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Optical engineering plays a crucial role in optoelectronic and communication devices, 

regarding efficiency, quality, and applications of the final devices. It consists of two components: 

design and manufacture of devices and development of materials. The former emphasizes the 

architecture of a device and the precision in its fabrication, while the latter focuses on tailoring 

materials’ optoelectronic properties to enable a specific application. In this contribution, we focus 

on the optimization of light converting materials, organic phosphors and quantum dots, bridging 

the gap between performance and stability at low costs and thus accelerating their commercial 

adoptions. On the other hand, these two types of materials enable solution processing of devices, 

which simplifies device manufacture and meanwhile empowers the development of novel device 

architectures.  
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Chapter 1. INTRODUCTION 

1.1 LIGHT AROUND US 

 Humans are surrounded by light and interact with it every day. Light does not only promote 

human vision, but also plays critical roles in our physical and mental health. For example, 

ultraviolet B (UVB) rays interact with skin and stimulate vitamin D3 secretion, while on the other 

hand, excessive exposure to ultraviolet lights increases the risk of skin cancer.1 Light is also mood-

altering: a workspace with adequate bright lighting gives rise to working efficiency, while a home 

space with dimmed lighting is associated with depression.2  

 In addition to natural sunlight, in modern times we are also subjected to different types of 

artificial lights, such as incandescent lights, halogen lights, fluorescent lights and LED lights. They 

have substantial impacts on us, which are varied from that of natural sunlight because of their 

difference in their light spectrum as shown in Figure 1.1.  Though they are categorized as “white 

light,” they have distinctly different spectrum profiles. Spectrum deviation from one of the sunlight 

leads to lowered color quality, which is often measured by color rendering index (CRI).3 The usage 

of fluorescent lights, which have the lowest color rendering index (CRI) of all the light sources 

listed in Figure 1.1, results in significant color distortion of the lighted subject, which is detrimental 

for demonstration purposes.4 In Figure 1.1e, one can note there is an intense peak of blue light in 

the cool white LED spectrum. This intense blue light is accountable for the negative health impacts 

of LEDs, such as alteration of circadian rhythm, accelerated aging and retina damage.5 Artificial 

lighting isn’t necessarily bad: lights with different spectral features are now being tested for the 

treatment of depression.6 Therefore, optical engineering is a topic of attention and necessity. In 
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this work, I will be talking about different techniques that we use to manipulate the spectrum of 

light. 

 

Figure 1.1. The difference of spectra from different light sources and human eye sensitivity 

to different wavelengths. 

 

1.2  LIGHT CONVERTERS AND PERFORMANCE METRICS 

Lighting converters are commonly applied to modify the spectral distribution of light 

sources. Figure 1.2 shows the most adopted architecture commercial white LEDs: a blue light 

source with a light converter on top.7 The converter converts a portion of blue light that passes 

through to green or yellow or red light depending on the requirements of the application, and the 

nature of the material doing the converting. As for a commercial white LED, a fraction of blue 

light is converted to yellow light, which together forms white light with the unconverted blue light. 
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Another example is agricultural lighting that stimulates plant growth, where a fraction of blue light 

is converted to red light to optimize light conditions for photosynthesis.8 

There are three types of lighting converters highlighted by industry and academia – 

inorganic phosphors,9 nanocrystals (NCs)10 and organic phosphors.11 While inorganic phosphors 

have been used in the commercial market for a long time, NCs and organic phosphors are currently 

undergoing the transition from lab research to industrial applications. Despite their different stages 

in the R&D roadmap, each of these technologies is yet to realize their full potential and technical 

improvements are yet to be made. There are many parameters to be considered when evaluating 

the performance of light converters in LED application: photoluminescence quantum yield 

(PLQY), film transparency, emission spectrum coverage, and stability.  

Figure 1.2. The device architecture of a phosphor-converted LED. The effects of optical 

transparency of the thin film are illustrated. 

1.2.1 Photoluminescence quantum yield 

PLQY is a metric to measure how efficient the material is in converting light into different 

wavelengths, and defined as below: 

 𝑃𝐿𝑄𝑌 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑟𝑒𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
 (1.1) 

A high PLQY is beneficial to the high energy efficiency of a LED. There are different factors that 

determine the value of PLQY, and they are dependent on the types of materials. We will discuss 

these factors in detail in Chapters 2, 3, 4 and 5. 
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1.2.2 Film transparency 

 Film transparency also plays a key role in determining the efficiency of a LED device. Fig. 

1.2 compares the difference of light path in two LEDs, one with a transparent light converter and 

the other with an opaque light converter. Light is less likely to go through the opaque converter 

film, being backscattered and resulting in a decreased efficiency, and thus lower light output. 12 

 

1.2.3 Emission spectra 

 Emission spectra of lighting converters ultimately governs the color quality of LED lights. 

To obtain a high CRI, it is better to cover as much as possible in the visible spectrum from 380 – 

780 nm. On the other hand, considering the sensitivity of human eyes to different wavelengths 

(Fig 1.1g), light outside this 400 – 700 nm window are much less efficient for illumination purpose 

and thus unnecessary. For general purposes such as residential lighting, a CRI of 80 is currently 

considered sufficient; CRI higher than 90 would be crucial to minimize the color distortion of 

artificial light sources, which is especially important for showcase and demonstration purposes. 

There are two major pathways for designing light converters based on their emission profiles: 1) 

developing materials with wide emission spectra so that one can utilize as few types of materials 

as possible to cover the full visible spectrum, such as YAG:Ce;13 2) narrow emission materials that 

allow precise control of emission spectra, such as nanocrystals, to limit wasteful light emission (ie. 

light outside of the 400-700 nm window).14 
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1.2.4 Stability 

  The relatively long lifetimes of LEDs (15-20 years) set a high stability requirement for 

light converters.15 Owing to this long timeframe, accelerated stability measurements are usually 

performed. Materials are tested under elevated temperature, and occasionally with high humidity, 

and the PLQYs of the materials are monitored over time. On the other hand, considering the fact 

that LED generates a considerable amount of heat during operation and thermal quenching 

commonly exists in fluorescent materials,16 it makes a good candidate when its PLQY remains 

unchanged, or mildly reduced, at high temperatures. 

 

1.3 TYPES OF LIGHT CONVERTERS 

1.3.1 Inorganic phosphors 

Over the past decades, cerium doped yttrium aluminum garnet (YAG:Ce) are widely used 

in commercial LED products as light converters, due to its high PLQY and broad emission.13 The 

broad emission enables a pure blue LED to be converted into a white LED; the spectra for this are 

shown in Figure 1.1 e & f. A problem with this system is that there is insufficient red light in the 

spectra of these white LEDs, significantly reducing the CRI values. Therefore, both academia and 

industry are currently searching for red phosphors with high PLQYs and stability, which are to be 

mixed with YAG:Ce and enhance the red light emission and thus the CRI of the resulting LEDs. 

Recent efforts have developed different red inorganic phosphors, however with PLQYs ranging 

from 70% to 80%.17  

As mentioned earlier, lighting scattering in the light converting later is a major component 

for reduced efficiency of LEDs, and occurs independently of the PLQY of the component 
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materials. Considering the size of inorganic phosphors, approximately 1 – 10 µm, light is subject 

to substantial scattering when it passes through the light converters, reducing the light intensity 

outside the LED package. In manufacturing, light converting phosphors are usually blended with 

encapsulants and subsequentially applied on top of the blue LED chip, as shown in Figure 1.3. The 

micron-sized particles form dispersion in the encapsulant and because of this inhomogeneous 

system, around 20 wt% of inorganic phosphor is required for the optimal LED spectrum. This high 

usage of inorganic phosphor directly adds cost to manufacturers, increases the rate of scattering in 

the light converting layer, and increases the consumption of limited rare earth resources. Therefore, 

researchers are looking for alternatives to these micron-size inorganic phosphors, so as to 

simultaneously increase the energy efficiency and lower the manufacturing cost of LEDs.     

 

Figure 1.3. How phosphor-converted LEDs are manufactured: phosphor dispersed 

encapsulant is added directly on top of a blue LED.  
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1.3.2 Nanocrystals 

Nanocrystals (NCs) are one of the solutions to the problem mentioned above. NCs are 

inorganic phosphors that are typically synthesized with particle sizes less than 10 – 20 nm. This 

small diameter leads to optical and electronic properties that differ from bulk or even micron-size 

inorganic phosphors owing to quantum confinement effects.18 Because their sizes are significantly 

smaller than the wavelength of visible lights (380 - 780 nm), these particles result in no scattering 

in the optical system if they are evenly dispersed in the encapsulant. In lighting converting 

applications, NCs based on cadmium chalcogenide,19 lead halide perovskite20 and CuIn(S,Se)2
21  

have received the most attention because of their high PLQYs and their spectrum tunability. In 

addition, researchers are actively looking to further increase the stability of NCs using various 

methodologies, such as growing silica shells around the NCs to prevent degradation facilitated by 

oxygen and moisture.22 However, growing a silica shell is not applicable to lead halide perovskites 

because this procedure requires the use of protic solvents, which are detrimental to maintaining 

the crystal structure and thus optoelectrical properties of perovskite; alternative solutions are 

needed to make use of these high PLQY materials.23 Thus methods for improving the stability of 

lead halide perovskites is a highly valuable research topic at the present.  

There are concerns about NCs regarding environmental toxicity and sustainability, because 

of the elements used in these technologies.24 For example, cadmium and lead used respectively in 

cadmium chalcogenide and lead halide perovskite are heavy metals, representing a great concern 

to human health. Although CuIn(S,Se)2 is free from toxic elements, indium is a scarce element, 

and subjective to limited supply in long terms.25 Department of Energy (DOE) is now keenly 

seeking alternative light converting technologies that are free from toxic or scarce elements, while 
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maintaining the high optical performances – high PLQY, reduced scattering and ready spectrum 

engineering. 26 

1.3.3 Organic phosphors 

Organic phosphors are primarily made of carbon and hydrogen, which are renewable 

resources and render this technology more environmentally sustainable compared to the inorganic 

counterparts.27 Organic phosphors benefit from the unique bonding property of carbon, which can 

form stable covalent bonds with itself, as well as many other elements. That fact substantially 

increases the structural variety of organic phosphors and thus greatly increases the tunability of 

their optoelectronic properties, including emission spectra which are crucial in light converter 

application. Moreover, organic compounds are made from earth-abundant elements, and thus can 

be low-cost and more environmentally friendly, in sharp contrast to inorganic phosphors that rely 

on rare-earth elements. In LED manufacturing, organic phosphors can be easily dissolved in an 

LED encapsulant and form a highly transparent film, reducing the scattering loss of the devices. 

This can be explained by the structural compatibility between encapsulants and organic phosphors, 

both of which are organic-based. However, the stability problem of organic phosphors remains 

challenging in R&D developments and is necessary to address before further implementation as 

light converters for LEDs, where they are exposed to elevated temperatures and intense UV or 

blue light radiation. 

1.3.4 Summary 

 In summary, even though micron-size inorganic phosphors are now widely applied in 

commercialized LED lightings and result in significant energy savings compared to incandescent 

and compact fluorescent lamps, they don’t provide optimal energy efficiency because of light 
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scattering. In addition, their reliance on rare-earth elements and the relatively large loadings in 

LED lighting raise concerns about the environmental sustainability of the industry. To address 

these problems, both academia and industry are putting efforts into developing high-performance 

NCs and organic phosphors to be applied as light converters for LEDs. In the paper, we discuss 

our efforts in developing NCs and organic phosphors with high PLQYs. Meanwhile, the stability 

and the environmental sustainability of the materials are also examined for their future application 

in commercial LED applications. 
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Chapter 2. ORGANIC PHOSPHORS: LOW-COST SYNTHESES TO HIGH 

PERFORMANCE 

(This chapter is adapted from a paper published by Yunping Huang during this Ph.D program)28 

 

2.1 INTRODUCTION 

Aggregation caused quenching (ACQ) of chromophores commonly exists in organic 

semiconductors, dissipating excited state energy into heat instead of light emission.29 This is 

detrimental for light converters in LEDs. While there are several reasons why ACQ can take place, 

in the case of organic luminophores with extended π conjugation, such as pyrene29 and perylene 

diimide,30 the molecules can interact with each other via π orbital overlap and form non-fluorescent 

excimers. 

 To date, numerous efforts have been invested into suppressing ACQ in organic 

luminophores. Huang et al. suppressed ACQ by attaching bulky oligo-alkylfluorene moieties onto 

luminophores (Figure. 2.1).31,32  Once installed, the fluorene modifiers were able to act as spacers, 

preventing luminophore aggregation and thus improving the solid-state PLQYs. Moreover, 

because the oligo-alkylfluorenes are conjugated, charge mobilities were maintained after 

modification, in sharp contrast to insulating spacers.  Tang et al. discovered that ACQ can be 

suppressed by attaching tetraphenylethene (TPE) onto luminophores triggering the mechanism of 

aggregation-induced emission (AIE).29 Impressive results have been obtained by applying these 

types of materials to OLED and OL devices. However, these methods bring up environmental 

concerns: they heavily rely on Suzuki coupling, which uses air-sensitive and explosive 

organolithium compounds to prepare boronic ester precursors.33  Should these materials be 

prepared at a commercial scale, a method avoiding organolithium would substantially diminish 
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workplace safety risks. Moreover, organolithium decreases the functional group tolerance in the 

synthesis, as it is strongly nucleophilic. 

Figure 2.1. Chemical methods to improve the solid-state PLQYs of OLED emitters and 

PLQY values of target molecules. Cost of starting materials of each route: 1) 9,9-dihexyl-2,7-

dibromofluorene: $267/25g; 2) bromo-TPE: $198/2g; 3) theobromine: $36/25g, on the Sigma 

Aldrich website. 

 

 Direct arylation offers a green and atom-efficient method to form C-C bonds between 

aromatic building blocks.34,35 This direct formation of C-C bond allows us to bypass the extra step 

of precursor synthesis, where organolithiums are usually involved.  Therefore, the risks of fire and 

explosion are reduced, while cost and productivity are optimized. Moreover, direct arylation is 

compatible with large-scale production.  Major pharmaceutical companies, such as Merck36 and 

Pfizer,37  are applying it into commercial production of medicines; flow chemistry has been 
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successfully implemented and further enhances productivity.38  Additionally, substrate 

compatibility is improved because of the absence of highly reactive intermediates. However, 

because the C-H bond on benzene has poor reactivity under the concerted metalation-

deprotonation (CMD) mechanism,39 it is not feasible to utilize direct arylation to attach 

oligofluorenes or TPE onto luminophores to minimize ACQ. A new moiety needs to be identified 

to pair with direct arylation to develop a green method to suppress ACQ. 

 In this chapter, alkylated theobromine is introduced onto luminophores via direct arylation 

to suppress ACQ. The mild reaction conditions allow for wide functional group tolerance. In this 

strategy, theobromine has the following advantages: 1) it is a natural product originally from cacao 

plants that is now produced in an industrial scale and thus readily available and inexpensive (see 

Figure 2.1 for price comparison for starting materials on each route); 2) the imidazole C-H bond 

is highly reactive for direct arylation;39  3) the N-methyl group on imidazole will repulse the 

luminophore and induce a large dihedral angle, creating steric hindrances preventing the 

luminophores from interacting with each other; 4) the lactam group is applied widely in the design 

of organic semiconductors with high electronic performance and one can easily tune the 

processability of the final product by introducing different solubilizing chains onto it.40,41  Pyrene 

was chosen as the luminophore to test the effectiveness of this method. Pyrene is highly fluorescent 

in solution but completely quenched in the solid state,28 making it a good candidate to examine 

our approach. Three theobromine-pyrene derivatives, with differing theobromine:pyrene ratios, 

were successfully synthesized and characterized. 

2.2 MATERIAL PREPARATION 

Theobromine, 1-bromooctane, 1-bromopyrene, 1,6-dibromopyrene, 1,3,6,8-

tetrabromopyrene and tris(2-methoxyphenyl)phosphine were purchase from TCI. 
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Bis(dibenzylideneacetone)palladium(0) and pivalic acid were purchased from Sigma Aldrich. 

Solvents used were purified via a PureSolv solvent purification system from Inert Inc. K2CO3 and 

Cs2CO3 were ground into a powder and dried at 120 oC overnight before reactions. Reactions were 

run under N2 atmosphere using standard Schlenk techniques and detailed synthesis procedures are 

described below. 

  3,7-dimethyl-1-octyl-3,7-dihydro-1H-purine-2,6-dione (Theo8). Into a 500 mL round 

bottom flask, theobromine (18.0 g, 100 mmol), 1-bromooctane (23.2 g, 120 mmol), dried K2CO3 

(20.7 g, 150 mmol) and 200 mL DMF was added. The system was degassed and then heated to 

120 oC overnight. When finished, the reaction was cooled to room temperature. ethyl acetate was 

used to extract the product and brine was used to remove residue DMF. The organic layer was 

subsequently washed with brine to remove the DMF in the organic phase. The organic layer was 

then dried over Mg2SO4 and concentrated under reduced pressure. The crude product was further 

purified with column chromatography using dichloromethane/methanol in a 10:1 ratio as an eluent. 

The collected fraction was then recrystallized from hexane. 25.7 g of collected white solid was 

collected, with 96% yield. 1H NMR (500 MHz, CDCl3) δ 7.51 (s, 1H), 4.02 – 3.97 (m, 5H), 3.57 

(s, 3H), 1.70 – 1.58 (m, 2H), 1.47 – 1.20 (m, 10H), 0.92 – 0.82 (m, 3H). 13C NMR (126 MHz, 

CDCl3) δ 155.17, 151.41, 148.73, 141.61, 107.59, 41.39, 33.48, 31.84, 29.56, 29.34, 29.24, 28.12, 

27.05, 22.64, 14.07. 

 3,7-dimethyl-1-octyl-8-(pyren-1-yl)-3,7-dihydro-1H-purine-2,6-dione (PT1). Theo8 

(552 mg, 2 mmol) and 1-bromopyrene (562 mg, 2 mmol), pivalic acid (40 mg, 0.4 mmol) and 

dried Cs2CO3 (1.30 g, 4 mmol) were added into a 25 mL round bottom flask. 10 ml toluene was 

then adding into the system followed by degassing with N2 flow for 10 min. Tris(2-

methoxyphenyl)phosphine (56 mg , 0.097 mmol) and bis(dibenzylideneacetone)palladium(0) (40 
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mg, 0.044 mmol) were added to the solution under N2 flow, and the solution turned purple. The 

flask was then sealed with a rubber stopper and heated to 100 oC. After reacting for 1 day, the 

system was cooled and filtered. The organic phase was then concentrated under reduced pressure. 

The crude product was further purified with column chromatography using chloroform/methanol 

in a 400:5 ratio as an eluent (chloroform/methanol = 400/5). 715 mg of white solid was obtained 

in a 75% yield. 1H NMR (500 MHz, CDCl3) δ 8.29 (d,  J = 2.5 Hz, 1H), 8.28 (d, J = 2.5 Hz, 1H), 

8.26 (d,  J = 10 Hz,  1H), 8.20 (d, J = 9.0 Hz, 1H), 8.15 (q, 2H), 8.08 (t, 2H), 7.92 (d, J = 9.2 Hz, 

1H), 4.19 – 4.02 (m, 2H), 3.83 (s, 3H), 3.70 (s, 3H), 1.83 – 1.69 (m, 2H), 1.50 – 1.23 (m, 10H), 

0.98 – 0.83 (m, 3H). 13C NMR (126 MHz, CDCl3) δ 155.58, 152.03, 151.65, 150.16, 148.59, 

132.90, 131.26, 130.74, 130.40, 129.40, 129.14, 127.80, 127.19, 126.61, 126.30, 126.08, 124.84, 

124.60, 124.42, 123.90, 122.40, 108.58, 41.67, 33.49, 31.88, 29.88, 29.29, 28.27, 27.14, 22.67, 

14.08. 

8,8'-(pyrene-1,6-diyl)bis(3,7-dimethyl-1-octyl-3,7-dihydro-1H-purine-2,6-dione) 

(PT2). Theo8 (1,932 mg, 7 mmol) and 1,6-dibromopyrene (1,080 mg, 3 mmol), pivalic acid (80 

mg, 0.8 mmol) and dried Cs2CO3 (3 g, 9 mmol) were added into a 50 mL round bottom flask. 25 

mL toluene was then adding into the flask, followed by degassing with N2 flow for 10 min. Tris(2-

methoxyphenyl)phosphine (122 mg, 0.194 mmol) and bis(dibenzylideneacetone)palladium(0) (80 

mg, 0.088 mmol) were added to the solution under N2 flow, and the solution turned purple. The 

flask was then sealed with a rubber stopper and heated to 100 oC. After reacting for 1 day, the 

system was cooled and filtered. The organic phase was then concentrated under reduced pressure. 

The crude product was further purified with column chromatography using chloroform/methanol 

in a ratio of 400/5 as an eluent. 1,472 mg pale yellow solid was obtained in a 65% yield. 1H NMR 

(500 MHz, CDCl3) δ 8.38 (d, J = 7.9 Hz, 2H), 8.23 (d, J = 9.2 Hz, 2H), 8.16 (d, J = 7.9 Hz, 2H), 
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8.09 (d, J = 9.2 Hz, 2H), 4.16 – 4.05 (m, 4H), 3.88 (s, 6H), 3.71 (s, 6H), 1.80 – 1.69 (m, 2H), 1.51 

– 1.22 (m, 20H), 0.94 – 0.85 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 155.54, 151.55, 151.38, 

148.51, 132.31, 130.48, 129.11, 128.51, 125.64, 124.54, 123.65, 108.66, 41.68, 33.59, 31.86, 29.89, 

29.39, 29.27, 28.23, 27.11, 22.66, 14.11. 

8,8',8'',8'''-(pyrene-1,3,6,8-tetrayl)tetrakis(3,7-dimethyl-1-octyl-3,7-dihydro-1H-

purine-2,6-dione) (PT4). Theo8 (1,932 mg, 76 mmol) and 1,3,6,8-tetrabromopyrene (517 mg, 1 

mmol), pivalic acid (80 mg, 0.8 mmol) and dried Cs2CO3 (3 g, 9 mmol) were added into a 50 mL 

round bottom flask. 15 mL toluene was then adding into the system followed by degassing with 

N2 flow for 10 min. Tris(2-methoxyphenyl)phosphine (122 mg , 0.194 mmol) and 

bis(dibenzylideneacetone)palladium(0) (80 mg, 0.088 mmol) were added to the solution under N2 

flow, and the solution turned purple. The flask was then sealed with a rubber stopper and heated 

to 100 oC. After reacting for 1 day, the system was cooled and filtered. The organic phase was then 

concentrated under reduced pressure. The crude product was purified with column 

chromatography using chloroform/methanol in a ratio of 40:1 as an eluent. 585 mg green-yellow 

solid was obtained in a 43% yield. 1H NMR (500 MHz, CDCl3) δ 8.36 (s, 2H), 8.27 (s, 4H), 4.08 

(t, 8H), 3.91 (s, 12H), 3.68 (s, 12H), 1.73 (m, 8H), 1.47 – 1.23 (m, 40H), 0.92 – 0.87 (m, 12H). 

13C NMR (126 MHz, CDCl3) δ 155.44, 151.42, 149.53, 148.51, 131.43, 131.14, 127.32, 124.79, 

124.64, 109.01, 41.76, 33.86, 31.84, 29.89, 29.37, 29.26, 28.18, 27.08, 22.66, 14.10. 

 

2.3 RESULTS AND DISCUSSION 

 

 The synthetic route to PT1, PT2 and PT4 is straightforward, beginning with the N-

alkylation of theobromine, as shown in Scheme 2.1. The relatively long octyl chains were 

introduced to increase the hydrophobicity of the final products, improving solubility in common 
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solvents and enabling solution processing. The key intermediate Theo8 was obtained in nearly 

quantitative yield. Subsequently, Theo8 and pyrene were cross-coupled by direct arylation, 

forming PT1, PT2, and PT4 with increasing equivalents of Theo8. Notably, these materials are 

made in just two steps from commercially available starting materials. In contrast, it would take 

two extra steps to synthesize these materials via Suzuki coupling: converting brominated pyrenes 

to pyrene boronic esters and brominating Theo8. Moreover, as for products with high 

functionalities such as PT4, their overall yields would be significantly reduced with each step 

added to the overall route due to relatively higher incomplete conversion of each synthetic step.  

As hypothesized, these three compounds show high PLQYs in both solid state and solution, and 

their absorption and emission spectra are shown in Figure 2.2. Notably, PT1 shows the highest 

PLQYs of all, approaching 100% both in solution and as thin films. Increasing the ratio of Theo8 

leads to a decrease of PLQYs as thin films, as shown in Table 2.1, consistent with the 

photoluminescence lifetime measurements in Figure. 2.3. Increasing the amount of Theo8 in the 

molecules increases the size of their conjugated systems. This could lead to the increase in 

intermolecular π overlap in solid state, facilitating ACQ and thus lowering solid-state PLQYs.  

Scheme 2.1. The syntheses of PT1, PT2 and PT4. 
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Figure 2.2. Absorption and PL spectra of a) PT1, b) PT2 and c) PT4 in the concentration of 

10-5 M at room temperature. 

 

 

Table 2.1. Summary of photophysical details of PT1, PT2 and PT4 in 10-5 M chloroform and 

as thin films. 

 

Figure 2.3. PLQY lifetime measurements of PT1, PT2 and PT4 as thin film.  

 

Table 2.2. PLQY lifetime values of PT1, PT2 and PT4 as thin film.  

 

 

 Solution Thin film 

 

abs, 

max 

/nm 

PL, 

max 

/nm 

abs, 

onset 

/ nm 

Energy 

gap 

/eV 

PLQY 

/% 

abs, 

max 

/nm 

PL, 

max 

/nm 

abs, 

onset 

/nm 

Energy 

gap 

/eV 

PLQY 

/% 

PT1 343 432 395 3.13 100 360 475 409 3.03 95 

PT2 367 455 420 2.95 100 380 485 440 2.81 90 

PT4 400 474 457 2.71 85 430 530 490 2.53 74 

 PT1 PT2 PT4 

LE state lifetime 2.75 ns 1.67 ns 1.78 ns 

ICT state lifetime 10.27 ns 2.81 ns 2.15 ns 
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Molecular packing has significant impacts on solid-state PLQYs.40 We thus investigated 

how the molecules are arranged through single crystal X-ray diffraction (SCXRD) (Figure. 2.4). 

The dihedral angles between theobromine and pyrene are relatively large: 63°, 80° and 47° for 

PT1, PT2 and PT4 respectively. These large dihedral angles are caused by the steric repulsion 

between pyrene and the adjacent methyl group on theobromine. This steric repulsion forces these 

molecules to adopt a twisted conformation which prevents the π-π interaction between pyrene 

cores. Figure 2.4 shows the crystalline molecular arrangement of PT1, PT2 and PT4. While each 

compound has different packing patterns, in all cases theobromine drives self-assembly, due to 

strong polar interactions between the lactam groups. Meanwhile, the pyrenes and alkyl chains are 

arranged according to the positioning of the theobromine moieties. As a result, adjacent pyrenes 

are separated from each other, effectively suppressing pyrene’s ACQ in the solid state. 

 As shown in Table 2.2, increasing the theobromine ratios leads to spectral redshifts in 

absorbance and emission, which implies that theobromine is conjugated to the luminophore it 

attaches to. This presents an apparent contradiction with the large dihedral angles observed by 

SCXRD, which would limit any such conjugation. It is proven feasible and widely applied using 

gas-phase density function theory (DFT) simulations as close approximations for spincoated films 

considering their amorphous nature.  Molecular orbitals (MOs) were simulated based on B3LYP 

functional and 6-31g (d) basis set to investigate the apparent conjugation between theobromine 

and pyrene despite the large dihedral angles. Notably, there is an unusual distribution in the ground 

state (S0) MOs of both PT1 and PT2, as circled in Figure 2.5. Despite the large dihedral angle 

between the pyrene and theobromine moieties, 63° for PT1 and 80° for PT2, the orbital symmetries 

allow for MO overlap between the two moieties, intertwining around the single bond linkage. On 
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the other hand, with a relatively smaller dihedral angle of 47°, the MOs of PT4 extend through the 

molecule as commonly seen in other planar conjugated structures. 

 

Figure 2.4. Crystal structures of PT1 (Top), PT2 (middle) and PT4 (bottom). H atoms, C 

atoms, N atoms and O atoms are labelled in white, grey, blue and red respectively. Distances 

between pyrenes moieties are given in green in the unit of Å. 
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Figure 2.5. Ground state and excited state MOs of PT1, PT2 and PT4. The red circles 

highlight the differences of MOs at the pyrene-theobromine linkage.  

 

In all three molecules, the MOs are spread out among the whole molecule in S0, while in 

the first singlet excited state (S1) the MOs are more localized onto the pyrene moieties. Therefore, 

their S0→S1 transitions contain a major part of locally excited (LE) transition of pyrene and a 

minor part of an intra-molecular charge transfer (ICT) transition from theobromine to pyrene. This 

implies that the S1 MO is a hybridized local and charge-transfer excited (HLCT) state, as a result 

of LE state and ICT state inter-crossing.42,43 HLCT states were further confirmed by 

solvatochromic experiments in PT1, PT2 and PT4, as shown in Figure 2.6. HLCT states are crucial 

for the design of next-generation electroluminescence devices, where triplet excitons are converted 

S0 

PT1 

PT2 

PT4 

S1 
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into singlets excitons for fluorescence, breaking the theoretical limit of fluorescence devices.  

Notably, previous research has pointed out large dihedral angles are responsible for the formation 

of HLCT states and DFT simulations have shown that the energy curves of LE state and ICT state 

can crossover when its dihedral angle is sufficiently large.44 Using our method, attaching 

theobromine moieties onto luminophores via direct arylation, one can easily introduce large 

dihedral angles into organic luminophores, thus inducing HLCT states in resulted materials.   

 As shown in Table 2.2, these pyrene-theobromine compounds possess high solid-state 

PLQYs and large Stokes shifts, which make them potential candidates for organic laser 

application.45  We therefore studied their waveguiding properties in the solid state.  When 

photopumping of the film is intense enough, spontaneously emitted photons are waveguided 

through the gain medium and amplified by stimulated emission, resulting in amplified spontaneous 

emission (ASE). To measure their ASE thresholds, a 375 nm laser beam was focused through a 

cylindrical lens into a stripe and used to photoexcited the thin film at a normal angle. Emission 

was collected from the edge of the film. Figure.2.8 shows fluence-dependent emission spectra of 

a 90 nm thin film of PT2 on a glass substrate. Its output spectrum significantly narrowed as the 

excitation fluence was raised above 20 μJ/cm2. This spectral narrowing was accompanied by a 

sudden increase in output intensity vs. excitation fluence curve (Figure 2.8b). Taken together, 

Figure 2.8a & 2.8b indicate that the ASE threshold for PT2 is 20 μJ/cm2. In contrast, we did not 

observe ASE in PT1 and PT4 films of ~50 nm. Although emission was waveguided through the 

excitation area, PL emission intensity increased with pump intensity only in a linear fashion over 

several orders of magnitude (Figure. 2.7 & 2.9). We were not able to obtain smooth films of 90 

nm from PT1 and PT4 because of the poor film-forming ability of small molecules in general.46,47   
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Figure 2.6. (top) PL solvatochromic experiments of a) PT1, b) PT2 and c) PT4 in the 

concentration of 10-5 M at room temperature. (bottom)Absorption solvatochromic experiments of 

a) PT1, b) PT2 and c) PT4 in the concentration of 10-5 M at room temperature.  

 

 

 

 

Figure 2.7. a) Emission spectra of a ~50 nm thick PT1 film collected from the edge with 

different excitation. b) Output intensity from the film edge as a function of the excitation fluence. 

c) PMO and MC modelling of PT1 and PMO*MC was scaled to fit in the same plot. 
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Figure 2.8. a) Emission spectra of a 90 nm thick PT2 film collected from the edge with 

increasing excitation fluence. b) Output intensity from the film edge as a function of the 

excitation fluence. c) PMO and MC modeling of PT2 and PMO*MC was scaled to fit in the 

same plot; experimental thresholds are plotted within for comparison. 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. a) Emission spectra of a ~50 nm thick PT4 film collected from the edge with 

different excitation. b) Output intensity from the film edge as a function of the excitation fluence. 

c) PMO and MC modelling of PT4 and PMO*MC was scaled to fit in the same plot. 

 

It is well-known that ASE threshold is dependent on film thickness,47 and Bradley et al. 

calculated that a film thickness of 40 – 70 nm, depending on the compound, is a prerequisite for 

ASE.48  We did not observe ASE in the 50 nm films of PT1 and PT4, likely because their thickness 

cut-offs are located at the upper end of 40 -70 nm range. We next investigated the theoretical 

thickness for the lowest ASE threshold in PT2 films based on the method reported by Anni et al.,46 

using optical constants determined via a previously reported transfer matrix method49 (Figure 

2.10).  Briefly, we assume that the ASE threshold thickness dependence is governed by two factors: 

(1) the spatial overlap between the pump electric field and the guided mode (pump mode overlap, 
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PMO in Figure 2.7c, 2.8c, 2.9c) and (2) the fraction of the guided mode that exists within the 

organic film (mode confinement, MC in Figure 2.7c, 2.8c, 2.9c).  We simulated the waveguiding 

of 0-1 emission, resolved from low-temperature PL measurements (Figure 2.11) in a SiO2-PT film-

air slab waveguide. Figure 2.7c, 2.8c, 2.9c show MC and PMO in the waveguide as a function of 

film thickness. The ASE threshold, which is inversely proportional to the product of PMO and 

MC,25a reached a minimum around 100 nm. This is consistent with our thickness-dependent ASE 

measurement, where ASE thresholds of PT2 decreased from 50, 30 to 20 μJ/cm2 as the film 

thickness increased from 50, 60 to 90 nm. No ASE was observed in PT2 film of 30 nm, in 

agreement with the calculation by Bradley et al.47 

 

Figure 2.10. Refractive index and extinction coefficient used for ASE threshold simulation. 

 

Figure 2.11. Temperature dependent PL spectra of a) PT1, b) PT2 and c) PT4 in chloroform 

solution with the concentration of 10-5 M. 
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2.4 CONCLUSION 

In this paper, we demonstrated that ACQ in pyrene can be effectively suppressed by 

modifying them with theobromine moieties via direct arylation. With this green and low-cost 

method, we synthesized three highly fluorescent pyrene-theobromine prototypes in two steps. 

SCXRD results showed the intermolecular π-π interaction between pyrenes were hindered due to 

the large dihedral angles introduced by theobromine moieties. As a result, ACQ was suppressed 

in these compounds and they are highly emissive both in solution and as solid. In addition, large 

dihedral angles further induce the formation of HLCT states in these molecules, which is verified 

by DFT simulation and solvatochromic experiments. We further explore their potentials in OL via 

ASE measurements, where PT2 showed an optimal threshold of 20 μJ/cm2. In summary, we 

presented a green and low-cost method to suppress ACQ in organic semiconductors and Dinduce 

HLCT states at the same time, offering a solution for the scalable material production for next-

generation electroluminescence devices. 
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Chapter 3. GREEN SYNTHESES OF STABLE AND EFFICIENT ORGANIC 

DYES FOR ORGANIC HYBRID LIGHT-EMITTING 

DIODES    

(This chapter is adapted from a paper published by Yunping Huang during this Ph.D program)50  

 

3.1 INTRODUCTION 

 In the last chapter, we discussed the underlying mechanism that enables the high PLQYs 

of the theobromine-derived fluorescent dyes, and how their optoelectrical properties, such as 

absorptions and emission, are largely dependent on the center chromophore.28 This suggests the 

optoelectronic properties of the resulting materials can be easily tuned by only changing the center 

chromophore. In this chapter, we discuss the design and synthesis of a series of theobromine-

derived organic phosphors with different center chromophores to expand their spectral coverage. 

Furthermore, their potential as light converting layers in LEDs is discussed. 

Figure 3.1. The structure comparison between a phosphor-converted LED and an organic 

hybrid-LED. In phosphor-converted LEDs, a portion of light is scattered and reabsorbed by the 

LED chip and phosphor powders, which reduces the overall output of the device. 

 

LEDs are the foundation of lighting and display products surrounding us. While they have 

obtained great success in the commercial market, related research and development activities 

remain highly active aiming to enhance factors such as energy efficiency, stability, and 
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environmental sustainability.9,51,52  Currently, commercial LED products comprise of two key 

components: an indium gallium nitride LED backlight with emission centered at 450 nm to cover 

the blue region of the visible spectrum, and powder inorganic phosphors on top converting blue 

light into longer wavelengths (e.g., green and red) to tune the emission of the device (Figure 3.1). 

A drawback of inorganic phosphors is that scattering of the emission from the micron-sized 

phosphor powders leads to substantial backscattering and subsequent absorption of the emission 

into the LED chip, and reabsorption losses in the phosphor itself, both of which reduce the overall 

light output of the final LED device.51,53,54 In addition, there are environmental concerns over the 

use of inorganic phosphors because they are synthesized from rare-earth and/or heavy metallic 

elements where mining and refinery activity leads to deforestation, loss of biodiversity and air, 

water and soil pollution.51,55-57  Organic dyes possess environmental advantages over inorganic 

phosphors because they are π-conjugated molecules made from abundant elements (C, H, N, O, 

etc.) and are potentially bio-sourced. As shown in Figure 3.1, by switching inorganic phosphors in 

LEDs to organic dyes, the resulting hybrid-LEDs could be manufactured with improved 

environmental sustainability. Moreover, organic dyes are fluorescent materials capable of 

addressing the light scattering problems faced by inorganic phosphors, simply by adjusting 

solubilizing sidechains attached to their fluorescent cores.27 The appropriate sidechain can hinder 

the self-aggregation of organic dyes and tune their solution processability, which is crucial for 

homogeneous materials with high transparency. However, at present most fluorescent dyes are 
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unstable in ambient conditions due to photooxidation,58-60 a problem that must be addressed before 

organic hybrid-LEDs become commercially viable.  

Figure 3.2. The mechanisms generating highly reactive radical species responsible for the 

breakdown of π-conjugated systems. The LUMO alignments and charge transfer mechanism in 

degradation pathway 2 will be discussed in Section 3.3.2 and Figure. 3.8. 

  

Figure 3.2 summarizes two major degradation pathways of π-conjugated molecules.58,59,61-

65 Degradation pathway 1 is directly associated with the sidechains of the π-conjugated molecules. 

Radicals can form on the methylene groups directly bonded to the π-conjugated backbone or 

heteroatoms with assistance from oxygen.64 The resultant radicals can subsequently initiate the 

degradation of the π-conjugated molecule. Degradation pathway 2 is associated with the reactivity 

of organic dyes towards ground-state triplet oxygen (3O2) in the atmosphere. When an organic dye 

molecule is excited by light, an electron will be promoted to the lowest unoccupied molecular 

orbital (LUMO) from the highest occupied molecule orbital (HOMO). When the LUMO of the 

organic dye is shallower than the electron affinity (EA) of 3O2 (-3.75 eV), it is energetically 

favorable for the electron in the LUMO of the organic dye to transfer to 3O2. This is followed by 

the formation of a radical cation of the π-conjugated moiety and a superoxide radical (O2
-●), the 

latter of which is highly reactive and initiates the degradation of the π-conjugated structure. 
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Notably, it has been concluded that singlet oxygen (1O2) has minimal effect on the degradation of 

the organic semiconductors investigated.59,66 

 Figure 3.3 The structure of the proposed molecular architecture and its structural 

characteristics to suppress degradation pathway 2. 

 

Considering the significance of sidechains for transparent high-performance materials, it 

is more practical to enhance their stability via lowering the energy levels of organic dyes instead 

of removing sidechains. Introducing electron-withdrawing moieties into organic dye lowers their 

energy levels. Therefore, in this contribution we present a novel “acceptor-acceptor” skeleton for 

fluorescent organic dyes with enhanced stability, comprising thiadiazole and theobromine as 

shown in Fig. 3. Thiadiazole is an electron-withdrawing moiety; its derivatives, such as 

benzo[c][1,2,5]thiadiazole (BT)67-69 and naphtho[2,3-c][1,2,5]thiadiazole (NT),70,71 have been 

applied in the design of high-performance OLEDs covering wavelengths from green to infrared. 

Recently, electron-withdrawing theobromine was used in a low-cost and green molecule design 

that suppresses aggregation caused quenching of fluorescence, which is crucial for synthesizing 

materials with high photoluminescence quantum yields (PLQYs), while simultaneously enhancing 

solution processability of organic dyes.28 Chromophores are covalently linked to alkylated 

theobromine at the 9-position, sterically repulsing the methyl group at the 8-position of 

theobromine (Figure 3.3). The resulting molecules therefore adopt highly twisted conformations 

with large dihedral angles between the chromophore and the theobromine moiety, which prevents 

                                                    

                          

                    

                        



 

42 

 

the close interaction among chromophores and therefore suppresses aggregation caused quenching 

(ACQ) of fluorescence. We hypothesized that by incorporating these two electron-withdrawing 

moieties in a single molecule, the HOMO and LUMO energy levels would be substantially 

lowered.  This should inhibit degradation pathway 2, an additional benefit along with the 

previously observed improvements in fluorescence and processability crucial for film 

transparency. To examine our hypothesis, two molecules consisting of theobromine and 

thiadiazole, Theo-Green and Theo-Red (Figure 3.3), were synthesized respectively. Four other 

structurally representative organic dyes were included in the experiment to determine the scope of 

this hypothesis, which affords a comprehensive understanding of the relationship between 

structure and photostability. 

3.2 MATERIAL SYNTHESIS AND EXPERIMENTAL PROCEDURES 

3.2.1 Synthetic procedures 

Theobromine, 1-bromooctane, R305 DCJTB, 4,7-dibromo-benzo[c][1,2,5]thiadiazole 

were purchase from TCI. Bis(dibenzylideneacetone)palladium(0) anhydrous xylene and pivalic 

acid were purchased from Sigma Aldrich. K2CO3 and Cs2CO3 were ground into a powder and 

dried at 120 °C overnight before reactions. Reactions were run under N2 atmosphere using standard 

Schlenk techniques and detailed synthesis procedures are described below. Theo828 and  4,7-

dibromobenzo[c][1,2,5]thiadiazole71 were prepared according to literature procedures. NMR was 

taken with Bruker 500 MHz spectrometer. 

 

8,8'-(benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(3,7-dimethyl-1-octyl-3,4,5,7-tetrahydro-

1H-purine-2,6-dione) (Theo-Green). Theo8 (1,932 mg, 7 mmol) and 4,7-

dibromobenzo[c][1,2,5]thiadiazole (873 mg, 3 mmol), pivalic acid (80 mg, 0.8 mmol) and dried 
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Cs2CO3 (3 g, 9 mmol) were added into a 50 mL round bottom flask. 25 mL o-xylene was then 

adding into the flask, followed by degassing with N2 flow for 10 min. Tris(2-

methoxyphenyl)phosphine (122 mg, 0.194 mmol) and bis(dibenzylideneacetone)palladium(0) (80 

mg, 0.088 mmol) were added to the solution under N2 flow, and the solution turned purple. The 

flask was then sealed with a rubber stopper and heated to 100 °C. After reacting for 1 day, the 

system was cooled and filtered. The organic phase was then concentrated under reduced pressure. 

The crude product was further purified with column chromatography using 

dichloromethane/methanol in a ratio of 40/5 as an eluent. 1.31 g yellow solid was obtained in 61% 

yield.  1H NMR (500 MHz, Chloroform-d) δ 8.10 (s, 2H), 4.10 – 4.02 (m, 4H), 4.00 (s, 6H), 3.64 

(s, 6H), 1.75 – 1.63 (m, 4H), 1.47 – 1.21 (m, 20H), 0.91 – 0.84 (m, 6H). 13C NMR (126 MHz, 

CDCl3) δ 155.93, 153.11, 151.88, 148.87, 148.10, 132.60, 124.81, 110.04, 42.15, 34.79, 32.30, 

30.26, 29.72, 28.62, 27.52, 23.12, 14.56. 

 

8,8'-(naphtho[2,3-c][1,2,5]thiadiazole-4,9-diyl)bis(3,7-dimethyl-1-octyl-3,4,5,7-

tetrahydro-1H-purine-2,6-dione) (Theo-Red). Theo8 (1,932 mg, 7 mmol) and 4,7-

dibromobenzo[c][1,2,5]thiadiazole (1,032 mg, 3 mmol), pivalic acid (80 mg, 0.8 mmol) and dried 

Cs2CO3 (3 g, 9 mmol) were added into a 50 mL round bottom flask. 25 mL o-xylene was then 

adding into the flask, followed by degassing with N2 flow for 10 min. Tris(2-

methoxyphenyl)phosphine (122 mg, 0.194 mmol) and bis(dibenzylideneacetone)palladium(0) (80 

mg, 0.088 mmol) were added to the solution under N2 flow, and the solution turned purple. The 

flask was then sealed with a rubber stopper and heated to 100 °C. After reacting for 1 day, the 

system was cooled and filtered. The organic phase was then concentrated under reduced pressure. 

The crude product was further purified with column chromatography using 

dichloromethane/methanol in a ratio of 40/5 as an eluent. 1.20 g red solid was obtained in 52% 
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yield. 1H NMR (500 MHz, Chloroform-d) δ 7.97 (ddd, 2H), 7.72 – 7.48 (m, 2H), 4.19 – 3.98 (m, 

4H), 3.82 (s, 6H), 3.67 (s, 6H), 1.91 – 1.63 (m, 4H), 1.50 – 1.21 (m, 20H), 0.94 – 0.77 (m, 6H). 

13C NMR (126 MHz, CDCl3) δ 155.88, 151.91, 151.46, 148.96, 146.98, 134.70, 129.75, 126.76, 

119.65, 109.58, 42.19, 33.95, 32.31, 30.37, 29.73, 28.64, 27.55, 23.12, 14.58. 

3.2.2 Density functional theory calculation results 

Chemical structures of all three molecules were imported from Chemdraw into Gaussview 

5.0. Density functional theory calculations were performed using the Gaussian 16 (Revision 

b.01) software package. Structure optimizations were performed under the B3LYP functional 

and 6-31g (d) basis set. Once the optimization was complete, the saved checkpoint files were 

converted to form check files before being converted to cube files using the cubegen utility. The 

cube files were opened in Gaussview 5.0 and images of the molecular orbitals of each molecule 

were taken. This work was facilitated through the use of advanced computational, storage, and 

networking infrastructure provided by the Hyak supercomputer system and funded by the STF at 

the University of Washington. 

  
Figure 3.4 Optimized geometry of Theo-Green and Theo-Red. 
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Figure 3.5 Frontial molecule orbitals of Theo-Green and Theo-Red. 

 

3.2.3 Monitoring singlet oxygen generation  

Procedure: An organic dye (0.005 mmol) and the singlet oxygen scavenger (diphenyl 

anthracene) (0.005 mmol) was weighed and added into a beaker, and 50 ml anisole was added to 

the beaker resulting in a clear solution. The dye concentration and scavenger concentration were 

both 10-4 M. The same procedure was repeated for the other organic dyes. 

The resulting solutions in beakers were radiated in the open air with a 450 nm LED of ~90 

mW/cm2, and solution samples were collected from the beaker at 0, 20, 40, 60, 80 and 100 min. 

The UV-vis spectra of these collected samples were measured, with 10-4 M anisole solution 

of respective dyes as a reference, so that we could directly monitor the changes in the diphenyl 

anthracene absorption. With the presence of singlet oxygen, diphenyl anthracene will be consumed 

(Scheme 3.1) and thus will lose its absorption features in the ultraviolet region.72. 

                 

                 

               

               



 

46 

 

 

Scheme 3.1 The singlet oxygen scavenging mechanism of diphenyl anthracene. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1  The Streamlined Syntheses of Theo-Green and Theo-Red 

Theo-Green and Theo-Red were synthesized according to Scheme 3.2 using a concise and 

straightforward pathway. To begin with, an n-octyl chain was attached to theobromine (an 

abundant non-toxic natural product) to increase the solubility and processability of the final 

products. Alkylation on theobromine afforded the intermediate in quantitative yield. The second 

and final step in this simple synthesis is direct arylation, an atom- and step-efficient cross-coupling 

methodology,34,35 to couple the octyltheobromine with chromophores of interest to yield the final 

products. Compared to Suzuki and Stille coupling commonly applied in organic dye syntheses, 

direct arylation requires no pre-functionalization to the boronic ester or organotin intermediate. 

This shortens the overall synthetic procedure and bypasses the use of explosive organolithium or 

toxic organotin compounds, further lowering the cost and environmental risk in industry-scale 

production.35 The cross-coupling reaction between octyltheobromine and BT and NT yields the 

green-emitting Theo-Green and the red-emitting Theo-Red in decent yields, 61% and 51%, 

respectively.  
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Scheme 3.2 The synthetic routes of Theo-Green and Theo-Red.  

 

Figure 3.4 shows the absorption and photoluminescence spectra of Theo-Green and Theo-

Red with the emission spectra of BT and NT for comparison. The PL of Theo-Green and Theo-

Red are red-shifted compared to those of their original chromophores, BT and NT respectively, 

indicating the theobromine moieties are conjugated to the center chromophores. Figure 3.5 shows 

frontier molecular orbital simulations of Theo-Green and Theo-Red generated based on the 

B3LYP functional and 6-31g(d) basis set. HOMOs of Theo-Green and Theo-Red extend 

throughout the whole molecules, while their LUMOs are more localized on the BT/NT core. This 

indicates a weak charge transfer feature in their HOMO-LUMO transitions while the local excited 

feature is predominant. The charge transfer feature is more pronounced in Theo-Red as 

demonstrated by the less spatial overlap between its HOMO and LUMO. This introduction of 

theobromine extends the conjugation of the BT/NT core and thus led to redshift emissions of Theo-

Green and Theo-Red as regards to BT and NT respectively. We observed little overlap between 

their absorption and emission spectra, which is stemmed from the large dihedral angles between 

theobromine and the centered chromophores.28 This minimal overlap between absorption and 
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emission, namely minimal self-absorption, is essential in minimizing light attenuation within 

materials and increasing the efficiency of final devices, including not only hybrid-LEDs, but also 

lasers and luminescence solar concentrators. 45,73   

 

Figure 3.6 The absorption (ABS) and photoluminescence (PL) spectra of Theo-Green (left) 

and Theo-Red (right) in 10-5 M chloroform solutions (Sol) and as thin films. The PL of 

benzo[c][1,2,5]thiadiazole (BT) and naphtho[2,3-c][1,2,5]thiadiazole (NT) in chloroform is also 

included. 

  

3.3.2  Structure-Photostability Relationship 

Scheme 3.3 shows other organic dyes we studied to illustrate the relationship between 

structure and photostability. The selection criteria are as follows: First, BT-TPA and Theo-Green 

both contain a BT core, but the triphenylamine (TPA) moieties in BT-TPA are electron-donating 

with no side chains. This is in contrast with the electron-withdrawing alkylated theobromine, 

allowing direct comparison of the two degradation pathways in Fig. 2. It is worth mentioning that 

TPA is a popular building block for widely applied “donor-acceptor” dye molecules, which is also 

in contrast to our “acceptor-acceptor” design. Second, the TPA counterpart for Theo-Red, NT-

TPA, absorbs little light around 450 nm and was excluded from this study,74 as 450 nm is a standard 

backlight for most LEDs and well absorbed by the other dyes. Third, PT428 was chosen to better 
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illustrate the significance of the electron-withdrawing thiadiazole on stability within the 

theobromine-derived molecules. Compared to Theo-Green and Theo-Red, PT4 possesses a 

shallower LUMO, as pyrene is electron-neutral while BT and NT are both electron-withdrawing. 

Most commercial organic dyes are not suitable for light converting applications because of 

fluorescence quenching.29 However, R30573 and DCJTB75-77 are commercial organic dyes that are 

well-suited for such applications and thus were chosen to expand the scope of the photostability 

study. While R305 has deep LUMO levels, the LUMO of DCJTB is significantly shallower due to 

the presence of the electron-donating aryl amine moiety. Therefore it is expected that these two 

commercial dyes will have distinctly different photostability parameters. Notably, R305 is one of 

the most stable fluorescent organic dyes reported thus far, with its fluorescence intensity 

unchanged during 6-year of outdoor exposure when imbedded in poly(methyl methacrylate) 

matrix.78 
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Scheme 3.3 The structures of other organic dyes studied, and polymers screened for the 

fabrication of light-converting films. 

 

The energy levels of the organic dyes were subsequently determined with UV-Vis 

absorption spectroscopy and ultraviolet photoelectron spectroscopy (UPS) in tandem. The absolute 

positions of their HOMOs (EHOMO) were measured by UPS, while their bandgaps (Eg) were 

calculated from their thin-film absorption onset. The positions of their LUMOs can be estimated 

with  
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𝐸𝐿𝑈𝑀𝑂 =  𝐸𝐻𝑂𝑀𝑂  + 𝐸𝑔                                 (1) 

Cyclic voltammetry (CV) was not appropriate for this study because the energy levels of organic 

dyes shift when in contact with the polar solvents used to prevent the dissolution of their thin films 

during CV measurements.79  

Figure 3.7 shows the UPS He (I) spectra of thin films of Theo-Green, Theo-Red, BT-TPA, 

PT4, R305 and DCJTB. The energetic position of the top of their HOMOs can be obtained with 

their highest occupied state (HOS) and cutoffs shown in Fig. 5a & c with this equation: 

𝐸𝑇𝑜𝑝,𝐻𝑂𝑀𝑂 = −(21.2 𝑒𝑉 − (𝐸𝑐𝑢𝑡𝑜𝑓𝑓 − 𝐸𝐻𝑂𝑆))           (2) 

We noticed that relative to vacuum level, the top of the HOMOs of BT-TPA and DCJTB are -4.94 

eV and -4.85 eV respectively, which is distinctly shallower than that of the other compounds. This 

can be ascribed to their extra valence bands centered at low binding energies as shown in Fig. 5b, 

1.75 eV and 2.00 eV for BT-TPA and DCJTB respectively, corresponding to -5.77 eV (BT-TPA) 

and -5.82 eV (DCJTB) relative to vacuum level. Considering that the lone pair electrons of 

trialkylamines have oxidation potential onsets around -5.1 eV (determined by CV),80 the formation 

of these shallow band in BT-TPA and DCJTB can be attributed to the tertiary amines in their 

conjugated systems. The relatively deeper band position of BT-TPA compared to DCJTB can be 

ascribed to the additional two adjacent phenyls that lower the electron density of the lone pair on 

the N atom via n-π interaction in BT-TPA. Although there are tertiary amines present in the other 

organic molecules, their lone pair electrons are closely interacting with electron-withdrawing 

groups (carbonyl and imine), which leads to the formation of 3-center 4-electron (3c–4e) π bond 

and the loss of their lone pair features.40,81 Therefore the other compounds do not have these extra 

bands at lower binding energies.  

The position of the bottom of their LUMOs can be calculated with 
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𝐸𝐵𝑜𝑡𝑡𝑜𝑚,𝐿𝑈𝑀𝑂 =  𝐸𝑇𝑜𝑝,𝐻𝑂𝑀𝑂 +  𝐸𝑔                 (3) 

and the bandgaps of these six compounds are estimated by UV-vis absorption of their thin films 

according to 

𝐸𝑔 =  
1240

𝜆𝑐𝑢𝑡𝑜𝑓𝑓
 eV            (4) 

Their LUMO positions and their frontier band structures are visualized in Fig. 3.8. Two LUMO 

position trends can be observed in this data: 1) molecules that have uplifted HOMOs, BT-TPA and 

DCJTB, also possess shallow LUMO levels. 2) For molecules with similar HOMO positions (e.g., 

PT4, Theo-Red and R305) their LUMO positions deepen as their bandgaps decrease. 

Figure 3.7  UPS results of the six organic dyes. 
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Figure 3.8 Frontier band structures of the six organic dyes of interest. 

 

Photostability measurements were performed to investigate the structure-photostability 

relationship. The organic dyes were spin coated into thin films in ambient condition. Photostability 

measurements of these samples were performed at room temperature in ambient condition under 

constant, full-area excitation by a 450 nm blue LED (the same wavelength as one of the hybrid 

LED device) while the PL intensity emanating from the edge of the samples was monitored over 

time. A strong light intensity of ~90 mW/cm2 was applied in this experiment to accelerate the 

degradation experiments. Figure 3.9 shows the evolution of integrated PL intensity of the six 

molecules as a function of irradiation time. The PL signals of these neat film samples rapidly 

decrease at the beginning of the stability tests and the rate of degradation decreases with time.  We 

speculated that the fast decay is attributed to the degradation of molecules near the solid-air 

interface, while the slow decay is attributed to the degradation of the molecules farther away from 

the solid-air interface, where their degradation is limited by the diffusion of molecular oxygen. 

PT4
Theo 

 reen

Theo 

 ed

 T 

TPA
DCJT 

 305

Electron affinity

of O2 ( 3.75 eV)

eV

 3.13
 3.30

 3.54

 2.73
 2.87

 3.66

 5.69
 5.76

 5.64

 4.94
 4.85

 5.66

L  O bottom

HO O top

 7.40

 8.00

 7.10

 5.77  5.82

 7.42

HO O 1

HO O 2 9.32

 8.31
 8.09

 7.58

 8.54
 8.60

 9

 8

 7

 6

 5

 4

 3



 

54 

 

This was supported by our degradation experiment of thicker dye-SBS composites, where the fast 

decay rate changed little compared to the neat films, while the slow decay rate was decreased (see 

Figure 3.10). Figure 3.10 shows the degradation profiles of these organic dyes in other polymer 

matrices. We observed the oxygen permeability and the polarity of the polymer hosts have 

significant impacts on the photostability of organic dyes.   

Figure 3.9 PL decays of the organic dyes under 450 nm radiation in air. The PL of DCJTB 

was measured ex situ with an integrating sphere because of aggregation caused quenching and 

thus low fluorescence as thin film.  
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Figure 3.10. Stability results of the organic dyes samples (as thin films and in different 

polymer matrices). 
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PT4, BT2, NT2 and R305 have similar structural features (amide groups and alkyl side 

chains) but different LUMO levels. We observed that R305 has the best stability, followed by 

NT2, BT2, and PT4, which is consistent with the trend of LUMO depth and increased stability 

suggested by degradation pathway 2 in Figure 3.2. On the other hand, BT-TPA shows significantly 

higher stability relative to DCJTB and PT4 despite the fact that DCJTB, BT-TPA and PT4 have 

similar LUMO depths around -3 eV. This agrees with degradation pathway 1, where the presence 

of sidechains accelerates the photodegradation of organic dyes. On the contrary, the stability of 

Theo-Green is comparable to the stability of BT-TPA, even though the six extra side chains per 

molecule should significantly facilitate degradation pathway 1. This indicates that degradation 

pathway 2 in Theo-Green is successfully suppressed by modifying the electron-withdrawing 

theobromine to lower the LUMO energy level. Notably, the degradation mechanism from singlet 

oxygen formation could be excluded because we did not observe the formation of singlet oxygen 

from these six molecules under 450 nm radiation, as shown in Figure 3.11, which is consistent 

with previous work.59,66 This trend that we observed with these six fluorescent dyes agreed with 

the trend of non-fluorescent organic semiconductors used in organic solar cells, together providing 

a more comprehensive understanding of the degradation of organic semiconductors. 58,59,61-65 

 oreover, the above results highlight the importance of the “acceptor-acceptor” design on 

stability: First, only utilizing one type of acceptor (e.g., PT4) is not sufficient to lower the energy 

levels enough to decelerate degradation pathway 2, and second, the incorporation of donor 

moieties is detrimental to stability due to the simultaneous uplifting of HOMO and LUMO (e.g., 

DCJTB and BT-TPA), which points out the stability drawback of the commonly applied “donor-

acceptor” molecule design. While the stability of Theo-Red is significantly improved compared to 

most dyes, it did not exceed the current stability record of R305. However, Theo-Red substantially 
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outperforms R305 in hybrid-LEDs due to enhanced fluorescence intensity and transparency, which 

will be elaborated in the following section. 

 

Figure 3.11. The monitoring of singlet oxygen generation from the six organic dyes. 

 

  

3.3.3  Lighting-converting efficacy in hybrid-LEDs 

In light of the enhanced stability of the Theo-Green and Theo-Red, we believe these dyes 

have great commercial potential in hybrid-LEDs. Moreover, Figure 3.6 shows that Theo-Green 

and Theo-Red have large emission bandwidths with full-width half maximums around 100 nm, 

which is beneficial to obtain lighting devices with high color fidelity index (CFI). CFI is an updated 

and comprehensive standard proposed recently to address the disadvantages of the incumbent color 

rendering index (CRI) standard. 82 Recent results have demonstrated it requires a smaller number 

of large-bandwidth emitters83 to achieve high CFIs compared to narrow-bandwidth emitters.84 As 

shown in Figure 3.1, there are two major components in a hybrid-LED: a blue light source and a 



 

58 

 

light-converting layer. In operation, a portion of the blue light emitted from the light source is 

converted to longer wavelengths by the light converter chosen. As such, the emission of a hybrid-

LED is easily tuned by varying the converter, instead of integrating extra LEDs of different colors. 

The overall efficiency of a hybrid-LED is directly related to the efficiency of the blue LED that 

converts electricity to blue lights and the efficiency of the light converter that converts blue light 

into other wavelengths.51,52 

PLQYs were used to quantify the light converting efficiency of the organic dyes, which 

can be directly measured by an integrating sphere. Due to the influence of the bandgap law,85,86 it 

is challenging to obtain narrow bandgap materials, especially red emitters, with high PLQYs. A 

narrowed bandgap increases the chance of overlapping of vibronic modes between ground states 

and excited states within an emitter, which facilitates non-radiative decays via electron-phonon 

coupling and leads to a reduced PLQY. The PLQYs of spin-coated films of Theo-Green and Theo-

Red were 46.4% and 30.2% respectively, even with the presence of the theobromine moieties that 

suppress aggregation quenching. Therefore, external factors are needed to further increase the 

PLQYs of these dyes and thus the overall efficiency of a final hybrid-LED. 

The polarity of the organic dyes’ surrounding environments strongly influences their 

PLQYs – generally PLQYs decrease with increasing polarity. 67,74 Therefore, the PLQYs of Theo-

Green and Theo-Red in solvents of different polarity were measured and summarized in Table 1. 

The PLQYs of both Theo-Green and Theo-Red decrease as the polarity of the solvents increases, 

which is consistent with the general trend. High polarity environments  intramolecular charge 

transfer states of the excited molecules, where non-radiative decay is more pronounced due to the 

limited spatial overlap between their HOMOs and LUMOs.69   

 



 

59 

 

Table 3.1 The PLQYs of Theo-Green and Theo-Red solution at the concentration of 10-5 M 

measured with an integrating sphere. 

 

Solvent 

Polarity 

Relative 

to water 

Theo-

Green 

[%] 

Theo-Red 

[%] 

Hexane 0.009 96.7 91.3 

Toluene 0.099 90.9 77.4 

Ether 0.117 92.0 63.2 

Anisole 0.198 80.5 43.0 

Chloroform 0.259 77.5 45.1 

Dichloromethane 0.309 71.8 62.6 

Acetonitrile 0.460 2.4 0 

 

This polarity-PLQY relationship is also applicable in dye-polymer composites. We 

blended Theo-Green and Theo-Red with different polymers (listed in Scheme 3.3) at 1 wt% and 

measured the PLQYs (Table 3.2). It is observed that the PLQY of the dye-polymer composites 

decrease as the polarity of the polymers increase. In both solution and thin films, the PLQY of 

Theo-Red has a stronger dependence on polarity than Theo-Green, which can be explained by the 

stronger charge transfer feature in its excited state (Figure 3.5) and the fact that increased polarity 

of the environment induces larger special separation between its HOMO and LUMO. A slight 

decrease in PLQYs were observed with increasing content of Theo-Green or Theo-Red in SBS. 

This PLQY decrease in higher organic dye concentration is associated with an increase of film 

polarity, considering the polar nature of theobromine. The higher PLQY of the 20:100 Theo-Red-

SBS sample compared to 20:100 Theo-Green-SBS can be ascribed to its limited solubility in SBS 

and aggregation at such a high concentration (Figure 3.11). SBS yields the highest PLQYs due to 

its low polarity and thus was chosen for the subsequent fabrication of the hybrid-LED device.   
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Table 3.2 The PLQYs of Theo-Green and Theo-Red polymer complex with varied blending 

ratio measured with an integrating sphere. 

 

 

In down-conversion LEDs, PLQYs are also commonly applied in evaluating the light 

converting efficiency of transparent materials (e.g., organic dyes,87-89 quantum dots,90-92 and 

fluorescent proteins93-95). On the other hand, micron-size inorganic phosphors utilize slightly 

different efficiency metrics compared to the other transparent light converters due to their optically 

opaque nature; these metrics are external quantum efficiency (EQE) and internal quantum 

efficiency (IQE).  Similar to PLQY, IQE evaluates the non-radiative loss in light conversion. 

However due to the significant scattering loss within the phosphor powder, it is more accurate to 

use EQE to describe the down-conversion process of the actual device, leveraging energy loss 

from both non-radiative decay and scattering.   

  The scattering loss in transparent composites such as organic dyes and quantum dots are 

minimal and therefore two parameters are not typically reported and most only report PLQY. As 

shown in Table S2, the PLQYs of Theo-Green and Theo-Red-SBS composites are comparable to 

the state-of-art results in recent years.  

Polymer host 
Film composition 

Dye:polymer weight ratio 

Theo-Green 

[%] 

Theo-Red 

[%] 

SBS 0.1:100 95 90 

SBS 1:100 94 87 

SBS 10:100 71 61 

SBS 20:100 49 56 

P(S-co-MMA) 1:100 93 79 

PMMA 1:100 91 75 

PVP 1:100 80 61 
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Table 3.3 PLQY comparison of current state-of-art phosphors from different categories. 

Phosphor(@Matrix) Catagory Color 

Emission 

peak 

[nm] 

PLQY/ 

EQE 

[%] 

Reference 

Theo-Green@SBS Bio-derived, organic dye Green 555 94 a,d) This work 

Theo-Red@SBS Bio-derived, organic dye Red 603 87 a,d) This work 

PT4@SBS Bio-derived, organic dye Green 516 90 a,d) Measured 

BT-TPA@SBS Organic dye Orange 593 92 a,d) Measured 

R305@SBS Organic dye Red 661 59 a,d) Measured 

DCJTB@SBS Organic dye Red 627 37 a,d) Measured 

DBQ@3DMAC Organic dye Green 551 84 c,d) 96 

TAT−FD PZ@C P Organic dye Orange 576 62 b,d) 97 

4CzTPNBu@ptBCzPO2TP

TZ 
Organic dye Orange 576 90 b,d) 98 

BPPZ-PXZ@CBP Organic dye Red 607 100 b,d) 99 

mDPBPZ-PXZ@CBP Organic dye Red 638 95 b,d) 99 

DBQ@3PXZ Organic dye Red 618 76 c,d) 96 

HAP-3TPA@26mCPy Organic dye Red 610 91 b,d) 100 

eGFP-AA@TMPE:PMMA Bio-derived, fluorescent protein Green 509 80 a,d) 93 

FP@SF Bio-derived, fluorescent protein Green 526 65 a,d) 94 

mCherry@PEO Bio-derived, fluorescent protein Red 641 18 c,d) 95 

mScarlet@PDMS Bio-derived, fluorescent protein Red 600 70 c,d) 101 

RbNa(Li3SiO4)2:Eu2+ Micron-size inorganic phosphor Green 523 44 c,e) 102 

La4GeO8:Bi3+ Micron-size inorganic phosphor Red 600 69 c,e) 103 

Cs2SiF6:Mn4+ Micron-size inorganic phosphor Red 632 71 c,e) 104 

Sr[LiAl3N4]:Eu2+ Micron-size inorganic phosphor Red 649 74 c,e) 105 

CsPbBr3@ZrO2
 Quantum dots Green 514 90 c,d) 106 

CsPbBr3@SiO2/Al2O3 Quantum dots Green 519 90 c,d) 90 

CsPbBr3@ZP3/EVA Quantum dots Green 519 93 a,d) 107 

InP/ZnSe/ZnS Quantum Dots Green 528 95 c,d) 91 

CuInSexS2-x/ZnS Quantum Dots Green 590 95 c,d) 108 

Ag1.3In4.0Zn1.0S4.9 Quantum Dots Red 623 60 c,d) 92 

CsPbI3@ZP4/EVA Quantum dots Red 695 85 a,d) 107 

CuInSexS2-x/ZnS Quantum Dots Red 650 95 c,d) 108 
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a) Measured in ambient atmosphere; b) Measured in inert atmosphere; c) Measurement condition 

unspecified; d) PLQY values; e) EQE values; f) Photothermal threshold quantum yield. 

 

Even though the blending ratio of Theo-Green and Theo-Red must be kept around 1 wt% 

to maintain high PLQYs around 90%, the low blending ratio is sufficient for hybrid-LED 

applications. Fig. 8 shows SBS blends of the Theo-Green, Theo-Red, other organic dyes and a 

commercial inorganic phosphor with and without UV irradiation. The dye-SBS samples appear to 

generate sufficient photoluminescence intensity for hybrid-LEDs when the dye:SBS ratios were a 

scant 1:100. However, the micron-sized inorganic phosphor SGA isophor® from Sigma Aldrich 

required ~100 times more material to achieve comparable output intensity. This can be ascribed to 

the fact that micron-size inorganic phosphors are unable to form a homogeneous film and 

excitation light can easily leak through between particles. This highlights the advantage of the 

organic dyes in light converting applications regarding material consumption, which helps further 

lower the cost of final hybrid-LED products in a significant way. 

The SBS blends of Theo-Green, Theo-Red and BT-TPA appear to have minimal scattering 

under low blending ratios. However, only the Theo-Green maintained transparency at a high 

dye:SBS ratio of 20:100; Theo-Red and BT-TPA appear hazy at a blend ratio 10:100. 

Transmittance measurements were used to quantify the transparency of these samples (Figure 

3.12). To eliminate the interference from absorption of the organic dyes, we use the wavelength 

range from 650 – 700 nm to evaluate the transmission of the different light-converting films. 

Shorter wavelengths (e.g., wavelengths from 450 - 650 nm commonly used in lightings) are more 

subjective scattering considering scattering intensity is strongly wavelength-dependent (~λ−4), and 

thus the film transmittance from 650 - 700 nm provides a fair evaluation for light-converting 

materials in lighting.  In the transmittance results, we find that only Theo-Green maintains high 
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transmittance at high blending ratios, around 95% for the 10:100 blend and around 90% for the 

20:100 samples. As for Theo-Red and BT-TPA, while the transmittance values of 1:100 blends 

are around 100%, they drop below 20% when the blending ratio is increased to 20:100. This 

reduced transparency of BT-TPA and Theo-Red can be ascribed to micron-size particles formed 

in the dye-SBS composites at high blending ratios, while the film of Theo-Green-SBS remained 

homogeneous (Figure 3.13). The role of the sidechains in solution-processed organic dyes is 

underlined by these results. Theo-Green and BT-TPA have the same center aromatic unit (BT). 

Therefore, the difference in transparency must stem from their modifiers – alkylated theobromine 

endows higher transparency than non-alkylated TPA moieties. Compared with Theo-Green, there 

is a decrease in transparency in the Theo-Red samples. This is because the larger center aromatic 

unit (NT) enhances π -π interactions, facilitating the formation of large aggregates. This can be 

inhibited by changing its octyl sidechain to a longer or branched side chain, which would increase 

its solubility in the SBS matrix and recover the transparency of the dye-SBS composite.  The SBS 

blends of R305 and DCJTB have limited film transparency due to the formation of micron-size 

aggregates (Figure 3.13) even at a low blending ratio of 1:100. Their film transparency values are 

below 80% at low blending ratio of 1:100 due to the presence of small aggregates, and their 

transparency continues to decrease as the blending ratio increases. This is explained by the fact 

that these two molecules have planar π conjugated structures, and their intermolecular π -π 

interactions facilitate the formation of large aggregates that scatter light.29 This is consistent with 

the results observed by Kim et al. utilizing perylene dyes for micro-LED displays.109 These 

traditional organic dyes suffer from aggregation when dispersed in a polymer matrix, which leads 

to opaqueness and fluorescence quenching even at low concentrations, and thus in their experiment 

the optimal dye mixing ratio was merely 0.6 wt% and the PLQYs were around 40%. However this 
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is overcome with our molecular design – we were able to enhance the blending ratio to 10 wt% 

with PLQY of 70% (Theo-Green), providing approximately 30 times increase in optical output. 

This emphasizes the advantages of introducing alkylated theobromine in the dye structure – 

preventing aggregation quenching and increasing solubility in the polymer matrix. Based on this 

result, the conclusion by Kim et al. stating “the overall intensity and color-conversion efficiency 

of organic dyes are low for down-conversion LEDs” should be reconsidered. S A isophor®-SBS 

composite also has low transparency. For both organic dyes and inorganic phosphors, low film 

transparency is disadvantageous in hybrid-LEDs because it leads to scattering losses, which 

decrease the overall light output of hybrid-LEDs.53,54 Notably, because the sizes of traditional 

inorganic phosphors are usually several microns, the scattering losses in these phosphor-based 

devices are the most pronounced.53  

Figure 3.12. Comparison of light converting efficacy (top) and transparency (middle) of 

inorganic phosphors and organic dyes. Blending ratio (converter:SBS) are also labelled. (bottom) 

the transmittance of the light-converting films. 
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Figure 3.13. Images of the lighting converting composites under optical microscope. 

 

 

Considering the high transparency of Theo-Green-SBS composite at high dye 

concentration and its high PLQYs, we subsequently processed it into a waveguide for a non-glare 

transparent edge-lit device.110 The dye-imbedded waveguide was fabricated by blade-coating the 

Theo-Green-SBS (10 wt%) solution onto a 30 cm × 30 cm glass substrate. The edge-lit device was 
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assembled by coupling inorganic LEDs to the edges of the waveguide.  As shown in Figure 3.14, 

the resulting device overcomes the problematic glares featured in traditional LED lightings, and 

its transparent appearance comparable to commercial OLED products. We were not able to 

measure the efficiency of this edge-lit device due to its relatively larger size and dual-side emitting 

configuration.  

Figure 3.14. (left) as-fabricated waveguide by blade-coating the Theo-Green-SBS composite 

on a glass substrate; (middle & right) demonstration of transparency and non-glare feature of the 

edge-lit lighting device based on the waveguide shown on the left. 

 

3.4 CONCLUSIONS 

In this paper, we used direct arylation and an abundant non-toxic natural product to 

synthesize two organic dyes (Theo-Green and Theo-Red) for hybrid-LED application, uniting the 

advantages of inorganic LEDs and OLEDs. These two dyes are comprised of an “acceptor-

acceptor” skeleton featuring theobromine and thiadiazole. It was demonstrated that this “acceptor-

acceptor” skeleton significantly lowers the energy levels of resultant organic dyes relative to the 

electron affinity of triplet oxygen to decelerate photooxidation. While the “donor-acceptor” 

skeleton is sufficient in tuning the bandgap of organic dyes,111 it facilitates photooxidation due to 

the presence of electron-donating units, such as arylamines, increasing the energy levels relative 

                D   , LED    
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to the electron affinity of triplet oxygen. In addition to enhanced stability, the “acceptor-acceptor” 

design results in organic dyes with high PLQY and enables processability optimization through 

simply sidechain modification. We fabricated highly transparent films when Theo-Green and 

Theo-Red were blended with SBS, which is crucial to reduce light scattering loss in hybrid-LEDs. 

In addition, these dye-SBS films achieved PLQYs of around 90% under ambient conditions. Such 

PLQYs are comparable to the state-of-art results from organic dyes, bio-derived phosphors, 

traditional inorganic phosphors, and quantum dots achieved in recent years.  Taking advantage of 

the enhanced transparency and PLQY of Theo-Green-SBS composite, we were able to fabricate 

an edge-lit device utilizing waveguide optics and low-cost inorganic LEDs. The resulting device 

demonstrated enhanced aesthetics comparable to commercial OLED lightings. Considering the 

aforementioned enhancements on stability, transparency, PLQY, and aesthetics, these 

theobromine dyes demonstrate potential in high-performance, environmentally sustainable hybrid-

LEDs. 
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Chapter 4. NATURALLY DERIVED ORGANIC DYES FOR LED LIGHTINGS 

OF HIGH COLOR RENDERING AND FIDELITY INDEX 

(This chapter is adapted from a paper published by Yunping Huang during this Ph.D program)112 

 

4.1 INTRODUCTION 

Light-emitting diodes (LEDs) are a rare-earth element (REE) based technology with 

surging market demand.51 REEs are used in the production of phosphors, a light converter in LEDs 

to tune their emission spectra based on the needs of different lighting applications. Due to their 

high energy efficiency, 1,440 million units of REE-based LEDs were installed in the US till 2017, 

and this number is projected to reach 7,910 million by 2035.26 However, due to the necessity of 

mining and refining in REEs productions, environmental concerns such as deforestation, air 

pollution, and water contamination, have attracted substantial public scrutiny.55-57 In addition, REE 

supply is subject to future shortage considering their booming industrial demand and limited 

supply.113,114 Conversely, organic dyes are light-converting materials made from organic elements, 

primarily C, H, N, O, and S, bypassing the need for REEs in light converter production. Therefore, 

the environmental profile of LEDs can be improved by adopting the organic hybrid LED 

architecture, switching the incumbent inorganic phosphor to organic dyes as shown in Figure 4.1. 

Furthermore, the scattering loss from inorganic phosphors can be eliminated due to the high 

transparency of organic dye composites. 51,53,54   
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Figure 4.1. Structural comparison between commercial phosphor-converted LEDs and the 

organic hybrid LED proposed in this paper. Incumbent inorganic phosphors are powderous, 

introducing scattering loss and reducing the overall light output of the final LED.  

 

To gain industrial interest in organic dyes for LEDs, several issues must be addressed. Price 

plays a key role in the commercial viability of novel technologies. According to the U.S. 

Department of Energy, light converting materials typically account for around 24% of the total 

cost of a 1 W commercial warm-white LED (¢ 80), requiring the cost of the organic dye component 

to be less than ¢ 19.2.26 However, the prices of industrially available fluorescent dyes are 

significantly higher than inorganic phosphors due to their complicated structures that require long 

synthetic routes and explosive and toxic reagents.28 In addition, the light converting materials 

should have high photoluminescent quantum yields (PLQYs) to improve the energy efficiencies 

of LED devices. For example, cerium doped yttrium aluminum garnet (YAG:Ce) is the most 

applied REE phosphor in LED lighting partially because it has PLQYs of around 90%.115 
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Currently most commercial LEDs pair yellow-emitting YAG:Ce phosphors with a blue 

backlight LED. The resulting white light LEDs achieve Color Rendering Indices (CRI, Ra) near 

80 of 100.26 However, the current industry CRI standard was first developed in the 1960s for the 

evaluation of fluorescent lights and as shown in Figure 4.2, Ra only evaluates 8 colors.116 

Importantly, despite the fact that our brains weigh red more heavily than other colors, the 60s’ CRI 

standard does not evaluate red color rendering.117 A good representation of red color is crucial not 

only in our daily lives (e.g. affecting our skin tones and increasing sales in department stores), but 

also in life-and-death moments (e.g. surgeries where it helps better distinguish different organs 

and blood vessels).  Therefore, in updated CRI standards, an additional color rendering index for 

strong red, R9, is supplemented, along with R10, R11, R12, R13, and R14 for strong yellow, strong 

green, strong blue, light yellowish pink, and moderate olive green respectively.116 Considering that 

YAG:Ce is the most adopted light converter, and it has a limited emission in the red region, most 

commercial LEDs have R9 values below 25. This explains why human skin looks pale in most 

LED lightings, despite their Ra of 80. Therefore, both industrial and academic researchers are 

developing high-performance red phosphors to improve red emissions in LEDs.26 

Still, the updated CRI standard is not ideal for assessing light source color rending. Due to 

the highly non-uniform color space of CRI, color differences are extremely exaggerated in the red 

region and suppressed in yellow and blue regions.84,118 Therefore, in 2015, a new evaluation system, 

TM-30, was developed by the Illuminating Engineering Society of North America that leverages 

a set of 99 real test samples with color space uniformity and spectral uniformity.82 In the TM-30 

standard, there are two parameters to quantify the rendition of light sources. The Color Fidelity 

Index (CFI, Rf) quantifies the accuracy with which the color appearance of illuminated objects 

match their appearances under a reference light source (e.g daylight or black body radiation), and 
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the color gamut index (Rg) quantifies the average increase or decrease of the chroma (the degree 

of vividness of colors) of objects related to those under reference illuminations.  

 

Figure 4.2. Demonstration of color samples of different methods utilized for lighting color 

quality evaluation.  

 

  Both sunlight and black body radiation possess continuous spectra across visible 

wavelengths. Therefore to achieve high Rf and Rg values in LED lightings, the phosphor emission 

spectra should be continuous and uniform across visible wavelengths. Using broad-band emitters 

can simplify the manufacturing process by reducing the number of phosphors needed to achieve a 

uniform LED emission spectrum. Recently, our group reported several organic dyes with broad-

Color samples of C I from 1960s

Strong colors supplemented in updated C I 

Color samples in T  30
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band emissions from theobromine, an abundant natural product originally found in cacao beans.28 

The syntheses of these theobromine dyes are streamlined and eco-friendly. The resultant dyes 

possess high PLQYs when blended with an inexpensive industrial polymer, poly(styrene-

butadiene-styrene) (SBS), that serves as the host matrix to enable device integration. Moreover, 

these dye-SBS composites only require low blending ratios of theobromine dyes, around 1 wt%.50 

In this paper, we further advance the efficacy of theobromine dyes in LED lightings with a new 

deep red-emitting dye, Theo-Ruby. We developed a white light converter by blending Theo-Ruby 

with two other theobromine dyes (Theo-Blue and Theo-Green) into SBS. We paired the resulted 

light-converting dye-SBS composite with a 405 nm LED backlight to generate white emission 

(Figure 4.1). We further show that the final LED device fabricated with this combination of dyes 

could achieve a Ra of 90 and a Rf of 92 with continuous spectral coverage from 400 – 740 nm, 

corresponding to 94% of visible wavelengths. This demonstrates that extending the emission to 

the violet region is crucial for high CFIs, in contrast to incumbent LEDs utilizing a 450 nm LED 

backlight. Moreover, the dyes’ low blending ratios significantly reduce the estimated cost of the 

light converting film to ¢ 1.30 for a 1 W LED, which is significantly lower than the estimated cost 

of incumbent inorganic phosphor-converted LEDs.   

 

4.2 MATERIAL SYNTHESIS AND EXPERIMENTAL PROCEDURES 

Reactions were run under N2 atmosphere using standard Schlenk techniques and detailed 

synthesis procedures are described below. Theo828 and  4,9-dibromonaphtho[2,3-

c][1,2,5]selenadiazole 119 were prepared according to literature procedures. NMR was taken with 

Bruker 500 MHz spectrometer. 
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8,8'-(naphtho[2,3-c][1,2,5]selenadiazole-4,9-diyl)bis(3,7-dimethyl-1-octyl-3,7-

dihydro-1H-purine-2,6-dione) (Theo-Ruby). Theo8 (1,932 mg, 7 mmol) and 4,7-

dibromobenzo[c][1,2,5]thiadiazole (1,194 mg, 3 mmol), pivalic acid (80 mg, 0.8 mmol) and dried 

Cs2CO3 (3 g, 9 mmol) were added into a 50 mL round bottom flask. 25 mL o-xylene was then 

added into the flask, followed by degassing with N2 flow for 10 min. Tris(2-

methoxyphenyl)phosphine (122 mg, 0.194 mmol) and bis(dibenzylideneacetone)palladium(0) (80 

mg, 0.088 mmol) were added to the solution under N2 flow, and the solution turned purple. The 

flask was then sealed with a rubber stopper and heated to 100 °C. After reacting for 1 day, the 

system was cooled and filtered. The organic phase was then concentrated under reduced pressure. 

The crude product was further purified with column chromatography using 

dichloromethane/methanol in a ratio of 40/5 as an eluent. A purple solid was obtained (1 g, 41% 

yield).  1H NMR (500 MHz, Chloroform-d) δ 7.74 (dd, J = 7.1, 3.1 Hz, 1H), 7.55 – 7.43 (m, 2H), 

4.21 – 3.94 (m, 4H), 3.80 (d, J = 26.2 Hz, 6H), 3.73 – 3.51 (m, 6H), 1.83 – 1.58 (m, 4H), 1.50 – 

1.20 (m, 20H), 0.88 (dt, J = 12.6, 6.8 Hz, 4H). 13C NMR (126 MHz, CDCl3) δ 156.84, 155.41, 

151.47, 148.46, 147.00, 141.30, 134.75, 129.37, 126.29, 120.05, 108.99, 41.70, 33.34, 31.85, 

29.89, 29.27, 28.18, 27.09, 22.65, 14.09, -0.01. 

 

4.3 RESULTS AND DISCUSSIONS 

Scheme 1 shows the synthetic routes to converting alkylated theobromine into Theo-Blue,28 

Theo-Green50 and Theo-Ruby. In the molecule design, alkylated theobromine increases PLQYs of 

the final products and their solubility in SBS,28 while the central π-conjugated luminophores are 

used to tune their emission wavelengths. These two key components guide the synthesis of 

theobromine dyes of various emission wavelengths and enhanced PLQYs. Theo-Blue, Theo-Green 
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and Theo-Ruby were synthesized by cross-coupling alkylated theobromine with pyrene, 

benzo[c][1,2,5]thiadiazole and naphtho[2,3-c][1,2,5]selenadiazole, affording organic dyes of 

desired emissions respectively in blue, green and red regions required for high CRI and CFI 

lightings. It is worth mentioning that the introduction of selenium atom into Theo-Ruby is 

necessary to achieve sufficient emission in the strong-red and deep-red region (beyond 610 nm) to 

realize continuous emission across visible wavelengths. It was found that the light-converter 

fabricated from its sulfur counterpart (Theo-Red) only achieved Ra of 70 due to limited spectral 

coverage beyond 610 nm.50 This highlights the excellent structural and spectral tunability of 

organic dyes. 

 

Scheme 4.1. Synthetic route for Theo-Blue, Theo-Green and Theo-Ruby. 
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In our syntheses, direct arylation was applied to cross-couple alkylated theobromine with 

the chosen luminophores, instead of Stille or Suzuki coupling commonly applied in organic dye 

syntheses. Direct arylation is an ascending green and atom-efficient methodology for synthesizing 

aromatic compounds.34,35 It directly utilizes a C-H bond for C-C bond formation, and bypasses C-

H pre-functionalization required for Stille or Suzuki coupling. This not only shortens the synthetic 

routes, but also avoids utilizing toxic reagents (e.g., organotin) and explosive reagents (e.g., 

organolithium) commonly used in C-H bond pre-functionalization.  Their streamlined syntheses 

restrict their production cost to a relatively low range – the cost of Theo-Blue, Theo-Green and 

Theo-Ruby are respectively $14.6/g, $17.1/g and $45.6/g based on lab-scale estimation (detailed 

cost breakdowns are shown in SI Section 2). The price of rare-earth phosphors was estimated based 

on the cost of a 1 W commercial warm-white LED (¢ 80) and the cost percentage (24%) of rare-

earth phosphors provided in a lighting report by the Department of Energy.26 This estimation is 

close to the procurement costs of lighting manufacturers. On the other hand, our cost calculations 

of theobromine dyes based on lab-scale synthesis may underestimate cost savings from bulk 

ordering and process optimization (e.g., solvent recycling) in industrial production.120 More 

importantly, the final LED light-converting film only requires around 1 wt% of the theobromine 

dyes to be blended into an inexpensive industrial polymer, SBS (purchased from Sigma Aldrich at 

$ 82.4/kg), and thus the overall cost contribution from the theobromine dyes is minimal. SBS, a 

non-polar polymer, is chosen as the matrix due to the light converting efficiency of the 

theobromine dyes decrease in a polar environment; moreover, 1 wt% is proven sufficient for LED 

application because of the high optical density of the dye-SBS film.50     

 To combine these dyes with a 1 W 405 nm LED, the light converting composite is made 

by dissolving 50 mg SBS, 0.5 mg Theo-Blue, 0.025 mg Theo-Green and 0.025 mg Theo-Ruby 
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into 0.5 ml toluene and drop casting the resultant solution onto a clean glass substrate. While the 

cost of the 405 nm LED is comparable to that of 450 nm, the cost of our light converting film is ¢ 

1.30, which is significantly lower than ¢ 19.2 for a comparable LED phosphor fabricated with REE 

phosphors.26 Notably, the blending ratios of Theo-Green and Theo-Ruby are only 10% of Theo-

 lue’s. We attribute this to Theo-Green and Theo-Ruby both absorbing light at around 405 nm, 

and the emission of Theo-Blue overlapping with the absorption of Theo-Green and Theo-Ruby 

(Figure 4.3). Therefore, within the composite, a portion of the blue light generated by Theo-Blue 

is reabsorbed by Theo-Green and Theo-Ruby and converted to green and red light, respectively. 

Similarly, the green light generated by Theo-Green is reabsorbed by Theo-Ruby. We do not 

believe that energy transfer is taking place between the theobromine dyes since the distance 

between each molecule is calculated to be around 10 nm (estimated based on the blending ratio of 

1 wt%), which would be too large for energy transfer to take place.121  

Figure 4.3 shows the absorption and photoluminescence spectra of Theo-Blue, Theo-Green, 

and Theo-Ruby blended in SBS at 1 wt%. These dye-SBS composites have strong absorption from 

300 – 420 nm, which enables the use of a violet excitation backlight (e.g. 405 nm used in this 

paper). Their emissions are respectively centered at 450 nm, 540 nm and 658 nm. Notably, all 

three theobromine dyes have broad emission bands, with full-width half maximums (FWHMs) of 

55 nm, 78 nm and 95 nm. These large FWHMs are ideal for lighting applications because they 

enable wide spectral coverage of final LED devices.  
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Figure 4.3. Absorption and photoluminescence spectra of Theo-Blue, Theo-Green and Theo-

Ruby in SBS at 1 wt% (the narrow peak at 405 nm is attributed to unfiltered excitation light).  

  

Figure 4.4a shows the emission spectra of the hybrid LED device, utilizing a 1 W 405 nm 

LED chip as the light source and the light-converting dye-SBS composite. Due to the balanced 

intensity of violet, blue, green and red light, the emission of the hybrid LED achieved a CIE 

coordinate of (0.34, 0.34) and a correlated color temperature of 5383K (Figure 4c & 4e).   Figure 

4.4e & 4.4f summarize the hybrid LED device’s color renditions based on T -30. A high Rf value 

of 92 is achieved, and all 99 special CFIs are larger than 80. This indicates that when illuminated 

by a hybrid-LED device based on the theobromine dyes, the color appearance of illuminated 

objects matches well with their appearances under sunlight. The slightly higher Rg score of 104, 

compared to 100 of daylight, originates from the slight oversaturation at the blue and red region, 

as it is observed in Figure 4.4e. Figure 4.4g shows the 99 special color fidelity indexes of a 

commercial specialty white LED with Ra of 97 and R9 of 95. This commercial high-CRI LED 

uses a blue LED backlight (450 nm) and narrow-band converters. Unfortunately, due to the 

insufficient emission of the violet and blue wavelengths, it has lower special CFIs in both blue and 
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purple regions (Figure 4.4g) compared to our devices with a 405 nm backlight (Figure 4.4f). 

Furthermore, in the green, yellow and red regions, there are some special CFIs lower than 80, such 

as #5, #30, #36, and #38. This can be ascribed to the narrow emissions of inorganic phosphor 

components that cannot fully cover the visible spectrum. These two factors contribute to a 

relatively low Rf value of 89, highlighting the advantages of utilizing a 405 nm backlight and 

broad-band emitters. In addition, the Ra and Rf values in our configuration are comparable to the 

state-of-art values from rare-earth phosphors and perovskite quantum dots down-converted LEDs 

that are currently under lab development (Table 4.1). In comparison to these reported structures, 

our materials possess economic and environmental advantages. Notably, there is a strong red 

emission peak in the emission spectrum of this high-CRI LED. This is crucial to obtain Ra and R9 

values approaching 100, whereas it does not lead to equally high Rf and high special CFIs at the 

red region. This underlines the disadvantages of the current industry CRI standard – it possesses a 

skewed color space where differences in red colors are exaggerated while differences in blue colors 

are suppressed. 82,118 

The overall efficiency of the hybrid LED is determined by the efficiency of the backlight 

LED that converts electricity into blue/violet light and the efficiency of the light converter that 

converts blue/violet light into longer wavelengths. PLQY is used to quantify the efficiencies of 

light converters and is defined by the ratio of the number of photons emitted by the light converter 

to the number of photons absorbed by the light converter. An integrating sphere was used to 

measure a PLQY of 82% for the white light converter, which is contradicted by the combined 

PLQY contributions from Theo-Blue (~100%), Theo-Green (94%), and Theo-Ruby (39%). This 

can be explained by the fact that the PLQY of Theo-Ruby is highly dependent on concentration 

due to the heavy atom effect from Se atoms, which introduces intersystem crossing (detailed in the 



 

79 

 

following lifetime measurements) and reduces PLQY. Considering the blending ratio of Theo-

Ruby in the white-light convertor is 0.05 wt%, we measured the PLQY of 0.05 wt% Theo-Ruby-

SBS blend, which is 66%. It is worth mentioning that the PLQYs of Theo-Blue and Theo-Green 

are also reduced by this small amount of Theo-Ruby via the external heavy atom effect,122 which 

likely limits the PLQY of the white composite to 82%.  These results suggest that by changing the 

Theo-Blue:Theo-Green:Theo-Ruby ratio, one can adjust the blue, green, and red content in the 

emission spectra, thus tuning the color temperature. Because the PLQY of Theo-Blue and Theo-

Green are similar, change in the Theo-Blue:Theo-Green ratio would not have a significant impact 

on the PLQY; however, the heavy atom effect from the Se in Theo-Ruby decreased the PLQY of 

the final dye-polymer composite. 

 



 

80 

 

Figure 4.4. a) The emission spectrum of the hybrid LED with 405 nm blacklight and a 

theobromine dye SBS composite as a light converting layer; b) Photographs of a demonstration 
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of light-conversion; c) CIE coordinate of the emission of the hybrid device; d) 14 special CRIs of 

the hybrid device; e) Color distortion graph: the hybrid LED device (red line) vs. standard white 

light (black line); f) 99 special CFIs of the hybrid LED; g) 99 special CFIs of the commercial 

high-CRI LED. 

 

Table 4.1. Light quality rendition of different lighting configurations and PLQYs of their 

light converting materials.  

Category PLQY Ra R9 Rf Rg Ref 

Theobromine dyes a) 82% 90 87 90 104 This 

work 

Rare-earth phosphors N.A. 98 84 95 101 17 

Rare-earth phosphors N.A. 95 95 91 102 83 

Perovskite quantum dots 61% 96 N.A. 91 99 84 

Carbon quantum dots a) 63% 97 N.A. N.A. N.A. 123 

Carbon quantum dots a) 48% 86 N.A. N.A. N.A. 124 

Carbon quantum dots a) 41% 85.3 N.A. N.A. N.A. 125 

a)
  Eco-friendly light-converters.  

 

To better understand the origin of the lower PLQY of Theo-Ruby compared to other 

theobromine dyes, we conducted photoluminescence lifetime measurements on these dyes, and the 

results are summarized in Figure 4.5. To have a comprehensive understanding of the structure-

PLQY relationship, Theo-Red (an analog to Theo-Ruby replacing the Se atom in Theo-Ruby to S 

atom) was also included. Theo-Red has a PLQY of 87% in SBS.50 Their prompt fluorescence 

lifetimes (Figure 4.5a) increase in the order of Theo-Blue (1.59 ns), Theo-Green (8.55 ns), Theo-

Red (14.03 ns) and Theo-Ruby (14.6 ns). According to the Einstein relation, the lifetime of prompt 

transition is inversely proportional to the oscillator strength of the transition, and proportional to 

the square of the emission wavelength.126 We observed a trend in the molecular orbital simulation 

of Theo-Blue,28 Theo-Green and Theo-Red50 – the spatial overlap between their highest occupied 
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molecular orbitals and lowest unoccupied molecular orbitals decreases as the electron-

withdrawing ability of the center unit increases (pyrene < benzo[c][1,2,5]thiadiazole < 

naphtho[2,3-c][1,2,5]thiadiazole). The reduced spatial overlap leads to a reduction in oscillator 

strength of the electronic transitions. The increasing values in emission wavelength and reducing 

values in oscillator strength together result in the increase of emission lifetimes in the order of 

Theo-Blue, Theo-Green to Theo-Red. The slightly longer lifetime of Theo-Ruby compared to 

Theo-Red can be explained by its slight redshift emission and small structure variation. Most of 

these lifetimes are monoexponential, but there is a longer lifetime component in Theo-Blue (12.85 

ns) which may originate from the formation of pyrene excimers.127  

Furthermore, in the 200 -1000 ns range of the lifetime plots (Figure 4.5b), the photon signal 

of Theo-Ruby is significantly stronger than those of the other theobromine dyes. The linear 

character of this signal on a log-log plot indicates that the lifetime decay follows a power law 

dependence at long times. This suggests that the long time decay of Theo-Ruby is ascribed to 

delayed fluorescence due to reversible trapping.128,129 We speculate that this stems from enhanced 

intersystem crossing (ISC) facilitated by the presence of heavy atoms, in this case, the Se atom in 

Theo-Ruby.128 Since ISC rate is proportional to Z4,130-132  it is likely that the ISC rate in Theo-

Ruby is significantly higher than that of the other dyes. As shown in Figure 4.6, ISC converts 

singlet excited states into triplet excited states. Electronic transitions from triplet excited states to 

singlet ground states are usually slow and non-emissive due to spin restriction and their large 

energy gaps. Most of the triplet excited state electrons dissipate to the ground state through thermal 

decay instead of light generation, which is detrimental for high PLQYs.  However, the energy 

offset between triplet excited states and singlet excited states is smaller. This smaller energy gap 

allows reversed ISC, back-converting non-emissive triplets to emissive singlets and enabling 
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delayed fluorescence. Notably, both ISC and reversed ISC are still spin restricted, and they have 

much smaller kinetic rates compared to fluorescence, which is associated with transitions between 

singlet states. Therefore, we observed delayed fluorescence in smaller intensity and at longer 

lifetime ranges. These lifetime experiments demonstrate that the introduction of heavy atoms 

facilities non-radiative decay of theobromine dyes via ISC, which is a valuable insight for future 

development of theobromine dyes.  

 

Figure 4.5. PL decay curves of theobromine dyes measured in an inert atmosphere with 405 

nm excitation: a) short time range; b) long time range plotted on log axes.  

 

Figure 4.6. Energy level diagram to illustrate the interplay between singlet and triplet excited 

states via ISC and the resulting difference in prompt fluorescence (strong green) and delayed 

fluorescence (light green). 
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4.4 CONCLUSION 

In this paper, we developed a hybrid LED structure utilizing three organic dyes (Theo-Blue, 

Theo-Green and Theo-Ruby) synthesized from an abundant and non-toxic natural product 

(theobromine) with a 405 nm LED backlight. These three dyes possess broad emission and along 

with a 405 nm LED backlight, the resultant hybrid LED generates a continuous emission profile 

covering wavelengths from 400 – 740 nm (94% of human visible wavelengths). This emission 

yields excellent color rendition values, Ra of 90 and Rf of 92, which rival existing common LEDs 

and specialty LEDs in the market that are based on REE phosphors. In addition, the light-

converting composite is made from 99 wt% SBS, an inexpensive industrial polymer, and 1wt% 

theobromine dyes, reducing the cost of light-converter to ¢ 1.30 for a 1 W LED. This is 

significantly lower than the current cost of rare-earth phosphors (¢ 19.2). The PLQY of the dye-

SBS composite is 82%, resulting from the combined contributions from Theo-Blue (~100%), 

Theo-Green (94%) and Theo-Ruby (66%). Their excited state kinetics shows that the reduced 

PLQY of Theo-Ruby stems from increased ISC due to the presence of selenium atom in the 

structure, providing guidance for future optimization of high-performance red theobromine dyes.   
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Chapter 5. MODULAR ZWITTERION-FUNCTIONALIZED POLY(ISOPROPYL 

METHACRYLATE) POLYMERS FOR HOSTING 

LUMINESCENT LEAD-HALIDE PEROVSKITE 

NANOCRYSTALS 

(This chapter is adapted from a paper published by Yunping Huang during this Ph.D program)107 

 

5.1 INTRODUCTION 

Nanocrystal emitters possess narrow band emission, which is complementary to organic 

phosphors in optical engineering applications. Lead halide perovskite nanocrystals (NCs) have 

gained substantial research interest and advanced significantly in the past decade owing to their 

excellent optoelectronic properties and being solution processable – the former factor enhances 

high device performance while the latter reduces the cost and difficulties in device fabrication. 

Perovskite NCs have been successfully implemented light emitting diodes, lasers, spintronics and 

luminescence solar concentrators, and obtained distinguished performance. However, to bridge the 

gap between laboratory research and commercial application, the stability of lead halide perovskite 

NCs needs to be substantially improved, ideally without trade-offs in optoelectronic properties and 

processabilities. 

Lead-halide perovskite NCs have been heavily investigated for their intriguing 

properties,133-137 including broad spectral tunability with anion138-140 and cation141-145 replacement, 

unique electronic structure,146-148 and high defect tolerance.149-152 These properties have made such 

NCs a popular emitter for application in light-emitting diodes (LEDs),23,153 lasers,154-157 single-

photon sources,158-160 and luminescent solar concentrators.161-164 Unfortunately, these NCs are 

sensitive to degradation in the presence of oxygen and water.165,166 To bridge the gap between 

laboratory research and commercial application, NC stability needs to be improved without 

sacrificing optoelectronic properties or processability. Furthermore, the broad range of potential 
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applications means that different functional polymer matrices may be required for different uses. 

For instance, whereas as-synthesized NCs can be supported in various apolar polymers,161,167-171 

some applications require that NCs are suspended in silicone,23,172-174 aqueous,175 

fluorinated,163,176-178 or semiconducting179-181 matrices to enable the desired functionalities. 

Because these host matrices have limited chemical compatibility with the aliphatic ligands often 

used to stabilize perovskite NCs, additional interface modifiers must be introduced to improve 

compatibility between the native NC surface ligands and the polymer. Alternatively, these ligands 

must be replaced with novel ligands tailored to be compatible with the host polymer of interest. 

The interface modifier approach has been demonstrated by direct synthesis of perovskite NCs 

in a hydrophobically stabilized micelle of lauryl methacrylate171 and by using custom polymers 

that form micelles to stabilize the NCs in different hosts,175,182-185 with varying levels of success. 

Novel-ligand approaches have mostly focused on ammonium,23,92,179,180,186,187 carboxylate,188 and 

poly(vinylidene difluoride)153,189 NC coordination. These binding groups have limited affinity for 

perovskite NC surfaces,190 however, and some are consumed during subsequent polymerization 

reactions in making the NC/polymer composites.191 Consequently, most of these polymer-

suspension protocols yield samples with poor dispersion and reduced NC photoluminescence 

quantum yields (PLQYs). Alternatively, strongly binding phosphonate,192-196 sulfonate,150 and 

zwitterionic197,198 ligands have recently been used to synthesize perovskite NCs with improved 

PLQYs and stability. The covalently tethered positive and negative ions on zwitterionic ligands 

are well matched to the highly ionic surface of the NCs. These ligands are mostly aliphatic, 

however, which limits their ability to solvate NCs in many non-aliphatic functional polymers, 

complicating device fabrication and ultimately limiting the application range of perovskite NCs. 

Zwitterionic polymers have been used to passivate perovskite thin films,199,200 and while this 
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manuscript was in preparation, zwitterionic polymers were reported to stabilize CsPbBr3 NCs in 

solution and solid state.201,202 These works solidify the idea that zwitterionic polymers have high 

potential as perovskite NC host matrices. 

Here, we describe a set of modular zwitterion-functionalized poly(isopropyl methacrylate) 

polymers developed to match the specific needs of various colloidal lead-halide perovskite NCs. 

In general, polymers with appended alkyl chains have high solubility in organic solvents,203-205 but 

branched alkyl structures can also improve polymer solubility in green solvents that are sufficiently 

apolar to prevent NC degradation206 and inhibit the formation of crystalline scattering structures 

in a solid composite.207,208 Consequently, isopropyl methacrylate was used instead of commonly 

used long-chain alkyl acrylates; the increased solubility from the isopropyl side chain facilitates 

solution processing with green solvents such as butyl acetate that are still sufficiently apolar to 

prevent NC degradation. Within these polymers, the distances between positive quaternary 

ammonium moieties and negative sulfonate moieties are tuned using either 3- or 4-methylene 

spacers. This tunability allows the zwitterion separation to be matched with the relevant NC lattice 

spacings when the NC anions are changed from Cl-/Br- to I-.198 We show that the native NC ligands 

are easily replaced by these zwitterionic polymers, and the resulting polymers are shown to 

stabilize lead-halide perovskite NCs across the entire composition and luminescence-color range. 

For Yb3+-doped NCs with near-infrared emission, we further utilize a fluorinated version of 

poly(isopropyl methacrylate) that reduces absorption from C–H vibrational overtones at Yb3+ 

emission at infrared wavelengths.163,209 The modularity of these polymers provides access to a 

variety of perovskite NC/polymer composites with attractive solution processability, optical 

properties, and long-term stability, making these polymers appealing hosts for use of colloidal 

lead-halide perovskite NCs in various photonic applications. 
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5.2 MATERIALS SYNTHESIS AND PROCESSING 

Amine precursor polymer syntheses. The polymer synthesis process is outlined in 

Scheme 1. 2-(Dimethylamino)ethyl acrylate (143 mg, 1 mmol) and either isopropyl methacrylate 

(1152 mg, 9 mmol) or 1,1,1,3,3,3-hexafluoroisopropyl methacrylate (2124 mg, 9 mmol) was added 

to a vial that was pre-dried overnight in a 120 °C oven. 2,2'-azobis(2-methylpropionitrile) (8 mg, 

0.5 mmol) and tert-nonyl mercaptan (8 μL, 0.5 mmol) – a chain transfer agent to reduce molecular 

weight191 – were added subsequently. The vial was then degassed and sealed. The reaction was 

heated at 60 °C for one day, and at 80 °C for another two days. After cooling down to room 

temperature, 2 mL of THF was added to dissolve the polymer, followed by precipitation with 50 

mL of deionized water. The precipitate was later washed with methanol and dried under vacuum 

overnight. 

 

Zwitterion-functionalized polymer syntheses. Amine precursor polymer (400 mg, 0.18-

0.30 mmol of amine group depending on the polymer) was dissolved in 8 mL THF and heated to 

60 °C. After 30 min, an excess of sultone (1,4-butanesultone (400 mg, 2.94 mmol) or 1,3-

propanesultone (400 mg, 3.28 mmol)) was added dropwise. 3 mL of methanol was added after 1 

hour and another 3 mL of methanol was added after 24 hrs. The reaction was further heated at 60 

°C for another day before cooling down to room temperature. The solution was transferred into a 

dialysis tube (molecular weight cut-off = 1000) and stirred in 1000 mL of methanol for 2 hrs and 

1000 mL ethyl acetate for an additional 2 hrs. After dialysis, the solution inside the dialysis tube 

was transferred to a round-bottom flask and concentrated under vacuum. Clear transparent solids 

were obtained and dried under vacuum to remove residual solvents. The zwitterionic polymers are 

soluble in most common organic solvents, including green organic solvents such as ethyl and butyl 
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acetate210 that are common antisolvents for perovskite NC purification.133,135,198 1H-NMR spectra 

of the polymers synthesized here are provided in the Supporting Information. 

 

General aspects of NC/polymer composite film preparation. Glass substrates were cut 

and sonicated for 15 min sequentially in deionized water with 2% detergent, deionized water, 

acetone, and 2-propanol; after which each substrate was dried with compressed air. To transfer 

perovskite NCs into a zwitterionic polymer matrix, the desired quantities of polymer were added 

to 0.75 mL of ethyl acetate in a N2-filled glovebox and stirred overnight. Then, a small volume of 

NC solution in hexanes was added to the solution of zwitterionic polymer in ethyl acetate. NC 

concentrations were determined using literature perovskite NC extinction coefficients,190 and the 

volume of NC solution added was determined such that the equivalents (Eq) of zwitterionic groups 

per NC was kept between 10 and 300 kEq. This solution was then removed from the glovebox and 

sonicated for 5 min. The resulting NC/zwitterionic polymer composites were precipitated out of 

solution by adding an excess of hexanes and centrifuging the resulting turbid solution at 1318 gx 

for 10 min. Very few NCs remained in the resulting supernatant, indicating that the native aliphatic 

ligands were successfully exchanged for the zwitterionic polymer ligands. This final pellet was 

then dispersed in 0.5 mL of butyl acetate. To investigate the effect of aggregates on the observed 

PL red shifts, we diluted a representative solution of CsPbBr3 NC/ZP3 composite by a factor of 50 

with butyl acetate and drop cast an aliquot of this solution and all subsequent solutions onto clean 

glass substrates. After casting the first film, the remaining dilute NC/ZP3 solution was centrifuged 

at 16,060 gx for 10 minutes and the precipitate was discarded. Finally, the remaining centrifuged 

solution was filtered through a 0.22 µm PTFE syringe filter. This process yielded a total of three 

solid samples for future characterization.  
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5.3 RESULT AND DISCUSSION 

5.3.1 Preparation of zwitterion-functionalized polymers.  

Scheme 5.1 summarizes the approach used to synthesize modular zwitterion-functionalized 

polymers. We used 2,2’-azobis(2-methylpropionitrile) (AIBN) to initiate the radical 

copolymerization of two commercial acrylate monomers, 2-(dimethylamino)ethyl acrylate and  

isopropyl methacrylate (or fluorinated isopropyl methacrylate) in a 1:9 ratio, to obtain amine-

precursor polymers. This approach allows adaptation for many other functional groups simply by 

replacing isopropyl methacrylate with other acrylate or methacrylate monomers. Thiol, a chain 

transfer agent, was added to the polymerization reaction to prevent formation of high-molecular-

weight polymers with reduced solubility. These amine-precursor polymers were then reacted with 

the corresponding sultones to yield the desired zwitterion-functionalized polymers. This flexible 

chemistry allows integration of zwitterions with different anion-cation separations (3 or 4 

methylene spacers). For this work, we successfully synthesized 3-carbon-separated zwitterion-

functionalized polymers (ZP3) and their fluorinated analogs (ZFP3), as well as 4-carbon-separated 

zwitterion-functionalized polymers (ZP4) and their fluorinated analogs (ZFP4). 1H-nuclear 

magnetic resonance (NMR) spectra of all four polymers are provided in the Supporting 

Information. According to NMR signals (Figure 5.1 – 5.4), these four polymers have similar values 

of degree of polymerization (DP) and molecular weight (MW) – DP around 10 and MW around 2 

kDa, which are anticipated considering 0.05 eq. of radical initiator and 0.05 eq. of chain transfer 

agent were added in the polymerization reaction to limit the formation of high-MW polymers (see 

details in experimental procedures). We observed that the chemical structures of the polymers have 

big impacts on their solubility – the non-fluorinated polymers have good solubility in most organic 
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solvents except hexane, while the fluorinated polymers are less soluble in aprotic solvents.   

Three of these polymers were then used for hosting three different categories of perovskite 

NCs, as summarized in Table 1: undoped NCs with small lattice parameters (e.g., CsPbBr3
 NCs), 

large lattice parameters (e.g., CsPbI3
 NCs), and doped NCs showing NIR emission (e.g., 

Yb3+:CsPbCl3 NCs).  

 

 

 

Scheme 5.1. Summary of the synthesis of a series of zwitterion-functionalized polymers. The 

ratio l:m is 1:9 for all polymers reported here. 

 

 

Table 5.1. Summary of the zwitterionic polymers developed in this work and the perovskite 

NC/polymer composites prepared from each. The fluorinated polymer with 4-carbon zwitterion 

spacing was successfully synthesized but was not soluble in ethyl acetate. 

 

Abbreviation 

Zwitterion 

separation Fluorinated NCs used 

Amt. ZP used per 3 

pico-mol NC 

ZP3 3 carbons No CsPbBr3 77 mg 

ZP4 4 carbons No CsPbI3, CsPb(Br1-xIx)3 7 mg 

ZFP3 3 carbons Yes CsPbBr3, Yb3+:CsPbCl3 120 mg 
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Figure 5.1. NMR spectrum of ZFP3 in methanol-d4 measured at room temperature. NMR 

peaks used to calculate degree of polymerization (DP) and molecular weight (MW) are 

highlighted. 

 
Figure 5.2. NMR spectrum of ZP3 in chloroform-d measured at room temperature. NMR 

peaks used to calculate degree of polymerization (DP) and molecular weight (MW) are 

highlighted. 
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Figure 5.3. NMR spectrum of ZFP4 in methanol-d4 measured at room temperature. NMR peaks 

used to calculate degree of polymerization (DP) and molecular weight (MW) are highlighted. This 

polymer was not used in this work because it was not soluble in ethyl or butyl acetate. 

 
Figure 5.4. NMR spectrum of ZP4 in chloroform-d measured at room temperature. NMR 

peaks used to calculate degree of polymerization (DP) and molecular weight (MW) are 

highlighted. 
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5.3.2 CsPbBr3 NC/polymer composites. 

Figure 5.5a shows 1H-NMR spectra of ZP3 before and after the CsPbBr3 NC ligand exchange 

from native ligands to zwitterionic polymers. There is no signal at 5.5-6.0 ppm attributing to the 

C=C bond of OA or OAm in the pre-ligand-exchanged sample.138 This result indicates that the 

original NC ligands are fully removed in the ligand exchange. In the ligand-exchanged sample, we 

do notice a singlet centered at 0.12 ppm, which is assigned to TMS-acetate,211 indicating 

incomplete removal of acetate groups during NC preparation. No signals from TMS-Br (0.36 ppm) 

or TMS-sulfonate (0.40 ppm, the product after TMS-Br reacts with sulfonate groups) were 

detected. This result indicates that the TMS-halide precursors were all consumed during synthesis 

and converted to TMS-acetate, a molecule that is likely a spectator in subsequent  procedures. 

NMR signals associated with the polymer backbone appear between 0.7 and 2.5 ppm. The 

additional peaks between 2.7 and 5.2 ppm are assigned according to the color-coded diagram in 

the inset of Figure 1a. Most NMR peaks remain essentially unchanged upon NC addition, but the 

reduced electron density of the sulfonate anion upon association with NC surface cations leads to 

a shift of the adjacent methylene protons from 2.93 to 3.05 ppm (highlighted magenta).212-216 For 

the quaternary ammonium ion, the NMR data show that only one methylene group is closely 

associated with the NC surfaces (highlighted green), while the other methyl/methylenes are not. 

The NMR signal of the H atoms on this closely interacting methylene group have the highest 

frequency of all the methyl/methylene groups on the quaternary ammonium ion. This result 

indicates that those H atoms have the lowest electron density and thus are more likely to interact 

with halide anions of the NC surfaces. These NC polymer composites were soluble in butyl acetate, 

a green solvent that is a common antisolvent for perovskite NCs.210 Furthermore, the solution-state 

NC PLQY in a given zwitterionic polymer did not increase as the NC concentration was increased 
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(see Supporting Information), indicating that the zwitterionic polymers are strongly bound to the 

NCs.150,195 The NCs in a zwitterionic polymer solution had a maximum PLQY of 84 ± 5% 

compared with 59 ± 5% for the same as-synthesized NCs, indicating that surface defects are 

effectively passivated by the zwitterions on these polymers. 

 

Figure 5.5. (a) 1H-NMR spectra of ZP3 in acetone-d6 before and after binding to CsPbBr3 

NCs. The peaks around 3 and 4 ppm are substantially shifted after NC binding, indicating that 

the protons associated with these peaks (bolded boxes) are confined near NC surfaces. * 

indicates the peak associated with TMS-acetate. (b) Absorption and PL spectra of CsPbBr3 
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NC/polymer composites drop cast from a solution of NCs and ZP3 in butyl acetate and a solution 

of NCs and PMMA in toluene. Absorption spectra are normalized at 400 nm and PL spectra are 

normalized to the PL maximum. The PMMA sample was cast in a N2-filled glovebox to 

maximize PLQY. Inset: XRD data collected before and after transfer of NCs to ZP3. The broad 

peaks from ~10 to ~17° are attributed to scattering by the amorphous polymer. TEM images of 

CsPbBr3 NCs (c) drop cast from hexanes solution and (d) drop cast from a solution of NC/ZP3 

composite in butyl acetate. (e) Histogram of edge lengths from the TEM images shown in panel 

c. 

 

Once purified, the CsPbBr3 NC/ZP3 solution was drop cast onto clean glass slides to form 

composite thin films. Figure 1b shows absorption and photoluminescence (PL) spectra of CsPbBr3 

NCs in a ZP3 film and, for comparison, the same NCs in a high-molecular-weight poly(methyl 

methacrylate) (PMMA) composite (see Supporting Information). Apart from small reabsorption- 

and aggregation-induced shifts in the PL (see Supporting Information), the UV/vis and PL spectra 

are nearly unchanged after the NCs are transferred into a ZP3 composite and the full width at half-

maximum (FWHM) of the NC PL is sufficiently small for applications in LEDs with precise green 

color rendering.217 The NC/ZP3 composite has no detectable sub-bandgap scattering, indicating 

that it has few NC aggregates.218  

The inset of Figure 5.5b shows X-ray diffraction (XRD) data collected from as-synthesized 

CsPbBr3 NCs and the same NCs in a ZP3 composite. Apart from additional amorphous scattering 

signals, the diffraction peaks are the same for both samples. Because each peak in the XRD consists 

of multiple Bragg reflections derived from the orthorhombic CsPbBr3 crystal structure, we could 

not perform a precise Scherrer analysis. That said, although the XRD FWHM for the NC 

diffraction peak at 44° increases by ~0.006° (0.7%) in the ZP3 composite, this difference is likely 

within experimental uncertainty. Furthermore, the transmission electron microscope (TEM) 

images in Figure 5.5c,d show that the CsPbBr3 NCs maintain their cube-like shapes in a ZP3 
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composite. The dark spots in both images are attributed to Pb0 nanoparticles formed during TEM 

imaging. Figure 1e plots histograms of nanocrystal edge lengths taken from the images in Figure 

5.5c,d and Figure S9. The average NC edge lengths before and after binding by ZP3 are 10.6 ± 2.1 

nm and 10.4 ± 2.4 nm, respectively. Importantly, the solid-state PLQYs of the CsPbBr3 NCs in 

PMMA and ZP3 composites were measured to be 55 ± 5% and 90 ± 5%, respectively. These 

PLQYs suggest that non-radiative recombination sites are effectively passivated when the NCs are 

transferred into ZP3. 

The stabilities of the NC composites were assessed in ambient atmosphere both in the dark and 

under illumination. In initial experiments, we note that CsPbBr3 NC/zwitterionic polymer 

solutions in butyl acetate stored in ambient conditions maintained ~95% of their initial PLQY after 

5 months of dark storage (see Supporting Information), whereas as-synthesized NCs in hexanes 

generally precipitate from solution after several days of ambient dark storage. To understand how 

these observations might translate to solid-state samples, we performed systematic stability 

measurements on various solid composites. To probe the PL stability of these NC composites, 

Figure 5.6a plots PLQYs of solid CsPbBr3 NC/ZP3 and NC/PMMA composites measured as a 

function of ambient dark storage time. The NCs showed similar long-term dark storage stability in 

ZP3 as in PMMA, but the PLQY of the NC/ZP3 composite was ~2 times greater, indicating the 

efficacy of these zwitterionic polymers as a ligating matrix. XRD data (Supporting Information, 

Figure S11) show that CsPbBr3 NCs in solid zwitterionic polymer composites maintain their 

crystal structure after 9 months of dark storage and PLQY data show that the PL is preserved after 

1 year of dark storage. Both results are indications of the resilience of these NCs in zwitterionic 

polymer composites. 

Figure 5.6b plots PLQYs of various NC/polymer composites measured as a function of 
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illumination time under ambient atmosphere, using ~90 mW cm-2 of full-area, 450 nm irradiation. 

The NC/ZP3 sample loses about 20% of its absolute PLQY in the first 12 hrs of illumination, but 

the NC PL intensity remains constant through the remaining 75 hrs of the experiment. 

Furthermore, the PLQYs of the NC/ZP3 samples recover over multiple time scales. For example, 

Figure S13 shows an initial PLQY loss (5-10 sec) that fully recovers after ~10 min of dark storage, 

and Figure 2b shows that both the rapid PLQY loss and the slower PLQY decrease (~12 hrs) 

recover to ~90% of the initial PLQY after 6 days of dark storage. In contrast, the NC/PMMA 

sample loses almost all of its PLQY after 24 hrs of irradiation, and this PLQY does not recover 

with dark storage. This result is consistent with the observation that perovskite NC/PMMA 

composites cannot withstand the high fluences (>100 W cm-2) of single-particle spectroscopic 

measurements in ambient conditions.219 Most reports of related NC/polymer composites do not 

perform irradiation stability measurements on the timescale needed to observe the rapid PLQY 

loss observed in Figure S13, so it is unclear whether this drop is even more general among 

perovskite NCs. 

 

 

Figure 5.6. (a) PLQYs as a function of dark storage time under ambient atmosphere for drop-

cast CsPbBr3 NCs in PMMA and ZP3 composites. The NCs in ZP3 preserve all their original 
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PLQY over 2 months while NCs in PMMA lose 20% of their PLQY over the first 15 days of 

dark storage. (b) PLQYs plotted as a function of 450 nm irradiation time for CsPbBr3 NC/ZP3 

and NC/PMMA composites with and without EVA encapsulation. The PLQYs were measured 

again after each sample was stored in the dark for several days following the irradiation 

experiment, and the values measured before and after dark storage are indicated as horizontal 

bars.  

 

To better evaluate the potential of these NC/polymer composite in commercial applications, 

we laminated CsPbBr3 NC/ZP3 and NC/PMMA samples between two layers of glass with 

poly(ethylene-co-vinyl acetate) (EVA) to reduce exposure of the NCs to air.  Remarkably, the 

PLQY of the EVA-laminated NC/ZP3 sample increases to nearly 100% within the first few hours 

of illumination and stays constant at this value for the remaining 75 hrs of the experiment. Ex situ 

integrating-sphere measurements verify that after 75 hrs of irradiation, the PLQY of the EVA-

laminated sample increased from 48 ± 5% to 93 ± 5%; this PLQY is among the highest reported 

to date for any inorganic or hybrid bromo-perovskite NC/polymer solids.153,182,188,220 We also note 

that the PL spectra of both samples do not change substantially over the course of this measurement 

(see Supporting Information), suggesting that this photo-brightening is not attributable to 

irreversible etching of the NCs.158,168 In contrast, the PLQY of the EVA-laminated NC/PMMA 

sample decreased under illumination, recovering again after dark storage. These irradiation results 

indicate that the photostability of CsPbBr3 NCs can be substantially enhanced by limiting air 

exposure. Additionally, when these NCs are hosted in a ZP3 composite, the high density of 

zwitterionic passivating groups in this polymer improves photostability in ambient conditions and 

increases PLQY in inert conditions relative to the same NCs in PMMA. 
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5.3.3 CsPbI3 NC/polymer composites. 

We now turn our attention to polymer composites that stabilize red-emitting CsPbI3 NCs. 

The CsPbI3 NCs were found to be noticeably less stable than CsPbBr3 NCs upon mixing with the 

zwitterionic polymers. Although CsPbBr3 NC/ZP3 composites in butyl acetate were stable under 

ambient conditions for up to 5 months, CsPbI3 NC/ZP4 composites in butyl acetate were only 

stable for ~24 hrs in similar storage conditions. 

Fortunately, the CsPbI3 NCs in ZP4 show significantly improved PL compared to the same 

NCs either drop cast without polymer or embedded in PMMA composites. Figure 5.7a plots 

absorption and PL spectra of a CsPbI3 NC/ZP4 composite and, for comparison, also of a CsPbI3 

NC/PMMA composite. The absorption and PL spectra for NCs in ZP4 and PMMA are nearly 

identical, apart from greater sub-bandgap scattering and a slight PL blue shift in the NC/ZP4 

sample. The PL decay of the NCs in ZP4 is nearly monoexponential, whereas that of the NCs in 

PMMA appears biexponential (Figure 5.7c). The PLQYs of the NCs in ZP4 and PMMA 

composites are 85 ± 5% and 45 ± 5%, respectively, suggesting that the additional PL decay 

component of the NCs in a PMMA composite can be attributed to non-radiative recombination at 

non-passivated surface traps. 
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Figure 5.7 (a) Absorption and PL spectra of CsPbI3 NCs in ZP4 and PMMA composites. 

Absorption spectra are normalized at 550 nm and PL spectra are normalized to the PL maximum. 

The PLQYs of these samples are also indicated. (b) CsPbI3 NC PLQYs plotted as a function of 

dark storage time in ambient atmosphere, measured for CsPbI3 NC/ZP4 and NC/PMMA 

composites and the same NCs drop cast from hexane solution. (c) PL decay curves measured in 

ambient conditions with 405 nm excitation for CsPbI3 NCs in ZP4 and PMMA composites 

shown in Figure 3 of the main text, normalized at t = 0. Inset: PL decay curves plotted on a log 

scale. 

 

Figure 5.7b plots PLQYs of CsPbI3 NCs drop cast onto a glass substrate along with CsPbI3 

NC/ZP4 and CsPbI3 NC/PMMA composites, measured as a function of dark storage time under 

ambient atmosphere. The drop-cast CsPbI3 NCs degraded almost as soon as they were exposed to 

air, and the NCs in PMMA lost two thirds of their PLQY over the course of ~32 days, dropping to 

18 ± 5%. In contrast, the NCs in ZP4 maintain their PLQY well over the entire 36-day experiment, 

c 
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indicating improved long-term stability of CsPbI3 NCs embedded within the ZP4 polymer matrix. 

Furthermore, NC/ZP4 composites recover most of their PLQY after dark storage time, while the 

PLQY of the NC/PMMA composites remain low after dark storage time. These observations 

demonstrate that, like the CsPbBr3 NC/ZP3 composites, CsPbI3 NCs in ZP4 show reversible PL 

degradation when irradiated in the presence of air whereas the same NCs in PMMA show 

irreversible PL degradation. 

 

5.3.4 Yb3+-doped CsPbCl3 NC/polymer composites.  

Figure 5.8a shows the absorption spectrum of Yb3+:CsPbCl3 NCs in a ZFP3 composite thin 

film. The corresponding fluorinated polymer without zwitterions is insoluble in the apolar solvents 

used to process as-synthesized NCs. When zwitterionic groups are added, however, the 

zwitterionic fluorinated polymer is soluble in butyl acetate and can be used to stabilize as-

synthesized Yb3+:CsPbCl3 NCs via the ligand exchange procedure described here. The absorption 

spectrum of the NC/ZFP3 film shows minimal sub-bandgap scattering, indicating that high 

concentrations of NCs can be well dispersed in ZFP3. The inset to Figure 5.8a shows a TEM image 

of the Yb3+:CsPbCl3 NCs in ZFP3. This image shows that the NC structure is similar to those 

reported previously for colloidal Yb3+:CsPbCl3 NCs.141 Figure 5.8b plots PL spectra of 

zwitterionic ligand-capped Yb3+:CsPbCl3 NCs drop cast from solution and of oleylamine-capped 

NCs after incorporation into a ZFP3 composite, measured such that relative intensities can be 

compared quantitatively. The PLQY of the NC/ZFP3 film is slightly greater than that of drop-cast 

NCs, owing to effective surface passivation by zwitterions in ZFP3. Additionally, the NC/ZFP3 

film retains nearly the same PLQY for over 1.8 years of dark storage, an indication that the 

Yb3+:CsPbCl3 NCs are highly stable in this polymer. 
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Figure 5.8 (a) Absorption spectra of a Yb3+:CsPbCl3 NC/ZPF3 composite film drop cast from 

butyl acetate. Inset: TEM image of these NCs in the NC/ZFP3 composite. (b) NIR PL spectra of 

the Yb3+:CsPbCl3 NC/polymer composite shown in panel (a). The PL spectra of the NC/ZFP3 

composite after 1.8 years of dark, ambient storage and of the drop-cast zwitterionic-ligand 

capped NCs without polymer are also provided for reference. These PL spectra were measured 

quantitatively such that relative integrated intensities are proportional to relative PLQYs. 

 

5.4 CONCLUSION 

In summary, we demonstrate a straightforward method to synthesize a full series of novel, 

modular zwitterion-functionalized poly(isopropyl methacrylate) polymers that can be specifically 

tailored to host different types of luminescent perovskite NCs. These polymers use tunable 
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zwitterionic anchor groups to stabilize the perovskite NCs, and they use fluorinated or non-

fluorinated moieties to tune other optical characteristics, making them useful for hosting a broad 

array of doped and undoped perovskite NCs. As-prepared perovskite NCs could be easily 

transferred into these polymers via simple ligand exchange and precipitation, and the resulting 

perovskite NC/polymer composites show good NC solubility in most solvents, including green 

solvents like ethyl and butyl acetate. These solvated composites could be easily cast into high-

optical-quality solid thin films for further optical interrogation or application. The NC PLQYs and 

ambient stabilities in these polymers are substantially enhanced relative to those in more 

conventional PMMA polymer matrices. Overall, these findings establish this class of zwitterion-

functionalized polymers as a flexible platform for advancing fundamental research involving 

perovskite NC/polymer composites and may help to advance the commercialization potential of 

perovskite NCs by facilitating full-scale manufacturing of luminescent NC-based composites via 

solution processing with green solvents. 
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Chapter 6. CONCL SION AND O TLOOK 

(This chapter is adapted from two papers published by Yunping Huang during this Ph.D 

program) 27,221 

 

Organic semiconductors and inorganic nanomaterials have advanced at a remarkable pace 

over the past two decades, achieving unprecedented performance and showing a promising future 

for commercial applications. However, their potential has not yet been fully realized.  As for 

organic semiconductors, most high-performance materials require long synthetic procedures, 

which deviates from our original vision of low-cost materials. Moreover, the intense use of toxic 

or dangerous reagents during the synthesis has raised concerns for future, large-scale production. 

Similarly, although the synthesis of inorganic nanomaterials is more straightforwards compared to 

organic semiconductors, the use of toxic elements such as lead and cadmium prevails in material 

synthesis. Regarding device fabrication, most of the devices from both organic semiconductor and 

inorganic nanomaterials in scientific reports are small-area devices fabricated by spin-coating or 

thermal evaporation, which causes much material loss, increasing the cost of the final devices. In 

addition, either spin-coating or thermal evaporation is not suitable for manufacturing large-area 

devices on an industrial scale. To address the above problems, refocusing their research on the 

commercial viability and environmental sustainability of organic semiconductors are crucial for 

future technology developments. 

 Both organic semiconductors and inorganic nanomaterials are rising optoelectronic 

materials with high structural tunability, and such common grounds lay the foundation for 

interdisciplinary collaborations between these two domains, not only consummating certain 

existing ideas but also establishing the foundation for a new research domain. Take the recent 

surge of chiral spintronics research as an example.222-224  Chiral spintronics utilize the connection 
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between the electron spins (a quantum physics concept) and the chirality of organic compounds (a 

chemistry concept), which is their mirror-reflection asymmetry as shown in Figure. 6.1. Moving 

spins can couple to a chiral object via spin-orbit coupling. When the spin possesses the same 

handedness as the chiral object, it can travel a longer distance. Such hybridization with chiral 

structures not only removes the requirement of an external magnetic field in traditional spintronics, 

but also leads to significantly larger spin currents compared to other spin-orbit-coupling-based 

devices from the achiral counterparts. Such enhancement is crucial to achieve higher signal-to-

noise ratios and reduce electricity consumption. Currently one of the topics of interest in chiral 

spintronics is introducing chiral ligand to QD surfaces, leveraging the quantum confinement effect 

to obtain robust spin states at room temperature and chiral effect to enhance spin current.223   This 

case exemplifies the fact that the organic-inorganic interface is a hybrid domain that requires the 

fusion of knowledge from multiple scientific disciplines via familiarizing a broad range of 

introductory content regarding organic building blocks to researchers from non-organic-chemistry 

backgrounds. We hope that by sharing this anchor-functionality paradigm with interdisciplinary 

research, we can spark other novel collaborative ideas in these communities.    
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Figure 6.1. The mirror-reflection asymmetry comparison between electron spins and chirality 

of chemical compounds. The small blue arrows and the big blue arrows respectively represent 

the moving directions and spinning directions of electrons. The red arrows indicated the chirality 

of two lactic acid enantiomers. The direction of the red arrow is defined by the arrangement of 

the functional groups around the chiral centers (marked with “*”), with the order of -OH > -

COOH > -CH3. 
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