of 3mmol hexafluoroacetylacetone in water (20 ml). The mixture was stirred until the 

dissolution of the reagents; then 1 mmol of europium (III) chloride hexahydrate was added to 

afford a white precipitate. The mixture was stirred under N2 at 60℃ for one hour and then at 

room temperature for three hours. The white precipitate was filtered, washed with cold water 

(100 ml) and hexane (5 ml), and dried under a vacuum for 12 h, as described by Moudam et al. 6 

Then, the white precipitate was used to synthesise Eu(hfac)3DPEPO following the protocol 

described by Moudam et al.6 Following this, 0.175 mmol of Eu(hfac)3(H2O)2 was added to (0.175 

mmol) of DPEPO  dissolved in a 30 ml solution of water: ethanol (15:15), resulting in a white 

precipitate. The mixture was stirred at 60℃ for one hour under N2 and then for three hours at 

room temperature. The white precipitate was filtered off, washed with cold water (100 ml) and 

hexane (5 ml), and left under a vacuum for 12 hours. Elemental analysis: Calculated 

(C51H31EuF18O9P2) (1343.67 g mol-1): %C 45.59; %H 2.33. Found: %C: 45.62; %H, 2.23  

 

 

 Eu(tta)3DPEPO was synthesised via one-pot synthesis, as shown in Figure 3.3. This was carried 

out with a slight modification to the procedure reported by Gavriluta et al.7 A solution of 2-

thenoyltrifluoroacetone (2.4 mmol) was added to (0.8 mmol) of DPEPO in 20 ml of ethanol, and 

an aqueous NaOH solution (2.4 ml, 1 Molar, 2.4 mmol) was added dropwise. The mixture was 

heated at 70–75 ℃ for 5 min, and then a solution of europium (III) chloride hexahydrate (0.8 

mmol dissolved in 6 ml of water) was added dropwise, as described by Gavriluta et al.7. A white 

precipitate was formed upon the addition of the EuCl3.6H2O solution. The hot suspension was 

agitated and cooled to an ambient temperature and stirred for 24 hours. It was then filtered off 

and washed with ethanol (50%) (2 x 3 ml) followed by hexane and dried in a vacuum. Elemental 

analysis: Calculated (C60H40EuF9O9P2S3) (1386.05 g.mol-1): %C 51.99; %H, 2.91. Found: %C: 

52.09; %H: 2.91.  
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Figure 3.3 Synthesis route and chemical structures of A) DPEPO, B) Eu(hfac)3DPEPO,  and 

C) Eu(tta)3DPEPO.  
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“My title is from Keats, who believed that Newton had destroyed all the poetry 

of the rainbow by reducing it to the prismatic colours[…] Newton's unweaving 

of the rainbow led on to spectroscopy, which has proved the key to much of 

what we know today about the cosmos. And the heart of any poet worthy of 

the title Romantic could not fail to leap up if he beheld the universe of Einstein, 

Hubble, and Hawking.”  

Richard Dawkins – In the Preface of his book ‘Unweaving the Rainbow’. 
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In Chapter 1, luminescent solar concentrators (LSCs) and luminescent down-shifting (LDS) layers 

were proposed to address the spectral mismatch in the photovoltaic devices by acting as spectral 

converters to manage the photon frequency and consequently enhancing the efficiency of 

conversion in solar cells. Lanthanide (III) complexes, europium, in particular, were considered as 

suitable candidates for solar energy applications due to their unique photophysical properties 

and intense red emission, which coincides with the highest spectral response of several solar cells 

such as organic dye-sensitized, silicon (Si) or copper indium gallium selenide (CIGS).1-4 

Because f-f transitions are parity forbidden, lanthanide ions suffer from low absorption 

coefficients (ε < 10 M-ଵcm-ଵ); to overcome this limitation, organic chromophores can be 

introduced to act as 'antennae'. The rare-earth ions act as strong Lewis acids; as a result, ionic 

bonding is more dominant than covalent bonding. Therefore, they form bonds with ligands with 

donor atoms such as phosphate, nitrate sulfate, and carboxylate.5-7 In the context of europium 

complexes used in solar energy applications, 1,3-diketones, commonly referred to as ߚ-

diketonates, have been the most frequently used ligands and have been thoroughly investigated 

over the past four decades.6-11 

In the appropriate pH range, ߚ-diketonate ligands can be easily deprotonated at the α-carbon 

atom, making tris ߚ-diketonate. Furthermore, this mono-negative bidentate ligand readily 

coordinates with the Ln (III) ions to form stable and electrically neutral lanthanide complexes.6 

Since organic chromophores play a crucial role in harvesting the incoming electromagnetic 

radiation and transferring the excitation energy from the ligand to the europium ion, the design 

and synthesis of such ligands ought to be carefully considered.      
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 The efficiency of ߚ-diketonate ligands as sensitizers (often referred to as antennae) stems from 

several properties. Firstly, their adjustable light-harvesting window (285-360 nm) can be tuned 

based on different atoms or functional groups within the ߚ-diketonate ligands and have relatively 

high molar absorption coefficients. Secondly, their intense π-π* transitions facilitate efficient 

ligand to metal energy transfer. Thirdly, they are easily synthesised. These are the primary 

reasons for  choosing  ߚ-diketonate ligand-based complexes  for solar cell applications.6, 12 

2,4-pentanedione (referred to as Hacac) is the simplest aliphatic form of a β-diketonate ligand; it 

was first described by Claisen more than a century ago.13, 14 Since then, numerous derivatives of 

β-diketonate ligands have been synthesised for a wide variety of applications, such as improving 

the power of extraction, bioluminescent probes, and light-emitting diodes.15, 16 Fluorinated  β-

diketonate ligands, as exemplified in Figure 4.1, have received particular attention for their 

luminescence properties.6, 17, 18   

 
Figure 4.1 Examples of fluorinated β-diketonate ligands   

Careful consideration of the choice and design of ligands attached to the lanthanide ion is 

essential to obtain highly luminescent lanthanide complexes. To efficiently convert absorbed light 

into emitted photons, which is referred to as the overall photoluminescence quantum yield (ϕ୲୭୲), 

the surrounding ligands of the lanthanide ion must exhibit a wide absorption window in the 

UV/blue region with a large absorption coefficient, efficiently transfer the energy to the metal ion, 

and minimise the nonradiative deactivation caused by the presence of high-frequency 

vibrations.19, 20 
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Fluorinated β-diketonate ligands satisfy the conditions mentioned above, as high-frequency 

oscillators that causes radiationless transitions, such as C-H, O-H, and N-H, etc., can be fluorinated 

or deuterated to increase the luminescence lifetime of lanthanide complexes in solution, as shown 

by Hasegawa et al., and Yanagida et al., 21, 22 and to reduce the vibrational quenching. 20, 23-25 The 

coordination number of β-diketonate europium complexes can vary from six to ten, with eight 

being the most frequently studied. Since the bonding is mainly electrostatic, the structures of such 

complexes do not follow a particular pattern and heavily depend on steric factors.6  

Most of the synthesised complexes naturally coordinate with solvent molecules, such as H2O, 

CH3CH2OH, or CH3OH, containing high energy oscillators, and it was proposed to replace the 

solvent molecules with bulkier ligands that have low-frequency oscillators, such as P=O, to 

suppress the radiationless quenching and add more rigidity to the complex.6, 26-29 

There is another consideration when it comes to choosing the suitable ligands in europium 

complexes. An efficient energy transfer from the ligand ‘antenna’ to the europium ion requires 

careful positioning of the ligand’s singlet and triplet states; they must be sufficiently higher in 

energy than the europium levels to prevent back energy transfer processes. Experimental data 

and theoretical calculations have demonstrated that the energy of the first excited triplet state of 

the ligand plays a crucial role to facilitate efficient intramolecular energy transfer from the ligand 

to the emitting levels in the metal ion and prevent back energy transfer; ideally, the energy level 

of the first excited triplet state of the ligand ought to be 2500–3000 cm-1 higher than the main 

luminescent state in the Eu3+ ion, which lies 16,286 cm-1  above the ground state. 6, 30, 31  

Acknowledging the factors mentioned above, researchers in the last three decades have been 

working on the synthesis of highly luminescent europium complexes. For example, the quantum 

yield of the complex Eu(tta)3(H2O)2 where tta=2-thenoyltrifluoroacetone was just 23%, but when 

the solvent molecules were replaced with monodentate dibenzyl sulfoxide (DBSO) to form 

Eu(tta)3(DBSO)2  the total quantum yield increased dramatically to 85%.32 Indeed, experimental 

data show the effect of optimising the ligand on obtaining higher quantum yields and long 

lifetimes of the europium ion.33 Chen Wei et al. reported highly emissive europium complexes 

upon the introduction of diphenylphosphoryl (DPPO), where the total quantum yield (ϕ୲୭୲) 

increased up to 92% in PMMA.34 Cuan et al. showed the highest reported optical efficiency for 

Eu(III) complexes, where the quantum yield went up to 96% when embedded in organic–organic 

hybrid materials.35 Eu(III) ternary β-diketonate with exceptionally high quantum yield are no 

longer rare. 36-39 
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 The presence of neutral ancillary ligands in europium β-diketonate complexes plays a significant 

role in completing the coordination sphere, absorbing energy, and transferring the absorbed 

energy to the β-diketonate ligands or europium ion.40, 41 Bis(2-(diphenylphosphino)phenyl) ether 

oxide (DPEPO) as a bidentate ancillary ligand was first introduced by Xu et al. as a better 

alternative to the ordinary phosphine oxide ligands.42 It turns out that using DPEPO to replace 

solvent molecules not only gives more rigidity to the complex but it provides an impressive 

enhancement to the overall photophysical properties; in one study, adding DPEPO led to an 

increase in total quantum yield from 2% to 30%, sensitization efficiency from 8% to 45%, and an 

increase in the observed lifetime from 250 µs to 1060 µs.43 

This chapter reports the photophysical studies of two Eu(III) complexes: Eu(hfac)3DPEPO and 

Eu(tta)3DPEPO, where hfac is hexafluoroacetylacetone, and tta is 2-thenoyltrifluoroacetone. 

Eu(hfac)3DPEPO was first reported by Moudam et al.44 and has a high quantum yield in PMMA. 

Eu(tta)3DPEPO, as reported by Xu et al.42 has an absorption window covering the UV/blue region 

and a high quantum yield in PMMA3, which makes it useful in light conversion applications. In the 

case of  Eu(tta)3DPEPO, the photophysical properties listed in Chapter 4 such as the total quantum 

yield, intrinsic quantum yield, radiative lifetime, luminescence lifetime, and sensitisation 

efficiency are reported for the first time in a single study.  

 In the current project, it was necessary to synthesise these complexes and establish their 

photophysical properties prior to using them in the energy transfer studies presented in Chapters 

5 and 6. We will highlight the role of the ligand in the energy transfer process and report relevant 

photophysical properties, such as the luminescence lifetime, radiative lifetime, intrinsic quantum 

yield, and total quantum yield, in solution and PMMA.  
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Dichloromethane and chloroform were HPLC grade obtained from Fisher Chemicals and were 

used without further purifications. Poly(methyl methacrylate) (PMMA, average MW 120,000) 

was sourced from Sigma-Aldrich. Eu(tta)3DPEPO, and Eu(hfac)3DPEPO, and DPEPO were 

synthesised as described in Chapter 3.  

 

 

A solution of 3(w/w%) of PMMA polymer and an appropriate amount of Eu(β-Dik)3DPEPO were 

dissolved in chloroform and were heated at 55 °C and stirred for 2 hr. Eu(hfac)3DPEPO in PMMA  

was prepared at different  concentrations (w/w)% 5, 8, 12, and 14. Eu(tta)3DPEPO in PMMA was 

prepared at different concentrations (w/w)%  1.2, 2.1, 3.2, and 4.1. The total concentration of the 

polymer in the solution was kept fixed to ensure the undoped polymer and doped polymer had 

the same thickness. A suitable volume of the solution (100 µL) was spin-coated using a pipette on 

quartz slides (25 mm x 25 mm x 1 mm) for each measurement. Dynamic spin coating (the 

substrate is already spinning) was used for 60s at 500 rotation per minute ( r.p.m) to ensure the 

formation of thin homogenous luminescent films after the spin-coated films were left for 24 hr at 

room temperature to allow for complete evaporation of the solvent.  
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Figure 4.2 shows the chemical structures of the synthesised Eu(tta)3DPEPO, Eu(hfac)3DPEPO and 

the ligand DPEPO.  

 

Figure 4.2 Molecular structure of A) Eu(tta)3DPEPO, B) Eu(hfac)3DPEPO, and C) DPEPO. 

The UV/Vis absorption spectra of the complexes in DCM solution are shown in Figure 4.3, and 

those of the free ligands are shown in Figure 4.4. The UV/Vis absorption measurements for free 

ligands in DCM have been reported in previous work.42, 45, 46 The absorption spectrum of 

Eu(hfac)3DPEPO shows an absorption onset at 28,736 cm-1 (349 nm), and λmax at 33,898 cm-1 (295 

nm, 28,306 = ߝ M-1 cm-1). Figure 4.4 demonstrates the contribution of the hfac ligand, which shows 

an absorption onset at 28,736 cm-1 (349 nm),  λmax at 33,333 cm-1 (300 nm). The DPEPO ligand, 

which has an absorption onset around 33,000 cm-1(303 nm) and λmax at 34,722 cm-1 (288 nm, ߝ = 

8,863 M-1 cm-1 )41. The complexation of hfac and DPEPO with europium has a small blue shift effect 

on λmax position with a 5 nm difference between the complex and hfac, which can be attributed to 

the overlap with the absorption of DPEPO, which strongly absorbs in the range 285 –290 nm. The 

contribution of DPEPO to the complex spectrum can be seen in the overall broadening of the peak 

and the absorption in the region 250–270 nm since hfac has no absorption in this region.   
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For Eu(tta)3DPEPO, the absorption spectrum shows an absorption onset at 25,380 cm-1 (394 nm) 

and λmax at 29411 cm-1 (340 nm, 46,770 = ߝ M-1 cm-1) as shown in Figure 4.3. Since DPEPO has λmax 

at 288 nm, the main peak at 340 nm can be assigned to the ligand tta, but, as shown in Figure 4.4, 

the free tta has λmax at 30,769 cm-1 (325 nm). Upon the complexation with the metal centre, the 

tta peak at 325 nm (π-π* transition) undergoes a redshift from 325 nm to 340 nm. This can be 

attributed to the complexation of the enol tautomer, which can lead to a bathochromic effect, a 

common characteristic for β-diketonate metal complexes in general.3, 47, 48 The contribution of 

the DPEPO can be seen in the region 250-295 nm since tta has small absorption in this particular 

region. It is worth noting that the absorption spectrum of the complex reported by Xu et al.42 was 

cut off at 300 nm and thus did not show the contribution of the short wavelength band.   

Congiu et al. studied the Gd(hfac)3DPEPO complex in DCM to gain insights into the nature of 

excited states of hfac and DPEPO, as gadolinium’s first excited state has high energy, therefore 

cannot be excited by energy transfer from the ligands.49 The comparison of the absorption 

spectrum of the free ligand DPEPO, Gd(hfac)3(H2O)2 and Gd(hfac)3DPEPO indicates an 

enhancement in the overall absorption of the ligands compared with the free ligands and the 

presence of a synergistic effect between DPEPO and hfac in the complex.49 Eu(tta)3DPEPO exhibits 

a similar synergistic effect between the ligands DPEPO and tta.42  

 

Figure 4.3. Normalised UV/Vis absorption spectra of Eu(hfac)3DPEPO (black line) and 

Eu(tta)3DPEPO ( red line) in DCM at room temperature. 
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Figure 4.4. Normalised UV/Vis absorption spectra of the free constituent ligands; DPEPO 

(black line), hfac ( blue line), and tta ( red line) in DCM at room temperature. 

 

As shown in Figure 4.5, both complexes exhibit characteristic intense red emission with sharp 

narrow bands in the range 575-710 nm, which can be attributed to the europium-centred 

transitions 5D0 → 7FJ (J = 0–4). The four main emission bands are 5D0 → 7F0 transition (570-585 

nm), 5D0 → 7F1 transition (585-600 nm), 5D0 → 7F2 transition (610-615 nm), 5D0 → 7F3 transition 

(640-660 nm), and 5D0 → 7F4 transition (680-710 nm). The  5D0 → 7F2 transition is very intense, 

shown in (Figure 4.5) compared to the other transitions. Its peak is referred to as the 

hypersensitive peak since it is highly sensitive to the changes in the europium ion environment. 

The emission spectra also show the absence of ligand-centred fluorescence in both complexes, 

indicating efficient intersystem crossing, a pre-requisite for efficient energy transfer from the 

ligand’s triplet state to the Eu3+ ion.  

The excitation spectrum of each complex (Figure 4.5) corresponds closely to its absorption 

spectrum (Figure 4.3). The excitation spectra show that, in both complexes, the energy transfer 

(sensitization) efficiency does not depend on which of the two ligands (DPEPO/hfac, DPEPO/tta) 

is initially excited. Following initial excitation, there may be inter-ligand energy transfer in the 

singlet or triplet manifolds. Figure 4.5 also shows a large pseudo-Stokes shift ( > 30,000 cm–1 ) 
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between both complexes' absorption and emission maxima. From the absorption spectra, it is 

evident that the S1 state of DPEPO is higher in energy than the S1 state of hfac or tta. The energy 

level diagram, obtained from the phosphorescence spectra of gadolinium complexes, depict the 

triplet state of the constituting ligands it can be seen that the T1  state of DPEPO lies above the T1 

states of the other two ligands, as shown in Figure 4.6.42, 46  
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Figure 4.5. (A) the emission spectrum (red), excited at 340 nm, the excitation spectrum, 

detected at  614 nm (blue), and the absorption spectrum (dotted blue) of Eu(tta)3DPEPO, 

(B) the emission spectrum (red), excited at 294 nm, the excitation spectrum, detected at 

614 nm (blue), and the absorption spectrum (dotted blue) of Eu(hfac)3DPEPO in DCM at 

room temperature. Spectra are normalised to the maximum intensity in each case. 

 

An understanding of the intramolecular energy transfer pathways from the ligands to the metal 

centre can be gained from examining the energy of the first excited triplet state of each ligand in 

relation to the emissive state of the Eu3+ ion at 614 nm (at 16,286 cm-1). Each ligand's first excited 

triplet state must be at least 2500 cm-1 higher than the emissive state Eu3+. 
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 According to Sager et al.45 and Congiu et al.49 the lowest energy level of the first excited triplet 

state for tta, hfac, and DPEPO were found to be at  20,400 cm-1, 22,300, and 27,600 cm-1, 

respectively ( shown in Figure 4.6). Xu et al.42 concluded in the case of Eu(tta)3DPEPO the main 

energy transfer to Eu3+ occur from tta since its first triplet excited state is lower than that of 

DPEPO. The work of Congiu et al.49 suggested a similar energy transfer pathway from hfac to Eu3+ 

in the case of Eu(hfac)3DPEPO. 

 

Figure 4.6  Energy level diagram for the first excited triplet state of the constituting 

ligands in relation to the emissive state of Eu3+, indicating the photosensitization process.  

 

The total quantum yield (ϕ୲୭୲) of each complex was determined relative to quinine sulfate by 

plotting luminescence integrated intensity versus absorbance (Equation 2-19), as shown in 

Figure 4.7. The values obtained were 0.79 and 0.65 for Eu(hfac)3DPEPO and Eu(tta)3DPEPO, 

respectively. The luminescence decays of the complexes are shown in Figure 4.8 and Figure 4.9. 

These were fitted to single-exponential functions, indicating the presence of a single emitting 

species, giving luminescence lifetimes of 0.86 ms and 0.70 ms for Eu(hfac)3DPEPO and 

Eu(tta)3DPEPO, respectively.  
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Figure 4.7 Plot of integrated luminescence intensity versus absorbance for A) 

Eu(hfac)3DPEPO (blue) with quinine sulfate (red), and B) Eu(tta)3DPEPO (blue) with 

quinine sulfate (red) at room temperature. 

 
Figure 4.8 Decay data(black), fitted single exponential function (red), and weighted 

residuals of Eu(hfac)3DPEPO excited at 294 nm and monitored at 614 nm in DCM. 
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Figure 4.9 Decay data (black), fitted single exponential function (red) and weighted 

residuals of [Eu(tta)3DPEPO] excited at 340 nm and monitored at 614 nm in DCM. 

 

Table 4.1 reports the luminescence and radiative lifetimes, the intrinsic and total quantum yields, 

and sensitization (energy transfer) efficiencies of both complexes. It can be seen that both 

complexes display very high sensitization efficiencies. Values presented in Table 4.1 are an 

average of three measurements in DCM. Errors have been calculated by obtaining the standard 

deviation.   

Table 4.1 Photophysical properties of Eu(hfac)3DPEPO and Eu(tta)3DPEPO in DCM. The 

estimated error in the reported values is ±10% 

 

 

 

 

 

 

 

 Eu(hfac)3DPEPO Eu(tta)3DPEPO 

τ୐୬  /ms 0.86 0.70 

ϕ୐୬ 0.78 0.71 

τୖ  /ms 1.10 0.99 

ηୱୣ୬ୱ 1.0 0.91 

ϕ୲୭୲ 0.79 0.65 



71 
 

The values in Table 4.1 for Eu(hfac)3DPEPO are in good agreement with literature values reported 

by Moudam et al.44 with estimated error values of ±10%. The literature values of the 

photophysical properties are: 0.86, 0.78, 1.11, 0.97, and 0.76 for τ୐୬, ϕ୐୬ ,τୖ, ηୱୣ୬ୱ and ϕ୲୭୲ 

respectively. In the case of Eu(tta)3DPEPO, among the five photophysical properties summarised 

in Table 4.1, the total quantum yield was the only value reported by Xu et al.42 The ϕ୲୭୲ value was 

(0.55), which can be considered in good agreement with estimated error values of ±10%. The rest 

of the photophysical properties: τ୐୬, τୖ, ϕ୐୬  and ηୱୣ୬ୱ are reported for the first time in a single 

study.  

The total quantum yield (ϕ୲୭୲), defined in Chapter 2, is of particular importance in terms of light-

converting technologies such as light concentration and down-shifting. Since ϕ୲୭୲ is the product 

of  ηୱୣ୬ୱ and ϕ୐୬, an examination of both properties is required to explain the high ϕ୲୭୲ values. 

For the complex Eu(hfac)3DPEPO, comparison to the corresponding values of  the DPEPO-free 

hydrated compound Eu(hfac)3(H2O)244 shows that the introduction of DPEPO to the complex 

enhances ϕ୐୬ value from 0.61 to 0.78, and increases the sensitisation efficiency to unity; 

consequently, the total quantum yield increases from 0.32 to 0.79. 

The effect of DPEPO extends to Eu(tta)3DPEPO. The corresponding value of ϕ୲୭୲ of Eu(tta)3(H2O)2 

is only 0.23.32 Even when Filipescu et al.32 replaced the water molecules with the 1,10-

phenanthroline (phen) ligand, it only enhanced the ϕ୲୭୲ to 0.36 in dimethylformamide solution.  

Xu et al. 42 found that the rigid and compact structure of  DPEPO led to more than twice the 

enhancement in ϕ୲୭୲ in comparison with the monodentate triphenylphosphine oxide (TPPO) 

ligand; they reported that the Eu(tta)3(TPPO)2 complex had a ϕ୲୭୲ of just 0.26. The combination 

of a  sensitization efficiency of 0.91 and  ϕ୐୬ of 0.71 is a testament to the significant role DPEPO 

plays in minimising the non-radiative deactivation processes of metal centred luminescence and 

in promoting efficient energy transfer from the excited triplet state to the metal centre over non-

radiative decay transitions in the triplet state.   
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As shown in Figure 4.10, the UV/Vis absorption spectrum of each complex in PMMA is in 

agreement with that in the solution phase (Figure 4.3), indicating that the complexes remain 

intact when embedded in the polymer matrix, and there is a negligible contribution from the 

PMMA to the absorption spectrum in this wavelength range.  As shown in Figure 4.11, pure PMMA 

shows a negligible absorption at wavelengths longer than 250 nm compared to the absorption of 

the complex embedded in PMMA of the same concentration. The absorption spectrum of 

Eu(hfac)3DPEPO shows an absorption onset at 28,736 cm-1 (349 nm) and λmax at 300 nm. 

 For Eu(tta)3DPEPO, the tta ligand contribution to the absorption spectrum can be seen in 

absorption onset at 394 nm and λmax at 340 nm.  
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Figure 4.10. Normalised UV/Vis absorption spectra of Eu(hfac)3DPEPO (red line) and 

Eu(tta)3DPEPO ( black line) in PMMA, compared with the absorption spectra of both 

complexes (dotted and dashed lines) in DCM. 
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Figure 4.11. UV/Vis absorption spectra of 10 wt% Eu(tta)3DPEPO in 3wt% PMMA (red 

line) and undoped  PMMA (3wt %) ( black line). 

 

The absorption spectrum of each complex was measured as a function of concentration, as shown 

in Figures 4.12 and 4.13.  Each complex exhibited a linear correlation between absorbance 

(measured at 340 nm for Eu(tta)3DPEPO and 298 nm for Eu(hfac)3DPEPO) and concentration, 

demonstrating the absence of aggregation or deformities in films over the concentration range.  
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Figure 4.12 UV/Vis absorption spectra of Eu(hfac)3DPEPO in PMMA at different  

concentrations (w/w)% : 5 ( black), 8 (red), 12 (blue), and 14 (green). The inset shows a 

plot of absorbance versus concentration (w/w) % of the complex in PMMA.  

 

 

 

Figure 4.13 UV/Vis absorption spectra of Eu(tta)3DPEPO in PMMA at different  

concentration (w/w)% : 1.2 (black), 2.1(red), 3.2(blue), and 4.1 (green). The inset shows 

a plot of absorbance versus concentration (w/w) % of the complex in PMMA. 
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Photoluminescence studies were conducted in PMMA to examine the effect of the polymer matrix 

on the luminescence properties of the europium complexes. Figure 4.14 shows the excitation and 

emission spectrum of each complex in PMMA at room temperature. Upon excitation, at 300 nm 

for Eu(hfac)3DPEPO and 340 nm Eu(tta)3DPEPO, both complexes exhibited characteristic red 

emission with sharp narrow bands in the range 575–710 nm attributed to the europium-centred 

transitions 5D0 → 7FJ (J = 0–4). The absence of emission from the ligands in the UV/blue region 

indicates an efficient intramolecular energy transfer to the metal ion in PMMA. However, in the 

case of Eu(tta)3DPEPO, the emission spectrum shows a weak emission band at 425–500 nm. Since 

the energy transfer efficiency is not 100% in this complex (Table 4.2), this can be attributed to 

phosphorescence from DPEPO ligand, as reported by Xu et al.42  

 

Figure 4.14 A) the emission spectrum (red), excited at 340 nm, and excitation spectrum, 

detected at  610 nm (blue) of Eu(tta)3DPEPO in PMMA. B) the emission spectrum (red), 

excited at 300 nm, and excitation spectrum, detected at  610 nm (blue) of 

Eu(hfac)3DPEPO in PMMA. 
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Although the excitation spectra of both complexes mimic the ones in DCM, there is a difference 

that, in the case of encapsulation in PMMA, the excitation peaks tend to be broader and red-shifted 

(less than 10 nm), which can be explained by the inner filter effect. However, it could also be due 

to the interaction of the ligands with the PMMA matrix, as PMMA can coordinate with the 

europium metal via oxygen donors.1 

The total quantum yield of Eu(tta)3DPEPO was measured to be 0.75, using Eu(hfac)3DPEPO as a 

reference, based on the literature value of 0.85 reported by Moudam et al.44, as shown in Figure 

4.15. 
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Figure 4.15 Plot of integrated luminescence intensity versus absorbance for A) 

Eu(hfac)3DPEPO (red) excited at 300 nm and B) Eu(tta)3DPEPO (blue) excited at 340 nm 

and Eu(hfac)3DPEPO in PMMA. 

 

 

 Figure 4.16 shows the luminescence decay curve of Eu(tta)3DPEPO in PMMA. As in DCM, the 

decay of each complex in PMMA was fitted to a single-exponential function, indicating the 

presence of a single emitting species in the polymer matrix. 
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Figure 4.16 Decay data(black), fitted single exponential function (red), and weighted 

residuals of Eu(tta)3DPEPO in PMMA, excited at 340 nm and monitored at 610 nm.  

 

Moudam et al.44 reported the photophysical properties of Eu(hfac)3DPEPO in PMMA. Their work, 

summarised in Table 4.2, showed the significant role DPEPO plays in the PMMA matrix.  The ϕ୲୭୲ 

value of Eu(hfac)3(H2O)2 in PMMA was only 0.26, and the presence of DPEPO increased ϕ୲୭୲ to 

0.85, indicating that the influence of  DPEPO on the luminescence efficiency is more significant in 

PMMA than DCM. Values presented in Table 4.2 are an average of three measurements in PMMA. 

Table 4.2 Photophysical properties of Eu(hfac)3DPEPO and Eu(tta)3DPEPO in PMMA.  

 

 Eu(hfac)3DPEPO 

(as reported by Moudam et al.) 44 
Eu(tta)3DPEPO 

τ୐୬ /ms 0.77 0.64 

ϕ୐୬ 0.80 0.82 

τୖ /ms 0.96 0.75 

ηୱୣ୬ୱ 1.0 0.91 

ϕ୲୭୲ 0.85 0.75 
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For the complex Eu(tta)3DPEPO the ϕ୲୭୲ value increased from 0.65 in DCM to 0.75 in PMMA, 

which is in agreement with the value of 0.74 reported in the literature (determined by the 

absolute method).3 The ϕ୐୬ was enhanced from 0.71 to 0.82. The sensitization efficiency is 

unchanged in PMMA compared with DCM; therefore, the increase of ϕ୲୭୲ can be attributed to the 

enhancement of the ϕ୐୬ value.  

Table 4.3 lists the radiative, k୰, and non-radiative rate constants, k୬୰, of Eu(hfac)3DPEPO and 

Eu(tta)3DPEPO in DCM and PMMA. These rate constants are calculated from the radiative and 

luminescence lifetimes, as described in Chapter 2. For Eu(hfac)3DPEPO, the rate of non-radiative 

decay remains unchanged ongoing from DCM to PMMA, and the slight increase in ϕ୐୬ in PMMA 

is due, therefore, to the slight increase in the radiative rate constant. It should be recalled that the 

value of k୰ depends on the cube of the refractive index, n (Equation 2-18). In the case of PMMA 

and DCM, the ratio of n3 is 1.14, and this accounts for the increase in the value of k୰ in PMMA. In 

contrast, for Eu(tta)3DPEPO, there is a substantial decrease in the rate of non-radiative decay 

ongoing from DCM to PMMA, indicating that for this complex, the PMMA matrix plays a significant 

role in suppressing quenching of the europium emission. 

 

Table 4.3 Radiative and non-radiative rate constants of Eu(hfac)3DPEPO and 

Eu(tta)3DPEPO in DCM and PMMA. 

 Eu(hfac)3DPEPO Eu(tta)3DPEPO 

                                                      DCM 

k୰/s-ଵ 910 1010 

k୬୰/s-ଵ 250 420 

                                                       PMMA 
k୰/s-ଵ 1040 1330 

k୬୰/s-ଵ 250 230 

The encapsulation Eu(tta)3DPEPO in PMMA makes a transparent film, but upon UV irradiation, 

its high quantum yield value is apparent visibly as intense red emission all over the PMMA, as 

shown in Figure 4.17. The intensity is exceptionally high at the edges due to the total internal 

reflection within the film, the effect that is exploited in luminescent solar concentrators. 
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Figure 4.17 PMMA film containing Eu(tta)3DPEPO (left) and upon UV irradiation (right). 
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In this chapter, we addressed the photophysical properties of Eu(hfac)3DPEPO and 

Eu(tta)3DPEPO. The roles that the ligands play in energy transfer were elucidated; tta and hfac 

ligands have lower triplet states than DPEPO; thus, energy transfer from DPEPO to the metal ion 

occurs via these ligands. The DPEPO ligand plays a significant role in enhancing the luminescence 

properties by replacing the solvent molecules, leading to a reduction in radiationless deactivation 

pathways and hence to efficient energy transfer and enhancement in the total quantum yields of 

both complexes.    

Encapsulation in PMMA enhances the total quantum yields of both complexes as a result of an 

increase in the intrinsic quantum yield of europium emission. This effect is more significant for 

Eu(tta)3DPEPO, where there is a substantial decrease in the rate of non-radiative decay in PMMA 

compared with DCM. The absorption windows of the two complexes are complementary in 

covering different parts of the UV/Vis region to harvest the desired high energy photon from 250-

390 nm. The total quantum yield values in PMMA of  0.85 and 0.75 for Eu(hfac)3DPEPO and 

Eu(tta)3DPEPO, respectively, make these europium complexes efficient light harvesters in the 

UV/blue regions and therefore excellent candidates for LSD and LSC applications.   
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“... we find that two molecules – or atoms – of the same kind, say of hydrogen, 

have the same properties, though one has been compounded with carbon 

and buried in the earth as coal for untold ages, while the other has been 

‘occluded’ in the iron of a meteorite, and after unknown wanderings in the 

heavens has at last fallen into the hands of some terrestrial chemist”                         

  –James C. Maxwell   
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As reported in Chapter 4, Eu(tta)3DPEPO and Eu(hfac)3DPEPO were synthesised, and their 

photophysical properties were determined. Both complexes demonstrated favourable 

photophysical properties, with total quantum yield (∅୲୭୲) values of 0.75 and 0.85, respectively, in 

PMMA. Such values would make them excellent candidates for light conversion technologies such 

as luminescent down-shifting layers (LDS) and luminescent solar concentrators (LSCs).    

In the context of solar technology and renewable energy technologies in general, rare earth 

metals are deemed critical materials. Indeed lanthanides ions are an essential component to 

many sophisticated technologies such as wind turbines (terbium, neodymium, samarium); 

batteries (lanthanum); fiber-optic technology (ytterbium); fluorescent lighting, liquid crystal 

displays, solar technologies and phosphors (europium).1, 2Although they were discovered in 

1778, the demand for rare earths started in the 1960s, coinciding with their use in the 

aforementioned technologies, in addition to their use in the oil industry and computer systems. 

As a result of this demand, the production and consumption of rare earth metals started to 

increase dramatically, with the expectation for global demand to increase in the future.3 This is 

undoubtedly the case for europium, which is considered among the ‘heavy’  lanthanides elements 

that are hard to find and expensive to mine and process compared to the rest of the lanthanides.1,4 

The main problem with the supply of rare earth metals stems from the fact that they are not 

accessible: very few countries have accessible reserves of lanthanides. China is the largest 

exporter and has a  monopoly over the mining and production of rare earths, holding 90% of the 

world market.5 The restriction of the production and mining of rare earths to a few countries 

represents a security challenge over the unpredictability of the supply chain, making rare earths 

a matter of national security.2 As a result, rare earth metals are expensive; for example, the price 

for europium reached 5870 US$/kg in 2011.6 At the time of writing this thesis, the cost of 

EuCl3.6H2O – the starting material for the synthesised complexes presented in this work – is £137 

for 5 grams.7 

 



88 
 

For this reason, one of the goals of this work is to investigate whether it is possible to reduce the 

amount of the europium complexes used while maintaining many of the photophysical 

advantages of europium, such as intense narrow emission bands in the red region, long lifetimes, 

and favourable quantum yields.  It may be possible to achieve this by incorporating a donor as a 

dopant in the PMMA film to enhance photosensitisation of the europium emission. In such a 

donor-acceptor fluorophore system, inexpensive and simple organic molecules could be used as 

donors, with Eu(III) complexes acting as acceptors. These aromatic molecules would assist in 

harvesting high energy photons in the UV region (250–300 nm), transferring their excitation 

energy (via Förster resonance energy transfer – FRET) to the Eu(III) complexes in PMMA. Thus, 

the co-doping of Eu(III) complexes with organic molecules in PMMA films could reduce the 

amount of metal used and improve the harvesting of high energy photons in the wavelength range 

that is not covered by the absorption windows of both complexes.    

 A donor-acceptor fluorophore system has been adopted before to tackle the problem of 

reabsorption losses, one of the main factors affecting the performance in LSCs and LDS that use 

organic dyes with small Stokes shifts.8 For their quest to minimise the reabsorption losses in LSCs,  

Zhang et al. demonstrated that perylene diimide-based donor–emitter fluorophores helped to 

increase the total quantum yield and minimise the reabsorption losses in large-area LSCs.  

Although they did not quantify the energy transfer efficiencies, a highly efficient FRET process 

was observed, indicated by the decrease in the donor emission, and most of the overall emission 

(> 95%) originated from the acceptors; as a result, the overall quantum yield was enhanced to 

97.6% .8, 9 Fernandes et al. showed a mixture of organic dye and a europium complex could be 

used as an LDS layer on a photovoltaic device, but the presence of the organic dye with europium 

complex led to a decrease in the total quantum yield, and there was no indication of an energy 

transfer process, which may be attributed to the lack of the spectral overlap between the two 

components.10 Danos et al. demonstrated the effect of an efficient excitation energy transfer 

between multiple dyes compared to one dye as an LDS layer in CdTe solar cells: the performance 

of an LDS layer (in PMMA) comprising two dyes led to an enhancement in the external quantum 

efficiency of the CdTe cell. An increase in the acceptor fluorescence intensity in the presence of 

the donor molecules indicated that the energy transfer process had occurred.11 In the 

aforementioned studies, it is worth noting the energy transfer efficiencies were assessed in terms 

of the overall quantum yields or by measuring the external quantum efficiencies of the whole 

system, but specific quantitative calculations of the energy transfer process between donor and 

acceptor were not discussed.    
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The conventional use for Förster resonance energy transfer is associated with common organic 

dyes such as pyrene, coumarin, fluorescein, rhodamine and cyanine as donor-acceptor.12 The 

scope of FRET can extend beyond organic dyes to include luminescent lanthanide complexes.13-15  

Selvin et al. demonstrated that FRET could be extended to pair a europium or terbium complex 

with an organic molecule in a donor-acceptor system.16, 17 In these studies, both europium and 

terbium were used as donors, lifetime and quantum yields measurements showed consistency 

with FRET process, and specific energy transfer calculations were carried out; however, these 

studies were conducted in a solution phase and intended for biological applications.16, 17  

 

As described in Chapter 2, it is critical for the process of energy transfer that the emission 

spectrum of the donor overlaps with the absorption spectrum of the acceptor.18 In this study, four 

organic molecules were chosen to act as donors, DPEPO, biphenyl, indole, and p-terphenyl, with 

Eu(III) complexes acting as acceptors. Figure 5.1 shows the chemical structures of the donors 

used with Eu(tta)3DPEPO and Eu(hfac)3DPEPO. These donors have several advantages: i) 

favourable absorption coefficients; ii) high absorption in the UV region, especially in 250–300 nm, 

which could complement the absorption profile in the Eu(III) complexes; iii) good spectral 

overlap of their emission with the acceptor’s absorption; iv) inexpensive and commercially 

available in large quantities, except for DPEPO which was synthesised from an inexpensive 

starting material. The prices of donors used were inexpensive; for example, the price of indole is 

£20/kg and £23/ kg for biphenyl, compared to £137 for 5 grams of Eu(III).  

This chapter reports the observation of energy transfer in PMMA films containing Eu(tta)3DPEPO 

and Eu(hfac)3DPEPO co-doped with DPEPO, biphenyl, indole and p-terphenyl in PMMA. Energy 

transfer efficiencies have been measured for each donor-acceptor system for a range of 

concentrations of donor and acceptor.  
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Figure 5.1 Chemical structures of the donors: (a) DPEPO, (b) biphenyl, (c) indole, (d) p-

terphenyl. 
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Dichloromethane and chloroform was HPLC grade obtained from Fisher Chemicals, was used 

without further purifications. Eu(tta)3DPEPO, Eu(hfac)3DPEPO and DPEPO were synthesised as 

described in Chapter 3. Biphenyl (99.5%), indole (≥99%), p-terphenyl (≥99.5%) and poly(methyl 

methacrylate) (PMMA, average MW 120, 000) were sourced from Sigma-Aldrich. 

 

2.6 mM of Eu(tta)3DPEPO, 6 and 9 mM of Eu(hfac)3DPEPO in a solution of 3(w/w%) of PMMA 

were added with different concentrations of donors in 3 ml of chloroform and were heated at 

55 °C and stirred for 5 hr. The total concentration of the polymer in the solution was kept fixed to 

ensure the blank polymer and doped polymer had the same thickness. For each measurement, a 

suitable volume of the solution (100 µL) was spin-coated using a pipette on quartz slides (25 mm 

x 25 mm x 1 mm). Dynamic spin coating (the substrate is already spinning) was used for 60 s at 

500 rotation per minute (rpm) to ensure the formation of thin homogenous polymer films. After 

spin-coating, films were left for 24 hr at room temperature to allow for complete evaporation of 

the solvent. 

 

The energy transfer efficiencies ηୈ-୅ of different co-doped europium complexes were determined 

based on Equation 5-1, as described in detail in Chapter 2. This deals with the case where there 

is unavoidable absorption by the acceptor at the wavelength used to excite the donor. 

ηୈ-୅ = ୅౗ (஛౛౮)
୅ౚ (஛౛౮)

 ቀ୊౪౥౪(஛౛౮)
୊౗(஛౛౮)

-1ቁ                                 Equation 5-1 

 

where Aୟand  Aୢ are the absorbance of the acceptor alone and the donor alone, respectively, at 

the excitation wavelength ex, F୲୭୲ is the luminescence intensity of the acceptor in the presence of 

the donor (i.e. due to both energy transfer from the donor and direct excitation of the acceptor); 

and Fୟ is the luminescence intensity of the acceptor in the absence of the donor (i.e. due to direct 

excitation of the acceptor).  
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Two samples were measured for each energy transfer calculation, an acceptor only and a donor-

acceptor combination. The UV/Vis absorbance and the photoluminescence measurements were 

conducted on both systems. The energy transfer efficiency was determined by measuring the 

excitation spectrum of the acceptor (Eu complex) in the presence and absence of the donor. The 

efficiency was calculated from the respective intensities at an excitation wavelength where the 

donor was dominant.  The concentration of the acceptor was kept fixed as far as possible between 

the acceptor-only and donor-acceptor samples, but correction for inevitable, small differences 

was carried out by scaling the acceptor-only absorbance (or excitation intensity) to be equal to 

that of the D-A sample at a wavelength where only A absorbs.  An example of a calculation is given 

below. 

Consider the case of (2.6 mM) Eu(tta)3DPEPO co-doped with (21 mM) DPEPO. The UV/Vis 

absorption spectra of Eu(tta)3DPEPO (acceptor) alone (scaled) and that of Eu(tta)3DPEPO co-

doped with DPEPO are shown in Figure 5.2. The long-wavelength absorption band (340 nm) can 

be identified exclusively with the tta ligand in the complex. However, there is a slight complication 

in the scaling process for this complex because there is a shift in the tta band when the DPEPO 

donor is added.  

 

Figure 5.2 UV/Vis absorption spectra of 2.6 mM Eu(tta)3DPEPO (black line) - scaled at the 

maximum intensity of the tta band- and the complex co-doped with DPEPO at 21 mM (red 

line) in PMMA. 
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Figure 5.3 Excitation spectra, detected at 610 nm, of 2.6 mM Eu(tta)3DPEPO (black line), 

and the complex co-doped with DPEPO at 21 mM (red line) in PMMA. 

 

Therefore, the max of the tta band, rather than a constant wavelength, was used for scaling the 

absorbance of the acceptor spectrum. The excitation spectra are shown in Figure 5.3. The 

excitation spectrum Eu(tta)3DPEPO (acceptor) alone has been scaled in the same fashion as the 

absorption spectrum. The donor, DPEPO, absorbs strongly at 285 nm; therefore, energy transfer 

was measured at this excitation wavelength.  

The value of Aୟ at 285 nm was determined from the complex-only absorption spectrum, and  Aୢ 
was obtained by subtracting Aୟ from the absorbance of the co-doped complex (donor-acceptor 

system) at 285 nm. The ratio of  F୲୭୲ to  Fୟ is equal to the ratio of the excitation intensities (at 285 

nm) of the co-doped complex and the complex only. 

Thus, the energy transfer efficiency  ηୈ-୅ can be calculated using Equation  5-1: 

ηୈ-୅ =
0.15
0.29

 ቆ
3.76 × 10ହ

2.30 × 10ହ -1ቇ = 0.33 
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Equation 5-1 can be used to calculate the quantum yield of the excitation due to the energy 

transfer from the donors. The quantum yield for excitation of the donor, ϕ୊ୖ୉୘, is the product of 

the energy transfer efficiency and the total quantum yield from direct excitation, ϕ୲୭୲ୟ୪ (measured 

in Chapter 4). Therefore, Equation 5-1 is equivalent to the ratio of the ϕ୊ୖ୉୘ for the FRET process 

(excitation of the donor) to the ϕ୲୭୲ୟ୪ for direct excitation of the acceptor as shown in Equation 5-

4, which results from the derivations in Equations 5-2 and 5-3: 

  ηୈ-୅ = ୅౗ (஛౛౮)
୅ౚ (஛౛౮)

 ቀ୊౪౥౪(஛౛౮)
୊౗(஛౛౮) -1ቁ =  ୅౗ (஛౛౮)

୅ౚ (஛౛౮)
 ቀ୊౪౥౪(஛౛౮)-୊౗(஛౛౮)

୊౗(஛౛౮) ቁ           Equation 5-2 

 

                                  F୊ୖ୉୘(λୣ୶) =  F୲୭୲(λୣ୶)-Fୟ(λୣ୶)                Equation 5-3 

 

where F୊ୖ୉୘(λୣ୶) is the intensity of (acceptor) fluorescence due to energy transfer from the 
donor. 

    ηୈ-୅ = ୅౗ (஛౛౮)
୅ౚ (஛౛౮)

 ቀ୊ూ౎ు౐(஛౛౮)
୊౗(஛౛౮) ቁ = ቀ୊ూ౎ు౐(஛౛౮)/୅ౚ (஛౛౮)

୊౗(஛౛౮)/୅౗ (஛౛౮)
ቁ = மూ౎ు౐ 

ம౪౥౪౗ౢ 
       Equation 5-4 

 

 

 

The luminescent materials were added to 3(w/w%) PMMA dissolved in 2 ml chloroform and 

were spin-coated using a volume of 100 µL for 30 s at 400 rpm on c-Si PV wafers (20 mm x 20 mm) 

purchased from SUPERCELLS. Then the devices were kept in the oven at 40 °C for 3 hr.  

For the current-voltage (J-V) curves measurements, a Sciencetech SLB-300A compact solar 

simulator class AAA was used to irradiate the solar cells with an AM 1.5G simulated sunlight at 

100 mW cm−2. An Autolab PGSTAT30 potentiostat was used to record the J-V curves. The active 

area was covered by a black mask with an aperture size of 0.50 cm2. The J-V testing was performed 

at 25 °C with a forward and reverse scan rate at 100 mV s-1. 
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For the incident photon-to-current conversion efficiency (IPCE) measurements, a Bentham 

Instruments system based on TM300 with a double grating monochromator and chopped light 

source (from IL1 quartz halogen) was used. Incident irradiance was monitored with a calibrated 

Si photodiode to obtain a spectral response and quantum efficiency. The IPCE measurements 

were conducted by Dr Guillaume Zoppi at Northumbria University. 

 
 

 

Two types of measurements were conducted to assess the performance of the co-doped complex 

on the photovoltaic devices: the J-V curves and the incident photon-to-current conversion 

efficiency (IPCE). 

 

Power conversion efficiency (PCE) is a key parameter to assess the efficiency of a photovoltaic 

device, which is the ratio of the incident solar power to the output electrical power. PCE values 

and other key parameters can be calculated by conducting current-voltage (I-V) measurements, 

which consists of applying different voltages to a photovoltaic device while it is under 

illumination and measuring the output current at each step.19 It is worth noting that current 

density (J) is usually used instead of current (I) in order to eliminate the dependence of the solar 

cell area.  From J-V curves, several parameters can be obtained:  

- The short-circuit current density (Jsc) is defined as the photo-generated current density 

when the voltage across the photovoltaic device is zero. This parameter depends on many 

factors, such as the power of the incident solar radiation and the optical properties of the 

device.  

- The open-circuit voltage (Voc) is the voltage at which zero current flows through an 

external circuit; it is the maximum voltage available from a photovoltaic device.  

- Fill Factor (FF) is the ratio between the maximum power (Pmax = Jmpp Vmpp) generated by a 

solar cell and the product of Jsc and Voc as described in equation 5-5:20 

                              FF = Pmax
Jsc  Voc

= Jmpp Vmpp
Jsc  Voc

                                Equation 5-5 

where the subscript “mpp” denotes the maximum power point of the PV device. 
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- Power conversion efficiency (PCE) describes the ratio of maximum electrical power out 

(Pout) to the solar power input (Pin) into the device (Equation 5-6): 

                        PCE =  ୔౥౫౪
୔౟౤

=  ୎౩ౙ ୚౥ౙ ୊୊
୔౟౤

                     Equation 5-6 

 
 

 

The wavelength-dependent response of a photovoltaic device can be assessed by the incident 

photon-to-current conversion efficiency (IPCE), commonly referred to as the external quantum 

efficiency (EQE). The EQE is a dimensionless parameter defined as the ratio of the number of 

electrons in the outer circuit to the number of photons at each wavelength incident on the front 

surface of the cell.21 
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The UV absorption spectra of the donors, DPEPO, biphenyl, indole and p-terphenyl, in DCM 

solution are shown in Figure 5.4. The absorption spectrum of biphenyl shows an absorption onset 

at 34,722 cm-1 (288 nm) and λmax at 40,160 cm-1 (249 nm, 17,045 = ߝ M-1 cm-1). Indole shows an 

absorption onset at 33222 cm-1 (301 nm) and λmax at 36,630cm-1 (273 nm, 10,350 = ߝ M-1 cm-1). 

The absorption spectrum of p-terphenyl shows an onset at 31,055 cm-1 (322 nm) and λmax at 

35,842 cm-1 (279 nm, 32,740 = ߝ M-1 cm-1). DPEPO has an absorption onset around 33,000 cm-1 

(303 nm) and λmax at 34,722 cm-1 (288 nm, 8,863 = ߝ M-1 cm-1 22). All donors, aromatic molecules, 

have intense absorption bands (π-π* transitions) in the UV region, which make them excellent 

light harvesters. 

 

Figure 5.4 UV absorption spectra of biphenyl (red line), indole (black line), p-terphenyl 

(blue line) and DPEPO (green line) in DCM at room temperature. 
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Figures 5.5 to 5.12 show the absorption spectra of each donor embedded with complexes in 

PMMA, and of Eu(tta)3DPEPO and Eu(hfac)3DPEPO without the presence of the donor in PMMA. 

The absorption window of each donor complements the absorption spectra of complexes in the 

region 250–300 nm. The absorption spectra of donors in PMMA are in agreement with that in the 

solution phase (Figure 5.4), indicating that the donors remain intact when embedded in the 

polymer matrix. As discussed in Chapter 4, PMMA has a negligible absorption of photons at 

wavelengths above 250 nm (Figure 4.11). 

The absorption spectrum of 2.6 mM Eu(tta)3DPEPO co-doped with 18 mM biphenyl is shown in 

Figure 5.5. It can be seen that co-doping of biphenyl at 18 mM does not affect the absorption band 

at 340 nm, due to the tta ligand, where biphenyl does not absorb. The intense absorption by 

biphenyl at shorter wavelengths, peaking at 250 nm, is evident. The biphenyl absorption band 

overlaps the intrinsic absorption band of the complex that arises from the DPEPO ligand; in the 

case of Eu(hfac)3DPEPO, the absorption of biphenyl does overlap with the absorption bands that 

arise from hfac and DPEPO (Figure 5.6). The same statement can be made about the absorption 

profiles for Eu(hfac)3DPEPO co-doped with indole, DEPPO and p-terphenyl, as shown in Figures 

5.8, 5.10 and 5.12.  

 

F bsorption spectra of 2.6 mM Eu(tta)3DPEPO (black line), and the 

complex co-doped with biphenyl at 18 mM (red line) in PMMA. 
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Figure 5.6 UV/Vis absorption spectra of 9 mM Eu(hfac)3DPEPO (black line), and the 

complex co-doped with biphenyl at 18 mM (red line) in PMMA. 

 

Figure 5.7 shows the absorption spectrum of 2.6 mM Eu(tta)3DPEPO co-doped with 107.5 mM 

indole. The absorption band of indole with λmax at 273 nm is clear.   

 

 

Figure 5.7 UV/Vis absorption spectra of 2.6 mM Eu(tta)3DPEPO (black line), and the 

complex co-doped with indole at 107.5 mM (red line) in PMMA. 
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Figure 5.8 UV/Vis absorption spectra of 6 mM Eu(hfac)3DPEPO (black line), and the 

complex co-doped with indole at 107.5 mM (red line) in PMMA. 

 

As shown in Figure 5.9, co-doping with DPEPO causes a small shift in the absorption band of the 

complex due to the tta ligand, suggesting that the presence of the donor affects the local 

environment of the complex. The enhanced absorption due to the DPEPO donor is clear at 

wavelengths below 300 nm. In the case of Eu(hfac)3DPEPO (Figure 5.10), the strong overlap 

between the absorption of hfac and DPEPO led to a slight blue shift in the absorption spectrum 

when co-doped with DPEPO, which strongly absorbs below 300 nm.  
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Figure 5.9 UV/Vis absorption spectra of 2.6 mM Eu(tta)3DPEPO (black line), and the 

complex co-doped with DPEPO at 21 mM (red line) in PMMA. 

 

Figure 5.10 UV/Vis absorption spectra of 6 mM Eu(hfac)3DPEPO (black line), and the 

complex co-doped with DPEPO at 20 mM (red line) in PMMA. 
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Figures 5.11 to 5.12 show the effect of co-doping the complex with 27 mM of p-terphenyl. In the 

case of p-terphenyl, the donor’s absorption window extends from 250 to 325 nm. The absorption 

band of p-terphenyl with λmax at 279 nm is prominent.  

 

Figure 5.11 UV/Vis absorption spectra of 2.6 mM Eu(tta)3DPEPO (black line), and the 

complex co-doped with p-terphenyl at 27 mM (red line) in PMMA. 

 

 

 

Figure 5.12 UV/Vis absorption spectra of 6 mM Eu(hfac)3DPEPO (black line), and the 

complex co-doped with p-terphenyl at 27 mM (red line) in PMMA. 

Overall, Figures 5.5–5.12 confirm that the absorption profile of each co-doped donor-acceptor 

system is in good agreement with the individual absorption spectra of the complex and the donor. 
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Photoluminescence studies were conducted in PMMA at room temperature to investigate energy 

transfer from the donors to each of the europium complexes. Excitation spectra showing 

qualitative evidence of energy transfer will be presented first, followed by quantitation of energy 

transfer efficiencies. 

 

Figure 5.13(a) shows the emission spectra of Eu(tta)3DPEPO and that of Eu(tta)3DPEPO co-doped 

with 18 mM biphenyl, following direct excitation of the complex at  340 nm.  In both cases,  

characteristic red emission is observed, with sharp narrow bands in the range 575–710 nm 

attributed to the europium-centred transitions 5D0 → 7FJ (J = 0–4).23 There was no observed 

difference in the relative intensities of the emission bands when co-doped with biphenyl, 

confirming that the local environment of the Eu(III) remained intact.  

As shown in Figure 5.13(b), the excitation spectrum of the co-doped complex compared to that of 

the complex shows an apparent increase in intensity in the short wavelength part of the spectrum, 

where the donor, biphenyl, absorbs. This indicates the occurrence of energy transfer from 

biphenyl to the europium complex.  However, the relative intensity of the excitation band due to 

biphenyl is significantly less than that of its absorption band (Figure 5.5), indicating that the 

efficiency of energy transfer is much less than one.  

a

b
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Figure 5.13 (a) The emission spectra (excited at 340 nm) of Eu(tta)3DPEPO (black line), 

and Eu(tta)3DPEPO co-doped with 18 mM biphenyl (red line) in PMMA. (b) The excitation 

spectra (detected at 610 nm) of Eu(tta)3DPEPO (black line) and Eu(tta)3DPEPO co-doped 

with 18 mM biphenyl (red line) in PMMA. 
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The emission spectra of Eu(hfac)3DPEPO and Eu(hfac)3DPEPO co-doped with 18 mM biphenyl 

(Figure 5.14(a)) in PMMA showed a similar effect observed in the Eu(tta)3DPEPO co-doped with 

biphenyl.  As shown in Figure 5.14(b), the excitation spectrum of the Eu(hfac)3DPEPO complex 

co-doped with biphenyl shows evidence of energy transfer from biphenyl. However, the relatively 

low increase in excitation intensity at around 250 nm, compared with the increase in absorbance 

(Figure 5.6), suggests a low energy transfer efficiency. 

 

Figure 5.14 (a) The emission spectra (excited at 300 nm) of Eu(hfac)3DPEPO (black line), 

and Eu(hfac)3DPEPO co-doped with 18 mM biphenyl (red line) in PMMA. (b) The 

excitation spectra (detected at 610 nm) of Eu(hfac)3DPEPO (black line) and 

Eu(hfac)3DPEPO co-doped with 18 mM biphenyl (red line) in PMMA. 

  

a
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Figure 5.15(a) shows the emission spectra of Eu(tta)3DPEPO and Eu(tta)3DPEPO co-doped with 

107.5 mM indole, following direct excitation of the complex; the emission spectrum of the co-

doped complex shows the typical Eu(III) emission bands, indicating no distortion to the local 

environment. The excitation spectrum (Figure 5.15(b)) of the co-doped complex compared with 

that of the complex shows enhanced intensity in the donor absorption region (250–300 nm), but 

this is much less than the enhancement in absorption (Figure 5.7), indicating a low efficiency of 

energy transfer. Figure 5.16 shows the excitation spectra for Eu(hfac)3DPEPO and 

Eu(hfac)3DPEPO co-doped with 107.5 mM indole. The excitation spectrum of the co-doped 

complex compared with that of the complex demonstrated a negligible difference in the intensity 

in the donor absorption region (250–300 nm), which is much less compared with the 

enhancement in its absorption (Figure 5.8), indicating an inefficient energy transfer process.   

 

Figure 5.15 (a) The emission spectra (excited at 340 nm) of Eu(tta)3DPEPO (black line) 

and Eu(tta)3DPEPO co-doped with 107.5 mM Indole (red line) in PMMA. (b) The 

excitation spectra (detected at 610 nm) of Eu(tta)3DPEPO (black line) and Eu(tta)3DPEPO 

co-doped with 107.5 mM indole (red line) in PMMA. 
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Figure 5.16 Excitation spectra (detected at 610 nm) of Eu(hfac)3DPEPO (black line) and 

Eu(hfac)3DPEPO co-doped with 107.5 mM indole (red line) in PMMA. 

 

 

 

Figure 5.17(a) shows the emission spectra of Eu(tta)3DPEPO and Eu(tta)3DPEPO co-doped with 

21 mM DPEPO following direct excitation of the complex. Co-doping with DEPEPO did not affect 

the emission profile compared to the complex. The excitation spectrum (Figure 5.17(b)) of the 

co-doped complex shows a significantly enhanced intensity in the region (250–300 nm) assigned 

to DPEPO, but this is somewhat less than the enhancement in absorption by the presence of the 

free DPEPO donor (Figure 5.9). A similar enhancement in excitation intensity is seen in the case 

of the Eu(hfac)3DPEPO co-doped with DPEPO, as shown in Figure 5.18.  
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Figure 5.17 (a) The emission spectra (excited at 340 nm) of Eu(tta)3DPEPO (black line) 

and Eu(tta)3DPEPO co-doped with 21 mM DPEPO (red line) in PMMA. (b) The excitation 

spectra (detected at  610 nm) of Eu(tta)3DPEPO (black line) and Eu(tta)3DPEPO co-doped 

with 21 mM DPEPO (red line) in PMMA. 
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Figure 5.18 Excitation spectra (detected at 610 nm) of Eu(hfac)3DPEPO (black line) and 

Eu(hfac)3DPEPO co-doped with DPEPO (red line) in PMMA. 

 

The emission spectra of Eu(tta)3DPEPO and Eu(tta)3DPEPO co-doped with 27 mM p-terphenyl, 

following direct excitation of the complex, are shown in Figure 5.19(a). There was no observed 

difference in the relative intensities when co-doped with p-terphenyl, confirming that the local 

environment of the Eu(III) remains intact. The excitation spectrum of the co-doped complex 

(Figure 5.19(b)) shows a significant increase in intensity in the 250–300 nm region which can be 

assigned to the absorption of p-terphenyl. However, this is less than the increased absorbance 

due to the donor (Figure 5.11), indicating a low energy transfer efficiency. 
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Figure 5.19 (a) The emission spectra (excited at 340 nm) of Eu(tta)3DPEPO (black line) 

and Eu(tta)3DPEPO co-doped with 27 mM p-terphenyl (red line) in PMMA. (b) The 

excitation spectra (detected at  610 nm) of Eu(tta)3DPEPO (black line) and Eu(tta)3DPEPO 

co-doped with 27 mM p-terphenyl (red line) in PMMA. 
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In the case of the Eu(hfac)3DPEPO co-doped, there is also an enhancement in the excitation 

spectrum intensity (Figure 5.20) which can be assigned to the absorption of the p-terphenyl. The 

excitation spectrum of the co-doped complex shows an increase in intensity in the 250–300 nm 

region which can be assigned to the presence of p-terphenyl. However, this is much less than the 

increased absorbance due to the donor (Figure 5.12), indicating a low energy transfer efficiency. 

 

 

Figure 5.20 Excitation spectra (detected at 610 nm) of Eu(hfac)3DPEPO (black line) and 

Eu(hfac)3DPEPO co-doped with 27 mM p-terphenyl (red line) in PMMA. 
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The luminescence decays of the europium complexes co-doped with biphenyl, indole, DPEPO and 

p-terphenyl are summarised in Table 5.1. These were all fitted to single-exponential functions, 

indicating the presence of a single emitting species; therefore, the presence of the donors in the 

europium complexes did not distort the local environment of the Eu(III). Figures 5.21 and 5.22 

show luminescence decays of Eu(tta)3DPEPO co-doped with p-terphenyl and Eu(hfac)3DPEPO co-

doped with p-terphenyl, respectively. The rest of the luminescence decays can be found in the 

Appendix of this thesis.   

As mentioned in Chapter 4, the luminescence lifetimes of Eu(hfac)3DPEPO and Eu(tta)3DPEPO in 

PMMA were 0.77 ms and 0.64 ms, respectively. The τ୐୬ values of complexes co-doped with 

different donors along with the undoped complexes are listed in Table 5.1 show small variation 

from the un-doped complexes but fall within the margin of error. Values presented in Table 5.1  

are an average of three measurements in PMMA. 

Table 5.1 Luminescence lifetimes (τ୐୬) of Eu(hfac)3DPEPO and Eu(tta)3DPEPO co-doped 

with biphenyl, indole, DPEPO and p-terphenyl in PMMA. 

 

 

 

 

 

 Eu(hfac)3DPEPO 

τ୐୬ /ms 

Eu(tta)3DPEPO 

τ୐୬ /ms 

Undoped 0.77 0.64 

biphenyl  0.72 0.73 

indole 0.77 0.65 

DPEPO 0.68 0.64 

p-terphenyl 0.75 0.59 
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Figure 5.21 Decay data (dotted black), fitted single exponential function (red line) and 

weighted residuals of Eu(tta)3DPEPO co-doped with p-terphenyl excited at 340 nm and 

monitored at 610 nm in PMMA. 

 

Figure 5.22 Decay data (dotted black), fitted single exponential function (red line) and 

weighted residuals of Eu(hfac)3DPEPO co-doped with p-terphenyl excited at 300 nm and 

monitored at 610 nm in PMMA. 
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Table 5.2 lists the efficiency of energy transfer (ηୈ-୅), enhancement factors and quantum yield of 

the energy transfer ( ϕ୊ୖ୉୘) from the donors (DPEPO, biphenyl, indole and p-terphenyl) to 

Eu(hfac)3DPEPO. In the case of Eu(hfac)3DPEPO, the concentration of the acceptor was varied to 

ensure the best solubility with the donor in PMMA. In addition to ηୈ-୅, an emission enhancement 

factor is given; this is defined as the ratio of the 610-nm emission intensity at ex in the presence 

of the donor to that in the absence of the donor. 

 

Table 5.2 The efficiency of energy transfer (ηୈ-୅) at the excitation wavelength (λex) 

enhancement factor, and quantum yield of the energy transfer ( ϕ୊ୖ୉୘) from DPEPO, 

biphenyl, indole and p-terphenyl to Eu(hfac)3DPEPO in PMMA.  

 

 

The highest energy transfer efficiency, 38%, to Eu(hfac)3DPEPO was observed for DPEPO as a 

donor, followed by biphenyl with 19%, p-terphenyl with 17% and indole, which shows no 

measurable energy transfer to the acceptor. Good spectral overlap between the emission of the 

donor with the absorption of the acceptor is a prerequisite for energy transfer. As shown in Figure 

5.23, the emission of DPEPO has excellent overlap with the absorption of the hfac ligands, which 

may explain the efficient energy transfer to the complex. In addition, DPEPO is readily soluble in 

the PMMA solution resulting in the formation of a homogeneously doped thin film.  

 

 

Donor Concentration 
of the 

Acceptor /mM 

Concentration 
of the Donor 

/mM 

ηୈ-୅(ex/nm) Enhancement 
Factor 

ϕ୊ୖ୉୘ 

DPEPO 6 20 0.38 (285 nm) 1.21 0.32 

biphenyl 9 18 0.19 (268 nm) 1.31 0.16 

indole 6 107.5 0.00 (273 nm) 1.00 0 

p-terphenyl 6 27 0.17 (282 nm) 2.57 0.14 
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Figure 5.23 UV/Vis absorption spectrum of hfac (blue dashed line) and the emission 

spectrum (excited at 285 nm) of DPEPO (red line) in PMMA.  

 

Next to DPEPO comes biphenyl with 19% energy transfer efficiency. Figure 5.24 shows the 

overlap between the emission of biphenyl with the absorption spectra of DPEPO and hfac ligands. 

Biphenyl’s emission overlaps more with the hfac absorption than DPEPO, suggesting an energy 

transfer pathway from biphenyl to hfac. Indole demonstrates a similar overlap (Figure 5.25) with 

hfac and less with DPEPO but shows no significant energy transfer efficiency. For p-terphenyl, the 

overlap between its emission and the absorption of hfac and DPEPO is less than other donors 

(Figure 5.26); however, the energy transfer efficiency, 17%, is higher than indole and close to 

biphenyl. This can be explained by the high quantum yield value of p-terphenyl (0.94)24 compared 

to (0.18) in biphenyl25 and (0.39) in indole.26 Donors with high quantum yield, such as p-

terphenyl, can transfer energy even with minimal overlap with the acceptor because photons 

harvested by the donor have a higher probability of undergoing energy transfer rather than 

decaying by other non-radiative pathways. The absence of energy transfer efficiency measured 

for indole may be due to its high concentration, as discussed below. The quantum yield for the 

energy transfer (ϕ୊ୖ୉୘) is another way of expressing the efficiency of the energy transfer process.  

The highest ϕ୊ୖ୉୘, 32%, to Eu(hfac)3DPEPO, was observed for DPEPO as a donor, followed by 

biphenyl with 16%, p-terphenyl with 14%, and indole which shows no energy transfer to the 
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acceptor. For example, in the case of DPEPO the value of ϕ୊ୖ୉୘ can be interpreted as 32% of the 

photons absorbed by the donor result in emission from Eu(hfac)3DPEPO.     

The enhancement factor shows how the presence of each donor contributed to the increase in the 

total luminescence excitation intensity. The highest enhancement was 257%, observed for p-

terphenyl, followed by biphenyl with 31%, then DPEPO with 21% and indole showed no 

enhancement in the excitation intensity. As shown in the case of p-terphenyl, using a donor that 

gives a substantial increase in absorbance over that shown by the complex alone can give rise to 

a significant enhancement in the europium emission intensity, although the energy transfer 

efficiency is not high. 

 

 

Figure 5.24 UV/Vis absorption spectra of DPEPO (black dashed line) and hfac (blue 

dashed line) and the emission spectrum (excited at 250 nm) of biphenyl (red line) in 

PMMA.  
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Figure 5.25 UV/Vis absorption spectra of DPEPO (black dashed line) and hfac (blue 

dashed line) and the emission spectrum (excited at 270 nm) of indole (red line) in PMMA.  

 

Figure 5.26 UV/Vis absorption spectra of DPEPO (black dashed line) and hfac (blue 

dashed line) and the emission spectrum (excited at 275 nm) of p-terphenyl (red line) in 

PMMA.  
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Table 5.3 lists the efficiency of energy transfer (ηୈ-୅), enhancement factors and quantum yield of 

the energy transfer ( ϕ୊ୖ୉୘) from the donors (DPEPO, biphenyl, indole and p-terphenyl) to 

Eu(tta)3DPEPO. In the case of Eu(tta)3DPEPO, the concentration of the acceptor was fixed at 

2.6 mM for better solubility with different donors in PMMA.  

The energy transfer efficiencies for the DPEPO donor were determined as a function of its 

concentration. DPEPO showed the highest energy transfer at 21 mM (33%). As the concentration 

of the donor increased, the ηୈ-୅ value almost halved to 17% at 64 Mm and 12% at 85 mM. This 

may be due to aggregation-caused quenching, which is a well-documented phenomenon that 

stems from the observation that at higher concentrations, phenyl rings in rigid organic 

chromophores may undergo intense π-π stacking interaction, leading to the formation of 

aggregates that often induce non-radiative deactivation pathways upon excitation.27, 28 Figure 

5.27 shows the overlap between the emission of DPEPO with the absorption spectrum of the 

Eu(tta)3DPEPO complex. The emission of DPEPO has a good overlap with the absorption of the 

tta, which may explain the efficient energy transfer to the acceptor that was discussed in Chapter 

4. Although the concentration of the acceptor (2.6 mM) is significantly lower than that in 

Eu(hfac)3DPEPO (6 mM), the  ηୈ-୅ value of DPEPO is above 30% in both complexes.  

Table 5.3 The efficiency of energy transfer (ηୈ-୅) at excitation wavelength (λex) 

enhancement factor and quantum yield of the energy transfer  ( ϕ୊ୖ୉୘) from DPEPO, 

biphenyl, indole and p-terphenyl to  Eu(tta)3DPEPO in PMMA. The concentration of 

Eu(tta)3DPEPO was 2.6 mM. 

Donor Concentration 
of the Donor 

/mM 

ηୈ-୅(ex/nm) Enhancement 
Factor 

ϕ୊ୖ୉୘ 

DPEPO 21 0.33 (285 nm) 1.63 0.25 

64 0.17 (285 nm) 1.87 0.13 

85 0.12 (285 nm) 1.82 0.09 

biphenyl 18 0.27 (268 nm) 1.50 0.20 

42 0.16 (273 nm) 1.35 0.12 

52 0.14 (273 nm) 1.36 0.11 

70 0.13 (273 nm) 1.41 0.1 

110 0.14 (273 nm) 1.61 0.11 

127.5 0.12 (273 nm) 1.56 0.09 

indole 107.5 0.05 (278 nm) 1.24 0.04 

p-terphenyl 70 0.31 (279 nm) 2.77 0.23 

27 0.14 (279 nm) 3.60 0.11 
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The enhancement factor highlights how the presence of each donor contributed to the increase 

in the total fluorescence excitation intensity in Eu(tta)3DPEPO. The highest enhancement was 

360%, observed for p-terphenyl (27 mM), then it decreased to 277% at 70 mM, followed by 

DPEPO with 63%, 87% and 82% at 21, 64, and 85 mM, respectively. Biphenyl showed the highest 

enhancement (61%) at 110 mM, and the lowest enhancement (35%) at 42 mM, and indole 

showed the least enhancement (24%), which was much improved than when it was doped with 

Eu(hfac)3DPEPO (0%). In the case of p-terphenyl, an increase in the concentration does not 

necessarily lead to an increase to an enhancement in the fluorescence excitation energy, which 

may be due to the aggregation-induced quenching; for DPEPO and biphenyl, an increase in the 

concentrations slightly enhance the fluorescence excitation energy. 

The quantum yield for the energy transfer (ϕ୊ୖ୉୘) is the highest, 25%, when Eu(tta)3DPEPO is 

co-doped with DPEPO, followed by p-terphenyl (70 mM) at 23%, then biphenyl at 20% (18 mM) 

and indole, which shows only 4%. 

 

Figure 5.27 UV/Vis absorption spectrum of Eu(tta)3DPEPO (black dashed line) and the 

emission spectrum (excited at 285 nm) of DPEPO (red line) in PMMA.  
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The energy transfer efficiencies of biphenyl were determined as a function of its concentration. 

Like DPEPO, biphenyl had the highest energy transfer (27%) at the lowest concentration, 18 mM, 

and decreased to 16% on increasing the concentration to 42 mM.  At concentrations above 

42 mM, the ηୈ-୅ values plateaued, suggesting donor aggregation at concentrations above 20 mM. 

Biphenyl has a good spectral overlap with the complex, as shown in Figure 5.28. At the same 

concentration and compared to its performance with Eu(hfac)3DPEPO with ηୈ-୅ of 19%, biphenyl 

works better with Eu(tta)3DPEPO. The ηୈ-୅ value of indole was determined with only one 

concentration, 107.5 mM, resulting in only 5% efficiency, although that indole has a good spectral 

overlap with the complex (Figure 5.29). In each complex, indole had a lower energy transfer 

compared to other donors, which may be due to the films at high concentrations resulting in 

aggregation. In addition, obtaining a homogeneous distribution of the films is difficult; this can be 

confirmed by inspection of the films as they are not entirely transparent. This suggests that indole 

at high concentrations is incompatible with europium complexes in PMMA solutions.   

 p-Terphenyl has an excellent spectral overlap between its emission and the absorption of the 

complex, as shown in Figure 5.30. The energy transfer efficiencies of p-terphenyl are 14% at 

27 mM; in contrast to other donors, it increased to 31% at 70 mM. p-Terphenyl and DPEPO were 

the best donors in terms of efficiencies with Eu(tta)3DPEPO. However, in contrast to DPEPO, it 

was not possible to study p-terphenyl at different concentrations due to its poor solubility.  

p-Terphenyl’s performance in Eu(hfac)3DPEPO suggests that even with minimal spectral overlap, 

a high quantum yield of the donor (0.94 in p-terphenyl)24 can make a difference. However, the 

case of Eu(tta)3DPEPO highlights the role that excellent overlap and the high quantum yield play 

in enhancing the energy transfer efficiency. The poor solubility of p-terphenyl can be problematic 

if its behaviour at higher concentrations is to be studied. This can be overcome by changing the 

solvent and conditions used in this study.  

It became evident that careful consideration should be taken when choosing a suitable donor. The 

criteria for choosing the best donor are delicate balancing of good spectral overlap, high quantum 

yield, and good solubility.  

Zhang et al.8 observed FRET processes in organic molecules for LSCs application with 

concentrations of the donor and the acceptor at 60 and 12 mM, respectively. Thus, observing 

FRET processes at low concentrations such as 2.6 mM for the acceptor Eu(tta)3DPEPO) and 

21 mM for the donor (DPEPO) can be useful in the context of spectral converters. 
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Figure 5.28 UV/Vis absorption spectrum of Eu(tta)3DPEPO (black dashed line) and the 

emission spectrum (excited at 250 nm) of biphenyl (red line) in PMMA.  

 

Figure 5.29 UV/Vis absorption spectrum of Eu(tta)3DPEPO (black dashed line) and the 

emission spectrum (excited at 270 nm) of indole (red line) in PMMA.  
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Figure 5.30 UV/Vis absorption spectrum of Eu(tta)3DPEPO (black dashed line) and the 

emission spectrum (excited at 275 nm) of p-terphenyl (red line) in PMMA.  
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Based on the energy transfer efficiencies described in the previous section, Eu(tta)3DPEPO co-

doped with 21 mM DPEPO was chosen to be explored as a luminescent downshifter for c-Si solar 

cells. To evaluate the performance of the complex co-doped with DPEPO, the compound was 

embedded into the PMMA polymer matrix and then spin-coated on the photovoltaic device as 

described in section 5.2.4. Figure 5.31 shows the J-V curves of reference layer PMMA (black line), 

Eu(tta)3DPEPO (blue line), and the Eu(tta)3DPEPO co-doped with DPEPO (red line) on c-Si solar 

measured under standard solar illumination AM1.5G.  

The J-V curves of the aforementioned devices show that co-doping with DPEPO resulted in the 

highest increase in the current density followed by the un-doped europium complex.  

From the J-V curves, solar cell parameters can be calculated as detailed in section 5.2.4.1. Table 

5.4 lists the short-circuit current (Jsc), open-circuit voltage (Voc), fill factor (FF), and the power 

conversion efficiency (PCE) of PMMA, Eu(tta)3DPEPO and Eu(tta)3DPEPO co-doped with DPEPO 

encapsulated on a c-Si solar cell.  

 Table 5.4 The short-circuit current (Jsc), open-circuit voltage (Voc), fill factor (FF) and 

the power conversion efficiency (PCE) of PMMA, Eu(tta)3DPEPO and Eu(tta)3DPEPO 

co-doped with DPEPO encapsulated on c-Si solar cell 

 

  

 

 

 

Device Voc [V] Jsc [mA/cm2] FF PCE(%) 

PMMA (reference layer) 0.44 
 

33.70 
 

0.46 
 

6.84 

Eu(tta)3DPEPO 0.44 
 

37.30 
 

 0.53 
 

8.93 

Eu(tta)3DPEPO co-doped 
with DPEPO 

0.43 
 

39.90 
 

0.53 
 

9.35 
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Figure 5.31 J-V curves of c-Si with PMMA (black line), un-doped Eu(tta)3DPEPO (blue line) 

and Eu(tta)3DPEPO co-doped with DPEPO (red line) under AM 1.5 illumination. 

 

From Table 5.4, both the un-doped complex and the co-doped complex show an increase in the 

current density compared to PMMA on c-Si; this shows that the un-doped complex itself can act 

as an LDS layer to produce current up to 37.30 mA/cm2 compared with PMMA (reference layer) 

at 33.70 mA/cm2.    

By generating more current density (39.90 mA/cm2), co-doping the europium complex with 

DPEPO surpassed the un-doped complex. The open-circuit voltage remained unchanged. As the 

open-circuit voltage relates to the energy levels and charges recombination in the device, it is 

expected that such value remains unchanged when the light harvesting is increased or decreased.  

The fill factors slightly increased to 0.53, compared to 0.46 in the reference layer, but remained 

unchanged (0.53) with the co-doped complex. The FF values relate to series resistance within the 

device; therefore, they ought to remain unchanged. The fact that there is a change might be due 

to the quality of the connections to the terminals of the devices. The aforementioned values make 

it hard to evaluate the real impact of the un-doped and the co-doped complexes on the 

performance of the solar cell.  Power conversion efficiency (PCE), which depends on the fill factor, 

short-circuit current, and the open-circuit voltage, increased to 8.93% in the un-doped complex 

and 9.35% in the co-doped complex, compared to 6.84% in the reference layer. 



125 
 

 This accounts for a 2.09% and 2.51% absolute enhancement in the power conversion efficiency 

for the un-doped complex and the co-doped complex, respectively. Measurements of incident 

photon-to-current conversion efficiency (IPCE), commonly referred to as external quantum 

efficiency (EQE), was conducted to investigate whether the enhancement in the efficiency can be 

assigned to the down-shifting contribution by the europium complex and the co-doping complex 

with DPEPO in converting the photons in the UV region. Figure 5.32 shows the external quantum 

efficiency spectra of the c-Si solar cell encapsulated with Eu(tta)3DPEPO (red line) and 

Eu(tta)3DPEPO co-doped with DPEPO (blue line) in PMMA. The EQE spectrum of the co-doped 

complex shows a significant increase (∼20 %) in the UV region (300–390 nm) compared to the 

un-doped complex. The increase of the EQE in the UV region can be assigned to the role of DPEPO 

as a donor. The increase in generating more current density compared to the un-doped complex 

and in the EQE may be attributed to the role of DPEPO in harvesting the high energy photons in 

the UV region followed by undergoing an energy transfer via FRET to the complex as highlighted 

in the previous section. It is worth noting that the performance of the co-doped complex started 

to fall off on the longer wavelength portion of the spectrum, suggesting inconsistency in the film 

quality that might affect the longer wavelength region.  

The short-circuit current (Jsc) can be calculated from the EQE spectrum in Figure 5.32. 

Calculations showed the photocurrent generated by the co-doped complex and the un-doped 

complex were 26.1 mA/cm2 and 28.3 mA/cm2, respectively. The un-doped complex surpassed the 

co-doped complex in the photocurrent generated (+2.26 mA/cm2); this may be due to the 

performance of the co-doped complex over the longer wavelength portion of the EQE spectrum. 

One of the shortcomings of the EQE measurements is the absence of the control experiment 

(PMMA layer), which was not included due to technical difficulties. The other shortcoming of the 

EQE measurements is that the signal of the detector tends to be noisy or low at wavelengths below 

350 nm due to the limited capability of the detector used and the fact that this particular portion 

of the AM1.5G spectrum is low in power. 
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The results obtained from the J-V curves, both the un-doped and the co-doped complexes, showed 

an enhancement in Jsc and PCE values compared to the control sample, with the co-doped complex 

surpassing the un-doped complex. In the case of the un-doped complex, the results highlight the 

down-shifting contribution of the europium complex by converting the high-energy photons into 

lower-energy photons, thus increasing c-Si cell absorption of the incident light. For the co-doped 

complex, using DPEPO as a donor provided better results than resorting to the europium complex 

as an LDS layer.  The observed increase in EQE in the UV region corresponds to a rise in the short-

circuit current density, which is a result of the role of DPEPO as a donor. Overall, the solar testing 

experiments showed preliminary but promising results.    

 

Figure 5.32 External quantum efficiency spectra of the c-Si solar cell encapsulated with 

Eu(tta)3DPEPO (red line) and Eu(tta)3DPEPO co-doped with DPEPO (blue line) in PMMA.    
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This chapter addressed the use of Förster resonance energy transfer to enhance ultraviolet 

excitation of the Eu(III) complexes in PMMA films co-doped with organic molecules. The 

absorption spectra of the chosen donors (DPEPO, indole, biphenyl and p-terphenyl) complement 

those of the europium complexes, which makes them useful in harvesting high energy photons in 

the 250–320 nm region. Examination of the excitation spectra of the europium complexes in the 

presence and absence of the donors showed that, in each case, an enhancement in UV excitation 

of the Eu(III) complex was observed, with the exception of Eu(hfac)3DPEPO co-doped with indole.  

The energy transfer efficiencies of the different donors were determined. For each complex, 

DPEPO had the highest energy transfer efficiency: 33% and 38% for Eu(tta)3DPEPO and 

Eu(hfac)3DPEPO, respectively. p-Terphenyl showed a comparable excellent energy transfer 

(31%) with Eu(tta)3DPEPO. In the case of DPEPO and biphenyl, where different concentrations of 

donors were examined with Eu(tta)3DPEPO, it is worth noting that an increase in the 

concentration does not necessarily result in higher energy transfer efficiency and may only lead 

to a slight enhancement in the fluorescence excitation energy.   

Preliminary experiments of Eu(tta)3DPEPO co-doped with DPEPO were carried out to evaluate 

their practical performance as spectral convert on c-Si solar cells. Results showed an 

improvement in the current density, but further studies should be conducted to measure the 

effectiveness of such a system entirely. 

As shown in Eu(tta)3DPEPO and Eu(hfac)3DPEPO co-doped with DPEPO, good energy transfer can 

occur with low concentrations. This helps in realising the two aims of this chapter: minimising 

the amount the lanthanide metal used and assisting in harvesting the desired high-energy 

photons in the ultraviolet region.    
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“The wonder of spectral analysis, analysis at a distance, had literary 

resonances as well. I had read ‘Our Mutual Friend’ (written in 1864 just four 

years after Bunsen and Kirchhoff had launched spectroscopy) and here 

Dickens imagined a ‘moral spectroscopy’ whereby the inhabitants of remote 

galaxies and stars might analyze the light from the Earth to gauge its good and 

evil, the moral spectrum of its inhabitants.” 

Oliver Sacks - Uncle Tungsten: Memories of a Chemical Boyhood 
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In Chapter 5, energy transfer from organic chromophores to Eu(III) complexes in PMMA was 

investigated. In these donor-acceptor systems, organic chromophores, such as DPEPO, biphenyl, 

indole, or p-terphenyl were used as donors with the Eu(III) complex acting as the acceptor. The 

primary motivation for such investigation was to reduce the quantities of the expensive rare earth 

metals used and enhance the harvesting of the UV region photons. This chapter aims to present a 

different approach to implementing energy transfer to Eu(III) complexes. However, the 

motivations for this approach are the same as the approach described in Chapter 5. 

Throughout the previous experiments described in this thesis, the role of the polymer (PMMA) 

was to serve as a passive host for Eu(III) complexes (Chapter 4) and Eu(III) complexes co-doped 

with organic chromophores (Chapter 5). This chapter is concerned with the use of an optically 

active polymer host, poly(N-vinylcarbazole) (PVK) for Eu(III) complexes and Eu(III) complexes 

co-doped with organic chromophores. 

In early works that dealt with luminescent down-shifting layers (LDS) and luminescent solar 

concentrators (LSCs), most of the attention was directed toward investigating the role of 

luminophores (e.g., lanthanide ions/complexes, organic dyes, or quantum dots). Therefore most 

of the studies were concerned with optimising the luminescent species. Consequently, other 

components of LDS layers and LSCs, such as the host materials of these luminophores, received 

less attention and were only considered to facilitate the function of luminescent species, ensuring 

the best possible performance by LSCs and LDS layers.1-3 

The most widely used host materials in LDS layers and LSCs tend to be polymers. Polymers 

require less energy to produce, are lighter, versatile, flexible, and more easily processed than 

other materials such as glass.4 Polymeric thin sheets can be made by spin-coating or drop-casting 

(melt-casting) and are not limited to specific shapes (sheets, fibers..etc.).5 Polymers fit the criteria 

for a host of luminescent species for the following reasons: they are inexpensive, optically 

transparent in the visible region, compatible with the optically active materials in terms of 

dispersion, optimal refractive index, and provide the best medium in facilitating photophysical 
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processes, and exhibit good mechanical properties. 1, 3For these reasons, PMMA has been the most 

widely employed polymer for LDS layers and LSCs applications.1, 3  

However, the traditional host material could be improved to be optically active, to enhance the 

photostability, which can be affected by prolonged UV illumination, or to increase the matrix's 

trapping efficiency. Researchers started developing a wide variety of new materials that could be 

environmentally friendly, endure prolonged UV exposure, be better at trapping photons, or be 

optically active. For example, Bashir et al. showed that the trapping efficiency of a thin film in LSCs 

improved upon the introduction of  SiO2 nanoparticles in PMMA doped with organic dye.6 Griffini 

et al. reported the synthesis of new crosslinked fluoropolymers that can serve as an alternative 

to PMMA and demonstrated long lifetimes, offering better long term photostability.2, 7, 8 Host 

materials could also be environmentally friendly; Fattori et al. showed the compatibility of the 

biodegradable polymer in the form of poly(lactic acid), based on fermented plant starch, for LSCs 

application.9  

A different but interesting approach is to make the host material optically active, aiding the 

luminescent species in harvesting light and transferring energy through FRET. The investigation 

of organic-inorganic hybrid matrices for LSCs, ureasils in particular, as a host material showed 

the active role of the host matrix in harvesting light and enhancing overall quantum yields. 

Ureasils are intrinsically photoactive and have been used as host materials for organic dyes10, 

11and lanthanide ion/complexes.12, 13 Photoactive di-ureasil hybrids doped with Eu(III) have 

shown enhancements in the overall quantum yield and long lifetimes, in addition to the 

occurrence of energy transfer from the host to the europium metal centre.14-16 Macromolecules 

such as proteins can be used in LCS application; one of the early studies that exploited photoactive 

macromolecules as luminescent species was carried out on phycobilisomes; a photosynthetic 

light-harvesting protein complex in Red Algae, and Cyanobacteria.17 

However, organic-inorganic hybrid materials or macromolecules, such as proteins, lack the 

practicality, ease of processing, commercial availability, and cost-effectiveness that can be found 

in synthetic polymers such as PMMA. A photoactive polymer that can harvest energy and act as 

an energy donor to the luminescent species, in addition to being a host, can combine the best of 

both worlds. π-conjugated polymers are considered photoactive and have been used for different 

light-emitting applications; most notably organic light-emitting diodes (OLEDs),18, 19 20 but few 

studies have been carried out for their application as spectral converters ( e.g., LSCs) due to their 

blue emission and low quantum yields in general,19, 21 although Gutierrez et al. showed that a 

blend of two π-conjugated polymers could act as an energy sensitiser for perylene bisimide dyes 

in LSCs.22  
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Poly(N-vinylcarbazole) (PVK) (Figure 6.1) with its electronically dense carbazole moiety has been 

used in a wide variety of applications, such as an organic polymer cathode for dual-intercalation 

in Li-ion23 and Na-ion batteries24; and in light-emitting devices; like OLEDs25, polymer light-

emitting diodes (PLEDs)26, and organic electroluminescence (EL) applications.27 As a non-

conjugated polymer with a charge-transport pendant group, PVK showed good hole-transporting 

properties due to the presence of the carbazole side group, which led to enhanced performance 

in OLEDs.28 In addition to its good compatibility with lanthanide dyes,29 other advantages of using 

PVK in OLEDs include its commercial availability, high thermal and photochemical stability.30  

  

 

Figure 6.1 Chemical structure poly(N-vinylcarbazole) (PVK) 

 

In the context of LEDs and organic electroluminescence, PVK was not only used as a blue emitter 

but as a host that can transfer energy to lanthanide β-Diketonate complexes. Liang et al. showed 

that in PVK films, energy transfer does occur from PVK to complexes such as  (Eu(tta)4Py), where 

Py is monopyridinium.27 Gui Yu et al. fabricated light-emitting diodes (LEDs) by depositing PVK 

doped with europium complexes, where the excitation energy of PVK was transferred to the 

complex NaEu(tta)4.31 In the studies mentioned above, photophysical properties such as quantum 

yields and lifetimes of the doped complex and quantitative assessment of the energy transfer 

efficiencies were not presented. Luo et al. investigated co-doped europium and terbium 

complexes in PVK films; energy transfer from PVK to the terbium and the europium via FRET was 

observed, and complexes co-doped in PVK showed longer lifetimes compared to the ones co-

doped in PMMA.29 Diaz-Garcia et al. confirmed by monitoring the europium-centred emission that 

occurrence of FRET from PVK to europium and samarium complexes, transfer rate calculations 

based on the lanthanide-centred emission intensity of the films compared to PVK were presented 

in this study.32  
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The electronic excitation processes and photophysical properties of PVK have been investigated 

in earlier works by fluorescence spectroscopy.33-36 Klöpffer et al.33  was among the early 

researchers who took note of the fluorescence of pure PVK in solution and film, followed by many 

researchers examining the nature of PVK fluorescence.34-37 

The UV absorption spectrum of the PVK film does not differ from that in solution or when 

compared to the N-isopropyl carbazole monomer unit, which indicates that the carbazole rings 

in the polymer act independently upon absorption light in solution-phase or film.33 

On the other hand, the emission spectrum of PVK varies from solution-phase to solid-phase. Vinyl 

aromatic polymers exhibit two types of fluorescence in the dilute solutions, one can be attributed 

to the monomer, which would be typical of carbazole moiety in PVK, and the other is a 

structureless broad emission that is characteristic of an excimer. What is unique in PVK, and 

unlike other polymers with aromatic groups, the isolated carbazole group (monomer) in PVK 

shows no emission33, 35, 38; the emission observed is due to excimers. It is worth noting that the 

fluorescence spectra and lifetimes of solid PVK exhibit molecular weight dependency.36 

Klöpffer et al. and Johnson et al. noted that the ultraviolet excitation of solid PVK yielded broad 

structureless emission spectra in the violet-blue region; the emission was attributed to the 

formation of more than one excimer.33, 35 Pre-requisite for the excimer emission is the stacking 

interaction of the electronically excited side group with another ground-state side group. In the 

polymer, this interaction can only occur in suitable conformations of the polymer chain.33  

Discovered more than sixty years ago, the word excimer was used to describe an excited state 

that shows an absorption spectrum profile that corresponds to the monomer but nevertheless 

exhibits structureless broad emission typical of dimers.39 The identification of excimer 

fluorescence in aromatic compounds was a result of the work of Förster et al.; it was noted upon 

photophysical examination that concentrated solutions of pyrene showed a noticeable decrease 

in the intensity of the monomer band fluorescence and the appearance of an emission spectrum 

that has no distinct structure and is lower in energy than the emission of the monomer.40, 41 Birks 

has defined an excimer as “a dimer which is associated in an excited electronic state and which is 

dissociative (e.g., would dissociate in the absence of external restraints) in its ground electronic 

state”.42  
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Of the many complex photophysical processes in aromatic vinyl polymers such as polystyrene 

and PVK, the excimer formation processes have attracted the most attention.33, 35, 43 Unlike 

polystyrene (PS) or polyvinyl naphthalene, the excimer fluorescence in PVK is not quenched at 

low temperature because thermal activation is not a pre-requisite for reaching excimer 

confirmation.44 

In the light of accumulated evidence of excimer formation, the nature of the excimer fluorescence 

was further investigated. With respect to pyrene, Klöpffer et al.45 conducted an experiment with 

several guest molecules, in which one guest molecule has excitation energy lower than that of the 

monomer (pyrene) and higher than that of the excimer; as a result, there was no fluorescence 

emitted by the guest molecule. However, when the guest molecules have excitation energy below 

that of the pyrene excimer, the guest molecule exhibits an emission, concluding energy transfer 

is taking place from the monomer to the excimer and from the excimer to the guest molecule.45, 46 

The fate of singlet excitons in aromatic polymers such as PVK might shed light on how the energy 

transfer occurs in PVK.  Upon illumination, the first excited singlet state is not ‘fixed’ to the group 

that has been excited by absorbing light in the first place. Still, it moves or hops around in a 

random mode until relaxation occurs either by radiative deactivation (emission), non-radiative 

deactivation, quenching, or trapping.47  

In the solid PVK, there is no emission from the monomer, but excimer fluorescence is observed; 

this accounts for energy transfer since absorption of light can occur randomly, whereas emission 

only takes place from specific centres, in the case of excimers, these are called excimer-forming 

sites.47 Furthermore, an excimer with its dissociative ground state cannot be directly excited by 

electromagnetic radiation. Still, since the excimer emission is prevalent in the solid PVK, the 

excitation energy transfer to these sites is the only possibility. Nevertheless, the lack of an 

‘excitable ground state’ in excimers makes it implausible that they act as acceptors in a long-range 

Förster energy transfer. Therefore, it is clear that exciton diffusion is involved in energy 

transfer.46 

 In a set of experiments carried out by W. Klöpffer.33 The energy transfer in PVK was investigated 

using fluorescence quenching molecules: perylene, trinitrofluorenone (TNF), and hexachloro-p-

xylene (HCX). Perylene can be an excellent quencher owing to the overlap of molecule’s 

absorption with the emission of PVK. Therefore, energy transfer occurs through FRET from the 

PVK excimer. Trinitrofluorenone (TNF) can form a donor-acceptor complex with the PVK. 

However, hexachloro-p-xylene (HCX) cannot act as an acceptor for the excimer donor, because its 

excited-state energy is too high; therefore, dipole-dipole resonance energy transfer is not 

probable. It turns out that HCX is as good a quencher as the other guest molecules; therefore, the 
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exciton diffusion process must be involved. Thus, energy transfer in PVK involves competition 

between the added guest molecules and the excimer-forming sites, acting as traps for the singlet 

excitons as they migrate along the polymer chain.33  In the excimer-forming sites, the carbazole 

side-groups must be packed close to each other.  These sites act as efficient traps for excitons.46 It 

is worth noting that the range of exciton diffusion in PVK polymer is limited compared to the large 

ranges found in molecular crystals due to the heavy presence of excimer-forming sites.48 In PVK, 

the process of hopping for localised excitons was found to be extremely important in the energy 

transfer dynamics; the hopping process is more efficient in the film compared to that of the 

solution.49  

The emission of the PVK in the solution can be resolved into two peaks; therefore, it can be 

attributed to the overlap of the spectra of two different excimers, illustrated in Figure 6.2. The 

lower energy peak (λmax of 410-420 nm) was assigned to “sandwich-like” excimer, where the 

monomer groups form pairs and the π orbitals of the aromatic rings overlap considerably. The 

higher energy peak (λmax of 380 nm) was assigned to the partially overlapped configuration where 

one aromatic ring of a carbazole group eclipses one ring of a neighbour group.33, 38, 44 Thus, the 

two excimers play an essential role to trap the singlet excitons by reducing their mobility.50  

 

Figure 6.2 Excimer configurations of the carbazole dimer in poly(N-vinylcarbazole) 
(PVK); (a)“sandwich-like” and (b) partially overlapped (adapted from43) 

 

In addition to its unique photophysical properties, PVK is also relatively inexpensive as an 

optically active polymer. At the time of writing this thesis, the cost of PVK was around £61 for five 

grams51 compared with £137 for five grams of EuCl3.6H2O (according to the Sigma-Aldrich 

website, March 2021), the starting material for the synthesised complexes presented in this work. 

Thus, using PVK as an energy donor to Eu(III) complexes might be useful in reducing the cost of 

the lanthanide metals and promoting the role of polymer in LDS layers and LSCs to an active role. 

To the extent of the author’s knowledge, PVK has not been considered before as an optically active 

host in LDS layers and LSCs. In addition to that, the investigation of the energy transfer of PVK to 

Eu(tta)3DPEPO and Eu(hfac)3DPEPO along with other donors has not been carried out.  
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This chapter reports the investigation of energy transfer from the PVK to Eu(hfac)3DPEPO and 

Eu(tta)3DPEPO. The effect of varying the concentration of the polymer with Eu(tta)3DPEPO was 

assessed. Co-doping of Eu(tta)3DPEPO with donors molecules, biphenyl, DPEPO, and indole, in 

PVK was also investigated.  

 

 

  

Chloroform was HPLC grade obtained from (Fisher Chemicals) and was used without further 

purifications. Eu(tta)3DPEPO, Eu(hfac)3DPEPO, and DPEPO were synthesised, as described in 

Chapter 3. Biphenyl (99.5%), and indole (≥99%), were sourced from Sigma-Aldrich. Poly(N-

vinylcarbazole) (PVK average MW. 135,600) was sourced from Fisher Scientific UK Ltd. 

 

PVK polymer was dissolved in chloroform (50 mg/ml). The total concentration of the polymer in 

the solution was kept fixed to ensure the blank polymer and doped polymer have the same 

thickness unless stated otherwise in the text. Then, 5.4 wt% of Eu(tta)3DPEPO, 2.5 wt%, 10 wt%, 

and 16 wt% of Eu(hfac)3DPEPO were added to a solution of  PVK without affecting the final 

concentration of polymer; they were heated at 55 °C and stirred for 5 hr. The exact preparation 

was carried out when donors were used. A suitable volume of the solution (100 µL) was spin-

coated using a pipette on quartz slides (25mm x 25mm x 1mm) for each measurement. Dynamic 

spin coating (the substrate is already spinning) was used for 60s at 500 rotation per minute 

(r.p.m) to ensure the formation of transparent, thin, homogenous polymer films. After spin-

coating, films were left for 24 hr at room temperature to allow for complete evaporation of the 

solvent, resulting in transparent films. 
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The analysis of data in this chapter has had to take into consideration that the absorption 

spectrum of the PVK matrix (the donor) overlaps the absorption spectrum of each complex 

(acceptors) over the entire UV excitation range from 250 to 400 nm. Thus, to estimate the 

efficiency of energy transfer from PVK to the complex, the measured, normalised excitation 

spectrum of the emission of the complex in PVK was fitted by the calculated, normalised sum of 

the contributions from direct excitation of the complex and indirect excitation via energy transfer 

from PVK,  as expressed by Equation 6-1. (Assuming that the quantum yield of photoluminescence 

of the complex is the same for direct and indirect excitation.) 

IEx Calc(λ) =
ቀ౅Abs(ಓ)

౅బ(ಓ) ቁ
Complex

ାஒቀ౅Abs(ಓ)
౅బ(ಓ) ቁ

PVK

൬౅Abs൫ಓMax൯
౅బ൫ಓMax൯ ൰

Complex
ାஒ൬౅Abs൫ಓMax൯

౅బ൫ಓMax൯ ൰
PVK

                                       Equation 6-1 

where  IEx Calc(λ)is the predicted, normalised excitation intensity at wavelength λ, ቀ୍Abs(஛)
୍బ(஛)

ቁ
Complex

is 

the fraction of the incident excitation light intensity absorbed by the complex; ቀ୍Abs(஛)
୍బ(஛)

ቁ
PVK

 is the 

fraction of the incident light intensity absorbed by PVK;  λMax is the wavelength of maximum 

intensity;  β is the fitted variable that is indicative of the efficiency of energy transfer from PVK to 

the complex. 

The fractional intensity of the light absorbed by each species is calculated from the total fraction 

of incident intensity absorbed by the sample (complex + PVK), according to Equations (6-2) to 

(6-4). 

ቀ୍Abs(஛)
୍బ(஛) ቁ

Total
= 1-10-୅(஛)Total                      Equation 6-2 

where A(λ)Total is the total absorbance of the sample at wavelength, λ , i.e., the sum of the 

absorbance of the complex and the absorbance of the PVK; A(λ)Complex is the absorbance of the 

complex; A(λ)PVK is the absorbance of PVK. 

ቀ୍Abs(஛)
୍బ(஛) ቁ

Complex
= ୅(஛)Complex

୅(஛)Total
ቀ୍Abs(஛)

୍బ(஛) ቁ
Total

           Equation 6-3 

ቀ୍Abs(஛)
୍బ(஛) ቁ

PVK
= ୅(஛)PVK

୅(஛)Total
ቀ୍Abs(஛)

୍బ(஛) ቁ
Total

                          Equation 6-4 
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The absorption spectrum of the complex in PVK, A(λ)Total and the absorption spectrum of PVK 

alone, A(λ)PVK are measured experimentally. In principle, the absorption spectrum of the 

complex, A(λ)Complex , can be determined by subtracting A(λ)PVK from A(λ)Total.  

 At wavelengths below 300 nm, it was not possible to extract a reliable absorption profile of the 

complex in this fashion because of the minimal contribution of the complex absorbance to the 

total absorbance and inevitable slight differences in absorbance between the sample (complex 

plus PVK) and the reference (PVK). Therefore, the absorption spectrum of the complex was 

constructed by determining the absorbance (by subtraction) at a wavelength where the 

contribution of the complex was substantial (350 nm for  Eu(tta)3DPEPO complex and 310 nm for 

Eu(hfac)3DPEPO) and using this value to scale the spectrum measured for the complex in PMMA. 

(Assuming that the intrinsic absorption spectrum of the complex is the same in PVK and PMMA). 

The calculated excitation spectrum (Equation 6-1) was fitted to the experimental data using the 

non-linear least-squares algorithm in the Solver application in Excel to yield the value of β. 

To assess quantitatively the effect of energy transfer from PVK on the excitation spectrum of the 

complex, the excitation spectrum corresponding to direct excitation, in the absence of PVK, was 

simulated by scaling the excitation spectrum measured in PMMA. In the case of the 

Eu(tta)3DPEPO complex, the excitation spectrum in PMMA was scaled to give the same intensity 

at 380 nm as the excitation spectrum measured in PVK; at this wavelength, there is absorption 

only by the complex, not by the PVK matrix. On the other hand, there is no wavelength for 

Eu(hfac)3DPEPO at which the complex absorption is exclusive of the PVK. In this case, the scaling 

factor was calculated by determining the fraction of the incident intensity that would be absorbed 

at 318 nm (λmax of the excitation spectrum in PVK) by the complex in the absence of PVK given by 

Equation (6-5). 

                          ቀ୍Abs(ଷଵ଼)
୍బ(ଷଵ଼) ቁ

No PVK
= 1-10-୅(ଷଵ଼)Complex                         Equation 6-5 

where A(318)Complex is the measured absorbance of the complex (in PVK) at 318 nm. 

The ratio of the excitation intensities in the absence and presence of PVK is then given by 

Equation (6-5) to the value of Equation (6-3) at 318 nm. 
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The UV absorption spectra of PVK film and Eu(hfac)3DPEPO in PVK are shown in Figure 6.3. The 

absorption spectrum of PVK shows an absorption onset at 27,027 cm-1 (370 nm), λmax at 29,411 

cm-1 (340 nm) ,34,129 cm-1 (293 nm), and 38,150 cm-1 (262 nm) that can be attributed to the ( π-

π* transitions); thus making PVK a good light harvester in the UV region. When Eu(hfac)3DPEPO 

is encapsulated in PVK film, the complex absorption (shown in Figure 6.3) becomes evident 

between 300 and 345 nm. In contrast, the absorption at shorter and longer wavelengths is 

dominated by the PVK matrix.  

 

Figure 6.3 UV absorption spectra of PVK (black line) and Eu(hfac)3DPEPO, wt.%10,  in 

PVK (red line).  
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Subtracting the absorption spectrum of PVK only from that of the complex in PVK reveals the 

absorbance of the complex at wavelengths above 300 nm (Figure 6.4). Subtraction at wavelengths 

below 300 nm is unreliable because the contribution of the complex is too small. It should be 

noted that the relative absorbances of the 10% and 16% samples are consistent with the relative 

weight fractions. Nevertheless, the 2.5% sample's absorbance is higher than expected for this 

weight fraction and indicates that the concentration is around half that of the 10% sample. 

 

 

Figure 6.4 Absorbance due to Eu(hfac)3DPEPO at wavelengths greater than 300 nm, for 

wt.% 2.5(black line),10 (red line), and 16 (blue line).   

 

Figure 6.5 shows the absorption spectrum of Eu(hfac)3DPEPO in PMMA and the fluorescence 

emission of the PVK. It shows that there is no spectral overlap between the absorption of the 

complex and the emission of the polymer. The broad structureless spectrum with λmax at 24,271 

cm-1 (412 nm) is a characteristic of excimer emission (originating from the low energy interchain 

excimer), which dominates in the solid PVK film noted in section 6.1.1.  
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Figure 6.5 Normalised absorption spectrum (black line)of Eu(hfac)3DPEPO in PMMA and 

the normalised emission spectrum (red line) of  PVK film (excited at 340 nm). 

 

Comparing the excitation spectrum of the complex in PVK to that of the complex in PMMA can 

demonstrate the effect of absorption by the PVK. It may prove energy transfer from the PVK 

matrix to the complex since PMMA is a passive host and does not act as an energy donor (as shown 

in Chapter 4). Figure 6.6 shows the excitation spectrum of Eu(hfac)3DPEPO in PMMA and that of 

the complex in PVK.  It is clear that the excitation spectrum of the complex in PVK  is significantly 

different from its intrinsic excitation spectrum(in PMMA), suggesting that the energy transfer 

from the PVK matrix to the complex is occurring. However, the excitation spectrum of the complex 

in PVK does not closely resemble the absorption spectrum (Figure 6.3), suggesting that the 

efficiency of energy transfer is low. 
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The excitation spectrum peaks in the wavelength range where absorption by the complex, 

relative to PVK, is most significant. Energy transfer from PVK enhances excitation intensity at 

wavelengths above 300 nm and shifts excitation maximum to longer wavelength. At shorter 

wavelengths, absorption by PVK competes with direct excitation and depletes excitation intensity 

compared with direct excitation of the complex in PMMA. 

 

Figure 6.6 Normalised excitation spectra (detected at 611 nm) of Eu(hfac)3DPEPO in PVK 

(red line) and that of Eu(hfac)3DPEPO in PMMA (black line).  

 

The excitation spectrum of Eu(hfac)3DPEPO in PVK was fitted by the sum of contributions from 

direct excitation of complex and indirect excitation via absorption by PVK matrix, Equation (6-1), 

as described in section 6.2.3.  The yielded parameter β represents the efficiency of energy transfer 

from the PVK matrix. Figure 6.7 shows the results of fitting the excitation spectrum of the 10% 

Eu(hfac)3DPEPO in PVK. The fitted spectrum is compared with the experimental spectrum, and 

the contribution to the excitation spectrum due to absorption by the PVK matrix is shown. 
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Figure 6.7 Normalised experimental (blue line) and fitted (red line) excitation spectra for 

wt.%10 Eu(hfac)3DPEPO. The contributions of the PVK matrix to the excitation spectrum 

(black line) and the predicted excitation spectrum that would be expected under 

equivalent conditions in the absence of PVK (green line). 

 

The fitted spectrum is in good agreement with the measured spectrum and gives a β value of 0.15 

(Table 1), i.e. 15% of the light absorbed by PVK results in excitation of the complex. At 

wavelengths shorter than ~280 nm and longer than ~345 nm, the majority of the excitation 

intensity is due to an energy transfer from PVK. The contribution of PVK is lowest at around 315 

nm, where it is ~25% of the total excitation intensity. Overall, energy transfer from PVK accounts 

for 45% of the entire integrated excitation intensity. Figure 6.7 also shows the excitation 

spectrum expected for direct excitation of the complex in the absence of the PVK matrix (e.g., in 

PMMA), under equivalent concentration and incident light intensity conditions. Under these 

conditions, all of the incident light would directly excite the complex. It can be seen that the 

presence of PVK significantly enhances the excitation intensity at wavelengths longer than ~345 

nm, but has a detrimental effect over the majority of the excitation wavelength range. This is the 

consequence of the high absorbance of the PVK combined with a low energy transfer efficiency. 
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The PVK matrix essentially acts as a filter, absorbing the majority of the incident light and 

transferring only a small fraction of its excitation energy to the complex.  

Figure 6.8 shows a simulated excitation spectrum for this sample with a hypothetical β value of 

0.5. It can be seen that if the energy transfer efficiency from PVK could be increased to this level, 

there would be a substantial enhancement of the excitation intensity over the majority of the 

wavelength range.  

 

Figure 6.8 Simulated excitation spectrum (red line), for wt.%10 Eu(hfac)3DPEPO in PVK, 

with β=0.5, predicted excitation spectrum in the absence of PVK ( black line), and the 

contribution of PVK to the excitation spectrum (blue line).  
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Weight % of Eu(hfac)3DPEPO β Fraction of the excitation intensity 

2.5 0.17 0.62 

10 0.15 0.45 

16 0.13 0.32 

 

The β values for the three samples are given in Table 6.1, together with the fraction of the 

integrated excitation intensity due to PVK. The energy transfer efficiency does not change 

significantly with the concentration of the Eu(hfac)3DPEPO, remaining at about 0.15 for all three 

samples. The fraction of excitation intensity arising from energy transfer decreases with 

increasing complex concentration, from 0.62 for the 2.5% sample to 0.32 for the 16% sample. As 

the concentration of the complex increases, the fraction of light absorbed by the complex, and 

hence the contribution from direct excitation, increases. The fitted spectra for these two samples 

are shown in Figures 6.9 and 6.10. For the 2.5% sample, the PVK-associated enhancement of the 

excitation intensity at wavelengths above ~345 nm is greater relative to the detrimental effect at 

shorter wavelengths, compared with the higher concentration samples. The highest 

concentration sample, 16%, shows the lowest PVK-induced long-wavelength enhancement 

relative to the undesirable decrease in intensity at shorter wavelengths. 
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Figure 6.9 Normalised experimental (blue line) and fitted (red line) excitation spectra for 

wt.% 2.5 Eu(hfac)3DPEPO. The contributions of the PVK matrix to the excitation spectrum 

are also shown (green line) and the predicted excitation spectrum that would be 

expected under equivalent conditions in the absence of PVK (black line). 
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Figure 6.10 Normalised experimental (blue line) and fitted (red line) excitation spectra 

for wt.%16 Eu(hfac)3DPEPO. The contributions of the PVK matrix to the excitation 

spectrum (green line) are also shown, and the predicted excitation spectrum that would 

be expected under equivalent conditions in the absence of PVK (black line). 
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The  UV absorption spectra of PVK film and 5.4% Eu(tta)3DPEPO in PVK are shown in Figure 6.11. 

The absorption spectrum of PVK, shows an absorption onset at 27,027 cm-1 (370 nm), λmax  at 

29,411 cm-1 (340 nm) ,34,129 cm-1 (293 nm), and 38,150 cm-1 (262 nm). When Eu(tta)3DPEPO is 

encapsulated in PVK film, the complex absorption (shown in Figure 6.12) becomes evident 

between 300 and 400 nm. The absorption at shorter wavelengths is due entirely to the PVK 

matrix.  

 

Figure 6.11 UV absorption spectra of PVK (black line) and wt.%5.4 Eu(tta)3DPEPO in PVK 

(red line).  
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Figure 6.12 shows the absorption spectrum of Eu(tta)3DPEPO in PMMA and the fluorescence 

emission of the PVK. It shows that there is minimal spectral overlap between the absorption of 

the complex and the emission of the polymer.  

 

 

Figure 6.12 Normalised absorption spectrum (black line)of Eu(tta)3DPEPO in PMMA and  

the normalised emission spectrum (red line) of  PVK film (excited at 340 nm) 

 

As for Eu(hfac)3DPEPO, the excitation spectrum of the Eu(tta)3DPEPO in PVK (Figure 6.13) is 

significantly different from its absorption spectrum (Figure 6.11), suggesting that the energy 

transfer efficiency from the PVK matrix to the complex is low. Comparison of excitation profiles 

of complex in PVK and PMMA (Figure 6.13) demonstrates that energy transfer from PVK 

enhances excitation intensity at wavelengths below 325 nm and above 355 nm. Absorption by 

PVK depletes the excitation intensity between 325 and 355 nm. 
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Figure 6.13 Normalised excitation spectra (detected at 611 nm) of wt.%5.4 

Eu(tta)3DPEPO in PVK (red line) and that of Eu(tta)3DPEPO in PMMA (black line).  

 

Figure 6.14 shows the results of fitting the excitation spectrum. The fitted spectrum is compared 

with the experimental spectrum. The contribution to the excitation spectrum due to absorption 

by the PVK matrix and that due to direct excitation is shown.  
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Figure 6.14 Normalised experimental (blue line) and fitted (pink line) excitation spectra 

for Eu(tta)3DPEPO. The contributions of the PVK matrix to the excitation spectrum (red 

line) and that due to direct excitation (green line) are also shown, and the predicted 

excitation spectrum that would be expected under equivalent conditions in the absence 

of PVK (black line). 

 

The fitted spectrum is in reasonably good agreement with the measured spectrum and gives a β 

value of 0.19. The discrepancy between the fitted spectrum and the measured spectrum is likely 

due to small differences between the profiles of the intrinsic excitation spectrum of the complex 

when incorporated in the PVK matrix and that measured for the complex in PMMA. The energy 

transfer efficiency from PVK to the 5.4% Eu(tta)3DPEPO is thus estimated to be approximately 

0.2, similar to that found for energy transfer to Eu(hfac)3DPEPO. 

Below ~345 nm, the majority of the excitation intensity is due to an energy transfer from PVK. At 

wavelengths above 345 nm, direct excitation of the complex predominates. Overall, energy 

transfer from PVK accounts for 55% of the total integrated excitation intensity. Figure 6.14 also 

shows the excitation spectrum that would be expected for direct excitation of the complex in the 

absence of the PVK matrix, under equivalent conditions of concentration and incident light 
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intensity. Under these conditions, all of the incident light would directly excite the complex. This 

spectrum is obtained by scaling the excitation spectrum measured in PMMA to give the same 

intensity at 380 nm as that of the excitation spectrum in PVK at this wavelength; at 380 nm, the 

excitation intensity in PVK is due entirely to direct excitation of the complex.  It can be seen that 

the presence of PVK significantly enhances the excitation intensity at wavelengths below 325 nm 

but has a detrimental, intensity-depleting effect between 325 and 355 nm. However, unlike 

Eu(hfac)3DPEPO, there is a net gain in excitation intensity in the presence of PVK; the increase in 

intensity exceeds the loss by a factor of about three.  

 

The absorption spectra of samples with various concentrations, different thicknesses, of the PVK 

matrix (concentration of the Eu(tta)3DPEPO was kept fixed) are shown in Figure 6.15. The 

contribution of the complex to the absorption spectrum is evident in the long-wavelength tail(> 

360 nm), shown in Figure 6.16. It can be seen that there is negligible change in absorbance 

between the 10 (mg/ml) and 20 (mg/ml) PVK samples, indicating that, at these low 

concentrations, the absorbance in this wavelength range is due entirely to the complex. 

 

Figure 6.15 UV absorption spectra of wt.%5.4 Eu(tta)3DPEPO in PVK matrix at different 

concentration (mg/ml), 10 (black line), 20 (red line), 30 (blue line), 40 (green line), and 

50 (purple line). 
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Figure 6.16 The long-wavelength tail of the UV absorption spectra of wt.%5.4 

Eu(tta)3DPEPO in PVK matrix at different concentration (mg/ml), 10 (black line), 20 (red 

line), 30 (blue line), 40 (green line), and 50 (purple line). 

 

Figure 6.17 shows the dependence of absorbance on PVK concentration at 300 nm (where the 

contribution from the complex is negligibly small). There is a good linear relationship, confirming 

the relative PVK concentrations of the five films. 
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Figure 6.17 Absorbance of 5.4% Eu(tta)3DPEPO at 300 nm versus different 

concentrations of PVK.  

 

In Figure 6.18, the excitation spectrum of the complex at each concentration of PVK is compared 

with the excitation spectrum that would be expected in the absence of PVK. It can be seen that the 

magnitude of the enhancement of the excitation intensity of the complex by energy transfer from 

the PVK is influenced by the concentration (thickness) of the PVK. This is illustrated in Figure 

6.19, which shows the enhancement factor (the ratio of the integrated intensities in the presence 

and absence of PVK) plotted as a function of the PVK concentration. The maximum enhancement 

(a factor of almost 1.8) is seen for 20 (mg/ml) PVK and the minimum for the highest PVK 

concentration 50 (mg/ml). At PVK concentrations greater than 20 (mg/ml), the enhancement 

factor decreases with increasing PVK concentration. This is a consequence of the increasing, 

detrimental inner filter effect, which reduces the intensity of light available for direct excitation 

of the complex.  
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Figure 6.18 Excitation spectrum of wt.%5.4 Eu(tta)3DPEPO in PVK matrix at different 

matrix concentrations (red line) , in comparison with the predicted excitation spectrum 

in the absence of PVK (black line). PVK concentration: (a) 10 mg/ml, (b) 20 mg/ml, (c) 30 

mg/ml, (d) 40 mg/ml, and (e) 50 mg/ml.   
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Figure 6.19 Excitation intensity enhancement factor plotted versus PVK concentration. 

 

The emission spectrum of PVK extends from ~380 to 520 nm, peaking at ~412 nm. This emission 

can be assigned to excimers formed by the interaction of pairs of the carbazole side-groups, as 

discussed in section 6.1.1. The overlap of this emission spectrum with the absorption spectrum 

of the Eu(tta)3DPEPO complex is minimal (Figure 6.12), and there is no overlap with the 

absorption spectrum of Eu(hfac)3DPEPO (Figure 6.5). Therefore, it can be deduced that energy 

transfer to the complexes occurs from the carbazole monomer excited state, not from the excimer 

species. In undoped PVK, excitation of the monomer is followed by efficient energy transfer 

(exciton transport) between the carbazole groups until the excitation energy is trapped by an 

excimer-forming site, resulting in excimer emission. In PVK doped with the europium complexes, 

each complex acts as a trap for the migrating monomer excitons, competing with the excitation 

of the excimer-forming sites.  
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The effect of co-doping with donors DPEPO (21 mM), biphenyl (42 mM) or indole (70 mM) on 5.4 

% Eu(tta)3DPEPO in PVK (20 mg/ml) was  investigated. The effect of energy transfer from the co-

doped donor can be seen by comparing the excitation spectra in PVK in the presence and absence 

of the donor, as shown in Figures 6.20 to 6.22. The combined effects of energy transfer from both 

the co-doped donor and the PVK can be seen by comparing the excitation spectrum of the co-

doped complex in PVK with the excitation spectrum that would be expected in the absence of both 

donor and PVK, as also shown in Figures 6.20 to 6.22. In the case of DPEPO and biphenyl co-

dopants (Figures 6.20  and 6.21, respectively), the excitation intensity is enhanced between 250 

and ~320 nm, compared with the effect of energy transfer from the PVK matrix alone. For the 

DPEPO donor, the magnitude of this additional enhancement is significant compared with the 

effect of the PVK matrix only, but for biphenyl, the additional enhancement is relatively small. For 

the indole co-dopant (Figure 6.22), there is no significant enhancement compared with the effect 

of PVK only, but there appears to be a small effect on the excitation profile. 

The absorption spectra of the co-dopant, DPEPO, biphenyl, and indole (as shown in chapter 5) 

have no absorption overlap with the PVK emission; therefore, FRET from the PVK to the co-

dopant is not probable.  As shown for the energy transfer from PVK to the europium complexes, 

DPEPO and biphenyl might act as traps for the migrating monomer excitons, competing with the 

excimer-forming sites and then transferring the energy to the europium complex through FRET. 

Another proposed explanation for the excitation enhancement is a combination of two different 

energy transfer mechanisms: the PVK matrix to the europium complex through exciton diffusion 

and FRET from the co-dopant to the complex. Therefore a multistep energy transfer process can 

be proposed to explain the enhancement in the excitation intensity in the case of DPEPO and 

biphenyl.  It is worth noting that a multistep energy transfer mechanism that described the energy 

transfer in PVK nanoparticles with organic molecules was reported in other work.52 
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Figure 6.20 Normalised excitation spectra (detected at 611 nm) for the complex co-doped 

with DPEPO in PVK (blue line) compared with the excitation spectrum in PVK in the 

absence of donors (red line) and the excitation spectrum predicted under equivalent 

conditions in the absence of both donor and PVK (black line) 

 
Figure 6.21 Normalised excitation spectra (detected at 611 nm) for the complex co-doped 

with Biphenyl in PVK (blue line) compared with the excitation spectrum in PVK in the 

absence of donors (red line) and the excitation spectrum predicted under equivalent 

conditions in the absence of both donor and PVK (black line) 
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Figure 6.22 Normalised excitation spectra (detected at 611 nm) for the complex co-doped 

with Indole in PVK (blue line) compared with the excitation spectrum in PVK in the 

absence of donors (red line) and the excitation spectrum predicted under equivalent 

conditions in the absence of both donor and PVK (black line) 
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We discussed in this chapter the photoactive nature of Poly(N-vinylcarbazole) (PVK) and its 

unique photophysical properties, such as strong absorption in the UV region, fluorescence 

emission, and the nature of energy transfer in the polymer matrix. The transparent films obtained 

of the PVK polymer, in addition to their good absorption in the UV region and their photophysical 

properties, would make them an excellent candidate as a host material for LSCs and LDS layers 

application. The use of (PVK) as an active host for Eu(hfac)3DPEPO was investigated. Energy 

transfer from PVK to the complex was found to occur with an efficiency of ~0.15, and appeared 

to be independent of complex concentration over the range 2.5 to 16 weight %. Energy transfer 

from PVK enhances excitation intensity at wavelengths above 300 nm, but has a detrimental effect 

over the majority of the excitation wavelength range (as shown in Figure 6.7). This is the 

consequence of the high absorbance of the PVK combined with a low energy transfer efficiency. 

Therefore, the use of PVK as a matrix for Eu(hfac)3DPEPO, under the conditions used in these 

experiments, is not advantageous. However, it was predicted that if the energy transfer efficiency 

could be increased to 0.5, there would be a substantial enhancement of the excitation intensity 

over the majority of the wavelength range.  

 In contrast, for Eu(tta)3DPEPO, the use of PVK as a matrix was found to give a beneficial 

enhancement in excitation intensity (Figure 6.14). The energy transfer efficiency from PVK to the 

complex was found to be. 0.20, similar to that found for energy transfer in Eu(hfac)3DPEPO. The 

presence of PVK significantly enhances the excitation intensity at wavelengths below 325 nm and 

above 355 nm, although there is a detrimental, intensity-depleting effect between 325 and 355 

nm. However, unlike Eu(hfac)3DPEPO, there is a net gain in excitation intensity in the presence of 

PVK; the increase in intensity exceeds the loss by a factor of about 3.  

The effect of varying the PVK matrix concertation on the Eu(tta)3DPEPO was investigated. It was 

observed that the magnitude of the enhancement of the excitation intensity of the complex by 

energy transfer from the PVK is influenced by the concentration of PVK. A maximum 

enhancement was observed for 20(mg/ml) PVK. At PVK concentrations greater than 20 (mg/ml), 

the enhancement factor decreases with increasing PVK concentration.  

Energy transfer from PVK to complexes has occurred, despite the lack of spectral overlap in the 

absorption spectrum of Eu(hfac)3DPEPO and the minimal spectral overlap in the absorption 

spectrum of Eu(tta)3DPEPO and PVK emission.  
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 Therefore, it can be deduced that energy transfer to the complexes occurs from the carbazole 

monomer excited state, not from the emitting excimer species. Thus, in PVK doped with the 

europium complexes, each complex acts as a trap for the migrating monomer excitons, competing 

with the excitation of the excimer-forming sites.  

The effect of adding co-dopant to Eu(tta)3DPEPO in the PVK matrix was investigated. In the case 

of DPEPO and biphenyl co-dopants, the excitation intensity is enhanced compared with the effect 

of energy transfer from the PVK matrix alone. For the indole co-dopant, there is no significant 

enhancement compared with the effect of PVK only, but there appears to be a small effect on the 

excitation profile. Thus, a multistep energy transfer process can be proposed to explain the 

enhancement in the excitation intensity by DPEPO and biphenyl. 

Overall, there is potential for the role of PVK as a photoactive polymer in the LSCs and LDS layers,  

taking advantage of its photophysical properties. The energy transfer efficiency from PVK to the 

europium complexes studied here is rather low so that competitive absorption by the PVK can 

have a detrimental rather than a beneficial effect. More work needs to be done to establish the 

optimum conditions (concentration of complex, concentration of PVK, etc.) for energy transfer 

from PVK to Eu(tta)3DPEPO. Quantum yield measurements and solar testing should be carried 

out to understand this work better in the context of LSCs and LDS layer applications. Now that it 

has been established that excitonic energy transfer occurs from PVK monomer to dopants, it 

should be possible to select complexes that are likely to be optimum acceptors to maximise 

harvesting the UV region and decrease the quantities of the lanthanide metals used.  
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“When nature does something unexpected, we learn something about how 

nature works. It used to be said, before the recent era of revolutionary 

discoveries, that science was organised common sense. In the modern era it 

would be more accurate to define science as organised unpredictability.” 

Freeman Dyson- ‘The Importance of Being Unpredictable’ (1990) 
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The primary goal of this thesis has been to investigate europium β-diketonate complexes for 

application in spectral converters, luminescent down-shifting (LDS) layers and luminescent solar 

concentrators (LSCs), to enhance the efficiency of solar cells by converting UV photons into longer 

wavelengths in the visible region. The critical role of energy transfer processes was emphasised 

with respect to the constituting ligands of the europium complexes, europium complexes co-

doped with organic molecules, or from an optically active polymeric host to the europium 

complexes.  

This chapter summarises the most important findings from the photophysical point of view and 

in the context of the LDS layers and LSCs and points out the next step for future work based upon 

the results presented throughout this thesis.   

The photophysical properties of Eu(hfac)3DPEPO and Eu(tta)3DPEPO were investigated. The 

roles that the ligands play in energy transfer were elucidated; tta and hfac ligands have lower 

triplet states than DPEPO; thus, energy transfer from DPEPO to the metal ion occurs via these 

ligands. The DPEPO ligand plays a significant role in enhancing the luminescence properties by 

replacing the solvent molecules, reducing non-radiative deactivation pathways, and, hence, 

efficient energy transfer and enhancement in the total quantum yields of both complexes.    

A special sample mould was designed and 3D-printed to facilitate quantitative measurements of 

the photophysical properties of europium complexes in films. Encapsulation in  PMMA enhances 

the total quantum yields of both complexes due to an increase in the intrinsic quantum yield of 

europium emission. This effect is more significant for Eu(tta)3DPEPO, where there is a substantial 

decrease in the non-radiative decay rate in PMMA compared with DCM. The photophysical 

properties, such as energy transfer efficiency from the ligand to the europium, radiative lifetime 

and intrinsic quantum yield in DCM and PMMA, were reported for the complex Eu(tta)3DPEPO 

for the first time in a single study. The absorption windows of the two complexes are 

complementary in covering different parts of the UV/Vis region to harvest the desired high-

energy photons from 250–390 nm. The total quantum yield values in PMMA of  0.85 and 0.75 for 

Eu(hfac)3DPEPO and Eu(tta)3DPEPO, respectively, make these europium complexes efficient light 

harvesters in the UV/blue regions and therefore excellent candidates for LSD and LSC 

applications.   
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Renewable energy technologies need to be commercially viable; the high cost of rare earth metals 

might pose a challenge with respect to their practical application in LSCs and LDS. Co-doping 

europium complexes with organic chromophores offer a way to cut costs and harvest the high 

energy photons in the UV region. Thus, we addressed the use of Förster resonance energy transfer 

to enhance ultraviolet excitation of the Eu(III) complexes in PMMA films co-doped with organic 

molecules. The absorption spectra of the chosen donors, DPEPO, indole, biphenyl, and p-

terphenyl, complement those of the complexes, making them useful in harvesting high energy 

photons in the 250–320 nm region. Examination of the excitation spectra of the europium 

complexes in the presence and absence of the donors showed that, in each case, an enhancement 

in UV excitation of the Eu(III) complex was observed, except for Eu(hfac)3DPEPO co-doped with 

indole.  

The energy transfer efficiencies of the different donors were determined. DPEPO had the highest 

energy transfer efficiency for each complex, 33% and 38% for Eu(tta)3DPEPO and 

Eu(hfac)3DPEPO, respectively. p-Terphenyl showed a comparable energy transfer efficiency 

(31%) with Eu(tta)3DPEPO. In the case of DPEPO and biphenyl, where different concentrations of 

donors were examined with Eu(tta)3DPEPO, it is worth noting that an increase in the 

concentration does not necessarily result in higher energy transfer efficiency may only lead to a 

slight enhancement in the fluorescence excitation intensity.   

Preliminary experiments on Eu(tta)3DPEPO and Eu(tta)3DPEPO co-doped with DPEPO were 

carried out to evaluate their practical performance as spectral converters on crystalline silicon 

(c-Si) solar cells. Results showed an improvement in the current density and external quantum 

yield, but further studies should be conducted to measure such a system's effectiveness fully. 

As shown for Eu(tta)3DPEPO and Eu(hfac)3DPEPO, co-doped with DPEPO, good energy transfer 

can occur at low concentrations of the complex. This helps in realising the two aims of Chapter 5: 

minimising the amount the lanthanide metal used and assisting in harvesting the desired high-

energy photons in the ultraviolet region.    

The use of a photoactive polymer matrix, namely Poly(N-vinylcarbazole) (PVK), was explored. 

The photoactive nature of PVK and its unique photophysical properties were considered, such as 

strong absorption in the UV region, fluorescence emission, and the nature of energy transfer in 

the polymer matrix. The transparent films obtained for the PVK polymer, in addition to their good 

absorption in the UV region and their photophysical properties, would make them an excellent 

candidate as a host material for LSCs and LDS layers applications. The use of PVK as an active host 

for Eu(hfac)3DPEPO was investigated.  
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Energy transfer from PVK to the complex was found to occur with an efficiency of ~15% and 

appeared to be independent of complex concentration over the range of 2.5 to 16 wt%. Energy 

transfer from PVK enhances excitation intensity at wavelengths above 300 nm but has a 

detrimental effect over most of the excitation wavelength range. This is the consequence of the 

high absorbance of the PVK combined with a low energy transfer efficiency. Therefore, the use of 

PVK as a matrix for Eu(hfac)3DPEPO, under the conditions used in these experiments, is not 

advantageous. However, it was predicted that if the energy transfer efficiency could be increased 

to 50%, there would be a substantial enhancement of the excitation intensity over the majority of 

the wavelength range.  

In contrast, for Eu(tta)3DPEPO, the use of PVK as a matrix was found to give a beneficial 

enhancement in excitation intensity. The energy transfer efficiency from PVK to the complex was 

found to be 20%, similar to that found for energy transfer in Eu(hfac)3DPEPO. The presence of 

PVK significantly enhances the excitation intensity at wavelengths below 325 nm and above 355 

nm, although there is a detrimental, intensity-depleting effect between 325 and 355 nm.  

However, unlike Eu(hfac)3DPEPO, there is a net gain in excitation intensity in the presence of PVK; 

the increase in intensity exceeds the loss by a factor of about three.  

The effect of varying the PVK matrix concentration on energy transfer to the Eu(tta)3DPEPO was 

investigated. It was observed that the magnitude of the enhancement of the excitation intensity 

of the complex by energy transfer from the PVK is influenced by the concentration of PVK. A 

maximum enhancement was observed for 20 (mg/ml) PVK. At PVK concentrations greater than 

20 (mg/ml), the enhancement factor decreases with increasing PVK concentration.  

Energy transfer from PVK to the complexes has been observed, despite the lack of spectral 

overlap between the emission spectrum of PVK and the absorption spectrum of Eu(hfac)3DPEPO, 

and the minimal spectral overlap with the absorption spectrum of Eu(tta)3DPEPO. Therefore, it 

can be deduced that energy transfer to the complexes occurs from the carbazole monomer excited 

state, not from the emitting excimer species. Thus, in PVK doped with the europium complexes, 

each complex acts as a trap for the migrating monomer excitons, competing with the excitation 

of the excimer-forming sites.  

The effect of adding co-dopant to Eu(tta)3DPEPO in the PVK matrix was investigated. In the case 

of DPEPO and biphenyl co-dopants, the excitation intensity is enhanced compared with the effect 

of energy transfer from the PVK matrix alone. For the indole co-dopant, there is no significant 

enhancement compared with the effect of PVK only, but there appears to be a small effect on the 

excitation profile. Thus, a multistep energy transfer process can be proposed to explain the 

enhancement in the excitation intensity by DPEPO and biphenyl. 
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Overall, there is potential for the role of PVK as a photoactive polymer in the LSCs and LDS layers,  

taking advantage of its photophysical properties. However, the energy transfer efficiency from 

PVK to the europium complexes studied here is rather low, so that competitive absorption by the 

PVK can have a detrimental rather than a beneficial effect. Therefore, more work needs to be done 

to establish the optimum conditions (e.g., the concentration of complex, the concentration of PVK, 

etc.) for energy transfer from PVK to Eu(tta)3DPEPO.  

Following on from the work presented in this thesis, several points should be pursued further in 

terms of the photophysical characterisation and better understanding of the results in the context 

of LSCs and LDS layer applications. 

When it comes to optimising the photophysical properties of the lanthanide complexes, careful 

consideration should go to the ligand design and the position of the triplet state. Providing 

complete assessments of all relevant photophysical parameters is key to enhancing the general 

performance of lanthanide complexes. Measuring the quantum yields of all samples by the 

absolute method would be desirable, especially when dealing with europium complexes co-doped 

with organic molecules (Chapter 5) or in the presence of an optically active polymer (Chapter 6). 

obtaining quantum yield results by the comparative method can be challenging.   

The results of co-doping europium complexes with organic molecules can be extended by 

measuring donors at a series of concentrations or changing the solvent. Monitoring the energy 

transfer process by measuring the lifetime of the donor could provide confirmation of the energy 

transfer efficiencies. Solar testing should be performed on Eu(tta)3DPEPO co-doped with DPEPO 

several times and with a series of concentrations. In addition, the efficiency of Eu(tta)3DPEPO co-

doped with DPEPO should be explored on different solar cells that are insensitive to the short 

wavelength portion of the solar spectrum, such as cadmium telluride (CdTe).   

The use of PVK as a host material should be further investigated. Now that it has been established 

that excitonic energy transfer occurs from PVK monomer to dopants, it should be possible to 

select complexes that are likely to be optimum acceptors to maximise harvesting the UV region 

and decrease the quantities of the lanthanide metals used. Absolute quantum yield measurements 

on the films should be carried out on the complexes when encapsulated in PVK. In the presence 

of dopants, a multistep energy transfer can occur; examination of the lifetimes of PVK and dopants 

might be critical in understanding the energy transfer mechanisms. Solar testing experiments 

should be carried out to understand this work better in the context of LSCs and LDS layer 

applications.  
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Figure A.1 .1H NMR spectrum ( 500 MHz) for DPEPO in CDCl3. 
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Figure A.2 Decay data (dotted black), fitted single exponential function (red line) and 

weighted residuals of Eu(tta)3DPEPO co-doped with biphenyl excited at 340 nm and 

monitored at 610 nm in PMMA. 

 

Figure A.3 Decay data (dotted black), fitted single exponential function (red line) and 

weighted residuals of Eu(tta)3DPEPO co-doped with DPEPO excited at 340 nm and 

monitored at 610 nm in PMMA. 
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Figure A.4 Decay data (dotted black), fitted single exponential function (red line) and 

weighted residuals of Eu(tta)3DPEPO co-doped with indole excited at 340 nm and 

monitored at 610 nm in PMMA. 

 

Figure A.5 Decay data (dotted black), fitted single exponential function (red line) and 

weighted residuals of Eu(hfac)3DPEPO co-doped with Biphenyl excited at 298 nm and 

monitored at 610 nm in PMMA. 
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Figure A.6 Decay data (dotted black), fitted single exponential function (red line) and 

weighted residuals of Eu(hfac)3DPEPO co-doped with DPEPO excited at 298 nm and 

monitored at 610 nm in PMMA. 

 

Figure A.7 Decay data (dotted black), fitted single exponential function (red line) and 

weighted residuals of Eu(hfac)3DPEPO co-doped with indole excited at 298 nm and 

monitored at 610 nm in PMMA. 
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