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Abstract 

This thesis explores the synthesis and photophysical evaluation of inorganic and organic 

luminescent materials in the form of doped zinc sulfides and doped-ring-opened co-

polymerisation polymers. 

In chapter 1, doped zinc sulfide phosphors are prepared using a high temperature (800 ęC) 

solid state synthetic procedure under non-oxidising conditions. Copper doped zinc sulfides, 

within the literature, have been claimed to emit light over a wide range of wavelengths, 

including 450, 520, and 600 nm. Previously these transitions have been assigned to zinc 

vacancies, interstitial zinc, relaxation from a shallow trap state to copper, relaxation from the 

conductance band to copper t2 states, and relaxation to interstitial copper defects. In this 

work, four emission peaks are observed: 454, 490, 520, and 600 nm, and assigned to zinc 

vacancies, sulfur vacancies, interstitial zinc, and interstitial zinc defects, respectively. The 

assignments were also supported with quasiparticle G0W0 calculations that showed 

reasonable agreement with the experimental data, with the exception of the interstitial sulfur 

defect. Doping with Group 2 metals was also explored. Barium and strontium were observed 

to form both zinc defects and sulfur vacancies, respectively. Calcium was found to not favour 

the formation of any defect. With the addition of a manganese co-dopant, only barium 

caused a substantial red shift of the emission to 620 nm, with strontium and calcium causing 

no alteration to the manganese emission. 

Chapter 2 focuses on the preparation of small organic luminophores, 1,8-naphthalimides and 

1-aminoanthraquinone, suitable for incorporation into a polymer through either post-

polymerisation modification using an amine, or through direct incorporation during the 

polymerisation procedure using a terminal epoxide group. 

In chapter 3, these small luminophores are used for the synthesis of luminescent polymers 

with varying concentrations of luminophores. Three small scale polymers are prepared, 

using 5 and 10 mol% anthraquinone dopant (by epoxide), and 100% naphthalimide as a 

monomer. Anthraquinone doped polymers displayed molecular weights significantly higher 

than predicted, while the naphthalimide based polymer exhibited a lower than expected 

molecular weight. Additionally, large scale (300 g) polymerisation was performed using 

dopant level quantities of a luminophore to prepare blue, green, and yellow emitting 

polymers, with colour-fast properties. 
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1.1 Project Aims 

This thesis aims to explore the development, characterisation, and analysis of both inorganic 

and organic luminescent materials for display technologies. Zinc sulfides are a well-known 

material, and extensively explored throughout the literature. However, the origin of the 

emission is still not fully understood with a range of assignments made, many of which are in 

conflict with each other. Therefore, there is a desire to further investigate the emission using 

a range of dopants, to ascertain the nature of the emission and defect states, in the hope 

that this can lead to development of zinc sulfide luminophores with commercially desirable 

properties. Organic light emitting diodes have become increasingly popular to display 

technologies as they provide individual pixel control providing completely black pixels, wider 

viewing angles, typically resulting in a perceived improvement in picture quality. However, 

the fabrication of these devices requires vacuum deposition of the organic layer,1ï3 which 

adds to the cost of the final product. Polymer based luminescent materials, have a significant 

advantage in this regard over traditional OLEDs as the solubility of the material is rarely and 

issue allowing more cost effective methods of deposition such as inkjet printing to be used.4 

The approach used in this work aims to explore the benefits of a doping method for the 

introduction of luminophores into a non-luminescent host polymer through a polymerisation 

method, the ring opening co-polymerisation of anhydrides and epoxides. Such an approach 

was hoped to afford a range of physical properties that could be altered independently of the 

luminophore, potentially allowing the use of previously unusable materials. The existence of 

ester bonds within these polymers creates a target for chemical depolymerisation of the 

polymer, potentially affording a circular economy, reducing plastic pollution. To that end 

these polymers are also examined as an alternative to the plastics used throughout modern 

society. The existence of a covalent bond between the polymer and additive would result in 

color fast plastics and should function as a proof of concept for the incorporation of other 

additives to prevent leaching5 and degradation of the desired properties. 

1.2 Luminescence 

Briefly, luminescence is the radiative relaxation of an electron from an excited state to a 

ground state conformation with the release of a photon equivalent to the energy gap 

between these two states (Figure 1.1).6 There are a multitude of pathways capable of 

exciting a molecule, such as: chemiluminescence, mechanoluminescence, and 

electroluminescence. This thesis focuses on photoluminescence. 
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As implied by the name, photoluminescence involves the absorption of a photon, of 

suitable energy, by a molecule, promoting an electron from the singlet ground state (S0) to 

an excited state level (S1, S2, etc.). The Franck-Condon principle states that the electronic 

transition to the excited state occurs on a timescale shorter than that of nuclear motion, i.e., 

vibrations,7 and thus the molecule is excited to an excited vibrational state within the excited 

state manifold. Because room temperature is not sufficient to populate the higher excited 

states, absorption and emission typically occur from the lowest vibrational state. Following 

excitation by a photon, the molecule exists in both an excited electronic state and vibrational 

state. Relaxation of the molecule to the lowest vibrational level happens rapidly, within 10-12 

s, and as fluorescence lifetimes are typically three orders of magnitude slower than 

relaxation, emission will occur from thermally equilibrated vibrational levels, as dictated by 

Kashaôs rule. Therefore, this often means emission wavelength is independent of excitation, 

in cases such as excitation to higher electronic level (S2), which relaxes to the lowest excited 

state (S1), this is not the case. Emission from the excited state typically occurs to an excited 

vibrational level within the ground state, which like the excited state, rapidly relaxes back to 

the ground state vibrational level. This also means that emission and absorption are often 

mirror images of each other, since the spacing of the vibrational levels in the excited state 

are not significantly different from that of the ground state. The relaxation to a lower 

vibrational excited state causes a decrease in the energy of the transition back to the ground 

state, and thus the wavelength of light emitted will be of a shorter wavelength than the light 

absorbed, this phenomenon is called the Stokesô shift. In addition to relaxation to the ground 

state from a singlet state, a second pathway is relaxation from a triplet state (T1), termed 

phosphorescence, and causes emission at longer wavelengths than fluorescence due to the 

S0 
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S2 

T1 
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Figure 1.1: Jablonski diagram. 
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lower-lying T1 state. The conversion of a singlet state to a triplet state is called intersystem 

crossing and is mediated by a heavy atom, such as third row transition metals. As the 

molecule now exists in an excited triplet state, relaxation to the singlet state is spin forbidden 

and occurs over relatively long time (10-4 to 102 s).  

The lifetime (Equation 1.1) and quantum yield (Equation 1.2) of the luminophore are 

important characteristics to consider. Both of which are described in terms of decay rates, 

from either radiative events (kr, light emission), or from non-radiative events (knr), such as 

vibrational relaxation, or quenching. 

Briefly, the quantum yield is a measure of the number of photons emitted relative to 

the number of photons absorbed. As such, molecules with a high quantum yield, such as 

rhodamines,8 will appear very bright under photoexcitation, compared to samples with a low 

quantum yield. The lifetime provides a measure of how long the average molecule remains 

excited for, and thus defines the time available for the molecule to interact with its 

environment. Hence, samples with a long lifetime, such as phosphorescent molecules, are 

more prone to quenching via non-radiative decay.  

†  
ρ

Ὧ  Ὧ
 

Equation 1.1: Determination of lifetime (t) where kr is the radiative rate constant and knr is the non-
radiative rate constant 

   
Ὧ

Ὧ  Ὧ
 

Equation 1.2: Determination of quantum yield (F) where kr is the radiative rate constant and knr is the 
non-radiative rate constant 

Regarding quenching, the most commonly observed pathway is luminophores in 

solution interacting with the surrounding solvent molecules, through methods such as 

collisional quenching, or static quenching. In the case of collisional quenching the excited 

state luminophoreôs non-radiative decay pathways are promoted, and in static quenching, 

the quencher forms a complex with the luminophore that is non-fluorescent.6,9 However 

solvent interactions can also modulate the energy of the emission (i.e. solvatochromism). 

For example, a molecule with an excited state that is more polar than the ground state, in a 

polar medium, will experience a stabilising effect and decrease in energy as the solvent 

sphere reorients itself following excitation. This will lead to a further decrease in energy of 

the transmission termed a bathochromic shift, or red shift. Similarly, if the molecule has a 

less polar excited state, or the solvent was nonpolar, the opposite is true, and the emission 

will increase in energy termed hypsochromic shift, or blue shift. The pH of the solution10 or 

the presence of ions or functional groups11ï13 can similarly influence the emission or 

absorption. 
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1.3 Organic Luminophores 

Luminescent organic compounds, like their inorganic counterparts, are materials that contain 

filled, and unfilled orbitals with an energy gap within the visible region, which lies between 

~400 and 750 nm.14 Therefore, emission and absorption wavelengths, are highly dependent 

upon the bonds present within the compound, intramolecular, and intermolecular 

interactions. Compounds that absorb light within the visible region are termed 

chromophores, with the efficiency of the light absorption determining how óstrongô the colour 

appears to the human eye. This is described by the Beer-Lambert law (Equation 1.3), where 

Ů, the molar absorptivity, provides a measure of the probability a transition(s) occurs and 

therefore, how strongly it will absorb the light. 

ὃ  ‐ὧὰ 

Equation 1.3: Beer-Lambert law which governs how strongly a sample will absorb light in solution. 
Where A = absorption, Ů = molar absorptivity, c = concentration (mol-1dm3), and l = light pathlength 
(cm). 

However, not all chromophores will be luminescent since non-radiative, quenching, 

pathways can dominate the relaxation processes. They also vary vastly in their structure, 

and functional groups, providing a range of colours, and are commonly used as dyes (Figure 

1.2). Fully organic chromophores contain extended  ́delocalisation in the form of a linear 

system of alternating double bonds, such as ɓ-carotene (1), polyaromatic systems 

(naphthalene, anthracene, etc.), a combination of the two, and some that include a donor-

acceptor pair (2, 3). In the case of solely  ́systems, the absorption will involve excitation 

from a filled  ́orbital to an anti-bonding ˊ* orbital. For donor-acceptor systems, 

intramolecular charge transfer (ICT) transitions are also observed. Regarding 2, the donor 

system is comprised of both the quinoxaline and the indolyl group, and the acceptor consists 

of the quinoxaline and anisole group.15 In the case of the merocyanine, 3, the amino group 

acts as an electron donor and the carbonyl as an acceptor. Both ICT compounds display 

strong solvatochromic effects, in the case of 2, the absorption marginally red shifted (8 nm) 

as the solvent polarity increased, although emission was red shifted to a far greater degree 

(57 nm). The merocyanine absorption, however, was highly sensitive to solvent polarity: 

shifting from 444 nm in water to 614 in dichloromethane.16 
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Figure 1.2: Structures and photophysical parameters of selected chromophores with their spectra 
recorded in select solvents: aacetone,17 bacetone, ciso-propanol,15 disopropanol.16 

Expectedly, just as increasing the degree of conjugation, or incorporating donor-

acceptor pairs can alter the wavelength of light absorbed by the molecule, it will also alter 

the wavelength of light emitted by the molecule. For example, naphthalene absorbs light at 

270 nm, and emits at 320 nm.18 Fusing a third ring, increasing the conjugation, to create 

anthracene, shifts the absorption to 356 nm, and the emission to 396 nm.19 Similarly, 1,8-

naphthalimide (4, Figure 1.3) absorbs within the near UV region (342 nm) and emits light at 

373 nm, with a Stokesô shift of 2430 cm-1. Introduction of an amine in the 4-position (5), 

however, creates a donor-acceptor pair with the carbonyl group, that lowers the energy of 

the absorption to 410 nm (making the material appear orange) and decreasing the energy of 

excited state (due to solvent effects) to 535 nm, resulting in a Stokes shift of 5699 cm-1.  

1a 
ɚabs = 452 nm 

Ů = 140663 dm3 mol-1 cm-1 

2 
ɚabs = 408,b 415c nm 

Ů = 14000,b 11700c dm3 mol-1 cm-1 

3d 
ɚabs = 525 nm 

Ů = 34900 dm3 mol-1 cm-1 



Chapter 1. Introduction 

 

7 
 

  

Figure 1.3: Structures and photophysical parameters of selected 1,8-napthalimide luminophores. 
aAcetonitrile,20 bacetonitrile.21 

Organic luminophores have a variety of uses such as sensors22,23 and cell imaging 

agents.24ï26 More recently, they have also been used as luminescent materials for the 

production of display technologies and a variety of materials have been synthesised for this 

purpose, such as luminescent polymers, small organic compounds, and metal complexes 

1.4 Luminescent Materials 

Luminescent materials have become an essential part of modern day life, allowing for the 

widespread adoption of indoor and outdoor lighting as well the creation of TVs, laptops, and 

mobile phones. Light emitting diodes (LEDs) have become the dominant source of lighting 

due to their low cost, brightness, long lifetime (> 15,000 h) colour tuneability, and significant 

cost savings due to the efficiency of an LED light source compared to incandescent bulbs. 

An incandescent bulb converts between 2 and 13% of the energy into light27 (with the rest 

lost as heat) resulting in an output of only 12 lumen/watt compared to an LED bulb producing 

150 lumen/watt.28 In contrast, however, current LED based TV displays are not, necessarily, 

the most ideal choice. For example, these devices are typically edge lit along one or more 

edges, necessitating the use of a strong light source and attenuating films to ensure an even 

light distribution across the display, reducing the energy efficiency of these devices. More 

recently, displays using arrays of LEDs across the back of the device have been used to 

supply a more even distribution of light, increased brightness, and higher contrast, since 

these LEDs can be individually controlled. 

4a 
ɚabs = 342 nm 

Ů = 9100 dm3 mol-1 cm-1 
ɚem = 373 

5b 
ɚabs = 410 nm 

Ů = 11100 dm3 mol-1 cm-1 
ɚem = 535 
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1.4.1 Organic Light Emitting Diodes 

Organic light emitting diodes (OLEDs) represent an improvement over LED displays 

allowing individual pixels to be turned off and on resulting in higher contrast Samsungôs 

PenTile AMOLED and LGôs OLED displays make use of such technology.  

A simplified strucutre of an OLED is presented in Figure 1.4, when a potential difference is 

applied, holes and electrons migrate from the anode and cathode, respectively, and 

recombine in the emissive layer producing light. As the focus of this thesis is on luminescent 

materials, the properties of the hole conduction layers and electron conducting layers are not 

discussed. Many small organic compounds and complexes have been explored for use in 

OLED devices. One of the first examples of a metal complex for use in display applications 

was tris(8-hydroxyquinoline)aluminium (Figure 1.5) by Tang and Van Slyke, in which they 

created a device and showed electroluminescence at 550 nm.29 Cölle and Brütting examined 

the photoluminescence of different polymorphs of 6, and observed emission at 506 nm for 

the Ŭ-phase, 470 nm for the ŭ-phase, and 540 nm for the ɔ phase.30 Later work by 

Avestissov assigned the 540 nm to an Ů-phase instead, and observed the same trend in 

emission for gallium and indium variants.31 

 

Figure 1.5: Structure of tris(8-hydroxyquinoline)aluminium. 

Narasimhan and Periasamy prepared the similar aluminium complex, 7, which 

showed a strong blue luminescence at 460 nm, compared to 516 for 6.32 They ascribed this 

L¢h Dƭŀǎǎ 

IƻƭŜ /ƻƴŘǳŎǝƴƎ [ŀȅŜǊ 
9ƳƛǎǎƛǾŜ [ŀȅŜǊ 

/ŀǘƘƻŘŜ 
9ƭŜŎǘǊƻƴ /ƻƴŘǳŎǝƴƎ [ŀȅŜǊ 

Figure 1.4: Simplified structure of an OLED device. 
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difference to an increase in the energy of the LUMO caused by the loss of an amino group. 

They also reported a significant reduction in the lifetime from 16.67 (10) to 1.46 ns.  

Anzenbacherôs group synthesised a series of tris(8-hydroxyquinoline)aluminium 

derivatives with a range of electron donating and withdrawing groups (Figure 1.6).33 As the 

electron donating ability of the Ar group increased, the emission red shifted from 490 (8a) to 

612 nm (8j), although absorption wavelengths did not follow the same trend for all samples. 

For example, 8h, exhibited the highest energy absorption wavelength. Presumably, this was 

caused by the formation of an excimer decreasing the energy of the ground excited state, 

resulting in a red shifted emission. Quantum yields were also observed to decrease from 

0.533 to 0.008 (MeCN) as the donating ability of the aromatic group increased, likewise, 

lifetimes also decreased from 29.50 to 1.49 ns. 

 

Figure 1.6: Structure of tris(8-hydroxyquinoline)aluminium derivatives. 

Luminescent aluminium salen complexes (Figure 1.7) with tuneable emission have 

also been synthesised. Do and co-workers prepared a series of salen complexes with 

electron withdrawing and donating groups, 9a-f.34 Generally, as the electron donating nature 

of the R group increased, the emission red shifted from 458 nm, where R = H, to 599 nm, 

where R = NMe2, as the energy of the HOMO increased. Absorption spectra showed a 

similar trend in energies, with  ́ï *́ transitions, along with partial charge transfer of the 

phenoxide to the imide, between 354 and 413 nm. The quantum yields ranged from less 

than 0.01 for 9f and up to 0.40 for 9b (CHCl3). The low quantum yields for 9c and 9f were 

believed to be caused by spin orbit coupling with the bromine group to a triplet spin state, 

and the small HOMO-LUMO gap of 9f facilitating non-radiative deactivation of the excited 

state. Zhang et.al. also demonstrated tuneability by synthesising the red emitting complex, 

10, which displayed a strong red emission at 643 nm upon excitation at 390 nm with a 

quantum yield of 0.49 (DMSO) and a lifetime of 4.3 ns.35 Presumably, such a red shift in 

emission was caused by a combination of the electron donating pyrrolidine and electron 
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withdrawing nitrile group, allowing for an intramolecular charge transfer to occur. However, 

these complexes have not been explored as OLED materials except for 9b as a hole-

blocking layer.36 Zinc salen complexes, however, have been used in OLED devices.37 

 

Figure 1.7: Structure of luminescent aluminium complexes with salen type ligands. 

A range of other metals have also been employed for use in OLEDs such as 

copper,38,39 silver,40,41 zinc,37,42ï44 tin,45 iron,46 nickel,47,48 and titanium.49 However, many of 

these complexes suffer from limited emission tuneability, low quantum yields and/or 

brightness compared to aluminium OLEDs. 

Purely organic materials have also been trailed for OLED applications. Typically, 

coumarin shows a weak blue emission at 430 nm,50 however, incorporation of electron 

donating and withdrawing groups on the 7 and 3-positions can enhance the emission and 

red shift the emission through creation of a donor and accepter pair. Zhangôs group prepared 

functionalised coumarins with such groups, including aromatic imidazole derivatives (Figure 

1.8).51 As the electron withdrawing ability of the imidazole derivative increased the emission 

red shifted from 479 (11a), to 492 (11b) to 519 (11c) with quantum yields values of 94, 97 

and 98%, respectively in DCM. As solid films, however, the quantum yield values decreased 

significantly to 6.5, 14, and 12% due to aggregation induced quenching. 

 

Figure 1.8: Structure of some imidazole coumarin derivatives. 

Triarlyborons have also been explored as small, metal free luminophores for use in 

OLEDs.52,53 Kaji and co-workers synthesised three triaylboron compounds (Figure 1.9) that 

exhibited promising photophysical results.54 In solution, the compounds were found to emit 

at 509 (12a), 495 (12b), and 477 nm (12c) with quantum yields of 44, 84, and 91%, 

respectively, in degassed toluene. When incorporated into a host material as part of an 
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OLED, quantum yields were observed to, on average, increase to 92, 100, and 87%, 

respectively. 

 

Figure 1.9: Structure of some luminescent triarylborons. 

1.4.2 Polymer Light Emitting Diodes 

Commercial OLED displays use vacuum deposition to deposit the emissive layer onto the 

substrate as this technique allows for easier control of multilayer devices and, in some 

cases, due to the insolubility of the emissive layer. This technique, however, is resource 

intensive and contributes to the cost of OLED devices.2,3 Polymer based light emitting diodes 

(PLEDs) offer an attractive alternative as the polymer can be solution processed allowing 

inkjet printing of the emissive layer4 as more cost effective production method. These 

devices can also be made of fewer layers as the emissive organic layer can be 

multifunctional, acting as both an electron donor and acceptor.55ï57 Such an idea can also be 

used to prepared doped polymers, in which either the luminescence is wholly imparted by 

the dopant, or combined with an emissive polymer to create the desired photophysical 

properties. 

One such example is the combination of blue and green emitting organic molecules 

with a red emitting iridium (III) phosphor to generate a broad white light emitting material. 

Typically, these materials are prepared via the poly-condensation of an organic halide and 

an organoboron compound. This was demonstrated by Qinôs group, who prepared a white 

light emitting polymer (Figure 1.10) by combining the blue emitting poly(fluorene), the green 

emitting fluorenone, and a red emitting iridium complex.58 Showing emission peaks around 

425, 450, 525, and 620 nm. The intensity of the green and red emission was rather weak, 

being roughly 50% the intensity of the blue emission. However, electroluminescence 

increased the intensity of these transitions dramatically to be up to twice as strong as the 

blue emission. White light emission was observed with 0.05 equivalents of fluorenone and 

0.1 equivalents of the iridium complex [(piq)2Irdbm] Values lower than this were not 

observed to be green and red emissive under excitation. 
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Figure 1.10: Strucutre of a white light emitting polymer containing green and red (iridium) emitting 
components. 

The groups of Hwang and Shim also reported a white light emitting polymer 

containing iridium, but without the need for a green emitting component (Figure 1.11).59 They 

note that the carbazole ligand of the iridium improved the overall stability of the molecule and 

was capable of donating the lone pair from the nitrogen into the iridium, increasing the 

energy of the HOMO, inducing a red shift in the emission. With the material showing strong 

emission at 453 and 642 nm of almost equal intensity with 0.96 equivalents of N-

hexylcarbazole and 0.04 equivalents of [(bec)2IrdbmBr]. 

 

Figure 1.11: Structure of a white light emitting polymer without a green emitting component. 

Other groups have also incorporated iridium as a side chain component, rather than 

as part of the main chain, with similar results, creating white light emission from blue, green 

and yellow (iridium) components.60ï62 In addition to iridium, platinum, and zinc containing 

luminescent polymers have also been synthesised. Wong and co-workers prepared a 

platinum(II) container polymer coordinated via ethylene linkers (Figure 1.12), prepared via a 
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copper iodide mediated dehydrohalogenation reaction.63 With emission observed at 427, 555 

and 599 nm for the fluorene and platinum, respectively. 

 

Figure 1.12: Structure of a white light emitting polymer containing platinum. 

Moonôs group prepared a fluorene polymer with benzothiadiazole, and porphyrin 

bound zinc as dopants through a Suzuki cross-coupling.64 As with compound 15, 

poly(fluorene) acts as a host and blue emitter, whilst the benzothiadiazole and metal 

complex act as green and red emitters, respectively. However, in solution only blue emission 

was observed, with a strong green (520 nm) and weak red (612 nm) emission only observed 

for a thin film of the polymer. Metal free luminescent polymers not based on a poly(fluorene) 

structure have also been prepared and are discussed in Chapter 4. 

 

Figure 1.13: Structure of a white light emitting polymer containing zinc. 

1.4.3 Inorganic Light Emitting Diodes 

With regards to commercial application for large screen displays, LG, the largest 

manufacturer of OLED panels, used a WOLED design, consisting of RGB sub pixels with a 

broadband white emitter.65 This design is required due to the low brightness of commercially 

relevant organic emitters, requiring a second source to create a readable display. However, 

this can result in washed out colours in bright scenes. While thermally activated delayed 

fluorescent (TADF) emitters have shown promising results through reverse intersystem 
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crossing ï converting non-emissive triplet states into fluorescent singlet states. However, 

despite possessing desirable features (high brightness, longevity, or colour purity) these are 

rarely found in a single material.66,67 These materials, as of yet, have also not been 

incorporated into a commercial device. In contrast, inorganic particles, known as quantum 

dots, have recently been incorporated into flat panel displays due to their narrow bandwidth 

and high brightness. In the last couple of years, Samsung has produced two new types of 

display panel, QLED, which uses nanometre sized inorganic particles, quantum dots, as an 

emissive layer and micro-LED. The first, QLED, relies on the same technology as a fully 

array LCD TV, but uses quantum dots to increase the brightness and colour accuracy of the 

displays. Micro-LED replaces the organic compound in an OLED TV with an inorganic 

material providing all the benefits of an OLED with the brightness and colour purity 

obtainable with inorganic materials. It should be noted, however, that these are marketing 

terms, and the formation of a micro-LED displaying using quantum dots is possible.68  

Inorganic phosphors, commonly employed as light emitting diodes (LEDs), are ubiquitous in 

modern life, being used in all manner of displays and lighting technologies due to their power 

efficiency and high brightness.69 Commercial LEDs can be divided into selective red, green, 

and blue (RGB) emitters, or combined to produce while light. Broad spectrum white light 

emitters are typically made from the blue emitting InGaN coated with the yellow emitting 

cerium doped Y3Al5O12 (YAG:Ce3+) phosphor.70 For indoor lighting, where a warmer colour is 

desired, an additional red emitting phosphor such as Ba2Si5N8:Eu2+,71 or CaAlSiN3:Eu2+,72 is 

included. Other examples of phosphors within the literature are the red emitting 

Ca2ZnSi2O7:Eu2+,73 K2SiF6:Mn4+,74 and (Y,Gd)BO3:Eu2+,75 and the green emitting 

ZnGa2S4:Eu2+,76
 and SrSi2O2N2:Eu2+.77 An alternative option for luminescent inorganic 

phosphors are materials that achieve tuneable emission through doping a host material, 

altering the size of the nanoparticle (quantum dots). Zinc sulfide is one of the most well-

known examples, having previously been used in lighting and display applications,78 and the 

methods of synthesis and emission tuneability are discussed in chapter 2. However, 

materials such as cadmium sulfide, cadmium selenide, zinc oxide, copper indium sulfide, 

and zinc indium sulfides, have also been explored within the literature. These materials can 

be divided into two broad classes: those that achieve emission tunability through altering the 

size of the particle, and those that introduce a dopant with an energy level within the band 

gap of the host material allowing for energy transfer from the host material (Figure 1.14). 

Extensive work has also been undertaken on perovskite materials. 
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1.4.3.1 II-VI Binary Phosphors 

Cadmium sulfide (CdS) crystalizes in the wurtzite form, with a tetrahedral arrangement of 

zinc and sulfur (Figure 1.15), and a bulk band gap of ~2.5 eV.79 Because of the relatively 

narrow band gap, creation of luminescent materials has focused on the development of 

small nanoparticles, typically less than 10 nm, known as quantum dots. Weller and co-

workers prepared a cadmium sulfide nanoparticles with a varying surface coverage of 

mercury sulfide to impart emission tuneability.80 They note that as the mercury ion 

concentration was increased, the intense green emission of the cadmium sulfide was 

quenched, and the emergence of a new peak which red shifted from 550 to 770 nm as the 

mercury ion concentration increased. They attributed this change to electron transfer to the 

mercury sulfide, which experienced a shrinking of the band gap as the size of the mercury 

sulfide particles grew. Tuneable emission was also been achieved by Rosenzweig by 

capping the cadmium sulfide nanoparticle, and thereby altering the size of the nanoparticles, 

with l-cysteine (460 nm), thioglycerol (560 nm), and polyphosphate (650 nm).81  

Host Host with dopant Bulk Nanoparticle 

Figure 1.14: Energy diagram for nanoparticle emission tuneability (L), and dopant emission 
tuneability (R). 
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Figure 1.15: Wurtzite crystal structure, where black circles represent zinc and yellow circles represent 
sulfur. 

Cadmium selenide (CdSe) shares the same wurtzite strucutre, with a significantly 

smaller band gap of 1.74 eV,82 but exhibits a similar degree of band gap tuneability as the 

particle size is altered.83 This was exploited by Bawendiôs group who prepared four different 

sizes of cadmium selenide nanoparticles that displayed emission at 480, 560, 600, and 625 

nm with quantum yields between 0.05 and 0.15. Additionally, they demonstrated coating the 

nanoparticle core with zinc sulfide caused a significant increase in the quantum yield of the 

nanoparticles (between 30 and 50%), and a minor red shift in the emission wavelength.83 

Wellerôs group also noted a red shift in the emission of the nanoparticles as they grew in 

size.84 Doping of these materials has been demonstrated, with silver doping resulting in a 

broad emission (200 ï 300 nm FWHM) with a maxima that varied from 650 to 880 nm,85 and 

copper doping exhibiting an emission centred at 705 nm with a 100 nm FWHM.86 The highly 

toxic nature of cadmium,87 however, makes cadmium based phosphors an unsuitable choice 

for lighting applications, despite their promising qualities. 

Like the previous phosphors, zinc oxide has the wurtzite crystal strucutre, but a much 

larger band gap of 3.3 eV,88 therefore the luminescence observed in this material is 

controlled by introducing a dopant, creating defects with an energy within the visible light 

region. Green emission, occurring around 520 nm is well known, and has been reported to 

be caused by a range of defects, such as: an oxide anti-site defects,89 oxygen vacancies,90,91 

zinc vacancies,92,93 and interstitial oxygen.94 Blue emission, at 445 nm, assigned to interstitial 

zinc,95 and red emission assigned to a combination of interstitial oxygen and oxygen 

vacancy defects have also been observed.96 Copper doping was found to promote the 

formation of these defects, increasing the intensity of the transition around 550 nm.97,98 

м 

м 

м 
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Similarly, doping with aluminium and vanadium resulted in broad (150 nm FWHM) emission 

around 550 nm assigned to various zinc and oxygen defects.99 

1.4.3.2 Ternary Phosphors 

1.4.3.2.1 Copper Indium Sulfides 

Copper indium sulfide (CuInS2) phosphors, with the chalcopyrite structure, have recently 

been investigated as potential phosphors that are free from toxic heavy metals. Castro and 

co-workers were the first to examine the photoluminescence of colloidal CuInS2 

nanoparticles.100 As with cadmium nanoparticles, they observed an emission that was 

dependent upon the size of the nanoparticles, with sizes of 2.1 ± 0.2 nm causing emission 

around 650 nm, and slightly larger particles of 2.7 ± 0.3 nm caused an emission close to 700 

nm. Likewise, they also note a strong surface ligand effect on the quantum yield, pyridine 

and trioctylphosphine (TOP) both resulted in quantum yields below 0.002, whilst hexanethiol 

demonstrated a significantly higher value of 0.044. Later work by Liôs group observed a 

greater range of emission maxima, 630 to 740 nm, by altering the growth time of the 

particles at 240 °C, and observed similar quantum yields and FWHM values to Castro.101 

Alloying copper indium sulfide nanoparticles with zinc sulfide was observed by Maedaôs 

group to significantly improve the quantum yield of TOP coated particles to 0.05.102 They 

attributed this to migration of zinc to copper sites and prevent the formation of anti-site 

defects. Additionally, they showed coating of these particles with zinc sulfide almost doubled 

the photoluminescence intensity from the elimination of surface defects of the core zinc 

copper indium sulfide material. They noted the emission was tuneable between 620 and 800 

nm as the ratio of zinc decreased, albeit with a reduction in quantum yield. Reissôs group 

further improved upon this coating procedure, generating highly luminescent materials with 

reasonably long lifetimes (100s ns).103 The highest quantum yield they achieved was 60% 

for nanoparticles prepared in 20 minutes at 230 °C that decreased to 0.12 for nanoparticles 

prepared in 60 minutes. Hanôs group similarly observed this, producing a highly luminescent 

(QY = 0.61) core shell particle with an emission peak located at 561 nm.104 

1.4.3.2.2 Zinc Indium Sulfides 

In contrast, zinc indium sulfide emission tuneability has been explored through the 

introduction of dopants into the host lattice. Manganese doped zinc indium sulfides, 

prepared by Zheng and co-workers, initially showed a weak luminescence around 610 

nm.105 However, by coating with a zinc sulfide shell, the quantum yield improved significantly 

from 0.04 to 0.56, which has been suggested to be related to the removal of surface trap 

states on the surface by zinc.106 Lifetimes were also lengthened from 0.2 ms to 4.2 ms. For 

manganese doped samples, in which emission occurs from a 5T1 ï 6A1 relaxation, tunability 
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is limited, as this can only be achieved by altering the ligand field strength which would result 

from replacing the ligands, and thus, changing the material itself. Dopants such as copper 

and silver, however, afford a wider range of emission tuneability. Chenôs group initially 

demonstrated this, showing a silver concentration dependant emission from 480 (2.5% Ag) 

to 530 nm (12.5% Ag).107 The strongest emission was observed for nanoparticles prepared 

at 200 °C, showing a quantum yield of 0.07, and a lifetime of 265 ns. The low quantum yield 

was attributed to structural defects, decreasing the photostability of the material. Coating 

with zinc sulfide, once again, resulted in an improvement of the quantum yield to 0.28. 

Similar results were also observed by Zheng who observed emission up to 585 nm for 15% 

silver doping.108 Emission tuneability of copper doped zinc indium sulfides has been 

explored by several groups. Zhong et.al, prepared copper doped materials with varying 

copper, and varying Zn:In ratios.109 Increasing the copper composition from 1 to 0.2, resulted 

in an emission shifting from 518 to 606 nm, altering the Zn;In ratio caused a more significant 

red shift in the emission from 450 to 710 nm. As with the silver doped samples, coating the 

nanoparticle increased the quantum yield from 0.63 ï 0.85. Similar results have been 

reported by other groups within the literature.110ï114 

1.4.3.3 Perovskites 

Perovskites are perhaps most well known for their use in solar cells,115 but they are also an 

efficient inorganic luminescent material,116,117 due to their high quantum yields (up to 0.9),118 

optical purity, and spectral stability. Perovskites consist of a broad range of materials with 

the formula ABX3, where A is a monovalent cation, B is an inorganic cation surrounded by 

an octahedral arrangement of X anions (Figure 1.16). Perovskites can be categorised into 

hybrid organic-inorganic structures where A is an organic cation, such as methylammonium, 

or fully inorganic structures where A is caesium.  

Figure 1.16: Perovskite structure, where black circles represent monovalent cations (A), red 
circles represent monovalent anions (X) and the blue circle represents an inorganic cation 
(B). 
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1.4.3.3.1 Lead Perovskites 

Dong and co-workers reported the preparation of methylammonium (MA) lead halide 

perovskites at room temperature using ligand-assisted reprecipitation (LARP).119 By 

precipitating a DMF solution of the precursors, n-octylamine, and oleic acid in toluene, they 

were able to prepare quantum dots with an average diameter of 3.3 nm (MAPbBr3). 

Emission tunability was achieved by altering the proportion of the halide during synthesis. 

For example, MAPbCl3 gave an emission at 373 and 407 nm with bandwidths of 37, and 34 

nm, respectively. Substituting some of the chloride for bromide, to form MAPbCl2.1Br0.9, 

shifted the emission to 446 nm with a FWHM of 17 nm. By exchanging all the halide, a green 

emitting (515 nm) MAPbBr3 phosphor with a FWHM of 22 nm, and the red/near-IR emitting 

(734 nm) MAPbI3 with a FWHM of 45 nm, were synthesised. They noted, however, that the 

materials containing iodide were very sensitive to air. Gaoôs group subsequently improved 

on this method by combining the precursors in solution without the need for the initial 

precipitation of an amine salt.120 They similarly showed the highly luminescent nature of the 

MAPbBr3 phosphor both in solution and as a solid state device. Caesium lead perovskites 

have shown a similar level of tuneability in their emission with halide exchange. Kovalenkoôs 

group prepared such compounds using a hot injection technique and demonstrated emission 

from 410 to 700 nm with FWHM between 10 and 40 nm, and quantum yields of 0.2 ï 0.8.121 

Mannaôs group demonstrated similar results, although they reported a more significant 

reduction in the quantum yield after chloride substitution.122 Like their methylammonium 

counterparts, caesium lead iodide perovskites are not stable over long periods and degrade 

into a non-luminescent polymorph. Further work by Kovalenkoôs group,123 showed 

formamidinium (FA) perovskites, prepared via hot injection, had remarkable stability over a 

period of six months with no shift in the emission wavelength. FA0.1Cs0.9PbI3 showed the 

same degree of stability with a narrow FWHM of ~ 25 nm and a quantum yield greater than 

0.7. Lead perovskites have shown a high degree of emission tuneability, and narrow 

bandwidths, allowing them to cover a wide colour gamut (almost the entire CIE colour 

space). However, the toxicity of the lead component, and overall (in)stability124 poses issues 

for commercial uptake of these materials.125ï127 

1.4.3.3.2 Tin Perovskites 

Böhm and co-workers prepared a series of lead-free caesium tin halide nanocrystals 

following a hot injection protocol in which the precursors are combined in a hot solvent (in 

this case 170 ęC) to induce precipitation of the perovskite.128 As with lead perovskites, 

descending the halogen group caused a red shift of the emission. However, the emission is 

also red shifted compared to their lead counterparts, with the chloride derivative exhibiting 

emission around 500 nm, and the iodide perovskite acting as near-IR emitter around 920 
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nm. Whilst the FWHM of the bromide species was similar to the lead samples (50 nm), both 

chloride and iodide based materials showed broader peaks, and all demonstrated incredibly 

low quantum yields of less than 0.0014. In contrast, Tanôs group observed the iodide 

samples to display the highest quantum yield.129 With value of 0.053 for CsSnI3 which rapidly 

dropped to 0.001 when the iodide content decreased to 50%. However, tin(II), unlike lead(II), 

is not stable when exposed to air and rapidly converts to the more stable tin(IV) oxidation 

state, causing a significant decrease in the luminescence properties of the material.130 

Recently, Baoôs group demonstrated gelatin coating of tin perovskites provided exceptional 

protection from degradation, with luminescence intensity only decreasing by 6.72% after 72 

hours of exposure to air and 23.6% after submersion in water.131  

1.4.3.3.3 Bismuth Perovskites 

Bismuth derived perovskites of the form A3B2X9 have also been explored as a less toxic 

alternative. Hanôs group prepared a set of caesium bismuth halide perovskites through 

precipitation of the metal bromides to form nanocrystals.132 In contrast to the tin perovskites, 

these samples displayed tuneable emission from 400 to 580 nm as the halide was altered. 

They noted that due to a fast trapping process the quantum yield was poor (0.002), however, 

passivation of the surface with oleic acid significantly increased the quantum yield to 0.045. 

Such an effect is believed to occur due to increasing the coordination number of surface 

ions, by increasing the steric bulk around surface sites, or by filling in vacant sites on the 

surface.133ï137 Thereby reducing the rate of non-radiative relaxation and increasing the 

proportion of radiative relaxation, however, the precise mechanism of passivation is still 

uncertain.138,139 In addition, these materials exhibited far greater air and moisture stability 

than tin perovskites. Following this work, Zhao and co-workers prepared bismuth perovskites 

in the presence of oleic acid and an octylammonium halide.140 They were able to prepare 

nanoparticles with emission wavelengths of 380, 411 and 526 nm, with low to high quantum 

yields (0.62, 0.22, and 0.023) and relatively narrow FWHMs (57, 38, and 76 nm). The 

enhancement in quantum yield was attributed to the surface passivation caused by a steady 

ligand shell created by the oleic acid and octylammonium bromide. Recently, Zengôs group 

were able to prepare a blue (437 nm) emitting perovskite with a remarkably high quantum 

yield of 0.52, using formamidinium bromide.141 Like their caesium counterparts, emission 

was only observed between 399 and 526 nm. Red emission has recently been achieved with 

silver bismuth and silver indium based perovskites. Gamelinôs group prepared Cs2AgBiX6 

(X= Cl, or Br) phosphors using a hot injection technique.142 Emission was observed at 738 

(Cl), and 708 and 629 nm (Br) at 40 K, increasing to room temperature caused a red shift in 

the emission maxima, and a significant reduction in the quantum yields to ~ 0.003. They also 

noted that after exposure to light and air for 6 weeks, the formation of silver bromide was 



Chapter 1. Introduction 

 

21 
 

observed in X-ray diffraction data. Feldmann prepared the bromide derivative and noted an 

emission maxima at 650, with a FWHM of roughly 200 nm.143 Giustinoôs group similarly 

prepared the Cs2InAgCl6 perovskite and demonstrated emission at 608 nm with a FWHM of 

120 nm.144 In 2019 Jang, in collaboration with Samsung, published a paper on the formation 

of InP/ZnSe/ZnS quantum dots showing high brightness, external quantum efficiency, 

lifetime, and colour accuracy (bandwidth = 35 nm) which they claim will aid in the fabrication 

of next-generation quantum dot displays.145 Clearly, despite 120 years of research into 

luminescent materials for displays, starting with zinc sulfide materials over 100 years ago,78 

there is an ever present demand for new materials which are brighter, more colour accurate, 

and more stable. 

1.5 Inorganic vs. Organic Phosphors 

Overall, there are advantages and disadvantages to each type of phosphor, and the specific 

choice will typically be dictated by the application of the material. In the case of inorganic 

materials, quantum dots offer narrow bandwidths due to the quantum confinement effect 

giving atom-like emission,146 allowing for high colour accuracy and a wide colour gamut. 

Emission can also be easily tuned across the entire visible region using a single material, 

with high brightness and efficiency.147 However, these materials are hindered by, in some 

cases, the use of toxic materials and non-toxic variants showing poorer photophysical 

properties. As well as poor lifetimes for blue emitting phosphors.148  Whereas organic 

materials typically, have far wider bandwidths resulting in a reduced colour gamut and, 

therefore, less accurate reproduction of colours. However, the luminescent materials are 

often far less toxic than their inorganic counterparts.149 Thermally activated delayed 

fluorescence materials have recently been explored as method to obtain greater efficiency of 

electroluminescence.150,151 However, these materials often produced wide band emission, 

and only recently have narrowband phosphors been produced.152 Additionally, the long 

lifetime of these materials, often greater than a microsecond,152 limits their use in fast 

switching displays. Iridium phosphors, which are commonly used as a red phosphor, while 

exhibiting promising photophysical properties, often take a substantial time to reach their 

max luminance, similarly making them less desirable choices.153 

Table 1.1: Comparison of organic and inorganic materials for display technologies 

 Organic Inorganic 

Bandwidth 

(FWHM) 

30 ï 100 nm154,155 å 5 ï 60 nm156 

Quantum Yield Up to 100% Up 100% 
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Lifetimea Up to 12,500 for blue 

emitters157 

Up 16,000 for blue emitters158 

Emission 

Tunability 

Often limited, requiring 

significantly different 

molecules to cover the visible 

spectrum 

Entire visible spectrum is 

possible through alteration of 

particle size or introduction of 

a dopant 

Nature of 

Elements 

Metal free luminophores are 

readily prepared 

Can use rare or hazardous 

elements such as: cadmium, 

lead, indium, gold, tellurium or 

selenium 

          a Lifetime measured as time taken for brightness to decrease by 50% 
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2.1 Aims 

Doped zinc sulfides within the literature have been prepared through both solid state 

reactions and precipitation from solution, resulting in a range of emission 

wavelengths and different proposed assignments of these transitions. For example, 

both Kröger, and Bowers and Melamed report blue emission (440 nm) from zinc 

vacancies, while Sen claimed the transition was caused by relaxation from sulfur 

vacancy energy levels. Similarly, copper doping of zinc sulfides has led to a range 

of emission wavelengths, that are assigned to the same transition, without an 

explanation for the origin of the emission shift with respect to earlier literature 

reports. This chapter aimed to prepare a series of doped materials capable of 

emitting at (blue, green and red wavelengths) 460, 530, and 620 nm for use in 

displays and lighting technology. Based upon literature work, it was expected that 

silver, chloride, copper, and barium/manganese doping could afford the desired 

wavelengths. Secondly, this work aims to explore the nature of the defects causing 

the various emission wavelengths through the preparation of doped zinc sulfides 

using copper (I), copper (II), aluminium, and chloride dopants, along with undoped 

zinc sulfides. And computational analysis to provide an assignment that is 

consistent across the range of dopants. 
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2.2 Introduction 

Zinc sulfide is a wide band gap (3.50 ï 3.80 eV1ï3) semiconductor comprised of 

tetrahedrally coordinated zinc and sulfur in a 1:1 ratio. The material is known to exist 

in one of two polymorphs, the cubic sphalerite form (zinc blende, Figure 2.1) and the 

hexagonal wurtzite form that is typically only present after heating temperatures 

greater than 1000 °C.4 Zinc sulfide is particularly well known for the ability to be 

doped with a wide range of ions, generating defects, affording tunability of the 

electronic properties allowing use in a wide range of areas such as: field emitters5,  

UV light sensors6, gas sensors7, photovoltaics and photocatalysis.8,9 These defects 

can be classified into one of three forms: interstitial, where an ion exists in an off-

site position; a vacancy, where an ion has been removed from the lattice position; or 

a substitutional defects (Figure 2.1), associated with the introduction of a second 

ion, such as a metal. Typically, the introduction of a substitutional defect will also 

cause one or both of the other defects, generating a range of emission wavelengths.  

Figure 2.1: Pictorial representations (clockwise) of pure zinc sulfide, zinc sulfide with a 
substitutional defect, zinc sulfide with a sulfur vacancy defect, and zinc sulfide with an 
interstitial zinc defect. Where zinc = black circles, sulfur = yellow circles, substituted ion = 
red circle, interstitial ion = blue circle, and dashed purple circle = vacant site. 
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2.2.1 Copper, and Copper Co-Doped Zinc Sulfides 

Table 2.1: Literature reported emission wavelengths and their assigned transitions. 

Author Dopant Emission 

wavelength 

/nm 

Assignment 

Bowers 

and 

Melamed10 

NH4Cl 440 Interstitial Zn and Zn vacancy 

Cu (0.01%) 520 Cu(I) interstitial or substitutional 
Cu(I) 

Cu (0.06%) 440 Cu2
+Cl 

Cu (0.3%) 520 Substitutional Cu(I) 

Cu 670 Interstitial Cu(I) 

Meijernik11 Cu (0.123 
at%) 

470 Shallow donor Ÿ Cu(II) 

  600 S vacancy Ÿ Cu(II) 

Deshpand1

2 

Cu (0.06%) 
 

480 Shallow donor Ÿ Cu(II) 

Wang13 - 411, 455 S vacancy, Zn vacancy 

 Cu (0.5 mol%) 412, 446, 497 S vacancy, Zn vacancy, S 
vacancy Ÿ Cu(II) 

 Cu (1 mol%) 411, 446, 505 S vacancy, Zn vacancy, S 
vacancy Ÿ Cu(II) 

 Cu (2 mol%) 414, 450, 512 S vacancy, Zn vacancy, S 
vacancy Ÿ Cu(II) 

Vatsa14 Cu (0.5 at%) 450, 521 Interstitial Cu(I) Ÿ substitutional 
Cu(I), Shallow donor Ÿ Cu(I) 

 Cu (1 at%) 450, 521 Interstitial Cu(I) Ÿ substitutional 
Cu(I), Shallow donor Ÿ Cu(I) 

Zhang15 - 440 Shallow donor Ÿ Zn vacancy 

 Cu, Cl 490 Shallow donor Ÿ Cu(I) 

Copper doped and co-doped zinc sulfides are probably the most studied zinc sulfide 

material, with emission maxima of 440 to 600 nm reported within the literature for a 

range of preparation procedures. In 1955, Bowers and Melamed attempted to relate 

the reported emission of copper activated zinc sulfides to the states of the activator 

and its position within the lattice.10 They prepared doped zinc sulfides through the 

solid state mixing of a zinc sulfide powder with copper nitrate and 3 wt% ammonium 
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chloride, which was then fired in a furnace. Four distinct emission profiles were 

observed depending upon the ratio of dopants, and the presence of a co-activator. 

Zinc sulfide doped with (ammonium) chloride produced a single emission peak with 

a maximum at 440 nm, and with the addition of 0.06 wt% copper, introduced a 

second weaker peak at 520 nm. Reducing the copper loading to 0.01 wt% or 

increasing it to 0.4 wt% resulted in a strong green emission at 520 nm, with a very 

minor blue (440 nm) component for 0.01 wt% doping. Without the presence of a 

chloride co-activator, a dual 440 and 670 nm emission was observed. The blue 

emission was assigned to a zinc vacancy and agreed with the earlier work by 

Kröger.16 Green emission, however, was less clear, since incorporation of Cu+ into a 

Zn2+ site would require the incorporation of second additive, such as Cl-, Br-, or Al3+ 

or a sulfur vacancy. They concluded that since the emission arising from the above 

defects was the same; the green emission must be caused by copper in a 

substitutional site. Red emission was similarly assigned to copper, but from an 

interstitial location, that caused the formation of zinc vacancies giving rise to the 

blue emission that was also observed.  

Meijernikôs group observed similar blue and red emission for copper-doped zinc 

sulfide nanocrystals prepared via co-precipitation of zinc and copper with sodium 

sulfide.11 However, the red emission was located at 600 nm, which they assigned to 

a transition between a localised donor, such as a sulfur vacancy, and the copper 

impurity. They also note an emission at 470 nm at 4 K, which shifts to higher 

energies as the temperature increases reaching ~440 nm at room temperature. In 

this case, however, the emission was assigned to the relaxation from a shallow 

donor state to the t2 levels of the copper dopant. Deshpande, however, observed 

emission at 480 nm with room temperature measurements of copper doped zinc 

sulfides, which they similarly assigned to relaxation from a shallow state to the t2 

levels.12 Wangôs group similarly explored the photoluminescence of copper (0%, 

0.5%, 1%, and 2% molar ratio to zinc) doped nanoparticles prepared by 

precipitation with sodium sulfide.13 Unlike the prior examples, a single component 

emission was not observed at any copper concentration. For undoped zinc sulfide, 

they reported a composite peak made of two emissions at 411 and 455 nm, with 

addition of copper a third peak emerged, around 512 nm and increased in intensity 

as the copper loading was increased. Like Bowers and Melamed, they assigned the 

emission at 455 to zinc vacancy defect, the green emission to a relaxation from a 

sulfur vacancy to the t2 level of copper, and a sulfur vacancy to the highest energy 
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transition at 411 nm. Interestingly, they did not observe the red emission reported in 

other literature sources. Vatsaôs group prepared copper doped zinc sulfides without 

a co-activator using the solid state method. Likewise, they reported no red emission 

from this doping procedure. However, at both copper concentrations trialled, 0.5 and 

1%, a dual blue green emission was observed at 450, and 521 nm respectively. 

They assigned the 450 nm emission to a donor acceptor pair of interstitial copper 

and substitutional copper, and the green to relaxation from shallow donors to 

copper.14 Recent work from Zhangôs group explored the photophysics of copper 

doped zinc sulfides prepared using microwave irradiation. The emission was found 

to red shift from 500 to 595 nm with increasing irradiation time up to 120 minutes. 

They claimed that the longer reactions times increased the proportion of copper 

dopant which is able to interact with sulfur vacancies, altering the level of the donor 

state.17 

Sharma and co-workers prepared copper doped zinc sulfides using bromide 

and aluminium co-activators. Specifically, they found a 3:1:3 ratio of incorporated 

copper, aluminium, and bromide was able to achieve a bright green emission at 530 

nm.18 Zhang explored the effect of copper concentration on the emission 

wavelength of copper and chloride co-precipitated nanoparticles.15 Interestingly, 

they note that no emission was observed without the reflux of the solution for an 

hour, with the intensity exhibiting a significant improvement when the samples were 

heated at reflux with excess zinc. For undoped particles they reported an emission 

at 440 nm, which shifted to 464 nm with the addition of 0.2% copper, which shifted 

again to 487 nm, following the addition of 3% copper, as was observed by Zhangôs 

group, but to a lesser degree. In this case they assigned a transition at 490 nm to a 

relaxation from an electron trap state to the copper state, and a blue emission at 

440 nm to relaxation from the same trap state to a hole trap caused by zinc vacancy 

surrounded by three sulfide ions and a chloride. Regarding copper doping, it is clear 

a range of emission profiles and energies are observed, with little agreement on the 

energy of the copper associated transition. However, most of the literature is in 

agreement that a relaxation from a shallow defect, such as a sulfur vacancy, to the 

copper bands causes the emission between 480 and 595 nm. A red emission has 

also been observed in a few literature reports which agreed on an assignment to a 

sulfur vacancy associated with interstitial copper. 
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2.2.2 Silver Doped Zinc Sulfides 

The group of Sen prepared silver doped nanoparticles via a combined hydrothermal 

and high temperature (750, and 950 °C) solid state method.19 They noted an 

increase in the intensity of the emission and a slight shift from 445 to 454 nm upon 

annealing at 950 °C, similar to Zhang, and a corresponding increase in the intensity 

of peak at 337 nm for the excitation spectrum. No shift in emission was observed 

following the addition of silver and annealing at 750 °C, however, increasing the 

temperature to 950 °C caused a single emission at 533 nm, and a new peak in the 

excitation spectra at 370 nm. The difference between the two silver doped samples 

was ascribed to the melting of silver sulfide at 950 °C allowing for a greater 

proportion of silver to be incorporated within the zinc sulfide lattice. The blue 

emission from an undoped zinc sulfide was assigned to relaxation from a sulfur 

vacancy state. For the doped samples, relaxation from the conductance band to 

silver energy levels was assigned to the blue emission, whilst green emission was 

claimed to originate from relaxation from the sulfur vacancy down to the silver 

energy levels. Shenôs group also prepared silver doped zinc sulfides using a 

precipitation method in alkaline solution.20 With similar emission maxima reported, 

around 450 nm, with introduction of silver causing a red shift to 515 nm, which 

increased in intensity as the silver dopant concentration increased. These 

transitions were assigned in the same manner Senôs group.  

2.2.3 Manganese Doped Zinc Sulfides 

Bhargava and Gallagher were among the first to report a high luminescence 

efficiency and short lifetime for manganese doped zinc sulfides in 1993.21 They 

prepared manganese doped bulk zinc sulfide through solid state mixing, and a 

nanocrystalline form through a chemical precipitation in toluene. For both of these 

materials, only a single emission peak was observed at 584 and 590 nm, with band 

gaps of 332 and 265 nm, respectively. This yellow emission was assigned to the 4T1 

ï 6A1 transition of the substituted manganese ion. While such transitions are usually 

forbidden, perturbation by the zinc sulfide crystal field was claimed to partially allow 

the transition through the mixing of opposite spin states. They also claim the broad 

bandwidth of the yellow emission was caused by inhomogeneous broadening and 

phonon assisted transitions.22 Prakashôs group also prepared manganese doped 

zinc sulfides through precipitation affording an emission at 589 nm. However, they 

also observed an additional four transition at 417, 446, 480, and 520 nm which they 

assigned to interstitial sulfur, and zinc; and sulfur, and zinc vacancies, respectively, 
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with the yellow emission assigned to the same 4T1 ï 6A1 transition as before. This 

work represents one of the few total assignments of the possible transitions from 

native defects in a zinc sulfide material. Combined with the literature work so far, it 

presents an issue of accurate assignment to the observed emissions, with multiple 

sources reporting the same emission wavelength assigned to different transitions 

and vice versa. Of course, while it is possible for the defects to have the same 

transition, it indicates that careful consideration of the expected structural defects 

will play a significant role in assignment of the emissions observed in this work. 

2.2.4 Barium and Manganese Co-Doped Zinc Sulfides 

Work by Rao and co-workers prepared a red emitting manganese and barium co-

doped zinc sulfide using a carbothermal reduction approach.23 The degree of red 

shift from the typical manganese emission was observed to be dependent on the 

barium concentration, reaching an emission of 620 nm with 10% equivalent of 

barium added during the preparation. Powder X-ray diffractions showed a largely 

sphalerite phase with a minor component of Ba2ZnS3. The shift in emission was 

claimed to be caused by two factors: the large size of the barium ion the crystal field 

stabilisation was expected to be large, which they argue will cause the manganese 

transition to shift to lower wavelengths. Secondly, they suggest the manganese ion 

leads to increased phonon coupling due to the large size of the barium ion. 

However, no precise assignment for the cause of the red shift was made. 

2.3 Experimental and Methods 

Powder X-ray Diffraction analysis was performed between 20° and 80° using a pro 

PAN Analytical powder diffractometer using a Cu KŬ radiation source operation at 

40 KeV and 40 mA. Analysis of the diffraction pattern was carried out using Profex 

software. Microscopy was performed on a Tescan Maia3 field emission gun 

scanning electron microscope (FEGSEM) operating at 5, 15, and 30 kV. Images 

were acquired using the secondary electron and backscattered electron detectors. 

Samples were dispersed as a powder onto adhesive carbon Leit discs mounted 

onto aluminium stubs. Samples were analysed after coating in 7 nm (14 nm for 

silica coated samples) 80:20 Au:Pd using a Quorum 150T ES sputter coater. 

Energy-dispersive X-ray (EDX) analysis and mapping were performed using an 

Oxford Instruments X-MaxN80 detector, and the data was analysed using the Aztec 

software. Photophysical data was obtained on a JobinYvon-Horiba Fluorolog 

spectrometer fitted with a JY TBX picosecond photodetection module as solid 
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powders. Emission spectra were uncorrected and excitation spectra were 

instrument corrected. 

2.3.1 Synthetic Procedures 

All reactions were performed using a Carbolite-Gero tube furnace equipped with a 

mulite tube and programable temperature control unit. All reagents used were of 

high purity (ZnS: 99.99% pure by metal basis, dopants: > 99% pure by metal basis), 

purchased from commercial suppliers and used without further purification. Water 

used during the wet impregnation method was collected from a Barnstead 

EASYpure II RF ultrapure water system with a resistivity of 18.2 Mɋcm-1. 

General Furnace Synthesis of Doped Zinc Sulfides: Zinc sulfide was mixed with 

the dopant(s) in an agate motor and pestle for 10 minutes and decanted into a 

porcelain firing boat and placed in a furnace. Then purged with nitrogen for 10 

minutes and heated to 800 °C with a temperature ramp of 3 °C/min and held at 800 

ęC for one hour before being allowed to cool passively under a flow of nitrogen. 

Copper and Aluminium Doped Literature Samples: Prepared following the 

general scheme using zinc sulfide (1.00 g, 10.25 mmol) with copper sulfate 

pentahydrate (0.7 mg, 2.83 ɛmol [1, 3, 4], 3.9 mg, 15.74 ɛmol [2]) and aluminium 

nitrate nonahydrate (2.5 mg, 6.67 ɛmol [1], 7.0 mg, 18.53 ɛmol [2], 1.1 mg, 2.97 

ɛmol [3, 4]) and potassium bromide (100 mg, 0.84 mmol [2]) ammonium bromide 

(50 mg, 0.51 mmol) as dopants. 

Aluminium Doped: Prepared following the general scheme using zinc sulfide (1.00 

g, 10.25 mmol) aluminium sulfide (5.0 mg, 33 ɛmol) as the dopant. 

Copper Iodide Doped (5): Prepared following the general scheme using zinc 

sulfide (1.00 g, 10.25 mmol) with copper iodide (1.2 mg, 6.30 ɛmol) as the dopant.  

Copper Sulfate Doped (6): Prepared following the general scheme using zinc 

sulfide (1.00 g, 10.25 mmol) with copper sulfate pentahydrate (1.5 mg, 6.01 ɛmol) 

as the dopant. 

Copper Iodide and Ammonium Chloride (7): Prepared following the general 

scheme using copper iodide (1.2 mg, 6.30 ɛmol) and ammonium chloride (10.0 mg, 

186.95 ɛmol)  
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Barium Doped: Following the general procedure using zinc sulfide (1.00 g, 10.25 

mol) with barium sulfide (140 mg, 0.83 mmol (8 mol%); 70 mg, 0.42 mmol (4 mol%); 

or 35 mg, 0.21 mmol (2 mol%)) added as the dopant. 

Strontium Doped: Following the general procedure using zinc sulfide (1.00 g, 

10.25 mmol) with strontium sulfide (99 mg, 0.83 mmol (8 mol%); 55 mg, 0.42 mmol 

(4 mol%); 27.5 mg, 0.21 mmol (2 mol%)) added as the dopant. 

Calcium Doped: Following the general procedure using zinc sulfide (1.00 g, 10.25 

mmol) with calcium sulfide (72 mg, 1 mmol (10 mol%); 60 mg, 8.3 mmol (8 mol%)) 

added as the dopant. 

Barium and Manganese Oxide Doped: Following the general procedure using 

zinc sulfide (1.00 g, 10.25 mmol) with barium sulfide (140 mg, 0.83 mmol (8 mol%); 

70 mg, 0.42 mmol (4 mol%); or 35 mg, 0.21 mmol (2 mol%)) added as the dopant 

with manganese oxide (7.1 mg, 0.1 mmol) added as a co-dopant to all samples 

Barium and Manganese Nitrate: Following the general procedure using zinc 

sulfide (1.00 g, 10.25 mmol) with barium sulfide (140 mg, 0.83 mmol (8 mol%); 70 

mg, 0.42 mmol (4 mol%); or 35 mg, 0.21 mmol (2 mol%)) with manganese nitrate 

tetrahydrate (25 mg, 0.1 mmol) added as a co-dopant. 

Strontium And Manganese Doped: Following the general procedure using zinc 

sulfide (1.00 g, 10.25 mmol) with strontium sulfide (99 mg, 0.83 mmol (8 mol%); 55 

mg, 0.42 mmol (4 mol%); 27.5 mg, 0.21 mmol (2 mol%)) added as the dopant with 

manganese oxide (7.1 mg, 0.1 mmol) added as a co-dopant to all samples 

Calcium And Manganese Doped: Following the general procedure using zinc 

sulfide (1.00 g, 10.25 mmol) with calcium sulfide (60 mg, 8.3 mmol (8 mol%) and 

manganese oxide (7.1 mg, 0.1 mmol) added as dopants. 

Wet Impregnation Method: Zinc sulfide was added to water (20 mL) along with 

dopants and heated to 90 °C and the water allowed to evaporate. The sample was 

then added to a furnace in a porcelain boat, purged under nitrogen for 10 minutes 

and heated to 800 °C with a ramp of 3 °C/min, held for one hour and allowed to cool 

passively under a flow of nitrogen.  

Ammonium Chloride Doped (8): Following the wet impregnation procedure using 

zinc sulfide (1.00 g, 10.25 mmol) with ammonium chloride (10 mg, 186.95 ɛmol) as 

the dopant. 
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Copper Doped (9): Following the wet impregnation procedure using zinc sulfide 

(1.00g, 10.25 mmol) using copper sulfate pentahydrate (1.5 mg, 6.01 ɛmol) as the 

dopant. 

Copper and Chloride Doped (10): Following the wet impregnation procedure using 

zinc sulfide (1.00 g, 10.25 mmol) using ammonium chloride (10 mg) and copper 

sulfate pentahydrate (1.5 mg, 6.01 ɛmol) as the dopants. 

Silica Coating: Zinc sulfide (1.00 g) was dispersed in a mixture of water (50 mL), 

methanol (50 mL) and ammonia solution (5 mL, 35%) with TEOS (1 mL) and stirred 

overnight. The Mixture was filtered and the solid washed with water and dried under 

reduced pressure. The sample was then divided into three portions and subjected to 

three sets of conditions. One sample was fired in the same manner outlined in the 

general procedure: placed into a porcelain boat, purged with nitrogen for 10 minutes 

and heated to 800 °C with a temperature ramp of 3 °C/min and held at 800 ęC for 

one hour before being allowed to cool passively under a flow of nitrogen. A second 

sample was exposed to the same conditions but fired under a flow of air. The third 

sample was stored in a vial under ambient conditions. 

Uncoated Zinc sulfide treatment: Zinc sulfide (1.00 g) was dispersed in a mixture 

of water (50 mL), methanol (50 mL) and ammonia solution (5 mL, 35%) and stirred 

overnight. The Mixture was filtered and the solid washed with water and dried under 

reduced pressure. The sample was then divided into three portions and subjected to 

three sets of conditions. One sample was fired in the same manner outlined in the 

general procedure: placed into a porcelain boat, purged with nitrogen for 10 minutes 

and heated to 800 °C with a temperature ramp of 3 °C/min and held at 800 ęC for 

one hour before being allowed to cool passively under a flow of nitrogen. A second 

sample was exposed to the same conditions but fired under a flow of air. The third 

sample was stored in a vial under ambient conditions. 

 

Table 2.2: Reported supplier purity and impurities of zinc sulfide and the dopants used 
within this chapter. 

Chemical Reported Purity Reported Impurities (ppm) 

Zinc Sulfide Ó99.99% Not specified by supplier 

Barium Sulfide Ó99.7% Cd (< 4), Cr (<1), Pb (<4), 

Si (<100), Sr (63) 
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Calcium Sulfide 99.9% Ba (70), Fe (20 , K (200), 

Mg (70), Na (200), Pb 

(10), Sr (700) 

Strontium Sulfide 99.9% Not available 

Copper Sulfate  Ó99.999% Sn (2), Fe (1) 

Copper Iodide Ó99.995% Not specified by supplier 

Aluminium Sulfide Ó99% Ca (6), Cu (3), Fe (444), 

Mg (14), Si (54), Ti(139), 

V(47) 

Manganese Oxide 99.997% Not specified by supplier 

2.4 Results and discussion 

2.4.1 Synthesis of Zinc Sulfides 

In this work, a solid state synthesis method was employed to prepare the doped 

zinc sulfide materials. This method provides an increased substrate scope, because 

certain dopants will not be readily soluble, or else the generated dopant sulfide can 

be significantly less soluble than zinc sulfide, thus disrupting dopant incorporation. 

This is particularly important for copper doped zinc sulfides. Typically, this involved 

combining the zinc sulfide and a dopant(s) in a mortar and pestle and grinding 

together to ensure thorough mixing of the materials. The powder was then 

transferred to a crucible and placed in a tube furnace with flowing nitrogen for 20 

minutes before being heated to 800 °C and held for an hour (a process called firing). 

Because oxidation of these materials was a concern, the furnace, and sample, were 

allowed to cool overnight under a positive pressure of nitrogen. The majority of the 

fired materials retained the white colour of the host (zinc sulfide) material; however, 

copper doping caused a greying of the solid during mixing and resulted in a yellow 

tinged material after firing. Group 2 metals were used as sulfide salts, aluminium 

was used as either the sulfide or nitrate salt, and manganese was either the oxide 

or nitrate form. Copper was used in both oxidation states: copper(I) iodide or 

copper(II) sulfate. The second method of synthesis, wet impregnation, followed the 

same firing procedure, but mixed the host and dopant in water, which was then 

evaporated, to produce zinc sulfide with the dopant on the surface of the material 

which is then incorporated during the firing procedure. Analysis of the material 

morphology was carried out using scanning electron microscopy (SEM) using either 
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secondary or backscattered electrons, combined with energy dispersive X-ray 

(EDX) to analyse the composition of the material.  

2.4.2 Copper and Aluminium Doped Zinc Sulfides 

2.4.2.1 Assessment of Literature Methods  

A range of copper and aluminium dopings were selected and synthesised based 

upon earlier work within the literature. All samples, 1 ï 4, (Table 2.3) were prepared 

following the same general procedure outlined in the experimental, using copper (II) 

sulfate and aluminium nitrate as the dopant sources with no modification made to 

the heating or grinding procedure. In the case of sample 2, a minor modification was 

made to incorporate potassium bromide (10 wt%) and ammonium bromide (5 wt%) 

during the grinding process to replicate the process within the literature source.18  

Table 2.3: MP-AES results for copper and aluminium doped zinc sulfides prepared 
according to literature reports. 

  % Mass of dopant 

Sample Element Observed Expected 

124 
Copper 

Aluminium 

0.017±0.001 

0.019±0.001 

0.018 

0.018 

218 
Copper 

Aluminium 

0.087±0.003 

0.049±0.003 

0.1 

0.05 

324 
Copper 

Aluminium 

0.020±0.0006 

0.011±0.0006 

0.018 

0.008 

424 
Copper 

Aluminium 

0.016±0.0005 

0.008±0.002 

0.018 

0.008 

Immediately it was observed that obtaining unity doping with respect to the expected 

incorporation was unreliable, with all but one sample differing from the desired values, 

and with a high potential for variance between samples, e.g. compare samples 3 and 

4. The variance in dopant incorporation was ascribed to two reasons: firstly, 

inaccuracies in measuring volumes or masses when preparing the dopants and then 

subsequent transfer of material, which is compounded with the small quantities used. 

Secondly, incomplete incorporation of the dopant during the reaction, with the (non-

incorporated) excess removed in the washing step. Incomplete incorporation could 

potentially be overcome by increasing the reaction temperature or the reaction time 

however, altering either of these can adversely affect the luminescent properties.25 
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Combined with the variance between samples 3 and 4, where the same mass of 

dopants was used but the mass of the incorporated aluminium and copper in 4 was 

almost half of the observed values in sample 3 suggested issues with measuring such 

small volumes being the overarching cause of the differences.  

Despite the variations in the incorporated dopant concentration, and the addition of 

excess bromide in sample 2, the excitation spectra (Figure 2.2) of the samples were 

remarkably similar. All the samples exhibited a peak around 345 nm, which 

corresponds with literature reports of the zinc sulfide band gap,19,21,26,27 and assigned 

as such and within the range of reported values of 326 ï 354 nm for bulk zinc sulfide.1ï

3 A small peak was also observed at 280 nm which is rarely reported in the literature; 

it has previously been assigned to the band gap for nanocrystalline materials. 

However, particles small enough to cause a blue shift of the band gap would sinter at 

the temperatures used in the preparation reported in this thesis. As the band gap of 

bulk ZnS is 326 ï 354 nm, transitions of a higher energy (shorter wavelength) will 

involve states that exist amongst the valence or conductance band of the bulk 

material. Therefore the 280 nm band was presumed to be a feature within the 

conductance band continuum. There was, however, a slight variance in the ɚmax of 

the third peak, which shifted from 368 nm to 375 nm as ratio of copper to aluminium 

was increased, although all four samples exhibited similar intensities above 375 nm. 

As the band gap appeared to be consistent throughout the samples, this change could 

not be due to the size of the particles causing a quantum confinement effect as 

discussed in Chapter 1, but instead caused by the different dopant concentrations, 

and the addition of excess bromide, as is the case of sample 2.  
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Figure 2.2: Excitation (left) (ɚem1 = 483 nm, ɚem2 = 456 nm, ɚem3 = 478 nm, ɚem = 471 nm) 
and emission (right) (ɚex = 345 nm) spectra for example literature samples. 
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In contrast, the emission spectra showed large differences between each sample. 

Sample 2 was dominated by a strong blue-emitting peak at 455 nm, likely caused by 

the excess bromide introducing a larger number of defect states than are generated 

by the comparatively minor copper and aluminium dopants used (discussed below). 

Samples 3 and 4 both showed a slight difference in ɚmax, shifting from 470 nm to 478 

nm, assuming that the change in absolute concentration of the dopant would not 

cause a shift in the maxima,13 this difference must have been due to ratio of copper 

and aluminium increasing, thereby forming an emission that was more representative 

of copper-caused emission. Surprisingly, however, this lower ratio appeared to cause 

a greater contribution in the green region of the spectrum. A broad emission with a 

FWHM of roughly 200 nm was observed upon decreasing the ratio of copper and 

aluminium to 1:1; since no previous literature data supports a single emissive state 

causing such a large broad emission, it was likely that this was caused by at least two 

defects, caused by both copper and aluminium. 

Doping zinc sulfide with ions of a different charge to those being replaced 

(i.e., dopant ions without a ±2 charge) was envisaged to cause an imbalance within 

the lattice, creating a charged system that required either the ejection of zinc or 

sulfur to balance the overall charge, or the introduction of second dopant ion that 

could counteract the imbalance. For example, copper(I) doping would generate a 

substituted zinc site that is deficient in positive charge creating an overall net 

negative charge. This discrepancy, in the absence of a second dopant, will lead to 

formation of sulfide vacancies and presumably interstitial sulfide from these 

vacancies. Since each sulfide vacancy can account for the incorporation of two 

copper ions, it could be expected that these two copper sites will differ in their local 

environment, i.e., one will be four coordinate ï surrounded by four sulfides ï 

whereas the second will be three coordinate, thus a slight difference in energies of 

these two states are expected and a commensurate change in emission would be 

observed. Or the sulfide vacancy will not be spatially associated with either copper 

ion, forming a sulfide vacancy surrounded by four zinc ions. 

If, however, a co-dopant was added that accounted for the charge discrepancy, 

such as aluminium or a halide, the emission profile should change significantly. 

Specifically, literature reports suggest that an introduced halide would sit within a 

sulfide vacancy10, while aluminium would prevent the formation of sulfide vacancies 

in the first place but could also generate interstitial zinc due to substitution from zinc, 

if the substituted ion was unable to be reincorporated at a second location within the 



Chapter 2. Synthesis and Characterisation of Zinc Sulfide 
Phosphors 

 

 43 
 

system. Of course, this implied that the introduction of copper and aluminium in a 

1:1 ratio should only generate one defect (interstitial zinc) and two emissions, from 

the interstitial zinc and copper states. However, as previously discussed this was 

not the case: sample 1, a sample with a 1:1 ratio of Cu:Al shows a broad emission 

arising from several defects, without an obvious green emission. The likely 

explanation for this, was the source of copper used in these preparations, copper(II) 

sulfate, was reduced to copper(I) when exposed to the zinc sulfide; this was evident 

by the discoloration of the zinc sulfide immediately after addition of the copper. 

Coupled with the mixing of the sample, it was possible that the initial reduction 

created either elemental sulfur by reducing two copper ions, or two singly reduced 

sulfur ions, both of which generate a charge imbalance, which would be corrected 

by the creation of additional zinc defects (both interstitial and vacancy). Sample 3 

with a 2:1 ratio of copper to aluminium displayed a sharper peak, likely caused by 

fewer green emitting states, presumably due to the lower concentration of 

aluminium which resulted in fewer zinc vacancies and interstitial zinc ions. With the 

addition of excess potassium and ammonium bromide in sample 2, the formation of 

a large number of zinc and sulfur defects was anticipated. The emission spectrum 

exhibited a marked change in profile, with a single defect dominating the emissive 

relaxation pathway; this was expected to be a zinc related defect. From the prior 

discussion of charge imbalance, interstitial sulfur and zinc, along with zinc and sulfur 

vacancies, were the defects considered in these materials, however, due to the 

range of potential defects in a single sample it was not possible to unambiguously 

assign the transitions to a defect based upon these data alone. 
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2.4.2.2 Aluminium Doped Zinc Sulfides 

To deconvolute the effects of the defect states observed in the copper and 

aluminium doped materials, the two dopants were used individually, and the 

corresponding materials analysed. There was no clear alteration in the morphology 

of the aluminium doped zinc sulfide compared to pure ZnS, although this was 

expected as a small concentration of dopant was used. The EDX mapping (Figure 

2.3) showed a largely homogenous sample throughout, with only a couple of areas 

that were devoid of sulfur and zinc, that was presumed to be caused by occlusion of 

this site by the surrounding particles lowering the signal intensity at the detector. 

The aluminium map data was excluded due to the aforementioned low dopant 

quantity being below the limits of the detector.  

Considering the photophysical properties (Figure 2.4), upon doping with only 

aluminium a single sharp peak located at 337 nm was observed in the excitation 

spectrum, showing a slight blue shift from the copper and aluminium doped samples 

that displayed a peak at 345 nm. Such a shift in the band gap upon removing 

copper was unexpected, and perhaps indicated a significant change in either the 

valence band or conduction band. It was possible that aluminium caused an 

alteration in the band gap, owing to structural variations (defects) arising from the 

substitution of zinc with a smaller aluminium cation, resulting in a distortion of the 

surrounding tetrahedra,28 which in turn alters the energy of these zinc and sulfur 

bands. Surprisingly, the excitation spectra of the blue peak around 450 nm, did not 

exhibit a strong contribution at 370 nm as seen in the prior samples, which indicated 

a relatively low proportion of these defect states given the intensity of the band gap 

Figure 2.3: SEM and EDX images for aluminium sulfide doped zinc sulfide showing 
contributions from zinc, sulfur and oxygen. 



Chapter 2. Synthesis and Characterisation of Zinc Sulfide 
Phosphors 

 

 45 
 

for this excitation. However, the excitation spectra of the green peak centred around 

520 nm, showed a new broad, symmetric peak with a ɚmax of 400 nm. 

The emission spectra showed two peaks: one with a ɚmax of 447 nm and the second 

with a ɚmax 520 nm. The blue peak was almost identical to that seen in sample 2, 

with a ɚmax of 456 nm, however, the peak was broader suggesting contributions in 

the 400 to 420 nm region as well as beyond 475 nm. It was believed that the second 

emission peak with a ɚmax of 520 nm was responsible for the observed tail that 

extends into the green region. Given that both states showed the same transition at 

337 nm in their excitation spectra, but the intensity of the emission was much 

weaker for the green emitting defect state, some conclusions may be drawn about 

the effect of doping with aluminium sulfide assuming that relaxation from the green 

emissive state was not disfavoured relative to relaxation via the blue pathway. 

Introducing a +3 metal such as Al(III) without a second monovalent anion dopant 

(such as a chloride) is expected to cause an overabundance of positive charge 

within the lattice due to substitution of a +2 zinc ion with a +3 aluminium ion,15 which 

can only be balanced by the ejection of zinc, presumably into an interstitial site, in a 

2:1 aluminium:zinc ratio. Hence two defect states would be expected: interstitial zinc 

and zinc vacancies. Bands associated with interstitial zinc would correspond to a 

defect state bands within the band gap, while vacancies would only influence the 

bands of the surrounding sites, perturbing the energy of the valence and conduction 

bands. Because of conflicting assignments within the literature, it is difficult to 

assign the observed transitions. The lack of copper doping1 in these samples means 

 
1 Cu concentration in AlS is 3 ppm. Combined with the mass of AlS used in aluminium doping (5 mg), 
the expected amount of copper is 15 ng or 0.0000015 wt%. 
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Figure 2.4: Excitation (left) and emission (right) spectra of aluminium sulfide doped zinc 
sulfides. 
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any assignment of the transitions to copper are not applicable to these samples and 

the defects are likely to be zinc related. However, conflicting arguments of the 

energy level of the interstitial and vacancy defects would make any assignment 

ambiguous. 

2.4.2.3 Copper Doped Zinc Sulfides 

2.4.2.3.1 SEM and EDX Analysis 

Unlike the aluminium doped samples, the copper doped samples were prepared 

using two sources of copper with different oxidation states: copper(I) iodide (5), and 

copper(II) sulfate (6), as well as a copper iodide(I) sample prepared with the 

addition of ammonium chloride (7), to investigate the influence of a chloride co-

activator. All samples were prepared following the same solid state method as the 

literature samples, and aluminium doped sample discussed above (Figure 2.5). 

Additionally, the effect of ammonium chloride (8), copper(II) sulfate (10), and a co-

doped sample using copper(II) sulfate and ammonium chloride (9) was examined 

using a wet impregnation approach and is discussed below (see sections 2.4.2.3.3 

and 2.3.1 for details). (Appendix Figure 6.1).  

Table 2.4: Variations in dopant and method used to investigate the effect of copper doping 
on the luminescent properties of zinc sulfide 

Method Sample Dopant Co-Dopant 

S
o

li
d

 S
ta

te
 5 CuI (0.04 wt% Cu) - 

6 CuSO4 (0.04 wt% Cu) - 

7 CuI (0.04 wt% Cu) NH4Cl (1 wt%) 

W
e

t 

Im
p

re
g

n
a
ti

o
n

 8 NH4Cl (1 wt%) - 

9 CuSO4 (0.04 wt% Cu) NH4Cl (1 wt%) 

10 CuSO4 (0.04 wt%) - 

Despite the variation in the oxidation state of the copper source, the presence of 

ammonium chloride, or the method used to produce the sample pre-firing, no 

significant difference was observed between each sample, nor when compared to 

the aluminium doped sample prepared earlier. Presumably, any differences relating 

to the pre-treatment were homogenised when the sample was fired, resulting in the 

same morphology. The samples themselves, were comprised of larger aggregated 

particles that varied in size from 1.6 × 2.1 ɛm up to 4.8 × 4.1 ɛm with most particles 
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being vaguely oval in shape and 2.5 ɛm along the longest edge. These larger 

particles were comprised of smaller particles that exhibited a high degree of 

variation in size. With the smaller particles being less than 100 nm along the longest 

edge, and the large particles being greater than 200 × 200 nm.  

Across all samples zinc EDX data (Figure 2.6) appeared homogenous excluding a 

few small areas that were devoid of any significant elemental contribution; matching 

the background noise. However, as these areas of low concentration also occur 

within the sulfur maps, it was likely related to the angle of the detector relative to the 

sample which occluded the signal. Expectedly, the solid state samples showed no 

areas of high oxygen concentration, with only background oxygen signal observed, 

as they were not exposed to oxidising conditions. Interestingly, the lack of oxidation 

was mirrored in the wet impregnation samples that were exposed to hot water 

(Appendix Figure 6.1), which is known to react with zinc sulfide forming zinc oxide 

and hydrogen sulfide. Point analysis showed no significant difference in the zinc and 

sulfur ratio. Although, the effect of the water treatment may only be visible in the 

photophysical properties of the materials. 

Figure 2.5: SEM images of copper doped zinc sulfides: a) solid state CuSO4 (6), b) solid 
state CuI NH4Cl (7), c) wet impregnation CuSO4 (10), d) wet impregnation no dopant 
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2.4.2.3.2 Luminescence Spectroscopy 

All the copper doped samples prepared via the solid state method (5 ï 7), 

regardless of the source of copper, or the presence of the ammonium chloride co-

dopant (7) showed a strong excitation peak with a ɚmax of 373 nm (Figure 2.7), the 

same as the aluminium sample discussed above, which suggested the origins of 

these peaks were likely to be the same. Interestingly, the sample doped with 

copper(II) sulfate did not appear to have a band gap peak in the expected region. It 

is unlikely that the band gap of the sample has changed so dramatically as to 

overlap with the defect peak at 373 nm. Instead, it was more likely the loss of the 

band gap contribution was caused either by a large number of defects 

corresponding to this particular state, or a defect that was not accessible via 

excitation of the band gap. Copper(I) iodide, unlike copper (II) sulfate, was not 

Figure 2.6: SEM and EDX images of doped ZnS samples a) CuI (5), b) CuI, NH4Cl (7), c) 
CuSO4 (6), and d) CuSO4, AlNO3Å(H2O)9 (4) prepared by the solid state method, showing 
contributions from zinc, sulfur and oxygen. 
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expected to be reduced by the zinc sulfide and was therefore anticipated to have 

fewer types of defects. Indeed, the presence of a strong band gap excitation would 

support such a premise. Addition of excess ammonium chloride broadened the 

defect peaks into the 400 ï 450 nm region, which, as with aluminium doping, were 

likely to be zinc defects; this is consistent with the additional broadening observed 

for the excitation of the peak located at 525 nm.  

The emission spectrum for copper(II) sulfate doped zinc sulfide (6) displayed a 

single broad peak with a ɚmax of 494 nm. The broad nature of this peak suggested it 

could be a composite of multiple separate emission events, due to the strong 

similarity to materials prepared with different dopants. Copper(I) iodide (5) doping 

exhibited a similarly broad peak when excited at 370 nm, and an almost identical 

peak maximum, showing a slight blue shift to accompany the broader peak towards 

the 400 nm region. However, exciting at the band gap generated a significantly 

altered peak shape and shifted the ɚmax to 454 nm. Such a significant change was 

unexpected as, in previous samples, a defect peak located at 370 nm also 

corresponded to an emission with a ɚmax of 454 nm. It therefore seems reasonable 

to infer, that one or more additional defect states were present. Likewise, addition of 

excess ammonium chloride (7) altered the emission profile once again, forming a 

new green peak with a ɚmax of 525 nm and a shoulder that corresponded to the blue 

emission previously discussed. As the only difference to the previous samples was 

the addition of chloride, the green peak must be related to a defect caused by the 

introduction of this anion.  

Figure 2.7: Excitation (left) and emission (right) spectra for doped zinc sulfides with the two 
excitation and emission wavelengths labelled. 
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In the case of copper(II) sulfate doped zinc sulfide (6), the defect states are 

believed to be related to the incorporation of the copper ion, as the emission 

wavelength observed (å 450 nm) has been reported for literature samples prepared 

without a sulfate counterion10,13,24,29. Reduction of the copper(II) species could 

generate additional sulfur vacancies via oxidation of the sulfur15, and as before, due 

to mixing during the preparation of the material, these sulfur defects were not 

expected to all be in nearest neighbour sites to the incorporated copper. 

Incorporation of the mismatched copper(I) would cause the ejection of a sulfide 

anion in a 2:1 ratio forming both sulfur vacancies and interstitial sulfur, and zinc. 

Therefore, four defect states were considered: interstitial zinc and sulfur, and zinc 

and sulfur vacancies. Interstitial zinc was expected to cause the same excitation 

and emission spectra observed with aluminium doped samples. As only a single 

defect appeared to be present in the excitation spectrum it was not possible to 

assign a defect, the same was true of the emission spectra: due to the range of 

potential defects, and the broadness of the peak all fine detail pertaining to the 

defect states was obscured. Previous reports of a sharp blue emission within the 

literature have been assigned to chloride caused zinc interstitial and vacancy 

defects,10 copper caused zinc vacancies,13 and natural zinc vacancy defects.15 

However, more recent reports claim zinc vacancies cause a green emission with the 

observed å 450 nm blue emission assigned to interstitial zinc30 or sulfur defects.14 

Based upon the number of reports that agree with a zinc vacancy defect as the 

origin of the blue emission, this is believed to be the most likely cause and such an 

assignment would also agree with luminescence data of aluminium doped zinc 

sulfide. 

In contrast, copper(I) iodide (5) which was not expected to be reduced 

during mixing with zinc sulfide ï as shown by previous work within the literature 

examining both magnetic susceptibility10 and EPR15,24 of copper doped zinc sulfides 

- was expected to elucidate the origin of the defects. However, the iodide counterion 

provided a second dopant that could be incorporated into the lattice, although the 

size of the anion may have reduced the chance of this to occur. Iodide, and other 

halides, as with copper(I), cause a shift from the neutral charge of a zinc sulfide: the 

resulting system will have a net positive charge requiring the ejection of zinc from 

lattice, forming both zinc vacancies and interstitial sites. Combined with the sulfur 

defects caused by incorporation of copper, a broad emission was to be expected. 

However, sulfur and zinc vacancies can also be filled by copper and iodide 
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respectively, generating fewer defects than anticipated. Similar shifts in emission 

wavelength have also been observed within the literature when copper doping is 

carried out in conjunction with a halide anion. The red shift in emission observed in 

these samples is weaker than shown within the literature, along with a larger FWHM 

of the emission peak.10,24 It should be noted, however, that in both literature reports 

they note that the ratio of copper and the halide counterion will influence the 

emission observed. For example, Bowers and Melamed reported a blue emission at 

440 nm with 0.06% doping of copper with excess chloride, while both 0.01 and 0.3% 

copper doping produced a green emission at 520 nm assigned to interstitial or 

substitutional copper.10 Similarly, Wangôs group reported a copper concentration 

dependent shift from 497 nm (0.5 mol% Cu) to 512 nm (2 mol% Cu) assigned to a S 

vacancy Ÿ Cu transition.13 As discussed earlier, the defect peak located at 370 nm 

produced a different emission profile than either sample 6, or the aluminium doped 

sample. However, the broad emission suggested the same 454 nm transition was 

present, and that two defects have the similar energy levels with respect to the band 

gap and valence band, but upon relaxation produce two states of different energies 

resulting in the same excitation wavelength producing different emission 

wavelengths. Thus, it is likely the broad curve observed for sample 5 is a 

combination of vacancy and interstitial defects and the involvement of a copper 

related transition cannot be excluded. 

To further explore the impact of the halogen co-dopant, an excess of a halide was 

added, in this case ammonium chloride (7), to explore the defects related to the 

halide source incorporation. Since the method of incorporation and the source of 

copper was kept consistent, any changes compared to the copper(I) iodide sample 

could only be caused by the incorporation of chloride anions or ammonium cations. 

Zinc related defects were expected to predominate in this sample due to the 

balancing of charge from incorporating the anion and cation, along with presence of 

interstitial sulfur ions from halide substitution. The strongest peak, located around 

523 nm, is often reported within the literature as a copper associated transition, 

being assigned as a shallow donor Ÿ substitutional copper transition.10,14  While 

other reports state the transition does not involve copper energy levels and relates 

to zinc vacancies14,30 in contrast to prior literature claims that such a transition 

caused a blue emission. The emergence of this second distinct peak must be 

caused by the ammonium chloride, however, as has been discussed earlier, the 

ratio of the copper and co-dopant will influence the emission wavelength obtained. 
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Therefore, the emergence of this new peak cannot be solely assigned to the 

presence of zinc defects caused by the introduction of chloride nor to sulfur defects 

caused by the incorporation of +1 cations such as the ammonium or copper 

dopants. The second, higher energy, peak would appear to align with the emission 

observed in both aluminium and copper sulfate doped samples and is likely to have 

the same origin. The tail observed in the excitation spectra only for sample 7, also 

bares similarity with regards to the region in which it occurs (400 ï 450 nm) and the 

existence of a green emission. Again, suggesting the defects present in these two 

samples are similar. Whilst copper cannot be ruled out as the assignment for the 

transition, the assignment to interstitial zinc and zinc vacancies is believed to be 

more consistent with the assignments within the literature and the results observed 

in this work.  

2.4.2.3.3 Wet Impregnation  

Wet impregnation was also trialled for doping zinc sulfides. In this method, the zinc 

sulfide was mixed with the dopant(s) in hot water and the water evaporated to leave 

a dry powder with the dopants attached to the surface, and the fired in a furnace to 

facilitate incorporation into the lattice. Excitation spectra (Figure 2.8) for copper(II) 

sulfate and ammonium chloride co-doped (9), and ammonium chloride (8) doped 

samples were almost identical to the solid state method. Exhibiting two different 

excitation peaks depending on the wavelength of interest: 342 nm corresponded to 

excitation of the green emission, and 338 nm for the blue emission. Whilst in these 

samples such a shift could be ascribed to the introduction of water altering the band 

gap it would not explain it for the earlier samples, nor would it resolve the influence 

upon the energy levels zinc defects nor the magnitude of the band gap. 

Figure 2.8: Excitation (left) and emission (right) spectra of CuSO4 and NH4Cl, and NH4Cl 
doped zinc sulfides method with excitation and emission wavelengths (nm) labelled.  
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Interestingly, however, the emission spectra were where differences between the 

two methods arose. Doping with a high concentration of ammonium chloride 

resulted in a profile that was very similar to the copper iodide and ammonium 

chloride prepared via the solid-state milling route, with a clear green emission and a 

shoulder that was presumed to include both a zinc defect and potentially an 

unknown sulfur defect. With the addition of copper(II) sulfate, the ratio of the green 

emission compared to the blue emission increased and caused a red shift of the 

green emission by five nanometres to 530 nm. If an additional defect state of a 

lower energy were the cause of this shift, a change in the shape of the curve would 

be expected, with either an additional shoulder or a broadened peak, both resulting 

in increased intensity within the tail of the curve. Given the absence of these 

features, additional defects in this area were ruled out. 

Due to the similarity of the emission and excitation spectra, the defects 

present in these two samples were highly likely to be the same. Indeed, this was to 

be expected as the copper dopant was used in extremely low concentrations, 

potentially to the point where the spectra were dominated by chloride defects, and 

defects introduced during the preparation. In the case of ammonium chloride, the 

charge mismatch caused by the halide, should form interstitial zinc and zinc 

vacancies ï as with samples prepared through the milling technique. Certainly, it 

would be expected that aluminium and chloride doping could result in different 

energy levels as these defects are expected to occur in nearest neighbour sites, 

and in the case of chloride the interstitial zinc could be spatially associated, slightly 

altering the energy of the defect state. As the chloride anion is only slightly smaller 

(3 pm) than sulfur, the resultant stabilisation due to decreased strain is unlikely to be 

significant enough to account for a shift in the zinc defect state. Hence as with the 

milled samples it was likely an additional defect state was present, which could also 

account for the increased intensity ratio of the excitation for this defect compared to 

the aluminium doped sample.  

With the addition of copper(II) sulfate the ratio of 370 nm defect peak and 

the band gap increased once again, while the intensity of the blue emission peak 

relative to the green emission decreased. This suggested either a greater degree of 

energy transfer from this higher energy state to the lower energy states increasing 

the relative intensity of the green peak, or sulfur defect states caused by the 

incorporation of copper, overlap with a zinc defect, or lastly, this peak was related to 

a sulfur defect. Whilst the broadened tail could signify the presence of additional 
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defects states that were not present in the non-copper doped sample, there was a 

slight shift in wavelength across the entire emission spectrum, with no additional 

shoulders or peaks observed. Therefore, it seemed that the addition of copper had 

not introduced new defects but influenced the incorporation of the chloride anion. 

The reaction of water and zinc sulfide is well known, producing zinc oxide and 

hydrogen sulfide, the lack of any significant alteration to the peaks present, i.e. no 

additional peaks have been formed when compared to the previous method, 

suggested that if any reaction did occur with water it either caused minimal 

degradation of the sample and/or the furnace treatment allows rearrangement of the 

sample to remove the defects formed by the addition of water. 

The excitation and emission spectra for doping copper(II) sulfate without 

ammonium chloride (10) (Figure 2.9) using the wet impregnation method appeared 

identical to the milled preparation. A single large peak dominated the excitation 

spectrum with a ɚmax of 373 nm. The lack of any other features in the spectrum 

suggested only one type of defect was present. As both zinc defects have 

previously been observed together, this suggested that zinc defects were absent, 

and the cause of the emission. Thus, sulfur defects were expected to be the only 

states present. Emission data similarly exhibited a single peak, although the broad 

and unsymmetrical shape suggested the presence of a second (obscured) peak.  

As before, copper(II) is expected to be reduced to copper(I) prior to incorporation 

into the lattice, generating sulfur vacancies and presumably interstitial sulfur. 

However, just as with the milled sample, the broadness of the peak did not allow 

empirical deduction of the constituent parts, if indeed there were any. Earlier 

literature work determined both sulfur defects to correspond to emission above 400 

nm. Specifically, interstitial sulfur has been reported at 417 and vacancies at 480,30 

and 454 nm19,20. As these literature samples were nanoparticles, a shift to longer 
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Figure 2.9: Excitation (left) and emission (right) spectra for CuSO4 (10) doped zinc sulfides. 



Chapter 2. Synthesis and Characterisation of Zinc Sulfide 
Phosphors 

 

 55 
 

wavelengths is expected with the larger particles prepared in this work. However, as 

only a single peak was observed, it was not possible to more accurately determine 

the origin of the emission at 495 nm beyond being related to sulfur, and potentially a 

copper related defect.15 

The excitation spectra for a non-doped zinc sulfide prepared via the wet 

impregnation method showed three different excitation profiles (Figure 2.10). As 

observed with copper(II) sulfate doping, a large peak at 370 nm was present with an 

identical line shape which implied the same defect was likely to be present in both 

samples. Excitation of the peak located at 602 nm resulted in the same defect peak 

at 370 nm, and three additional peaks. The first, with a ɚmax of 280 nm is present in 

all the zinc sulfide samples was assigned to a feature within the band structure. The 

second peak was assigned to the band gap at 344 nm, showing a slight shift to 

previous samples. Lastly, a large broad excitation was seen stretching from 370 nm 

to beyond 500 nm with a distinct peak located at 465 nm ïlower in energy than any 

defect observed so far. The broadness is believed to be caused by an additional 

defect(s) between 465 and 370 nm.  

Excitation at 370 nm showed a similar emission as seen for copper(II) sulfate doped 

samples, which, as this sample had only been ódopedô with water, were not 

expected to be zinc related defects, as oxidation of the sample would create zinc 

oxide. Excitation at the band gap expectedly showed all the emissive states present, 

however, the intensity of the two emissions was unexpectedly similar. Excitation at 

370 nm resulted in a strong emission at 490 nm that is over eight times more 

intense than exciting at the band gap. 

Figure 2.10: Excitation (left) and emission (right) spectra of undoped zinc sulfide with 
excitation and emission wavelengths labelled. 
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The second emission at 600 nm was much lower in energy than any of the 

other doped materials prepared thus far and no samples contained any obvious 

contribution of this state in either emission or excitation spectra. Although, this may 

have been due to the transition being weak and obscured by rest of the data. 

Changing the excitation wavelength to 464 nm afforded a moderate increase in 

emission intensity (1.7 times greater) of the peak at 600 nm. The origin of these 

emission and excitation peaks, have previously, within the literature, been assigned 

to copper related defects. With a low energy peak at 600 nm or lower assigned to 

an interstitial copper related transition.10,11 However, the absence of copper in the 

preparation of the material rules this out and suggests either sulfur or oxygen 

defects were the cause. 

Because the majority of peaks observed in doped zinc sulfides so far have 

been excited by both the band gap and their respective defect peak, it is reasonable 

to assume that the source of the defect must also differ from the other defects. 

Specifically, excitation with energy equal to the band gap involves the movement of 

an electron from the valence band into the conductance band, which can then relax 

to a lower energy defect and cause the associated emission. If, however, the energy 

of the defect state was close to the energy of valence band, but higher in energy 

than the lowest energy excited state of the material, relaxation to this defect state 

would not be possible. Hence the absence of a band gap contribution from this 

state. Unfortunately, however, it was not possible to unambiguously assign the 

specific origin of these transitions on this information alone.  

2.4.2.4 Computational Studies 

Following comparison of the experimental work and literature samples, it is clear 

multiple assignments are possible. For example, a blue emission found around 450 

nm has previously been assigned to interstitial and vacancy defects of both zinc and 

sulfur or to copper related transitions. As it is highly unlikely all these assignments 

are correct, additional work must be conducted to further explore these defects. In 

an ideal scenario, a specific defect could be created in the material without the 

presence of any other defect and the energy of the transitions measured and an 

accurate assignment could be made. The isolation of these defects experimentally, 

however, is a non-trivial task. In these cases, a computational assessment of the 

material can be performed, as this allows the introduction of a single defect and the 

energy levels of the various states within the material determined and in conjunction 

with the experimental data should aid in removing the ambiguity present in the 



Chapter 2. Synthesis and Characterisation of Zinc Sulfide 
Phosphors 

 

 57 
 

assignment of the transitions observed within the experimental work carried out 

above. 

Two software packages were used in this computational study: Quantum 

Espresso31ï33, and Yambo34,35. Quantum Espresso was used to perform structural 

relaxation of the zinc sulfide cell resulting in the lowest energy conformation of the 

structure and is used in all subsequent calculations. Following this, two additional 

calculations were performed: self-consistent field (SCF) and non-self-consistent 

(NSCF) field. These calculations form the basis for the density of states (DOS) and 

band structure calculations in both Quantum Espresso and Yambo, from which the 

assignments of the defect transitions are possible. The density of states calculates 

the number of states that are available for electrons to occupy at a given energy 

level and provides an easy reference for where the filled and unfilled band lie. 

Within the Quantum Espresso package, a projected density of states (PDOS) 

calculation is performed, which determines the orbital contribution to the DOS for 

each atom, aiding in the assessment of additional bands that may appear due to a 

defect. Band structure calculations determine the energy of the orbitals of the 

material for a given position (or more commonly, path) in reciprocal space. Such a 

calculation enables determination of the band gap and the nature of the band gap, 

indirect vs direct, with direct band gap materials typically having better emissive 

properties as the radiative relaxation would not involve a crystal vibration to 

conserve momentum.36 However, generalized gradient approximations functionals, 

such as the PBE-sol used in the Quantum Espresso calculations, have been noted 

to severely underpredict the energy of the band gap of zinc sulfides with values of 

1.7 eV lower than experimental results being reported within in the literature.37,38 

Therefore, the Yambo software package was used using the GW approximation 

which has been reported to provide calculated zinc sulfide band gaps much closer 

to the experimental results, typically within 0.4 eV.39,40 

2.4.2.4.1 Computational Details 

Due to the demanding nature of these calculations, especially the GW calculations, 

it was not possible to use a unit cell that would match the experimental defect 

concentration ï which could require up to 2500 atoms. Earlier examination of this 

(not included in this thesis) showed that a 3×3×3 supercell of 216 atoms was not 

feasible due to both the time and computational resources required. Therefore, a 

2×2×2 supercell of 64 atoms was utilised using the sphalerite form of zinc sulfide. In 

this work four defects are considered: interstitial zinc (IZn) and sulfur (IS) and 
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vacancies of zinc (VZn) and sulfur (VS). The interstitial defects were modelled as an 

additional atom placed into the supercell totalling 65 atoms while vacancies were 

modelled with an atom removed totalling 63 atoms. Optimized norm-conserving 

Vanderbilt pseudopotentials41 were acquired from PseudoDojo,42 using the revised 

Perdew-Burke-Ernzerhof (PBE-sol) generalised gradient approximation (GGA) 

exchange correlation functional.43 A single, non-shifted, automatically generated, 

Monkhorst-Pack44 k-point grid of 3×3×3 was used for most calculations, whilst a K-

path of ũðXðUðKðũðLðWðX45 was used for band structure calculations. 

Quasiparticle calculations were performed within the YAMBO package using a 

G0W0, plasmon pole approximation method. 

2.4.2.4.2 Generalised Gradient Approximation Calculations 

2.4.2.4.2.1 GGA Parameterisation 

The first step in obtaining the band structures and density of states required 

parameterisation of the kinetic energy cutoff of the wavefunction (ecutwfc), as well 

as the charge density and potential (ecutrho). Initially, this was performed on a fixed 

cell with a lattice parameter of 10.81854 Å using a 2×2×2 zinc sulfide supercell with 

64 atoms and was based on the zinc sulfide unit cell which had an experimentally 

determined lattice parameter of 5.40930 Å, and bond lengths of 2.342 Å.39 Figure 

2.11 showed, expectedly, that as the cut-off is increased, the band gap converged 

to 1.96 eV, with a cut-off of 80 Ry, while the energy showed slight fluctuations even 

up to 120 Ry, however, as the difference in energy of the supercell between 80 and 

120 Ry was 0.0018 Ry, a value of 80 Ry was taken as a converged system. Using 

an ecutwfc value of 80 Ry, the charge density and potential was further 

parametrised (Appendix Figure 6.2). As with ecutwfc, the band gap reached 

convergence first with a value of 1.96 eV using an ecutrho value of 300 Ry, whist 

the energy of the system showed noise up to 400 Ry. Since both 300 and 320 Ry 

resulted in the same energy of the system and there was a 0.00006 Ry difference 

between the next lowest value, an ecutrho of 320 Ry (4× the ecuwfc) was chosen. 
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With these values in hand, the lattice parameters of the zinc sulfide supercell were 

optimised, which resulted in a slight reduction of lattice parameter and a very minor 

decrease in zinc sulfur bond lengths to 10.7145 Å (-0.1040 Å)  and 2.3198 Å,(-

0.0222 Å), respectively, and showed close agreement with computational work 

within the literature.40,46 Ectuwfc (Figure 2.11) and ecutrho (Appendix Figure 6.3) 

were similarly checked for convergence, and demonstrated the same values for 

convergence with values of 80 and 320 Ry, respectively. These values were used 

for all further calculations on ófixedô and relaxed supercells. 

2.4.2.4.2.2 Supercell optimisation 

The defects expected in the doped zinc sulfides: interstitial zinc (IZn) and sulfur (IS), 

and sulfur (VS) and zinc (VZn) vacancies, were modelled in three ways: a charged 

system (e.g., a zinc vacancy results in a system with an overall -2 charge) with a 

fixed lattice parameter of 10.8185 Å, a charged system with variable lattice 

parameters, and a non-charged system with variable lattice parameters. The 

supercells with a fixed lattice parameter, expectedly, showed a smaller distribution 

in the average bond length between the different defects than the variable cells due 

to the lack of flexibility in the lattice parameter (Table 2.5). Introduction of an 

interstitial sulfur caused additional repulsion in the lattice, resulting in the zinc ócageô 

around the sulfur expanding, with bonds lengths reaching ca. 2.52 Å. Which in turn 

caused a compression of these nearest neighbour zinc ions and their sulfur 

Figure 2.11: Energy (black line, ǒ) and nominal band gap (red line, o) of a 64 atom zinc 
sulfide cell with a lattice parameter of 10.81854 Å, and the same strucutre with an optimised 
lattice parameter of 10.71451 Å; energy (blue line, ƶ) and band gap (orange line, ȹ) as the 
kinetic energy cutoff of the wavefunction (ecutwfc) is altered.  
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tetrahedron bond lengths to around 2.25 ï 2.26 Å. Predictably, the ZnS bond 

lengths between the defect and surrounding zinc ions were among the smallest in 

the material. An interstitial zinc defect, however, resulted in a much narrower 

distribution of bond lengths with 63% of bond lengths occurring between 2.30 and 

2.35 Å, and rising to 89% if bond lengths up to 2.45 Å are included. Since the zinc 

ion is much smaller than a sulfur defect, the narrower distribution of bonds was 

expected. The vacancies followed a similar trend: the loss of additional strain 

exerted by the large sulfur ion compared to zinc resulted in a shorter average bond 

length than the pure sample, while the zinc vacancy showed a very minor increase 

of 0.0038 Å. Interestingly, both vacancies resulted in a similar degree of bond length 

distribution as their interstitial counterparts. 

In the case of the neutral system, the introduction of a sulfur vacancy caused 

an incredibly minor reduction in the lattice parameter by 0.07 Å, and a within error 

change to the average bond length (+0.0009 Å). Likewise, a zinc vacancy caused 

minor shrinking of the lattice parameter by 0.036 Å and average bond lengths by 

0.0035 Å. An interstitial zinc defect caused a significant reduction in the lattice 

parameter by 0.131 Å and shortened the average bond length by 0.0213 Å, with the 

interstitial zinc bond lengths being the longest in the structure. However, an 

interstitial sulfur defect caused a minor increase in the lattice parameter to 10.7838 

Å (+0.0693 Å), with an expansion around the interstitial defect to account for the 

additional electron repulsion created by the sulfur. Interestingly, the surrounding 

zinc ions did not experience a notable decrease in their average bond length to the 

interstitial sulfur as was observed with the fixed unit cell. 

With respect to the charged cells with optimised lattice parameters, an 

interstitial sulfur expectedly increased the lattice parameter 10.9709 Å (+0.256 Å) 

and increased the average zinc sulfur bond length 2.4044 Å (0.085 Å). Interestingly 

however, interstitial zinc decreased the lattice parameter to 10.5841 (-0.130 Å), 

along with a minor reduction in the average bond length to 2.2986 Å (-0.0212 Å), 

resulting in dimensions similar to the neutral cell. The vacancy defects showed the 

opposite trend: a zinc defect resulted in a lattice parameter longer than that of the 

optimised supercell at 10.8682 Å (+0.154 Å), and a marginally longer average bond 

length of 2.3560 (+0.036 Å). Whilst the sulfur vacancy decreased the lattice 

parameter by a similar magnitude to interstitial zinc 10.5916 Å (-0.123 Å) but 

increased the average bond length to 2.3493 Å (+0.0295 Å). The results obtained 

for the zinc defects were surprising, as it was initially believed these defects would 
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follow the same trend as the sulfur defects. i.e., loss of an ion would shrink the 

supercell, whilst addition of an ion would increase lattice parameter.  

Table 2.5: Lattice parameter and average Zn-S, excluding the defect, and Zn/S defect to 
nearest neighbour site bond lengths 

  
  

Lattice 

Parameter (Å) 

Zn-S bond 

length (Å) 

Zn/S defect 

bond length (Å) 

Charged 

Variable 

Cell 

IS 10.9709 2.4044 2.285 

IZn 10.5841 2.2986 2.605 

VS 10.5916 2.3493 - 

VZn 10.8682 2.3560 - 

     

Charged 

Fixed 

Cell 

IS 10.8185 2.3533 2.2650 

IZn 10.8185 2.3494 2.6533 

VS 10.8185 2.3310 - 

VZn 10.8185 2.3458 - 

     

Neutral 

Variable 

Cell 

IS 10.7838 2.3425 2.3495 

IZn 10.5835 2.2985 2.6060 

VS 10.6440 2.3207 - 

VZn  10.6787 2.3163 - 

Examination of the band gaps obtained from self-consistent field (SCF) calculations 

showed the neutral cells were a poor representation of the experimental systems. 

For example, the zinc defects reported an overlap of the highest and lowest 

occupied orbitals, indicating the system was metallic. Whilst the sulfur defects 

displayed band gaps similar to the charged cells, the lack of consistency throughout 

the samples indicated the neutral cell did not accurately describe the experimental 

systems. Thus, further calculations were not performed on these systems.  

2.4.2.4.2.3 Band Structures and Projected Density of States 

Band structure and projected density of state (PDOS) calculations were performed 

on each of the charged cells with fixed, and optimised lattice parameters. Figure 

2.12 shows the band structure and PDOS for a zinc sulfide supercell with optimised 

lattice parameters and no defects. The magnitude of the direct band gap at the ũ 

position, 2.09 eV (Table 2.6), was in close agreement with other literature reports 

using GGA functionals,38,47 however, it was lower than the experimental band gap of 

3.50 ï 3.80 eV.1ï3 The PDOS also agreed with previous literature work showing the 
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valence bands were dominated by the sulfur 3p states, while the conductance band 

was comprised of a combination of zinc 4s and sulfur 3p states. The 

pseudopotentials used in these calculations did not include the zinc 4p shell, 

therefore, the contribution from these states could not be determined. However, the 

unaccounted density is expected to be from the zinc 4p states, as reported in earlier 

literature work.47,48 The fixed supercell exhibited the same results with the only 

difference being a reduced band gap to 1.96 eV (Appendix Figure 6.4). 

Introduction of an interstitial defect, such as sulfur (Figure 2.13), formed a second 

energy level within the band gap, consisting of 3p states from both the interstitial 

defect, and the surrounding sulfur ions. Unlike the bulk zinc sulfide however, the 

highest energy level of the defect bands did not occur at the ũ position, but at the X 

position instead, creating an indirect band gap as the crystal lattice position of the 

maxima and minima of the defect and conductance bands are in different positions 

within the Brillouin zone.49 Since ȹK Í 0, the radiative recombination back to the 

ground state of the defect is forbidden, and requires the generation of a phonon to 

conserve the momentum, allowing recombination.50 Thus emission lifetimes are 

often long lived51 and recombination of the electron and hole would be dominated by 

non-radiative events. However, as the difference between the direct and indirect 

Figure 2.12: Band structure (left) where purple lines indicate the top and bottom of the 
valence and conductance bands, respectively. PDOS (right) showing the contribution of 
orbitals towards the filled (shaded) and empty bands for an optimised ZnS supercell of 64 
atoms with no defects. 
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position is reasonably small ï 0.0996 eV ï the absorption spectra would show both 

defect related band gaps, with the onset of absorption occurring from the indirect 

and the absorption maxima occurring for the direct band gap.52 Although the PDOS 

suggested overlap of the interstitial defect and bulk ZnS, this was likely caused by 

the broadening used in creation of the PDOS, since the band structure did not 

suggest any overlap of these two states. An interstitial zinc defect (Appendix Figure 

6.5), however, did not exhibit a shift in the position of the valence band maxima. 

With the band following a similar shape to the bulk ZnS valence band and 

positioned further away from the valence band (0.8165 eV difference) than the 

interstitial sulfur bands were from the conductance band (0.7492 eV). Similar to the 

interstitial sulfur defect, the band was comprised of 4s character from both the 

interstitial zinc and the neighbouring zinc sites. Unlike the sulfur defect however, the 

band gap of the zinc sulfide material exhibited an increase in energy of 0.3430 eV. 

Vacancy defects expectedly did not introduce new bands within the band gap but 

altered the energy of the conductance band relative to the valence band. 

Specifically, the zinc vacancy (Appendix Figure 6.7) influenced the shape the 

conductance band substantially, with the top conductance band becoming closer in 

energy to the surrounding k-points, and the rest of the bands showing a marked 

change in their path. The bottom of the valence band exhibited a significant 

reduction by 0.2983 eV, but otherwise appeared very similar to the pure zinc sulfide.  

The sulfur vacancy showed a very minor increase in the band gap by 0.0164 

eV, with the bottom of the valence band experiencing the most significant change: 

becoming shallower, as presumably, a band had moved from within the valence 

band to become the lowest unoccupied state. The lack of density accounted for in 

the PDOS suggested this was related to a zinc 4p state. Surprisingly, the band gap 

of this material was larger than that of the interstitial equivalent. The fixed supercells 

showed a similar trend as the optimised cells (Table 2.6). Both interstitial and 

vacancy zinc defects showed an expansion and compression of the band gap 

respectively. Although the sulfur vacancy band gap was smaller than the pure 

material, the difference was, like the optimised cell, rather small, being less than 

0.05 eV.  
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Table 2.6: Band gaps of samples with and without defects of cells with fixed lattice 
parameters 

Defect Band gap / eV Defect Gap / eV Band gap / nm 

None 2.0867 
 

594 

IZn
 2.4297 1.6132 510, 769 

VZn
 1.7884 

 
693 

IS 1.8075 0.9903 (0.8907)a 686, 1252 

VS
 2.1031 

 
590 

                       a Indirect band gap 

Table 2.6 demonstrates the limitations of the GGA approach towards calculating the 

zinc sulfide band gap, with and without defects, for the optimised supercells. Most 

notably, the band gap for the sulfur vacancy system (and the bulk band gap for an 

interstitial zinc defect system) was predicted to be higher in energy than the pure 

undoped material, which was not observed in either the experimental work carried 

out earlier, nor within the literature. The interstitial sulfur system was also poorly 

modelled, resulting in a predicted defect state almost three to two times lower in 

energy than the closest experimental result. Interestingly, the trend predicted by 
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Figure 2.13: Band structure (left) where purple lines indicate the top and bottom of the 
valence and conductance bands of the bulk ZnS, respectively; and the yellow line indicates 
the top of the valence band caused by the sulfur defect. PDOS (right) showing the 
contribution of orbitals towards the filled (shaded) and empty bands for an optimised ZnS 
supercell of 65 atoms with an interstitial sulfur. 
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GGA calculations indicated that the interstitial defects should correspond to the 

lower energy absorptions. These results agree with some of assignments reported 

within the literature10 and it would be reasonable to expect interstitial bands to occur 

at a higher energy than their onsite equivalents, resulting in lower energy 

transitions. Since the optimised supercells should represent the minimum energy 

state of each system, and therefore, are more representative of the experimental 

samples, these supercells were further examined within the GW approximation 

framework. 

2.4.2.4.3 Non-Self-Consistent GW calculations 

2.4.2.4.3.1 GW Parameterisation 

As with the Quantum Espresso calculations, parameterisation of variables was 

performed to ensure convergence of the band gap. The first parameter, the 

exchange self-energy (Hartree-Fock energy), (Appendix Figure 6.8) showed 

convergence of the conductance band was rapidly achieved at 100 Ry, with no 

difference in the energy of the band at higher cut-off energies. The valence band, 

however, required a higher cut-off energy of 140 Ry to reach convergence, with a 

band gap of 9.3779 eV at this value. The next step was the convergence of the 

correlation self-energy, and quasiparticle energies, with the direction of the electric 

field fixed to a non-specific value of 1,1,1 for all calculations. Altering the size of the 

dielectric matrix (Appendix Figure 6.9), showed convergence of the conductance 

band was achieved more easily than the valence band with cut-off energies greater 

than 13 Ry showing no changes. The valence band, however, did not show 

convergence even at 15 Ry, however, as the difference between 13 Ry and 15 Ry 

was only 0.0002 eV, and computational resource demand rapidly increased as the 

size of the matrix was increase, a value of 13 Ry was selected as a suitable trade-

off between time and convergence, resulting in a predicted band gap of 3.47 eV. 

The number of polarisation function bands were set to equal the maximum number 

of bands for each system, i.e., 832 bands for pure zinc sulfide and 814 for a zinc 

vacancy, since earlier calculations on a fixed supercell had shown suitable 

convergence could not be achieved without including all the bands. Similarly, sum 

over state summation required all the bands to achieve suitable convergence. All 

other values corresponding to the damping of Greenôs function (0.1 eV), the 

plasmon pole imaginary energy (27.2114 eV), number of G vectors for expanding 

the wavefunction, and the number of G vectors used for evaluating the density of 

the matrix element, were left at their default values. With these optimised values in 
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hand, the band structures and density of states (DOS) were calculated for the four 

defects and the pure zinc sulfide using 20 bands surrounding the band gap. 

2.4.2.4.3.2 Band Structures and Density of States 

Pleasingly, the GW approximation showed a significant improvement over the GGA 

method, resulting in an increased band gap of 3.37 eV (Figure 2.14), much closer to 

the experimental results, and similar to values reported within the literature of 3.19 ï 

3.98 eV38,53ï57. The energy of the X position was predicted to be much higher in 

energy than the GGA calculation, and almost equal to the ũ position. Although, as 

the energy of the conductance band at this point was 1.02 eV higher than the ũ 

position, this would not correlate to a second band gap transition. 

The filled bands for an interstitial sulfur defect calculated with the plasmon pole 

approximation (PPA) (Figure 2.15) showed remarkable agreement with the GGA 

method, insofar as the energy difference between the bulk ZnS and the defect 

bands. Whilst the unfilled bands experienced a significant increase in energy 

relative to the defect sulfur bands of 2.18 eV. As with the GGA calculation, the 

maxima of the defect bands did not occur in the ũ position but at the X position. The 

shape of the conductance bands was also very similar to the GGA calculation with 

Figure 2.14: Band structure (left) where purple lines indicate the top and bottom of the 
valence and conductance bands respectively. DOS (right) showing the contribution of 
orbitals towards the filled (shaded) and empty bands for an optimised ZnS supercell of 64 
atoms with no defects. 
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slight differences observed between the X and U positions, and at the L position. 

However, these were only minor alterations and did not alter the conclusions drawn 

from the GGA band structure calculations. The interstitial zinc defect supercell 

(Figure 2.16) also showed a similar result, with the defect and the conductance 

bands exhibiting a similar energy difference as in the GGA calculations but 

displayed a significantly increased band gap of 3.00 eV. The shape of the bands 

also showed a greater degree of variation than the GGA calculation. The energy 

difference of the ũ position bands being minimal to the point of overlap unlike the 

GGA calculations which showed a reasonable gap between bands at these 

positions. With regards to the vacancy defects, the sulfur vacancy (Figure 2.18) 

expectedly showed a reduction in the energy of the valence band compared to the 

pure zinc sulfide, but still showed a larger band gap than the GGA calculation of 

3.16 eV. Additionally, the energy between the bottom of the conductance band and 

the second lowest band showed a minor increase from 0.22 eV (GGA) to 0.26 eV 

(PPA). As with all the calculations so far, the energy of the X position was very 

similar to the ũ position but the energy difference of the valence band at these 

positions had been significantly reduced and corresponded to a transition of 3.56 

eV. The zinc vacancy (Figure 2.17) followed the same trend as the earlier results, 

with a larger band gap of 3.15 eV, and showed similarities in the band shape to the 

GGA calculations, most notably the difference in energy of the bottom two valence 

bands. Unlike the sulfur vacancy, however, whilst the energy differences across the 

k path of the conductance band were shallower, the valence band exhibited the 

same sharp decrease in energy at the ũ and did not reasonably afford a second low 

energy transition. 

The GW calculations provided a more accurate description of the zinc sulfide 

band gap, being only slightly lower in energy than the experimentally determined 

values, and significantly better than the GGA sample (Table 2.7). Additionally, the 

zinc sulfide band gap was correctly calculated to be the highest energy transition 

instead of a sulfur vacancy. Regarding the experimental results, the GW 

calculations showed reasonable agreement with experimental transitions, the only 

exception was the interstitial sulfur defect with predicted band gap much larger than 

any transition observed in the experimental spectra, however, it was significantly 

better than the GGA calculations. 

Like the GGA calculations the interstitial defects are predicted to be the 

lowest energy states, in contrast, however, the vacancy defects were determined to 
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a Values ordered to show closest agreement between experimental and 
calculated results. 

occur at very similar values to each other. Although there were differences between 

predicted bands gaps and experimental values, a clear trend was observed and 

supported assignment of the peaks to each defect. Interstitial zinc defects were 

assigned to an excitation peak at 400 nm and an emission around 520 nm. Zinc 

vacancies were assigned to an excitation peak at 370 nm and an emission at 454. 

Similarly, interstitial sulfur defects were assigned to an excitation peak at 470 nm, 

and an emission peak at 600 nm, and sulfur vacancies were assigned to an 

excitation at 370 nm and an emission at 490 nm. 

Table 2.7: GW, GGA and experimental band gaps in nm for the five calculated zinc sulfide 
systems: Pure ZnS with no defects (None), with an interstitial zinc (IZn), interstitial sulfur (IS), 
zinc vacancy (VZn), and sulfur vacancy (VS) defect. 

 Band Gap / nm 

Defect GGA GW with BG GW Experimentala 

None 594 351 367 326 ï 354 

IZn 768 408 413 400 

IS 1252 660 568 470 

VZn 693 387 393 370 

VS 589 429 392 370 

           

Band gaps were also determined using the Bruneval-Gonze method.58 Interestingly, 

this caused a slight increase in the energy of the zinc defects and zinc sulfide, but a 

more significant decrease in the energy of the sulfur defects. The cause of this is 

unknown as this method was created to speed up convergence with respect to the 

number of empty bands.58 However, the significant difference between calculations 

with and without this term, and the disparity in the results obtained for the defects, 

suggested this method may not accurately account for these systems. 

Unfortunately, the version of yambo used in this work (version 4.5) does not support 

self-consistent GW calculations, which may be the cause of the poorly predicted 

interstitial sulfur band gap. Additionally, due to computational requirements it was 

not feasible to perform the calculations on larger supercells, which are expected to 

provide a more accurate description of the experimental systems. 

In conclusion, copper doping with and without a co-dopant did not appear to 

be the direct cause of the green emission, i.e., copper related bands were not 

involved in the relaxation process that gave rise to the green emission that has been 

reported within the literature. Instead, introduction of either copper or a co-dopant 



Chapter 2. Synthesis and Characterisation of Zinc Sulfide 
Phosphors 

 

 69 
 

caused a range of defects depending on the nature of the dopant. In the case of 

copper(II), a greenish blue emission at 493 nm is observed and assigned to be 

predominately caused by a sulfur vacancy defect . While addition of a copper(I) 

source, such as copper iodide, generated two defects: the aforementioned 493 nm, 

and a strong blue emission at 455 nm assigned to a zinc vacancy. With the addition 

of ammonium chloride, two convoluted peaks were observed, with ɚmax values of 

520 nm that was assigned to an interstitial zinc defect and a weaker peak around 

455 that was presumed to be caused by a zinc vacancy defect. Doping with 

aluminium generated two distinct emission peaks with ɚmax of, and 520 nm due to 

interstitial zinc and zinc vacancies respectively. In the absence of a dopant, the wet 

impregnation method generated two emission peaks, around 490 and 600 nm, 

which are assigned to sulfur vacancy and interstitial defects, respectively. 

The assignment of these transitions was supported with computational 

calculations using a 64-atom supercell with charged defects using the PBE-sol 

functional. Initial optimisation of the lattice parameters was carried out and showed, 

expectedly, expansion and contraction around interstitial and vacancy sulfur 

defects, respectively. Zinc defects, however, presented the opposite trend, i.e., 

interstitial zinc was observed to decrease the lattice parameter by a similar 

magnitude to a sulfur defect, while a zinc vacancy increased the lattice parameter, 

but not to the same degree as the interstitial defect. Band structures and projected 

density of states calculations were performed using a GGA functional and showed 

band gap values below the experimental values and showed a sulfur vacancy defect 

as having the largest band gap which was not supported by experimental results. To 

improve upon these values, non-self-consistent GW calculations were performed. 

Pleasingly, the predicted band gap of zinc sulfide, 3.38 eV, showed reasonable 

agreement with literature values of 3.5 to 3.8 eV. Additionally, the trends observed 

in these calculations mirrored those of the experimental results, with both vacancy 

defects being predicted to have band gaps equal to each other. Unfortunately, 

however, the interstitial sulfur defect was predicted poorly, with a value of 2.18 eV, 

compared to the experimentally determined value of 2.68 eV. This difference was 

presumed to be caused by the non-self-consistent nature of the GW calculations 

employed in this work. 
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Figure 2.15: Band structure (left) where purple lines indicate the top and 
bottom of the valence and conductance bands respectively. DOS (right) 
showing the contribution of orbitals towards the filled (shaded) and empty 
bands for an optimised ZnS supercell of 64 atoms with an interstitial sulfur 
defect. 

Figure 2.16: Band structure (left) where purple lines indicate the top and 
bottom of the valence and conductance bands respectively. DOS (right) 
showing the contribution of orbitals towards the filled (shaded) and empty 
bands for an optimised ZnS supercell of 64 atoms with an interstitial zinc 
defect. 
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Figure 2.18: Band structure (left) where purple lines indicate the top and 
bottom of the valence and conductance bands respectively. DOS (right) 
showing the contribution of orbitals towards the filled (shaded) and empty 
bands for an optimised ZnS supercell of 63 atoms with a sulfur vacancy 
defect. 

Figure 2.17: Band structure (left) where purple lines indicate the top and 
bottom of the valence and conductance bands respectively. DOS (right) 
showing the contribution of orbitals towards the filled (shaded) and empty 
bands for an optimised ZnS supercell of 63 atoms with a zinc vacancy 
defect. 
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2.4.3 Group 2 Doped Zinc Sulfides 

2.4.3.1 SEM and EDX Analysis 

Doping with Group 2 metals displayed a similar degree of aggregation and large 

particle sizes as seen with copper and aluminium doped zinc sulfides. The larger 

particles shared a similar degree of variance in their sizes as before, however, the 

range of sizes changed depending on the dopant metal. Barium doped samples 

exhibited particles around 4.0 Ĭ 4.0 ɛm with few particles ranging to greater than 5.0 

ɛm and smaller than 3.0 ɛm. Strontium doping resulted in smaller particles, typically 

around 2.5 ɛm, although smaller particles of 1.4 ɛm and larger particles of 3.5 ɛm 

along the longest edge were observed. Calcium doping, however, generated a 

range of sizes from 4.0 Ĭ 3.0 down to 1.0 Ĭ 1.5 ɛm. Whilst differences were 

observed between the different dopants, the sample size is reasonably small and 

did not necessarily suggest the dopant had influenced the growth of the particles. 

The range of sizes were also observed as the concentration of each metal dopant 

was changed with no significant trends observed in the size of the particles nor the 

range of sizes. As with the previous samples, these large particles were comprised 

of smaller fused particles (Figure 2.19) of a similar size to copper, and aluminium 

doping.  

Figure 2.19: SEM image of 8 mol% barium (a), 8 mol% strontium (b), 8 mol% calcium (c) 
and 4 mol% strontium (d) doped zinc sulfides. 
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The majority of these particles appeared as rounded cubes or cuboids, ranging in 

size from 250 nm along the longest edge to 100 nm. Surprisingly, calcium doped 

samples exhibited a change in the morphology of the particles to a more cuboid 

shape, with some reaching up to 400 nm along the longest edge, and with a greater 

degree of diversity in the size and form of these small particles.  

Analysis of the EDX data, however, showed the materials were not as homogenous 

as first thought. With regards to 8 mol% barium doping (Figure 2.20), whilst the 

sample appeared homogenous with no areas devoid of zinc or sulfur, the barium 

Figure 2.20: SEM and EDX images for zinc sulfide with varying barium doping levels: a) 8 
mol% b) 4 mol% c) 2 mol% showing contributions from zinc, sulfur barium and oxygen. 
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map shows a low concentration of barium, significantly below the expected value 

(Table 2.8). The high oxygen concentration was not believed to be from the particle, 

as substantial amounts of zinc oxide would be evident from the oxygen and sulfur 

maps, instead this was believed to be background data. Unlike the 8 mol%, both 4 

mol% and 2 mol% showed areas of high barium concentration which aligned with 

areas of high oxygen concentration, and a corresponding decrease in both zinc and 

sulfur concentrations. 4 mol% doping similarly showed a slightly lower than 

expected value for barium concentration. Whilst 2 mol% exhibited a higher 

concentration, over 3.5 times greater, than expected; the highest barium 

concentration of all the samples. 

Table 2.8: Atomic% values for barium doped zinc sulfides from EDX mapping analysis. 

Element 8 mol% 4 mol% 2 mol% 

Zinc 40.3 38.1 20.1 

Sulfur 40.0 35.7 25.8 

Oxygen 19.3 24.8 52.1 

Barium 0.4 1.2 1.9 

Strontium doping displayed a similar story. Zinc appeared homogenous for two of 

the samples with only 4 mol% containing a particle that was obviously deficient in 

zinc (Appendix Figure 6.10). Strontium mapping showed that all three samples 

contained areas of localisation that aligned with areas of lower zinc concentration, 

although lower than expected (Table 2.9). Analysis at specific sites agreed with the 

assumptions from the mapping: strontium was highly localised to these specific 

areas, with very little incorporated into the bulk material. Site 1 showed an excess of 

sulfur for 4 mol% and slightly deficient for 2 mol% doping which was presumed to be 

indicative of strontium sulfide and strontium oxide being present in these samples. 

Whilst oxygen concentration was greater in these strontium rich sites it was beyond 

the amount expected for strontium oxide and even for strontium hydroxide. If these 

materials were present, it would imply the particles contained an amount of free 

unbound sulfur which was not expected to exist as a stable material at the reaction 

temperatures used, since sulfur has a boiling point of less than 450 °C. 
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Table 2.9: Atomic% EDX data for strontium doped zinc sulfides 

Similarly, calcium doping showed localisation of the dopant with little evidence of 

distribution throughout the material (Appendix Figure 6.12). As before areas that 

were deficient in zinc correlated with calcium sites. However, unlike barium and 

strontium doped samples, a high concentration of oxygen was not observed 

anywhere on these samples demonstrating the sample is comprised of zinc sulfide, 

and either calcium sulfide or a combined zinc and calcium sulfide. Atomic% data for 

the mapping (Table 2.10) of 10 mol% shows calcium was less than half of the 

expected value, along with a lower-than-expected sulfur concentration, sites 1 and 2 

similarly displayed this sulfur deficiency with respect to the metal concentration. 8 

mol% doping shows the same sulfur deficiency; however, the calcium rich site 

contained a greater proportion of zinc than calcium but was still clearly localised 

within this area and not distributed throughout the material. The lack of oxygen 

localisation for the calcium doped samples was unexpected, as both previous 

metals have shown a high degree of colocalization, and the standard enthalpies of 

formation would suggest calcium experiences a greater degree of stabilisation than 

strontium or barium upon forming the oxide.  

Table 2.10: Atomic% EDX data for calcium doped zinc sulfides 

 

 

 

 

 

 

 8 mol% 4 mol% 2 mol% 

Element Map Map Site 1 Site 2 Map Site 1 Site 2 

Zinc 36.3 39.4 3.5 46.6 35.6 12.9 45.5 

Sulfur 34.9 37.9 18.6 43.4 35.1 23.4 46.3 

Oxygen 28.3 21.4 66.2 9.7 28.6 47.3 7.8 

Strontium 0.4 1.2 11.8 0.2 0.7 16.4 0.4 

 10 mol% 8 mol% 

Element Map Site 1 Site 2 Map Site 1 Site 2 

Zinc 24.8 7.9 47.3 33.8 21.4 46.7 

Sulfur 22.7 32.7 46.8 32.0 29.0 44.3 

Oxygen 51.5 30.9 5.8 33.8 30.5 8.8 

Calcium 1.0 28.4 0.1 0.5 19.0 0.2 
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Point analysis and mapping, combined with three different accelerating voltages (5, 

15 and 30 kV) was utilised to further explore these areas of localisation, using 

barium doped zinc sulfides as a representative sample. If the barium was not 

incorporated throughout the material, and only upon the surface, it would be 

reasonable to expect that as the accelerating voltage was increased, the barium 

concentration would decrease as the proportion of bulk zinc sulfide being analysed 

increases.  

Figure 2.21 shows a slight difference in the morphology of the two areas of analysis. 

The barium rich area of the sample appeared to consist of flaky layers while the rest 

of the sample was aggregated particles with fewer visible layers. Table 2.11 

displays the atomic contribution to the material across the entire sample, and at two 

sites, one of which was barium rich, and the second that was chosen in conjunction 

with the EDX mapping to represent the average of particle. Unfortunately, the lowest 

chosen accelerating voltage, 5kV, was below the minimum threshold to enable 

analysis of barium distribution which was observed in the map showing only noise. 

However, the barium concentration was inferred by comparing the ratios of the 

remaining elements along with trends seen for the two remaining accelerating 

voltages. The most obvious difference was the incredibly low contribution of zinc 

towards site 1 but a greater proportion of sulfur and oxygen. As both barium and 

zinc form 1:1 compounds with the chalcogenides, the expected distribution of the 

metals and non-metals is 1:1, but as barium was excluded in these readings the 

weighting will lie towards the non-metals appearing in excess. Given this, site 1 

could be a mix of both barium oxide and barium sulfide. Site 2 was expectedly 

different, with zinc and sulfur comprising the majority of the sample. 

   
5 ɛm 

Figure 2.21: SEM image of 4 mol% barium doped zinc sulfide with point analysis 
locations marked 
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Table 2.11: Atomic % EDX data for 4 mol% barium doped zinc sulfide 

 5 kV 15 kV 30 kV 

Element Map Site 1 Site 2 Map Site 1 Site 2 Map Site 1 Site 2 

Zinc 38.4 4.8 46.5 38.1 12.5 48.4 28.9 19.4 32.6 

Sulfur 44.1 34.9 49.2 35.7 21.7 47.0 36.6 29.5 43.9 

Oxygen 17.5 60.3 4.2 24.8 55.5 3.8 33.7 49.4 23.3 

Barium - - - 1.2 10.3 0.3 0.8 1.7 0.2 

Increasing the accelerating voltage to 15 kV, caused an increase in the zinc 

composition at site 1, along with data for barium doping showing a significant 

contribution: more than 11 times the expected values. Combined, the zinc and 

barium were roughly equal to sulfur, which was surprising given the oxygen 

observed in EDX images (Figure 2.22) would suggest barium oxide is present in 

reasonably high concentrations. As before, site 2 showed a composition typical of 

zinc sulfide, with only a small proportion of barium present; significantly lower than 

was expected. Increasing the accelerating voltage further, to 30 kV, showed an 

increase in the zinc present at site 1 and a corresponding decrease for barium, 

suggesting localisation on the surface was the case, as a higher accelerating 

voltage should detect more of the bulk material shifting the overall composition. 

Although once again, the zinc to sulfur ratio displayed a large deviation from the 

ideal. Surprisingly, site 2 also showed a disparity between the ratio of zinc and 

sulfur, and a dramatic increase in the proportion of oxygen which cannot be 

accounted for by the zinc sulfide particle.  
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2.4.3.2 PXRD Analysis 

Unincorporated barium sulfide should be detected through the corresponding halite 

peaks via powder X-ray diffraction (PXRD). All three samples, regardless of the 

mass of barium sulfide added during the preparation, displayed the same peaks 

(Figure 2.23), with some varying in intensity proportional to the amount of barium 

added. None of the observed peaks corresponded to a halite phase, or if it was 

present, the intensity was too weak to be detected. Therefore, it was believed that 

Figure 2.22:  SEM and EDX images for 4 mol% barium doping at different accelerating 
voltages: a) 5 kV, b) 15 kV, c) 30 kV showing contributions from zinc, sulfur barium and 
oxygen. 
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these samples did not have a significant halite phase. In addition to the expected 

sphalerite phase, a wurtzite phase was also present with an intensity that was 

proportional to the mass of barium added during the synthesis.  

Typically, the wurtzite phase is only observed when zinc sulfide is exposed to 

temperatures in excess of 1020 °C;59,60 greater than the 800 °C used in the 

preparation of these materials. Although it has been previously shown that a smaller 

grain size will allow the phase transition to occur at lower temperatures of 1000 

°C,61 this was still significantly higher than these samples were subjected to. 

Following the slow cooling of these samples, which should cause a shift back 

towards the more stable sphalerite phase, the generation of a wurtzite phase was 

not considered to be directly caused by the method used to synthesise these 

materials. Instead, it was likely that the addition of barium caused this change. 

Comparing the volume of each unit cell, it is unlikely that the shift to a wurtzite 

phase occurred to allow the incorporation of barium, since the sphalerite unit cell 

has a greater volume per atom. Earlier literature preparations regarding the 

incorporation of barium into zinc sulfide have shown the formation of a Ba2ZnS3 

phase.62 Analysis of 8 mol% doping, suggested the presence of this phase, albeit 

with a rather low intensity. Unfortunately, due to this low signal to noise ratio of the 

corresponding peaks, a quantitative assessment of these phases was not possible. 

Figure 2.23: PXRD pattern for varying barium doping: 8 mol% 4 mol% 2 mol%, undoped 
zinc sulfide, and calculated powder patterns for barium sulfide, sphalerite and wurtzite. S 
indicates sphalerite phase, and W the wurtzite phase. 
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Thus, in the absence of electron backscatter diffraction it was not possible to obtain 

a full assessment of the material.  

2.4.3.3 Luminescence Spectroscopy of Barium Doped Zinc Sulfides 

Barium doping, like aluminium, and ammonium chloride (copper(II) sulfate), 

generated two emissive states: a blue peak around 450 nm, and a green peak 

around 518 nm (Figure 2.24). The excitation of the blue peak showed a strong 

symmetric peak at 372 nm, and a band gap peak at 337 nm for 8 mol% doping. 

Given the peak at 372 nm has been assigned to a zinc vacancy, the loss of an 

excitation contribution for the band gap for both 4 and 2 mol% doping was 

unexpected. Addition of barium during the firing process did not appear to have 

influenced the band gap in a meaningful way, showing the same peak position as 

the aluminium doped zinc sulfide. The presence of the band gap in only one sample 

was not considered to be related to the wurtzite phase shown in the PXRD data, as 

the band gap for this phase has been reported to be 3.91 eV (317 nm);63 higher in 

energy than this peak. Similarly, this was not assigned as a defect peak from the 

wurtzite phase as additional, or broadened peaks were expected be observed in the 

emission spectra.  

The emission spectra showed two key differences as the barium concentration 

decreased: the relative intensity of the blue peak increased, and the FWHM of both 

peaks also decreased. The change in intensity of the peak located around 450 nm 

was presumed to be caused by a decrease in the number of defect sites that gave 

rise to this emission. All samples, regardless of the barium doping concentration, 

showed a significant green emission centred around 518 nm. Because the peak 

broadening was particularly apparent at the highest doping, it was presumed this 
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Figure 2.24: Excitation (left) (ɚem = 450 nm) and emission (right) (ɚex = 372 nm) spectra for 
barium doped zinc sulfides. 
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could be caused by ions/defects in slightly different strain environments combining 

to form a broad emission. Caused either, by an increase in the number of defects, 

such that some are spatially associated with each other, or for barium to be in a 

nearby site causing increased strain.  

Excitation of the green peak, unlike the blue peak, exhibited a band gap excitation 

for all three barium doped samples at 337 nm, with an intensity proportional to the 

barium added during preparation. As with copper(II) sulfate doping, energy transfer 

between the blue defect and the green defect was apparent from the strong 

contribution of the defect state at 372 nm to the green emission. Since the two 

defect peaks overlapped with the aluminium doped samples the defects were 

presumed likely to be the same. As discussed for 372 nm excitation, the broadening 

of the 8 mol% barium doping after excitation at 410 nm was believed to be related to 

slight variations in the defect environment across the material. 

Barium, being a fully oxidised group 2 metal, has no valence electrons to 

contribute within the band gap and the empty orbitals are not expected to lie within 

the band gap and contribute any additional defect states. Instead, due to the large 

disparity in ionic radii of barium and zinc ions, 135 pm and 74 pm respectively, it 

was anticipated that any incorporation of barium within the crystal structure will 

impart a large degree of strain upon the lattice. However, given the large size of the 

barium ion, incorporation within the lattice was expected to be relatively minor, 

which would be supported based upon the EDX data. Initially, it was believed 

barium incorporation would result in the generation of sulfur defects to reduce the 

strain upon the rest of the lattice. Based upon emission data it would seem this was 

not the case, and zinc, not sulfur, was ejected from the lattice to reduce the strain.  
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Figure 2.25: Excitation (left) (ɚem = 518 nm) and emission (right) (ɚex = 410 nm) spectra for 
barium doped zinc sulfides. 
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Further insight into the structure was obtained by through a cell relaxation using 

Quantum Espresso on a barium doped zinc sulfide supercell using the same 

optimised parameters discussed in Section 2.4.2.4. With barium incorporated into 

the structure, the lattice parameter increased to 10.8041 Å (+0.08955 Å) and an 

expansion around the barium centre, with calculated average barium sulfur bond 

lengths of 2.8544 Å and average zinc sulfur bond lengths of 2.3267 Å, and a lattice 

parameter of 10.8041 Å (+0.08959 Å). Surprisingly, the average bond length only 

increased by a minor 0.0069 Å, which suggested the impact of the barium ion was 

largely limited to an expansion around the defect. However, it cannot be said 

whether such a small difference would cause the formation of zinc defects. Barium 

may be considered a suitable choice for the generation of a green emitting zinc 

sulfide as the green emission dominated emission at each excitation wavelength. 

With a selective green emission obtained via excitation at 410 nm and a FWHM 

similar to aluminium doping for both 4 mol% and 2 mol% barium samples. 

2.4.3.4 Luminescence Spectroscopy of Strontium Doped Zinc Sulfides 

Unlike barium doped zinc sulfides, strontium doping only exhibited a single peak in 

the excitation spectra at 373 nm. Which was identical to copper(II) sulfate doped 

zinc sulfides and showed very little difference as the amount of dopant varied. In 

fact, the only difference was the presence of a small weak peak around 430 nm 

observed for the lowest strontium doping which was presumed to be a defect 

caused by the preparation of the doped zinc sulfide and not caused by the strontium 

ion. The similarity to copper(II) sulfate doped samples implied that sulfur vacancies 

were formed by the incorporation of the strontium ion. The emission spectra showed 

a single peak of ɚmax 494 nm and no change in the FWHM was observed as the 

Figure 2.26: Calculated structure of barium doped (L) and undoped (R) zinc sulfide using 
the PBEsol functional. 
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strontium doping was altered; showing the same broad emission as observed with 

copper(II) sulfate doped samples.  

Strontium being in a stable +2 oxidation state would not be reduced by the zinc 

sulfide, and with no darkening of the zinc sulfide observed upon addition strontium 

sulfide, unlike copper(II) sources, reduction was not the cause of this defect. The 

lack of reduction will also not require the loss of sulfur to counteract the mismatched 

charge, thus the defect must be related to the size of strontium ion, as with barium 

doping. Strontium with an ionic radius of 118 pm is significantly larger than zinc, 

therefore, the same defects observed in barium doped samples were expected. 

While strontium is smaller than barium the difference is relatively small (17 pm) and 

EDX data did not suggest incorporation of strontium was greater than that of the 

barium doped samples. As with barium, the increased strain on the lattice 

introduced by the large ion requires the ejection of a zinc or sulfur from the lattice. 

Strontium being smaller than barium exerts less force on the sulfur ions that in turn 

places less strain on the surrounding zinc ions and instead of a zinc ion being 

displaced from the lattice, a sulfide is removed to relieve strain in the system. As 

with the barium doped sample, relaxation of the structure was performed, and 

showed a similar increase of the lattice parameter to 10.7879 (+0.0734 Å) and a 

minor increase in the average zinc sulfur bond length to 2.3249 Å (+0.0051 Å), with 

strontium sulfur bond lengths of 2.7245 Å. Expectedly, the expansion around 

strontium was lower than the barium doped sample with a very minor decrease in 

the displacement of the zinc ions in the second shell surrounding the defect 

(Appendix Figure 6.11).   

Figure 2.27: Excitation (left) and emission (right) spectra for strontium doped zinc sulfides. 
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2.4.3.5 Luminescence Spectroscopy of Calcium Doped Zinc Sulfides 

Regarding calcium, 10 mol% doping bared little similarity to any of the previously 

prepared samples (Figure 2.28). A strong peak at 373 nm was present, as it has 

been for all dopants thus far, indicating sulfur or zinc vacancy defects were present 

in the material. However, the signal was also broadened towards 475 nm, 

suggesting the presence of other defects as well. Closer analysis of the excitation 

spectrum for 580 nm emission showed a second peak around 420 nm. Both 

excitation spectra exhibited an unusually prominent peak at 250 nm ï significantly 

lower in energy than the peak observed at 280 nm in these materials so far. The 

origin of this peak is unknown, as such a high energy transition would involve states 

deep within the band gap. This has not observed in previous samples nor within the 

literature thus an accurate assignment cannot be made. Both excitation spectra 

showed a peak at 342 nm which was within the expected region for the band gap of 

sphalerite zinc sulfide. The excitation of the 520 nm peak, however, showed a 

second peak at 327 nm, this peak is too low in energy to be assigned as a wurtzite 

phase transition, but also too high in energy to be typically considered from the 

sphalerite phase: the size of the particles observed via SEM are too large to cause 

quantum confinement effects that would increase the energy of the band gap. The 

reported band gap for calcium sulfide covers a wide range of 3.4 ï 4.4 eV64 because 

of this, and the unknown crystal structure, assignment to calcium sulfide would be 

ambiguous.  

Emission spectra showed three distinct peaks: a broad peak centred around 510 

nm, a peak at 580 nm, and a third broad emission that appeared to combine both 

defects. Excitation at 255 nm generated an emission with a ɚmax 580 nm, along with 

a small contribution around 500 nm which was initially believed to be caused by a 
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Figure 2.28: Excitation (left) and emission (right) spectra for 10 mol% calcium doped zinc 
sulfide. 
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sulfur vacancy based upon the peak position and the broad nature of the peak. The 

emission at 580 nm has so far not been observed to be caused by zinc or sulfur 

defects, in fact, this emission is usually only observed in manganese doped zinc 

sulfides. Any manganese present in these materials could only be derived from the 

calcium sulfide but given the purity of the calcium sulfide, manganese can at most 

only be 0.008 wt%. Combined with an excitation spectrum that did not match a 

manganese doped zinc sulfide species,65 it seemed unlikely that manganese was 

the origin of the emission.  

Decreasing the excitation energy to either 343 or 350 nm resulted in an 

emission with a greater intensity and increased the relative intensity of the peak 

around 520 nm. Further decreasing the excitation energy to 373 or 424 nm shifted 

the emission to 510 nm, although the broadness of the peak indicated there was still 

a significant contribution of yellow emission due to excitation of this unknown defect. 

An emission at 510 nm has previously been assigned to an interstitial zinc defect 

and was also likely to be present in this material when combined with the excitation 

spectra. Based upon the emission maxima obtained from excitation at 373 nm the 

presence of sulfur vacancies was considered less likely than zinc vacancies, and 

thus it was believed that the broadening seen at higher energies is caused primarily 

by zinc vacancies. The additional shoulder observed at energies lower than 580 nm 

has only been observed from the wet impregnation method of zinc sulfide doping 

corresponding to an interstitial sulfur defect. However, the lack of a distinct peak in 

the excitation spectra corresponding to this emission, and the less prominent peak 

when excited at lower energies suggested this may not be a correct assignment for 

this material. Whilst the origin of the emission centred around 580 nm is still 

ambiguous.  
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Decreasing the dopant concentration to 8 mol% generated additional peaks 

in both the excitation and emission spectra with a high degree of similarity in the 

excitation spectra (Figure 2.29). As with 10 mol% calcium doping, a peak was 

observed at 374 nm relating to either sulfur or zinc vacancies, with shoulders at 

lower energies that were anticipated to be caused by interstitial zinc, which is 

particularly evident in the excitation for the 500 nm emission seen around 420 nm. 

As before, two band gaps appeared to be present, found at the same wavelengths 

as before: 344 and 327 nm. The emission spectra (Figure 2.29), showed a range of 

peaks with ɚmax values of 426, 450, 495, 520, and 585 nm. Excitation at the band 

gap of 340 nm, generated two of these peaks: 450 and 585 nm, the first of which 

was assigned to a zinc vacancy due to the similarity of the excitation and emission 

spectra with previous samples. Excitation of the peak located at 520 nm, exhibited a 

high energy transition at 328 nm, without the presence of the band gap peak shared 

by the other excitation spectra. The excitation of the emission at 580 nm shared an 

identical profile to the zinc vacancy but with a slightly broadened defect peak.  

The broad emission peak with a ɚmax of 520 nm was expected to be the combination 

of multiple peaks, with the majority of the intensity caused by interstitial zinc defect, 

as with barium doped samples. Similarly, the emission peak centred around 495 nm 

was believed to be caused by sulfur vacancy defects. The highest energy emission 

peak, 425 nm, was only observed by excitation at 350 nm and weakly at 277 nm. 

Again, an emission this high in energy has not been demonstrated in either of the 

previous group 2 metal doping, nor by copper or aluminium doping. The broad 

excitation of this peak centred at 350 nm was not typically observed for zinc sulfide 

band gaps and was too high in energy to be considered a zinc sulfide defect. The 

number of emissive states and the range of excitations possible, suggested these 
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Figure 2.29 Excitation (left) and emission (right) spectra for 8 mol% calcium doped zinc 
sulfide with excitation and emission wavelengths labelled. 
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defects were natural defects caused by the doping procedure and not specially 

related to calcium.  

Computational structural analysis displayed the same trends as observed 

with the previous Group 2 metals. The lattice parameter increased to 10.7670 

(+0.0525 Å), as did the average zinc sulfur bond length to 2.3228 Å (+0.0030 Å) due 

to an expansion caused by the larger calcium ion, albeit to a lesser degree (Figure 

6.13). Analysis of the calculated bond length distributions showed a reduced spread 

of bond lengths with 68% of bond lengths occurring within 0.005 Å of each other. 

Both strontium and barium structures showed a much broader distribution of bond 

lengths and modal bond length becoming longer and decreasing in frequency. The 

reduced distribution of bond lengths suggested the calcium defect imparted less 

strain on the surrounding ions, therefore a reduced propensity to form defects is 

expected. 

Table 2.12: Excitation and emission wavelengths for zinc sulfides doped with group 2 metals 

Dopant Mol% added Excitation / nm Emission / nm 

Ba 8 372 450, 518 

 4 372 450, 518 

 2 337, 372 450, 518 

Sr 8 372 494 

 4 372 494 

 2 372 494 

Ca 10 342, 373 510, 580 

 2 344, 374 426, 450, 495, 520, 585 

In conclusion, the incorporation of suitably large ions such as barium or 

strontium exerted a high degree of strain within the lattice causing the ejection of 

either a zinc or a sulfide ion depending on the metal (Table 2.12). Barium, the 

largest ion, favoured the formation of zinc vacancies and interstitial zinc, with an 

emission profile dominated by emission from interstitial zinc defects with a ɚmax of 

520 nm. However, 8 mol% doping resulted in a broader emission when exciting at 

both 337 nm, and 410 nm compared to 4 mol% 337 nm, and 410 nm. Whilst doping 

with strontium only caused the formation of sulfur vacancy defects that maintained 

the same bandwidth seen in previous examples, and regardless of the dopant 

concentration with a ɚmax of 490 nm. The smallest of the group 2 metals, calcium, did 

not favour the formation of either zinc or sulfur defects. However, the formation of 
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two news peaks centred around 425, and 580 nm was observed, however their 

origin was not known. 

2.4.4 Manganese Doped Zinc Sulfides 

The excitation spectra of manganese-doped zinc sulfide materials (Figure 2.30) 

exhibited band gaps dependant on the dopant: one at 349 nm in manganese nitrate 

doped, and two at 343 and 341 nm caused by manganese oxide doped samples. 

Both nitrate and oxide sources showed the same peaks between 370 and 550 nm 

and were assigned to manganese d-d transitions.51,66 Demonstrating the source of 

manganese did not influence the environment of the substituted manganese. 

Doping with an oxide counterion however, introduced a second defect state with an 

excitation centred around 380 nm which did not match any previous zinc or sulfur 

defect thus far, and suggested an oxide defect caused. Excitation at 345 nm for 

manganese nitrate doped zinc sulfide exhibited the expected emission with a ɚmax of 

584 nm in good agreement with the literature21 for bulk particles, whilst manganese 

oxide doping showed a slight blue shift to 580 nm. Both transitions were assigned to 

the manganese relaxation21,30,67. The oxide source generated a second, smaller, 

peak at 455 nm ï the same as a zinc vacancy. However, the intensity around 500 

nm suggested additional defects were present, i.e., sulfur vacancies or interstitial 

zinc. As this second defect was only observed with the addition of oxide it was 

expected be related to this anion, as either a substitutional oxygen or interstitial 

sulfur. Interstitial sulfur can be ruled out, as it does not agree with data from the 

samples discussed earlier. Although the similarity of the emission and excitation 

spectra suggests a zinc vacancy defect, the formation of such a defect has typically 

required the introduction of a large metal or an ion with a charge greater than +2. 
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Figure 2.30: Excitation (left) and emission (right) (ɚex = 345 nm) spectra of manganese 
nitrate hydrate and manganese oxide doped zinc sulfides 
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Because both these features are absent, the transition can reasonably be assigned 

to an oxygen defect. 

2.4.5 Group 2 and Manganese Co-Doped Zinc Sulfides 

2.4.5.1 SEM and EDX Analysis 

Addition of manganese along with a Group 2 metal displayed the same amount of 

aggregation, and dispersity in sizes that has observed in all the other zinc sulfides 

prepared so far. Barium doped samples exhibited large particles around 4-5 ɛm 

along the longest edge, with smaller particles of 3.4 × 3.4, and 4.0 Ĭ 2.8 ɛm also 

observed. Replacing the manganese oxide with manganese nitrate did not cause 

significant deviation from these sizes with particles as small as 2.0 Ĭ 1.8 ɛm, and as 

large as 5.8 Ĭ 4.2 ɛm observed. As before, strontium doping typically caused 

smaller particles, with most showing dimensions ca. 2.9 Ĭ2.5 ɛm, however, some 

larger 5.6 Ĭ 4.0 ɛm particles were also present. Calcium doping exhibited a similar 

range of particle sizes from 1.9 Ĭ 2.1 ɛm up to 5.6 Ĭ 4.5 ɛm. Since all the Group 2 

dopants showed a similar range of aggregated particles, it was unlikely the nature of 

the dopant had considerable influence upon the aggregation. Expectedly, the large 

aggregates were formed of smaller fused particles (Figure 2.31). Interestingly, all 

Figure 2.31: SEM image of 2 mol% barium with manganese oxide (a), 8 mol% barium with 
manganese nitrate (b), 4 mol% strontium with manganese oxide (c), and 8 mol% calcium 
with manganese oxide (d) doped zinc sulfides. 
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the barium doped samples appeared to consist of the large particles greater than 

500 nm along the shortest edge, with a few smaller particles around 200 nm. 

Strontium and calcium doped samples, in contrast, contained smaller fused 

particles, typically around 120 and 80 nm along the longest edge. 

EDX mapping of barium and manganese oxide samples (Figure 2.32) showed areas 

deficient in zinc for all three doping concentrations, while sulfur was more consistent 

across the entire sample, with just a few areas that were visibly devoid of sulfur. 

Predictably, 8 mol% doping showed a high degree of localisation suggesting an 

entire particle was barium sulfide rather than just surface bound. Both 4 and 2 mol% 

doping showed localisation of barium, but to a lesser degree; 4 mol% contained the 

lowest concentration of barium. Oxygen, as before, occurred in the same regions as 

barium, although to a lesser degree than observed in samples without a manganese 

co-dopant. Because of the low manganese concentration, it was not possible to 

accurately measure the distribution with EDX as the signal to noise ratio was too 

low (Appendix Figure 6.15). The EDX mapping data of 8 mol% (Table 2.13) 

indicated a deficiency of sulfur with respect to zinc and barium, as well as a two 

times excess of barium. Site 1 showed the same sulfur deficiency, but a higher 

concentration of barium, which again, suggested some barium oxide was present 

within these materials. Site 2, however, exhibited a sulfur metal ratio that was within 

experimental error to the predicted values. 2 mol% displayed a similar trend as 8 

mol% and 4 mol% showed a similar level of metal and sulfide concentration with a 

slightly lower than expected barium concentration. Overall, the EDX analysis 

demonstrated that barium was not homogenously incorporated under the 

experimental conditions.  
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g 

Figure 2.32: SEM and EDX images for barium sulfide and manganese oxide doped zinc 
sulfides a) 8 mol% Ba, b) 4 mol% Ba, c) 2 mol% Ba showing contributions from zinc, sulfur 
barium, oxygen, and manganese. 
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Table 2.13: Atomic% data for barium sulfide and manganese oxide doped zinc sulfides 

 8 mol% 4 mol% 2 mol% 

Element Map Site 1 Site 2 Map Map Site 1 Site 2 

Zinc 32.6 8.4 46.1 30.8 35.4 13.3 45.9 

Sulfur 34.4 32.9 47.5 29.3 35.4 24.2 45.6 

Oxygen 27.2 31.6 5.5 38.9 28.7 46.4 8.3 

Barium 5.8 27.1 0.9 1.0 0.6 16.1 0.2 

Doping with manganese nitrate instead of manganese oxide, showed no perceptible 

change in the morphology. EDX mapping (Appendix Figure 6.14) indicated zinc was 

homogenously dispersed across both 8 and 4 mol% samples while 2 mol% 

contained sites that are clearly deficient in zinc. Sulfur maps showed a similar trend, 

although to a lesser degree, as any barium localisation is expected to occur with a 

sulfide counterion. Both 8 and 4 mol% displayed a low concentration of barium 

present within the zinc sulfides, potentially only showing background noise. The 

lowest doping, 2 mol%, showed a higher degree of localisation and aligned with the 

zinc deficient sites. Expectedly, oxygen concentration spiked in the same area as 

barium. Atomic% data (Table 2.14), confirms the EDX mapping with zinc and sulfur 

near unity in all samples, and all but the 2 mol% sample showing barium 

concentrations below the expected values.  

Table 2.14: Atomic% EDX map data for barium sulfide and manganese nitrate doped zinc 
sulfides 

 

 

 

 

 

EDX mapping data for 8 mol% strontium, and manganese oxide doped zinc sulfides 

(Appendix Figure 6.16), similarly, displayed areas that were zinc and sulfur 

deficient, with 4 mol% showing a similar result but to a lesser degree, with only one 

particle clearly deficient in zinc. For 2 mol% any differences in concentration were 

too small to identify. However, the concentration of sulfur in these sites was 

expectedly greater than that of zinc, since a sulfide source was used for strontium 

doping. Strontium showed a high degree of localisation that expectedly aligned with 

the deficient zinc sites, and for 8 mol% also occurred in areas with a slightly 

Element 8 mol% 4 mol% 2 mol% 

Zinc 27.9 36.3 37.7 

Sulfur 27.2 35.1 37.2 

Oxygen 44.5 28.3 23.7 

Barium 0.4 0.2 0.8 
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different morphology. Reducing the strontium loading to 4 mol% retained the 

localisation but did not exhibit a difference in morphology at this site. 2 mol% 

similarly showed the co-localisation of strontium and oxygen but only on a very 

small particle. As with the barium samples, both 8 and 4 mol% demonstrated a 

lower degree of co-localisation compared to the samples doped without manganese 

oxide. Either addition of manganese oxide influenced the propensity for the group 2 

oxide to form, or it was random chance that the particles examined happened to 

display this composition. Manganese was, as in previous samples, too low in 

concentration to reliably detect in EDX against the background noise. Atomic% data 

(Table 2.15) for EDX mapping of 4 and 2 mol% showed sulfur and metals within 

experimental error of unity, whilst 8 mol% showed a minor excess of the metals. 

Analysis of strontium rich sites (Site 1) suggested most of the strontium was present 

as the sulfide form with only 1 or 2% existing as the oxide. The majority of the 

oxygen present was believed to be bound atmospheric oxygen, since otherwise 

would indicate a high proportion of free sulfur/sulfide. In the case of 2 mol% a 

significant contribution from the background was present due to the small size of the 

particle being analysed. Zinc rich sites showed only a small proportion of strontium 

present, and similar proportion of zinc and sulfur. 

Table 2.15: Atomic% data from strontium sulfide and manganese oxide doped zinc sulfides 

 8 mol% 4 mol% 2 mol% 

Element Map Site 1 Site 2 Map Site 1 Site 2 Map Site 1 Site 2 

Zinc 36.4 5.8 46.5 25.6 5.1 44.5 30.6 8.2 48.5 

Sulfur 38.7 25.6 44.7 25.4 29.3 45.2 30.5 15.2 46.5 

Oxygen 20.5 45.4 7.5 47.9 39.9 9.3 38.9 67.7 5.1 

Strontium 4.4 23.2 1.3 1.0 25.7 1.0 0.0 8.9 0.0 

 

Regarding the calcium and manganese doped zinc sulfides (Appendix Figure 6.17), 

zinc and sulfur maps were homogenous; only a few sites devoid of both elements 

that did not align with any other element being present. Calcium appeared to be 

localised in two areas with no clear morphological differences; aligned with zinc 

deficiencies. Oxygen, as with non-manganese doped samples showed little to no 

colocalization with calcium. Atomic% map data (Table 2.16) displayed a significantly 

lower concentration for calcium than expected, demonstrating again that the Group 

2 dopant had not been homogenously incorporated within the zinc sulfide host. The 

calcium rich site (Site 1) showed a greater proportion of zinc than calcium, 

potentially due to the spot size of the site analysis including nearby zinc sulfide. The 
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combination of the two metals was greater than sulfur proportion; suggesting 

calcium oxide was present (up to half of the calcium at this site).  

Table 2.16: Atomic% data for 8 mol% calcium sulfide and manganese oxide doped zinc 
sulfide 

 

 

 

 

2.4.5.2 PXRD Analysis 

As previously mentioned, any unincorporated barium sulfide should be evident in 

the PXRD pattern via the presence of halite peaks (Figure 2.33). However, just as 

with samples doped without manganese, no peaks that match the halite phase were 

present. Whilst the wurtzite phase was still observed in these samples, and more 

intense than the starting material, it was weaker than for samples only doped with 

barium; the differences between each dopant concentration were also greatly 

reduced. Therefore, this may indicate that manganese oxide perturbed the 

formation of the wurtzite phase, or the combination of manganese oxide and barium 

sulfide create a second phase, but as no obvious peaks were present, this was 

deemed unlikely. Consequently, it seemed reasonable to deduce that without the 

presence of any broad amorphous peaks, the samples consisted of two phases. A 

sphalerite phase accounting for the majority of the sample, and a wurtzite phase 

representing a minor component. 

Element Map Site 1 Site 2 

Zinc 29.4 21.1 45.0 

Sulfur 28.5 30.5 43.9 

Oxygen 41.7 30.2 10.9 

Calcium 0.4 18.2 0.1 



Chapter 2. Synthesis and Characterisation of Zinc Sulfide 
Phosphors 

 

 95 
 

Unlike manganese oxide doped samples, manganese nitrate did not supress the 

formation of the secondary wurtzite phase (Figure 2.34) which, as with the non-

manganese doped samples, was proportional to the concentration of barium added. 

The absence of the halite phase suggested that all the barium sulfide had been 

incorporated either into the zinc sulfide host framework or into a new crystal 

structure. A third phase of Ba2ZnS3 was observed, however, the signal was very 

weak and only reliably identified for the 8 mol% barium doping. The existence of the 

wurtzite phase was unusual given the temperature of the furnace used in the 

preparation of these materials. It was possible, given the intensity of these peaks 

was proportional to the barium concentration, that the wurtzite phase acted as a 

transition between the zinc rich sphalerite phase and the barium rich Ba2ZnS3 

phase. Rietveld refinement calculated wurtzite composition as 41.17, 34.25, and 

17.80 wt%, and Ba2ZnS3 composition as 9.15, 3.19, and 0.86 wt% for 8, 4, and 2 

mol% barium doping respectively. The lack of a trend between the wurtzite and 

Ba2ZnS3 phases suggested the existence of additional factors. Unfortunately, the 

residual data for each sample after fitting and refinement was a reasonably high 

proportion of the data (> 12%). 

Figure 2.33: PXRD pattern for barium and manganese oxide doped zinc sulfide: 8 mol% 4 
mol% 2 mol% Ba, undoped zinc sulfide, and calculated powder patterns for barium sulfide, 
sphalerite and wurtzite. S indicates sphalerite phase, and W the wurtzite phase. 
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2.4.5.3 Luminescence Spectroscopy of Barium and Manganese Oxide Doped 

Zinc Sulfides 

Excitation of the dominant emission peaks of barium and manganese co-doped zinc 

sulfides showed two distinct band gaps (Figure 2.36): the first at 348 nm, occurred 

in the 2 mol% barium doped sample, and the second at 361 nm for both 8 and 4 

mol% doping. All three samples showed no shift in the transitions associated with 

the manganese d-d transitions, which suggested either, there had been no 

alteration of the manganese environment, or only a small proportion of the 

manganese was in this new environment. The emission spectra displayed the same 

trend as the excitation spectra: 8 and 4 mol% show similar emission spectra with a 

slight decrease in the emission maxima from 620 nm for 8 mol% down to 615 nm for 

4 mol% and then a large blue shift to 587 nm for 2 mol% barium doped zinc sulfide. 

However, it was clear that barium still altered the emission as the bandwidth for this 

emission was greater than that of barium free samples, with 4 mol% showing a 

similar, although weaker, broadening of the dominant emission. All three samples 

showed evidence of additional defects in the 520 and 450 nm regions which were 

assigned as zinc interstitial and vacancy defects, respectively, caused by addition of 

barium.  

Figure 2.34: PXRD pattern for barium and manganese nitrate doped zinc sulfide: 8 mol% 4 
mol% 2 mol% Ba, undoped zinc sulfide, and calculated powder patterns for barium sulfide, 
sphalerite and wurtzite. S indicates sphalerite phase, and W the wurtzite phase. 
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Interestingly, the excitation spectra (Figure 2.35) of these zinc defects only exhibited 

a band gap (333 nm) for excitation of the 520 nm emission. The defect peak 

positions and shapes showed no significant alterations to the barium doped 

samples discussed earlier. With a band gap of 360 nm, the presence of Ba2ZnS3 

originated red emission was a strong possibility.66 Assuming the formation of 

Ba2ZnS3 did occur, it was a surprise to see an emission profile that was dominated 

by the red emission, since the bulk of the material was still zinc sulfide. Likewise, as 

the d-d manganese transitions had not shifted from the non-barium doped samples, 

it suggested most of the manganese was still within a zinc sulfide host. Expectedly, 

decreasing the barium concentration increased the proportion of emission from a 

manganese doped zinc sulfide material; observed by the increased bandwidth. 
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Figure 2.35: Excitation spectra of the emission peaks in 8 mol% barium sulfide, and 
manganese oxide doped zinc sulfides. 
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Figure 2.36: Excitation (left) (ɚem 8,4 mol% = 620 nm, ɚem 2 mol% = 587 nm) and emission (right) 
(ɚex 8,4 mol% = 360 nm, ɚex 2 mol% = 350 nm) of barium sulfide and manganese oxide doped zinc 
sulfides. 
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2.4.5.4 Luminescence Spectroscopy of Barium and Manganese Nitrate 

Doped Zinc Sulfides 

 Excitation spectra of manganese nitrate doped samples (Figure 2.37), showed a 

significant shift from the oxide doped samples. Only the 2 mol% barium doped 

sample displayed a profile that resembled the earlier manganese doped samples 

with a band gap at 351 nm. 4 mol% showed two peaks at energies higher than 400 

nm: 388, 366 nm, and a broad continuum that stretched below 300 nm. The peak at 

366 nm was assigned to the band gap transition of Ba2ZnS3, and 388 nm and 

beyond to manganese d-d transitions. 8 mol% demonstrated none of the fine detail 

observed in the previous two samples and showed only a slight indication of 

additional peaks. However, a peak was observed at 344 nm, that agreed with 

previous values of the band gap in manganese doped zinc sulfides. The strong 

contribution from zinc sulfide suggested a smaller proportion of Ba2ZnS3 activated 

manganese had been formed, compared to the manganese oxide samples, and the 

excitation spectrum was a composite of both these materials which resulted in the 

broad relatively featureless spectrum. All samples regardless of the barium 

concentration or emission wavelength exhibited the same manganese d-d 

transitions with no notable shifts.  

The emission spectra, like the manganese oxide doped samples, displayed a 

barium dependant red shift of the emission spectra proportional to the concentration 

of the barium. The 8 mol% barium doped sample displayed a slight blue shift 

compared to previous example with an emission maximum located at 616 nm, and 

also showed a broadened signal towards the higher energies indicating a greater 

proportion of manganese doped zinc sulfide was present. Reducing the barium 

loading to 4 mol% generated a broad curve comprised of roughly equal 

contributions of both manganese doped zinc sulfide and manganese doped 
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Figure 2.37: Excitation (left) (ɚex, 8, 4 mol% = 612 nm, ɚex, 2 mol% = 580 nm) and emission (right) 
(ɚex, 8, 4 mol% = 360 nm, ɚex, 2 mol% = 350 nm) spectra of barium sulfide and manganese nitrate. 
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Ba2ZnS3. Decreasing the barium concentration further to 2 mol% exhibited a single 

peak at 584 nm, with a similar bandwidth to manganese doped zinc sulfide. 

Surprisingly, no zinc defects related to the incorporation of barium were 

observed in these materials. The addition of a large molar quantity of barium 

resulted in the formation of Ba2ZnS3 that acts as an efficient luminophore when 

doped with manganese. Or as an effective sink for manganese creating a 

preferential environment for the substitution of zinc and generated an emission that 

is red shifted from 584 nm in zinc sulfide to 620 nm. Although the source of the 

manganese used would seem to play a significant role, as the oxide counterion 

demonstrated a greater proportion of red emission of incorporation but also did not 

prevent the formation of zinc related defects. 

2.4.5.5 Luminescence Spectroscopy of Strontium and Manganese Oxide 

Doped Zinc Sulfides 

Doping with both strontium sulfide and manganese oxide afforded a single strong 

peak in the excitation spectra (Figure 2.38), located at 346 nm: similar to 

manganese nitrate doped samples. No shift in the peak position nor FWHM was 

observed as the strontium concentration decreased. The emission spectra, 

however, did show a slight change as the dopant concentration was altered. 

Although no trend was observed, 4 mol% strontium doping exhibited a small blue 

shift to 581 nm and no secondary emission was generated. 8 and 2 mol% strontium 

doped samples on the other hand were dominated by an emission at 587 nm that 

was broadened compared to both 4 mol% and doping without strontium.  
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Figure 2.38: Excitation (left) (ɚem = 584 nm) and emission (right) (ɚex = 345 nm) spectra for 
strontium sulfide, and manganese oxide doped zinc sulfides 
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Additional defects were present, with emission demonstrated around 520 and 450 

nm. The blue emission was found to be relatively stronger for the 2 mol% strontium 

doping, which was believed to be a combination of the weaker emission from the 

strontium derived defects and the blue emission caused by manganese oxide. 

Previously, samples doped with strontium resulted in a single defect centred around 

490 nm. However, in all these samples, the emission was either absent, or red 

shifted by ~25 nm and more closely resembled an interstitial zinc defect. Excitation 

of this wavelength (515 nm) (Figure 2.39) generated a range of peaks with a strong 

zinc vacancy defect associated transition at 373 nm. A second broad peak was 

observed at lower energies and within the region that has been assigned to 

interstitial zinc and was similarly believed to cause the green emission. A second 

band gap like transition at 331 nm was observed for all species and was the only 

transition in this area observed for 4 mol% doping. Presumably, this peak 

corresponded to a band gap. Although whether it was associated with zinc sulfide is 

unknown, as this would be higher in energy than has been observed for any other 

material prepared thus far. However, the existence of two separate band gaps both 

relating to the same material seems unlikely. It was possible that some amount of 

strontium zinc sulfide (Sr2ZnS3) had formed, however, in the absence of both EBSD 

and PXRD it was not possible to determine if such a phase existed. Unlike the 

barium samples a significant red shift of the manganese emission was not 

observed. Potentially this was caused by the lack of the formation of strontium zinc 

sulfide, or the environment was so similar to zinc sulfide that a large shift was not 

seen, or the manganese ions did not favour the new host material to the same 

degree as they did for Ba2ZnS3, or manganese was not emissive in the potential Sr-

2ZnS3 material.  
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Figure 2.39: Excitation (ɚem = 515 nm) spectra of strontium sulfide and manganese oxide 
doped zinc sulfides 
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2.4.5.6 Luminescence Spectroscopy of Calcium and Manganese Oxide 

Doped Zinc Sulfides 

The excitation spectra of calcium sulfide and manganese co-doped zinc sulfides 

was, like strontium co-doped samples, dominated by a single strong peak at 345 nm 

assigned to the band gap transition. Excitation at this wavelength generated two 

peaks, the first at 456 nm was assigned to a zinc vacancy, and the second at 581 

nm to manganese emission. Such data showed that calcium was unable to affect 

the photophysics of the material. 

In conclusion, of the group 2 metals co-doped with manganese oxide, only barium 

doped samples were observed to cause a red shift of the emission spectra (by 40 

nm), generating a red emission (620 nm) that dominated the spectrum caused by 

the formation of a second crystal phase, Ba2ZnS3. Further analysis showed that 

manganese was also incorporated into the zinc sulfide host resulting in the 

expected emission around 584 nm. However, this was exclusively observed after 

excitation of the manganese d-d transitions, suggesting the emissive relaxation 

pathway is favoured to a greater degree in Ba2ZnS3. The presence of this second 

crystal strucutre was unexpected, as typically, this material is synthesised from 

metal precursors and not from premade zinc and barium sulfide.62,68 The source of 

the manganese was also observed to influence the proportion of red emitting 

manganese that formed. Manganese oxide displayed few yellow emissive states at 

8 mol%, whilst manganese nitrate contained a significantly greater number of yellow 

emitting states at all barium loadings. Altering the group 2 metal to either strontium 

or calcium did not appear to generate a second crystal lattice that caused the red 

shift of the manganese emission. However, due to the lack of PXRD data it was not 

possible to determine if the second crystal structure had indeed formed. 
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Figure 2.40: Excitation (left) (ɚem = 581 nm) and emission (right) (ɚex = 345 nm) spectra of 
calcium sulfide (8 mol%) and manganese oxide doped zinc sulfide 
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2.4.6 Silica Coating of Zinc Sulfides 

A potential issue for zinc sulfide luminophores is the oxidation of the material over 

time into zinc oxide. Small scale oxidation would likely introduce additional defects, 

while large scale oxidation may even prevent the material from being luminescent. 

One such method to prevent, or minimize oxidation, is a surface coating with silica. 

This work aimed to explore the impact of oxidation on the morphology of undoped 

zinc sulfide with and without a silica shell. Two batches of materials were prepared 

by dispersing zinc sulfide in a mixture of water, methanol and ammonia, and 

tetraethoxysilane (if silica coated was desired) overnight. The resulting materials 

were washed and dried and then a sample was taken and exposed to three different 

conditions: fired at 800 °C in a flowing nitrogen atmosphere, at 800 °C in a flowing 

air atmosphere, and a sample that was analysed without further processing. 

2.4.6.1 Uncoated Zinc Sulfide 

Zinc sulfide that was not subjected to grinding in a mortar and pestle displayed a 

range of aggregated particles sizes from approximately spherical and 1 ɛm in 

diameter, to larger clumps up to 2.5 Ĭ 5 ɛm. As with previous examples, smaller 

fused particles were present, however, their morphology changed depending on the 

conditions the zinc sulfide was exposed to (Figure 2.41). Without the addition of any 

heat treatment steps, the fused particle appeared as short chains of triangular 

particles (100 × 50 nm), and smaller spherical particles with a diameter of 30 nm. 

Treatment at 800 °C under a flowing nitrogen atmosphere caused sintering of the 

particles, and a shift in the morphology of the fused particles to be smoother and 

more rectangular in appearance. In contrast, exposing the particles to 800 °C in 

flowing air, caused the small particles to become more rounded in appearance with 

a few spherical and elongated ovoid particles observed as well. 

 EDX mapping (Figure 2.42) expectedly showed a homogenous zinc distribution 

across all three conditions. Sulfur however, while distributed evenly for the samples 

that were not exposed to an oxidising atmosphere, sample c (exposed to flowing air 

at 800 ęC) was only background noise; showing the material had been fully oxidised 

to zinc oxide. This was similarly observed in the oxygen map, that showed a 

background oxygen signal for the nitrogen (a) and vial (b) samples. Atomic% data 

(Table 2.17) confirmed the initial analysis, as non-oxidised samples displayed 

similar levels of zinc and sulfur. Whilst the oxidised sample showed a nominal 

amount of sulfur.  
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Table 2.17: Atomic% data from EDX analysis of uncoated zinc sulfides exposed to different 
conditions. 

 

 

 

 

 

Altering the accelerating voltage of the electron beam gave insight into the extent of 

the zinc sulfide oxidation. Both EDX mapping (Appendix Figure 6.18) and atomic% 

data (Table 2.18) confirmed the complete conversion of the zinc sulfide. EDX sulfur 

maps showed only noise, with no degree of sulfur localisation on the particle at any 

of the accelerating voltages used. Atomic% data displayed a consistently low 

concentration of sulfur, and only showed a minor increase at 30 kV. However, as 

this also occurred with a decrease in the zinc concentration, it was believed to be 

noise as more of the carbon disc background is probed. 

 Nitrogen at 800 °C Air at 25 °C Air at 800 °C 

Element Map Site 1 Site 2 Map Map 

Zinc 38.1 46.7 47.4 43.7 38.2 

Sulfur 36.9 50.1 45.2 42.7 1.9 

Oxygen 24.6 3.0 7.0 13.3 59.6 

Silicon 0.4 0.2 0.3 0.3 0.4 

Figure 2.41: SEM images of uncoated zinc sulfides treated with silica coating method 
without the addition of tetraethoxysilane exposed to different conditions: a) nitrogen at 800 
°C, b) stored in vial, c) air at 800 °C. 
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Table 2.18: Atomic% data for non-silica coated zinc sulfide exposed to flowing air at 800 °C 
at different accelerating voltages. 

Element 5 kV 15 kV 30 kV 

Zinc 47.1 45.2 28.0 

Sulfur 1.0 0.7 1.7 

Oxygen 51.1 53.9 70.0 

Silicon 0.8 0.2 0.4 
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2.4.6.2 Silica Coated Zinc Sulfide 

The morphology of silica coated zinc sulfides was expectedly different to the non-

coated samples exposed to the same conditions (Figure 2.43). Whilst the large, 

aggregated particles had not meaningfully changed in shape or size and ranged 

from 2 × 2 ɛm to 5 × 5 ɛm, the smaller fused particles had, becoming rounded 

cubes of 150 × 150 and ovoids of 200 × 100 nm. Pleasingly, the sample prepared 

Figure 2.42: SEM and EDX images of uncoated zinc sulfides treated with silica coating 
method without the addition of tetraethoxysilane exposed to different conditions: a) nitrogen 
at 800 °C, b) stored in a vial, c) air at 800 °C showing contributions from zinc, sulfur, silicon, 
and oxygen. 
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without exposure to the furnace did not have a meaningful change in morphology 

compared to the heat-treated samples, unlike the non-coated samples. Because the 

only difference between these samples and the uncoated zinc sulfides was the 

addition of tetraethoxysilane it seemed reasonable to ascribe the differences to the 

formation of a passivating silica shell upon the surface of the particles. In addition to 

coating the zinc sulfides, spheres of silica that varied from 100 nm in diameter up to 

700 nm were also present across the surface of the particles.  

EDX mapping (Figure 2.44) showed, for all samples, zinc and sulfur localisation 

towards the interior of the particle, with the outside edges being devoid of these 

elements, with no areas of deficiency observed across the particle (except for the 

oxidised sample). Silicon, however, was present across the entirety of the particle, 

and was particularly strong for the room temperature sample. The nitrogen sample 

displayed an increased concentration of silicon towards the outer edges of the 

sample, which suggested the silica coverage had either been reduced by the 

temperature, due to rupturing of the silica, or was just poorer in this area. Oxygen 

expectedly aligned with silicon, although once again weaker than zinc and sulfur for 

the nitrogen sample. The room temperature sample exhibited oxygen across the 

entire particle, in a similar concentration as both sulfur and zinc. The oxidised 

sample displayed poor quality data, displaying areas that were unaccounted for by 

Figure 2.43: SEM images of silica coated zinc exposed to different conditions: a) nitrogen at 
800 °C, b) stored in vial, c) air at 800 °C. 
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any element, which persisted across all areas examined and upon analysing a new 

sample. However, the same trends were clear, with silicon and oxygen extending to 

the edges of the sample while zinc and sulfur were present in high concentrations 

towards the centre of the particle. 

Atomic% data (Table 2.19) of the EDX maps for the non-oxidising conditions 

showed similar relative concentrations of both zinc and sulfur. However, a difference 

was observed for the sample fired in air and suggested some oxidation of the 

Figure 2.44: Silica coated zinc sulfides exposed to different conditions: a) nitrogen at 800 
°C, b) air at room temperature, c) air at 800 °C showing contributions from zinc, sulfur, 
silicon, and oxygen. 
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sample had occurred. All point analysis locations chosen displayed a deficiency of 

sulfur with respect to zinc, which suggested some degree of oxidation had occurred 

for all the samples. However, as samples prepared in an analogous manner without 

the addition of TEOS, and zinc sulfides prepared without exposure to water, and 

ammonia displayed similar results this may be random chance as mapping data did 

not support oxidation of all samples. Interestingly the silicon concentration for all 

three samples showed only slight differences with respect to zinc concentration and 

suggested the different treatments methods had little effect on the silica shells. Point 

analysis confirmed the concentration of silica is lower towards the centre of the 

particle, as Site 1 for the nitrogen sample exhibited a doubling of zinc and sulfur and 

a decrease in the silicon concentration, with similar results observed for the room 

temperature sample. In contrast to the uncoated sample, an oxidising atmosphere 

caused a minor reduction in the ratio of zinc and sulfur indicating only minor 

oxidation of the sample had occurred. 

Table 2.19: Atomic% data for silica coated zinc sulfides exposed to different conditions. 

 Nitrogen at 800 °C Air at 25 °C Air at 800 °C 

Element Map Site 1 Map Site 1 Site 2 Map Site 1 Site 2 

Zinc 13.1 27.7 9.5 4.7 23.0 13.9 28.6 24.0 

Sulfur 13.2 23.8 8.6 2.3 27.7 10.3 22.3 20.2 

Oxygen 60.0 39.6 71.9 68.2 36.9 64.6 40.4 46.8 

Silicon 13.7 9.0 10.0 24.8 12.4 11.1 8.7 9.1 

To further explore the impact of the silica coating, three accelerating voltages were 

used to probe the depth of oxidation. Because 5 kV (a) should only provide surface 

information it was expected that silicon and oxygen would dominate the map with 

minor contributions from zinc and sulfur. Gratifyingly, this was observed (Figure 

2.45), with only minor differences in the zinc and sulfur ratio that showed close 

agreement with zinc sulfides prepared under non-oxidising conditions. With silicon 

and oxygen present in much higher concentrations with no obvious areas of 

localisation. Atomic% data (Table 2.20) showed, as expected, zinc and sulfur 

accounted for only a small proportion of the particle with silica comprising most of 

the particle at this depth. The relatively large difference between zinc and sulfur, 

suggested the presence of zinc oxide at this depth. Point analysis (Site 1), however, 

indicated that the oxidation may not have been consistent across the sample, 

presumably due to differences in the extent of the silica collating. Increasing the 

accelerating voltage to 15 kV, increased both the zinc and sulfur contribution to the 

maps and decreased the silica contribution. As before, both sites exhibited an 
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excess of zinc which was presumed to oxidation. At an accelerating voltage of 30 

kV, the map data displayed a significant decrease in the sulfur concentration, while 

the point analysis sites showed zinc and sulfur in similar concentrations. Therefore, 

the surface of the zinc sulfide particle was determined to be overwhelmingly silica 

with a core of zinc sulfide that had experienced little to no oxidation in contrast to 

the non-coated particle that was completely converted to zinc oxide with no 

discernible zinc sulfide even at 30 kV. 

Table 2.20: Atomic% data for silica coated zinc sulfides exposed to air at 800 °C at different 
accelerating voltages 

 5 kV 15 kV 30 kV 

Element Map Site 1 Site 2 Map Site 1 Site 2 Map Site 1 Site 2 

Zinc 7.9 13.2 1.5 13.9 28.6 24.0 15.3 20.2 16.1 

Sulfur 3.5 10.0 0.7 10.3 22.3 20.2 4.5 21.1 19.6 

Oxygen 66.1 51.9 70.8 64.6 40.4 46.8 67.2 51.1 55.3 

Silicon 22.5 24.9 27.0 11.1 8.7 9.1 12.9 8.6 9.1 
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2.5 Conclusion 

2.5.1 Determination and Assignment of Defects Within Doped Zinc Sulfides 

2.5.1.1 Experimental analysis 

A series of doped zinc sulfides have been prepared with varying dopants and 

conditions to explore and elucidate the origins of the most commonly observed 

Figure 2.45: SEM and EDX images of silica coated zinc sulfides heat treated at 800 °C in air 
at difference accelerating voltages: a) 5kV, b) 15 kV, c) 30 kV showing contributions from 
zinc, sulfur, silicon, and oxygen. 

x Site 1 

x Site 2 

x Site 1 

x Site 2 

x Site 1 

x Site 2 
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emission within the literature. Aluminium doped samples displayed emission at 458 

and 520 nm, with selective emission at 520 nm achieved by excitation at 410 nm. 

The origins of the emissions were assigned to zinc vacancies and interstitial defects 

respectively. Copper(II) sulfate doping produced a single broad emission at 493 nm. 

Whereas copper(I) iodide generated two defects with emission at 455 and the 

aforementioned 493 nm emission. Addition of ammonium chloride along with 

copper(I) iodide produced a single emission profile with peaks at 470 and 520 nm. 

Modifying the procedure with a wet impregnation technique caused no discernible 

differences in the emission spectra for samples doped with a metal or halide. 

However, performing the same procedure without a dopant resulted in defects with 

emission at 495 and 600 nm. These emissions were assigned to sulfur vacancies 

and interstitial defects, respectively. Surprisingly, the long-lived emission ï visible to 

the naked eye ï often noted for copper doped zinc sulfides was not observed. 

2.5.1.2 Computational analysis 

The assignment of these transitions was supported through computational periodic 

calculations using the Quantum Espresso and Yambo packages. Optimisation of the 

undoped 64 atom zinc sulfide supercell using a variable cell relaxation procedure 

and the PBEsol functional, showed a reduction in the lattice parameter compared to 

experimental determination. Similarly, structure optimisation was performed on 65 

and 63 atom supercells for interstitial and vacancy defects respectively. Interstitial 

sulfur and vacancy defects exhibited an increase and reduction in the lattice 

parameters, respectively, while the equivalent zinc defects exhibited the opposite 

trend. Initial band strucutre and density of states calculations were performed using 

the general gradient approach but were found to significantly underestimate the 

band gaps of all the samples. Further analysis using non-self-consistent GW 

calculations was performed with and without the Bruneval-Gonze (BG) approach. 

Calculations using the BG method resulted in a zinc sulfide band gap of 3.53 eV 

that agreed with previous literature reports for both computational and experimental 

results. Applying this method to the defects resulted in both zinc defects showing 

band gaps similar to experimentally derived values while the sulfur defects were 

underpredicted. Calculations without the BG method followed the same trend but 

generated band gaps of lower energies. Further work could be carried out using 

larger supercells to more accurately model the experimental systems as well as 

using a self-consistent GW method or a full frequency approach to achieve band 

gaps closer to experimental values at convergence. 
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2.5.2 Doping of Zinc Sulfides with Group 2 Metals and Manganese 

Doping of zinc sulfides was also performed with the Group 2 metals barium, 

strontium, and calcium. Introduction of barium caused the formation of zinc defects 

with emission at 450 and 518 nm. As with the aluminium doped sample, selective 

green emission could be achieved by exciting at energies lower than 410 nm. 

Strontium exhibited a single emission at 493 nm due to the presence of sulfur 

vacancies. Calcium however, produced a range of emissions that were believed to 

be caused by a range of zinc and sulfur defects across most of the visible region. 

Co-doping of these metals with manganese in zinc sulfides was also explored. 

Depending upon the source of manganese used, the proportion of phases present 

in the material was observed to change. Manganese nitrate resulted in a system 

that was determined to contain a significant wurtzite phase, whereas an oxide 

source showed a significant reduction in the wurtzite phase. The wurtzite phase was 

also found to be dependent upon the amount of barium dopant added. In addition to 

the zinc sulfide phases, a third Ba2ZnS3 phase was also observed. This new phase 

gave rise to the red shifted manganese emission to 620 nm, that blue shifted as the 

barium concentration decreased, due to the stronger contribution from manganese 

doped zinc sulfide. Strontium co-doping did not exhibit a red shift in the emission, 

and only some broadening of the emission was observed, along with blue and green 

emission that was assigned to zinc defects. Calcium doping only showed a yellow 

emission at 584 nm that was assigned to the manganese emission within a zinc 

sulfide host.  

2.5.3 Silica Coating of Zinc Sulfides 

Silica coating of zinc sulfides was also performed and was shown to 

significantly reduce the oxidation of the zinc sulfide, at 800 °C in flowing air, to zinc 

oxide. Such that only the surface of the particle was observed to undergo moderate 

oxidation, with the bulk of the particle remaining as zinc sulfide. 

Table 2.21: Recommended dopants to achieve the desired emission wavelengths outlined 
during the aims section 

Desired Emission 

Wavelength (nm) 

Achieved Emission 

Wavelength (nm) 

Dopant(s) 

460 454 1.15 mg CuI 

530 518 70 mg BaS 

620 620 140 mg BaS, 

7.1 mg MnO 
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3.1 Aims 

This research described in this chapter demonstrates the synthesis and describes 

the photophysical properties of a set of luminophores or chromophores, that were 

suitably functionalised to enable incorporation within a polymer system to serve as a 

proof of concept for the creation of polymer LEDs. Therefore, it was vital these 

functional groups were amenable to either post-polymerisation modification (PPM), 

eg. a thiol-ene Click reaction, or addition to a ROCOP reaction through an epoxide 

group (Scheme 3.1). The method of incorporation imposes constraints upon the 

structure of the luminophore or chromophore, beyond that of the functional group 

required for the incorporation of the dopant. For example, if co-polymerisation of the 

dopant is desired, then the luminophore/chromophore should, ideally, not contain 

hydroxy or carboxylic groups as these can act as initiators for the polymerisation ï 

producing polymer chains of lower molecular weights than desired and lowering the 

number of dopants per polymer chain. Similarly, the luminophore should not be able 

to strongly bind to the catalyst such that it severely limits the rate of polymerisation, 

nor displaces the pre-existing ligands of the catalyst. However, in the case of the 

catalyst used within this work, such an issue is mitigated by using a tetradentate 

salen ligand (Chapter 4). Secondly, the introduction of the functional group required 

for the incorporation of the dopant should not significantly alter the desired 

photophysical properties of the luminophore, such as shifting the absorption and 

emission wavelengths, or lowering the quantum yield. 

 

Scheme 3.1: Proposed synthetic routes for functionalised polymers; post polymerisation 
modification (PPM), with a thiol-ene Click example given; and the direct polymerisation of 
the luminophore during the polymerisation. 

3.2 Introduction 

Coloured plastics are a constant part of modern day life; being used in packaging, 

toys, decorative objects, and clothing.1 In order to ensure the longevity of the 
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product it is desirable that the chromophore has colour fast properties, thereby 

retaining the original colour throughout the lifetime of the product. With regard to the 

majority of plastics encountered in everyday life: poly(propylene), poly(ethylene), 

poly(ethylene terephthalate), poly(vinyl chloride), etc. the chromophore cannot 

typically be chemically bonded with the polymer substrate as is the case for many 

natural fibres, e.g., cotton. Thus, the chromophore is used as an additive and not 

chemically bound to the material. Although some dyes are soluble within the 

polymer and less likely to migrate towards the surface of the material, many are 

insoluble in the polymer,2 resulting in the additive leaching into the environment.3 

However, if the chromophore was directly incorporated within the polymer, i.e., 

chemically bound, the chromophore would be unable to leach into the environment 

and the material would retain its colour in perpetuity. Whilst the direct incorporation 

of a chromophore into conventional plastics has been demonstrated within the 

literature,4 these plastics are difficult to recycle in an efficient manner,5 whereas, 

poly(esters), such as poly(ethylene terephthalate), are readily recyclable.6,7 

Therefore, a polymerisation technique that produces esters and allows a 

straightforward synthetic pathway to prepare monomers capable of polymerisation 

is ideal. Ring-opening co-polymerisation of epoxides and anhydrides is one such 

example. Modification of these polymers to incorporate additional functionality has 

been demonstrated within the literature using post-polymerisation techniques, such 

as the thiol-ene click reaction.8 However, direct incorporation using an epoxide 

functionalised chromophore has, so far, not been explored within the literature.   

3.2.1 Epoxides 

Epoxides are three-membered cyclic ethers comprising one oxygen and two carbon 

atoms. Epoxides have a wide variety of uses, from chemical intermediates,9 to 

epoxy resins,10 and polymers through the ring-opening co-polymerisation of 

anhydrides and epoxides (ROCOP).11 It is this specific application, the synthesis of 

monomers for ROCOP, that is the focus of this chapter. Whilst a vast library of work 

exists on ROCOP polymers (Chapter 4), no current literature report exists on the 

creation of functionalised copolymers through the introduction of a dopant amount of 

a third monomer, in effect creating a terpolymer that has almost identical 

characteristics to the parent copolymer other than the specific property introduced 

by the dopant. Specifically, luminophores and/or chromophores are of particular 

interest for two reasons. Firstly, incorporation of chromophore monomers is easily 

demonstrated through both a colour change and luminescence spectroscopy, 

showing a proof-of-concept design. Secondly, the formation of coloured materials is 



Chapter 3. Luminophore Design, Synthesis, and 
Characterisation 

 119 
 

essential for the further application of ROCOP polymers as replacements for the 

plastics currently used throughout the world. Current recycling technologies are 

unable to completely separate the colourant additive from the bulk polymer, causing 

contamination of products made with recycled polymer.12 In the case of black 

plastics, which usually use carbon black as a pigment, are undetectable by the 

automated systems, increasing waste.12,13 Additionally, since the dopant is directly 

incorporated into the polymer backbone, leaching of the functionalising 

component(s), that has been reported for traditional additive incorporation,3,14 would 

not be an issue, improving stability and safety of the material.  

Epoxides are commonly synthesised in one of two ways (Scheme 3.2): either direct 

oxidation (i), or through formation of a halohydrin (ii), followed by a ring closure in 

the presence of a base e.g., potassium hydroxide (iii).  

 

Scheme 3.2: Pathways for the synthesis of epoxides. (i) oxidant (H2O2, m-CPBA, etc); (ii) 
NBS, water; (iii) Base 

The luminophores/chromophores selected for epoxide functionalisation require a set 

of key features. Foremost is the ability to be functionalised without adversely 

influence the photophysical properties, such that the material no longer functions as 

the desired luminophore/chromophore. Secondly, the dopant cannot have functional 

groups that will degrade the catalyst, or act as a catalyst itself, resulting in a less 

predictable range of polymer molecular weights. For that reason, metal complexes 

are undesirable choices, as are pendant hydroxy, other acidic groups, and amines. 

Ease of functionalisation is also a desirable property. In addition to doping of the 

polymerisation, post-polymerisation modification (PPM) is an alternative pathway to 

functionalised materials. As the name implies, modification occurs after the 

production of the polymer, and therefore, affords a greater degree of flexibility in the 

dopant. Whilst such a route would allow the incorporation of 

luminophores/chromophores with functional groups that are not tolerated during the 

polymerisation, it generates a burden upon the polymerisation. i.e. the monomers 

used must contain functional groups that can be used for further reactivity, or be 

themselves, doped into the polymerisation. Once such example of this is the thiol-
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ene reaction, that combines a thiol and an alkene in a thiol-ene Click reaction.15 

Earlier work within the group has shown epoxide variations are incorporated much 

more readily than anhydrides, thus novel anhydrides will not be discussed in this 

chapter. 

3.2.2 1,8-Naphthalimides 

A SciFinder search, reports over 18,800 compounds based upon the 1,8-

naphthalimide framework, including biological imaging agents, chemical sensors, 

and dyes, with a range of functionalisation. They are also well known for their 

emission tuneability across the entire visible light spectrum and allowing 

functionalisation without altering their photophysical properties. The simplest 1,8-

naphthalimide derivatives present no functionalisation of the aromatic system (1 ï 5, 

Figure 3.1), presenting an emissive state with  ́ï *́ character. Whilst these 

compounds are straightforward to prepare in high yields from the parent anhydride, 

they tend to have small Stokesô shift (ca. 1300 ï 2212 cm-1) and quantum yield. 

Although Distanov reported compound 5 with a quantum yield of 0.31 in MeCN (due 

to intramolecular hydrogen bonding), all the other species prepared showed ūF of 

less than 0.1, with most of the solvents examined causing ū values of less than 

0.01. Notably, the range of emission wavelengths for these compounds showed a 

maximum difference of only 9 nm, although 1 -2 nm was far more common across 

the range of solvents.16 Low fluorescence quantum yields, coupled with small 

Stokes shifts, and a restricted emission tuneability, limits the application of these 

materials. By introducing functional groups in the 4-position of the aromatic system, 

however, these limitations can be overcome.  

4-hydroxy substituted naphthalimides, such as compound 6, that afford an 

intramolecular charge transfer (ICT), are one such example. Offering a high 

quantum yield of 0.85 (compared to 0.03 for the non-substituted naphthalimide) and 

a Stokesô shift that was more than twice that of the unsubstituted samples (4897 cm-

1), thus shifting the emission maxima to 440 nm.17 Unfortunately, not all 

polymerisation methods can tolerate alcohols, therefore, using an ether functional 

group may be more suitable. Work by Iyerôs group examined the influence of the 

aromatic substituent on both the emission and quantum yield in DMF. Compound 7, 

like 6, exhibited an increased quantum yield over the non-substituted variant, with a 

ūF of 0.13. Through incorporation of additional substituents on the phenyl ring, ūF 

values of 0.77, and 0.66 were obtained for compound 8, and 9, respectively.18 

Replacing the phenyl group with an aliphatic chain (11 ï 13) has been similarly 

investigated by Bojinov. No significant alterations were observed in the stokes shift, 



Chapter 3. Luminophore Design, Synthesis, and 
Characterisation 

 121 
 

with quantum yields of 0.63, 0.61, and 0.58 as the length of the carbon chain 

increases. Replacing the aliphatic chain with the allyl group, results in a slight red 

shift on the emission, and a decrease in the quantum yield ï which is reported to be 

caused by a reduction in co-planarity.19 Iyer also examined 4-phenyl substituted 1,8-

naphthalimides without a bridging oxygen (14 ï 19). As with the hydroxy substituted 

compounds, the quantum yield showed an improvement over the unsubstituted 

sample. Further derivatisation of this phenyl ring demonstrated substantial 

improvements in the quantum yield. Most notably, 17 resulted in a ūF of 0.796, with 

18, 19 and 15 all showing quantum yields of around 0.5 or higher. However, an 

aldehyde group, 16, caused a significant decrease of the quantum yield to 0.028. 

Whilst all the compounds thus far have reported emission values between 420 and 

430 for substituted naphthalimides, due to the extended conjugation of the  ́system 

offered by the phenyl group. Compound 15, with an electron donating para methoxy 

phenyl group, was claimed to afford a favourable donor-acceptor, intramolecular 

charge transfer, giving rise to a remarkable red shift of the emission to 491 nm. 

 

Figure 3.1: Example structures of blue emitting 1,8-naphthalimides. 

This push/pull charge transfer phenomenon can be further exploited through the 

incorporation of an amino group in the 4-position. Work by the Pope group 

demonstrated this versatility in the naphthalimide framework, by creating a series of 

gold(I) targeted ligands (20 ï 25, Figure 3.2) with a propargyl group and varying the 

amine in the 4-position, to afford tuneability of the complexôs lipophilicity. The least 

electron rich amines, 20, and 21, exhibited emission maxima at 514, and 515 nm, 

respectively. This emission was found to red shift as the electron density of the 

amine increased from ligands 22 ï 25, with lifetimes of the emission followed the 
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same trend. Notably, 20, and 21, displayed the smallest stokes shift of 3947 cm-1, 

whilst 23 demonstrated a far greater value of 6324 cm-1. They do, however, note a 

significant reduction of the quantum yield after complexation, suggesting that further 

modulation of the photophysical properties is possible through the imide group.20 

Expanding upon this, the group synthesised various naphthalimides with N-

heterocyclic carbene in the 4-position, and varied the imide group (26 ï 29). The 

emission maxima showed no significant alterations as the R group was changed, 

and only slight deviations were observed after complexation. Interestingly, 27, 

showed the highest quantum yield, 0.31, of the ligands with the other luminophores 

all exhibiting values of 0.04, although, after complexation these values dropped 

significantly.21 Such a result is not surprising as the electron donating ability of the 

amine not altered throughout the materials, so the energy level of the HOMO and 

LUMO remain unchanged as the imide group substituted. Introducing 

diphenylamine into the 4-position of the 1,8-naphthalimide (30, Figure 3.2), 

demonstrated a substantial red shift of the emission to 611 nm in DCM, along with a 

decrease in the quantum yield to 0.25. The authors claim this is caused by a strong 

donor acceptor interaction,22 presumably the diphenyl groups stabilise the aminium 

ion, lowering the energy of LUMO.  Overall, naphthalimides have been 

demonstrated to possess a broad range of applications, due to their ease of 

functionalisation and extensive tuneability of the photophysical properties. Such 

properties make naphthalimides a promising candidate for incorporation into a 

polymer. 

 

Figure 3.2: Example structures of 4-amino substituted 1,8-naphthalimides. 

3.2.3 9,10-Anthraquinones 

9,10-Anthraquiones have long been used as dyes for fabrics, and other textiles,23 

making them an obvious starting point for the development of deeply coloured 
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polymers. Like the naphthalimide species, the position and identity of the groups 

attached to the aromatic system influence the photophysical properties, with the 

literature covering a wide range of coloured dyes (Figure 3.5). Amino, and hydroxy 

substituents afford the greatest degree of flexibility for further functionalisation and 

are the most studied derivatives.  

 

Figure 3.3: Examples of anthraquinone dyes, and their colours. 

As anthraquinones derivatives are typically excited to a state with either a dominant 

intramolecular charge transfer (ICT) character (Figure 3.4), in the case of amino 

groups, or an intramolecular proton transfer or proton transfer tautomerisation for 1-

hydroxy groups. Therefore, it is not surprising the influence these groups can have 

depending on both their position, and the substituents attached to them. 

 

Figure 3.4: Intramolecular charge transfer observed in 1-aminoanthraquinones. 

Palôs group has examined the influence of both the position and solvent effects on 

the absorption, and emission properties of some of these compounds (31 ï 3424ï26, 

Figure 3.5). The 1-amino substituent (31) shows an absorption and emission that 

ranges from 452 ï 467 nm, and 543 ï 590 nm as the polarity of the solvent 

increases, with a quantum yield that follows an inverse relationship (0.066 ï 0.022). 

Addition of a second amino group in the 4-position (32) results in a significantly 

shifted absorption (536 ï 546 nm) and emission (601 ï 617) spectra, and a 

decrease in quantum yield that is more prominent in non-polar solvents. A similar, 

though less pronounced, decrease in energy is observed with the addition of a 

hydroxy group in the 4-position (33). Replacing both the amines with a hydroxy 

group (34) resulted in a lower energy absorption than the mono amine as solvent 

polarity increased (484 ï 477 nm), but an emission that showed a minor change 

(564 ï 567). Presumably, due to the lack of protic solvents studied. Mckellar27 has 

also examined the effect of solvent on aminoanthraquinones (31, 32, and 35), 
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including the use of the protic solvent isopropanol. As before, the increasing polarity 

of the solvent resulted in a decrease in the energy of emission. Because the excited 

state is more polar than the ground state, this causes the LUMO to be stabilised to a 

greater extent than the HOMO, and therefore, reduces the energy of the transition. 

Interestingly, the 1,4 diamino species, 34, proved to more resistant to the influence 

of the solvent polarity, which the authors suggest is caused by the first excited state 

showing greater molecular rigidity than the other species. In the presence of IPA, 

however, the quantum yield of all three compounds dropped dramatically, due to the 

additional hydrogen bonding providing an additional non-radiative relaxation 

pathway via hydrogen bond vibrations. With compound 38, exhibiting no discernible 

emission.  

 

Figure 3.5: Example structures of substituted anthraquinones. 

Liu and Palôs groups have also examined the effect of alkyl groups on the amino 

substituent, by synthesising compounds 36 and 37,28 and 38 and 39,26 respectively. 

The addition of the electron donating ethyl group in 36, and 37, caused a substantial 

lowering of the absorption energy from 464 to 510 nm for both compounds. 

Interestingly, the fluorescence maxima are different for the two compounds: 36 

exhibits a red shifted emission to 608 nm compared to 558 nm without an alkyl 

group, while 37 shows a blue shift to 535 nm. In both cases the quantum yield was 

observed to decrease significantly. A similar trend was observed with a methyl 

substituent: absorbance and emission shifted to 488 and 563 nm, respectively 

accompanied by a decrease in the quantum yield. Introducing a second methyl 

group, 39, showed similar absorbance and emission values in non-polar solvents 

but a weaker influence of polar solvents on the red shift of the emission. They also 

note the emission with tertiary amines is incredibly weak, preventing any 

measurement of the quantum yield. The decrease in quantum yield for secondary 

amines is believed to occur due to an enhancement of the non-radiative vibrational 

modes of the hydrogen bond through the amine and carbonyl moieties.29 In the case 
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of the tertiary amine, Pal, suggests this could be caused by a twist in the geometry 

to accommodate the larger methyl group, leading to poorer overlap of the amine 

lone pair and  ́orbitals of the anthraquinone. The 1-aminoanthraquinone was 

selected as a proof-of-concept design as it was the most amenable towards epoxide 

development.  

3.3 Results and Discussion 

3.3.1 Luminophore Synthesis and characterisation 

3.3.1.1 1,8-Naphthalimide Based Luminophores 

4-amino, 4-chloro substituted and non-substituted 1,8-napthalimides were typically 

synthesised in a one or two step process from (4-chloro)-1,8-naphthalic anhydride 

(Scheme 3.3). The first route involved formation of the imide via a reaction with a 

primary amine in ethanol (40) and then a further reaction with a secondary amine 

(42, piperidine or morpholine) in 2-methoxyethanol30 if the 4-amino derivative was 

desired (DMSO has also been used for this transformation20). The second route is 

the preparation of the 4-amino-1,8-naphthalic anhydride (41), and then the 

formation of the imide (50) as the last step ï which is required if reactive groups, 

such as epoxides, are desired in the imide position. Both routes resulted in similarly 

high yields, typically greater than 80%. Formation of the 4-amino substituted 

compounds can be followed by conversion of the pale-yellow solution to dark 

orange as the starting material is consumed. The reaction can also be followed by 

thin layer chromatography (1:1 ethyl acetate:hexane), which is particularly important 

if the 4-amino derivative is formed first, as any slight colour changes typically 

observed upon formation of the imide are obscured due to the deep colour of the 4-

amino compound. After purification, the synthesised compounds were analysed via 

1H, and 13C{1H} NMR analysis, UV-Vis, luminescence FTIR, and mass 

spectrometry, exhibiting m/z peaks as either their molecular ion (M+), or their 

protonated form (M-H+). 
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Scheme 3.3: Generalised synthetic routes to substituted 1,8-naphthalimides. (i) Primary 
amine, EtOH, (ii) Primary or secondary amine, DMSO, or 2-methoxyethanol. 

3.3.1.2 Thiol functionalisation 

 

Scheme 3.4: Initial synthetic pathway for 4-amino substituted naphthalimides with a thiol 
functional group. (i) Ethanol, 2-aminoethanthiol; (ii) DMSO, piperidine. 

As mentioned earlier, one such method of polymer functionalisation is post 

polymerisation modification (PPM). The thiol-ene reaction has been extensively 

studied and employed in PPM reactions to impart additional functionality to 

polymers.8,31ï34 Therefore, the synthesis of thiol functionalised 1,8-naphthalimides 

was carried out following the pathway outlined in Scheme 3.4. Formation of the 

thiol-functionalised 4-chloro 1,8-naphthalimide (43) was monitored by the 

precipitation of a slightly yellow solid and three additional 1H NMR signals at 4.37, 

2.89, and 1.52 ppm corresponding to the two CH2 groups and the thiol proton, 

respectively. A second set of signals were also observed with a downfield shift to 

4.56 and 3.13 ppm and were assigned to the ethyl chain of the disulfide species 

(44), which was also observed with electrospray mass spectrometry. Further 

reactions to form the 4-amino-1,8-naphthalimide, regardless of the solvent used 
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(DMSO or DMF), all resulted in an insoluble yellow solid that was presumed to be 

44. Therefore, the second pathway for the synthesis of thiol substituted 

naphthalimides was attempted ï forming the 4-piperidinyl-1,8-naphthalic anhydride, 

45b, (Scheme 3.5) first. Formation of this species can be easily monitored using 1H 

NMR spectroscopy through presence of three signals at 3.28, 1.88, and 1.73 ppm 

for the piperidinyl group and as well as a shift in the aromatic signals of the 

naphthalic moiety. Conversion to the imide, follows the same conditions as the 4-

chloronaphthalimide: using 2-aminoethanethiol and ethanol ï with 1H NMR 

spectroscopy showing the expected signals. However, in this case, the disulfide 46b 

was found to be the major component (85:15) unlike the 4-chloro derivative.  

 

Scheme 3.5: Second synthetic pathway for 4-amino substituted naphthalimides with a thiol 
functional group. (i) 2-methoxyethanol, piperidine; (ii) ethanol, aminoethanthiol. 

Since the disulfide form of the naphthalimide is unable to participate in thiol-ene 

click reactions, it cannot be used for post-polymerisation modification. Unfortunately, 

passing a DCM solution of the disulfide species through a sodium borohydride layer 

did not appear to convert the disulfide to thiol (as determined by 1H NMR analysis). 

An alternative route for thiol functionalised naphthalimides was developed 

and used thioacetate as a protecting group which is then deprotected (Scheme 3.6). 

The synthesis of these compounds used a thiol-ene click reaction with the allyl 

group of a naphthalimide (46) using standard conditions of THF, AIBN35 and 

thioacetic acid, forming the desired protected thiol terminated naphthalimide, 47, 

after an aqueous work up. 1H NMR spectroscopy showed conversion through a 

significant upfield shift of the (now) alkyl protons of the imide R group and the 

presence of an additional signal corresponding to the three protons of the 

thioacetateôs methyl group. Additionally, 13C{1H} NMR spectroscopy indicated the 

presence of the thioacetate carbonyl group around 195 ppm for both compounds. 

Removal of the protecting group (48) has been reported to occur with relative ease 
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following the addition of aqueous ammonia36 or HCl in methanol.37 Surprisingly, 

neither of these methods proved to deprotect the thiol, with the aqueous ammonia 

reaction showing no change after 16 hours of reaction time.  

 

Scheme 3.6: Synthesis of naphthalimides with a protected thiol group. (i) THF, thioacetic 
acid, AIBN; (ii). R = Cl (a) or piperidinyl (b). 

3.3.1.3 Amine Functionalisation 

As an alternative to thiol-derived systems, for incorporation into a polymer via post-

polymerisation modification, an amine functionalised 1,8-naphthalimide was 

synthesised (50, Scheme 3.7). Such a species was proposed to be amenable to an 

SN2 reaction with the pendant chlorides of a co-polymer prepared with 

epichlorohydrin (Scheme 3.8). Since the morpholine (45a) and piperidine (45b) 

substituted 1,8-naphtalic anhydride derivatives were already prepared in a 

reasonable quantity, these compounds were used as the starting material for the 

preparation of mono-BOC protected ethylene diamine functionalised naphthalimides 

(49). Formation of these compounds was observed via the appearance of three 

additional signals in the 1H NMR spectrum at 4.35 and 3.51 ppm corresponding to 

the diamine, and a singlet at 1.30 ppm from the tertiary-butyl groupôs nine protons. 

Deprotection of the BOC group (50) was accomplished through the addition of 

trifluoroacetic acid to a DCM solution of the naphthalimide, with TLC used to monitor 

the reaction. Successful synthesis was evident via 1H NMR analysis showing the 

loss of a proton environment associated with the tertiary butyl peaks around 1.30 

ppm.  
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Scheme 3.7: Synthesis of naphthalimides with a terminal amine. (i) BOC-NHC2H4NH2, 
EtOH; (ii) DCM, TFA. Where R = morpholinyl (a), or piperidinyl (b). 

 

Scheme 3.8: Post-polymerisation modification of a chloride containing co-polymer, ECH-
PhA, using an amine-terminated naphthalimide showing the luminophore component. (i) 
MeCN, K2CO3. 

3.3.1.4 Epoxide functionalisation of a 1,8-naphthalimide 

 

Scheme 3.9: Initial route for the formation of epoxide functionalised naphthalimides. Where 
R = Cl (a), morpholinyl (b), or piperidinyl (c). (i) DCM, or DCE, and mCPBA. 

The first synthetic pathway selected for the synthesis of an epoxide functionalised 

1,8-naphthalimide (51, Scheme 3.9) involved the use of 4-chloro-N-allyl-

naphthalimide (46a) with meta-chloroperoxybenzoic acid (m-CPBA) in DCM. 
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Formation of the epoxide was monitored by a reduction in intensity of the CH proton 

signal of the allyl group at 5.98 ppm and by the upfield shift of the alkene protons. 

Whilst conversion of the alkene was observed, the rate of reaction appeared to be 

quite slow with only ca. 50% conversion achieved after 24 hours. However, the 

reaction was shown to work forming 51a, and therefore the same method was 

applied to the 4-piperindyl substituted derivative. Surprisingly, after being allowed to 

stir for 24 hours no reaction was observed ï evident from the lack of additional 

signals in the alkyl region of the 1H NMR spectrum. The same method was repeated 

using the 4-morpholinyl derivative, changing the solvent to dichloroethane and 

conducting the reaction at reflux. However, this also showed no conversion to the 

desired epoxide. Thus, a second route was devised using n-bromosuccinimide 

(NBS) in a THF/water mix with the alkene containing naphthalimides (46) to from a 

bromohydrin (52) that could then undergo a ring closing reaction in the presence of 

a strong base such as sodium hydroxide (53, Scheme 3.10). 

 

Scheme 3.10: Second route for the synthesis of an epoxide terminated naphthalimide where 
R = Cl (a), morpholine (b) or piperidine (c). (i) THF/Water and NBS; (ii) 1,4 dioxane, NaOH. 

Allowing the reaction to proceed at room temperature overnight forms the desired 

bromohydrin in quantitative yield for the 4-chloro derivative (52a). Substituting the 4-

chloro for the 4-morpholinyl (46b) or 4-piperdinyl (46c) variants was also attempted. 

Upon addition of a portion of NBS, the orange solution of the 4-amino-1,8-

naphthalimides immediately became a deep dark orange/black solution, taking 30 

minutes to return to the original colour. Further portions of NBS similarly darkened 

the solution with no change in the time taken for the solution to return to the initial 

orange colour. Following an aqueous work up, 1H NMR analysis showed no, or very 

little, conversion to the halohydrin product. Strangely, the integration of the protons 

for the allyl environment increased relative to the piperidine environment, and a shift 

was observed in the aromatic protons after the reaction, however, no product could 
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be deduced. Therefore, this method was similarly believed to be an ineffective route 

to the desired compounds. 

 

Scheme 3.11: Final synthetic route for the synthesis of epoxide terminated 4-piperidinyl 
naphthalimides.(i) NH3, EtOH; (ii) Epichlorohydrin, K2CO3.  

In the final attempt to synthesise a naphthalimide with an epoxide functional group 

the reaction of a naphthalimide with a primary alkyl halide containing an epoxide ï 

epichlorohydrin ï was exploited, using an adapted reaction for the related 

phthalimide.38 Specifically, after obtaining the 4-piperidinyl substituted material 

outlined in Scheme 3.5, the luminophore was reacted with aqueous ammonia in 

ethanol to form 4-piperdinyl-1,8-naphthalimide (54, Scheme 3.11) that can then 

readily undergo reactions with primary alkyl halides. The formation of the epoxide 

functionalised naphthalimide, 55, was achieved in neat epichlorohydrin in the 

presence of potassium carbonate to remove the hydrobromic acid by product. 1H 

NMR analysis showed complete consumption of the starting naphthalimide and 

formation of the desired epoxide in Ó 95% purity, with the epoxide protons observed 

at 4.45, 4.19, and 2.72 ppm. The impurity was presumed to be polyether oligomers 

of the epichlorohydrin and naphthalimide that formed during the reaction and were 

not removed after recrystallisation. The structure of 55, was confirmed by growing 

Suitable crystals for X-ray crystallography by the slow diffusion of hexanes layered 

onto a solution of 55 in DCM and was found to crystallise in the orthorhombic space 

group, Pbca. The structure was solved and refined by Dr Benjamin Ward (Figure 

3.6). It was observed that the pedant epoxide group caused two different 

orientations to crystalise in a 79:21 ratio. The greater crystal network of 55 was 

observed to arrange in a parallel rotated displaced double herringbone face-to-face 

manner through ˊ stacking interactions with a C12-C12 distance of 3.840 Å (Figure 

3.7 top). The piperidinyl group was seen to adopt the chair conformation with the 

C6-N2 bond undergoing an out of plane (C1-N1-C2-C3-C12-C11) bend and twisting 

creating a dihedral angle (C7-C6-N2-C13) of 61.19ę. Due to the steric demand of 
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the piperidinyl group the two naphthalene rings also experienced an out of plane 

bending in the opposite direction to the piperidinyl group with only the C6 carbon 

lying below the rest of the ring atoms. The stacking arrangement of the 

naphthalimide shows a rotation between planes of approximately 136ę (Figure 3.7 

bottom) as this arrangement minimises electron ï electron repulsion interactions. 

 

 

 

3.3.1.5 1-Aminoanthraquinoine Based Luminophores 

 

Figure 3.6: Molecular structure of 4-piperdinyl-N-(propylene oxide)-naphthalimide, only one 
orientation is shown, H atoms omitted for clarity. 

Figure 3.7: Crystal network and packing of 55 showing the double herringbone arrangement 
(top) and the rotation of the compound between layers. 
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Scheme 3.12: Initial reaction pathway for the synthesis of epoxide functionalised 1-
aminoanthraquinone. (i) Epichlorohydrin, K2CO3. 

Following the successful synthesis of an epoxide containing naphthalimide, the 

same approach was applied to the creation of a prospective yellow/orange emitting 

luminophore (58, Scheme 3.12) using 1-aminoanthraquinone (56). Due to the less 

reactive nature of an amine group, TLC showed low conversion of the starting 

material after the initial five hours. Monitoring the reaction via TLC for five days 

showed almost complete consumption of the starting material, but also displayed a 

significant proportion of poly(epoxide), with the desired epoxide, 58, existing as a 

minor component throughout the reaction. Therefore, a second route was employed 

that replaces the potassium carbonate with acetic acid, that activates the epoxide to 

nucleophilic attack by the amine forming the ring opened product (57, Scheme 

3.13).39  

 

Scheme 3.13: Successful synthetic route for the formation of epoxide terminated 1-
aminoanthraquinone. (i) Epichlorohydrin, acetic acid; (ii) 1,4 dioxane, potassium hydroxide. 

Formation of the intermediate chlorohydrin product, 57, was observed through a 

shift in proton environments of the anthraquinone, specifically the amine to 9.95 

ppm, and the introduction of additional peaks at 4.22, 3.77, 3.72, 3.62, 3.63, and 

2.67 ppm. A colour change was also seen from the light red solution of the starting 

material to a deep purple/burgundy as the intermediate formed. Conversion to the 

desired epoxide, 58, was easily and quickly achieved by a ring closing of the 

chlorohydrin at room temperature in two hours following addition of a strong base 

(KOH). Similarly, conversion was observed by another shift in proton environments 

of the amine from 9.95 to 9.86 ppm and the alkyl protons from 4.22, 3.77, 3.72, 

3.62, 3.63 ppm to 3.75, 3.54, 3.28, 2.88, and 2.75 ppm, loss of the hydroxyl proton 



Chapter 3. Luminophore Design, Synthesis, and 
Characterisation 

 134 
 

signal. Additionally, an upfield shift is observed from 70.11 to 50.92 ppm as the 

alcohol is converted to the epoxide, as well as a colour change to bright red. 

Similarly, the protonated molecule was observed from mass spectrometry for both 

molecules. The structure of 58, was confirmed by growing Suitable crystals for X-ray 

crystallography by the slow diffusion of hexanes layered onto a solution of 58 in 

DCM and was found to crystallise in the trigonal space group, Ὑσ. The structure 

was solved and refined by Dr Benjamin Ward (Figure 3.8). It was also observed that 

the pedant epoxide group caused two different orientations to crystalise in a 45:55 

ratio. The greater crystal network of 58 was observed to arrange in a parallel 

displaced face-to-face manner through ˊ stacking interactions with an interplanar 

distance of 3.362 Å (Figure 3.9). Additionally, the pendant epoxide oxygens (O3) 

formed equilateral triangles with neighbouring epoxide group oxygens in the same 

plane with interaction distances of 3.026 Å. As observed in literature reports of 1-

aminoanthraquinones a hydrogen bonding interaction was observed between O2 

and N1 with a O2 ï N1(H) bond distance of 1.945 Å. Similarly, the bond length of 

this hydrogen bonding carbonyl, C16 ï O2, was found to be longer at 1.244(3) Å 

compared to the non-hydrogen bonding carbonyl C9 ï O3 bond length of 1.225(3) 

Å, implying a greater degree of single bond character for the C16 ï O2 bond. 

Interestingly, this carbonyl bond length is also the longest observed for 1-

aminoanthraquinones amongst those reported within the CCDC. A slight out of 

plane shift was also observed for the C4-C17 ring relative to the central quinoid 

structure by 3ę. 

Figure 3.8: Molecular structure of 1-(propylene-oxide)amino)anthraquinone, only one 
orientation is shown, H atoms omitted for clarity. 
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UV-Vis Absorption Spectroscopy 

All the 4-amino substituted naphthalimides displayed a noticeable shift in their 

absorption spectra compared to the unsubstituted variants. The ˊ ï ˊ* transitions 

typically observed in the 300 ï 350 nm region were significantly weakened, with a 

new intramolecular charge transfer (ICT) transition beyond 400 nm. Depending 

upon the particular amine used, tuneability of this ICT energy can be achieved. For 

example, piperidine showed an absorption ɚmax at 412 nm, whilst the less electron 

donating morpholine caused a blue shift to 400 nm (Appendix Figure 6.19), with the 

Figure 3.10: UV-Vis absorption spectra for compounds 46a, 54, and 55, as chloroform 
solutions. 

46a 54 

55 

Figure 3.9: Crystal network and stacking of 58 showing the slight displacement of the 
anthraquinone groups between layers and the orientation of the anthraquinones such that 
the epoxide groups form equilateral triangles within a plane. (The apparent circular 
arrangement of the epoxides is from two separate layers of anthraquinones) 
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same trend observed in the ˊ ï ˊ* transitions ca. 260 nm. Although the R group 

appended to the imide does not influence the energy of the ICT transition, formation 

of the imide did cause a noticeable increase in the intensity of the transition (Figure 

3.10, Table 3.1). Presumably this was caused by the increased resonance upon 

forming the imide.40 TD-DFT data supported this with an increased oscillator 

strength of the ICT transition for the naphthalimide, and clearly showing the shift in 

electron density from the nitrogen of the piperidine onto the ˊ* system of the 

naphthalimide (Figure 3.13). However, computational data failed to predict the 

transitions in the 320 to 370 nm regions for both compounds and underestimated 

the energy of the ICT transition. Whilst two small peaks of similar intensity were 

found in the TD-DFT calculations, they were located at a higher energy and 

obscured by the strong ˊ ï ˊ* transition (Figure 3.11), and only slight changes were 

observed with different functionals. Whilst TD-DFT significantly overpredicted the 

intensity of the Ů value with respect to experimental data for all samples, it did, 

however, exhibit good agreement with the trend in the intensity of the ICT and ˊ ï 

ˊ* transition observed for each of the sampleôs experimental measurements. 

Table 3.1: Absorbance wavelengths (ɚ) and molar absorptivity (Ů) for 1,8-naphthalimides 

showing the influence of 4-position and imide substitution 

Compound ɚabs (nm) Ů (M-1cm-1) 

46a 415 8439 

360 4799 

339 3392 

325 2895 

Figure 3.11: Experimental (black line) and simulated (red line, predicted Ů) UV-Vis spectra 
of 55 in chloroform using TD-DFT with the B3LYP functional and cc-PVDZ basis set 








































































































































































































































































