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Abstract 

This thesis investigates a range of dinuclear zinc(II), copper(I) bis-imine, and copper(I) NHC complexes 

as emitters within OLEDs. The syntheses and photophysical properties of seven dinuclear zinc(II) 

disalphen macrocycles are described in Chapter 2. Five are weakly luminescent in solution (λem = 531 

– 597 nm, PLQE < 1 %), moderately luminescent in the solid state (λem = 569 – 630 nm, PLQE = 1 – 5 

%), and display aggregation induced enhanced emission (AIEE), however, are unsuitable candidates 

for OLEDs due to their low PLQE values. 

The syntheses and photophysical properties of eight dinuclear zinc(II) bis-salphens and one 

mononuclear zinc(II) salphen complex are described in Chapter 3. The complexes are moderately 

luminescent in solution (λem = 531 – 700 nm, PLQE = 2 – 27 %), and show weaker emission in the solid 

state (λem = 584 – 625 nm, PLQE < 1 – 4 %). Significant colour tuning (green to red emission) is reported 

across the dinuclear complexes. Two dinuclear zinc(II) bis-salphens are used as emitters in three OLED 

devices (up to 1.1 cd/A and 0.35 lm/W).  

A study of the solid state emission of copper(I) bis-imines and copper(I) NHCs is presented in Chapter 

4. The emission from three copper(I) NHCs is further investigated (λem = 441 – 509 nm, PLQE = 3 – 

45 %), and one displays bright blue emission (λem = 441 nm, PLQE = 45 %), and is trialled as an emitter 

in four OLED devices.  

A synthetic and photophysical investigation of several novel organic compounds and dinuclear zinc(II) 

complexes is presented in Chapter 5, however, the dinuclear complexes are not isolated. Four 

mononuclear zinc(II) complexes, five diimines, and one organic compound are presented. The organic 

compound has highly efficient, deep blue emission in solution (λem = 388 – 456 nm, PLQE = 83 %), 

and is further investigated as an emitter for OLEDs. 
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Chapter 1: Introduction 

1.1 Introduction 

This introduction highlights the development of light emitting materials for organic light emitting 

diodes (OLEDs) spanning the visible region of the electromagnetic (EM) spectrum. A brief history of 

the development of OLEDs is presented along with recent progress with emitters based on earth 

abundant elements, in particular zinc(II), copper(I), and organic emitters. The emissive properties, 

applications, OLED performance, and limitations of these materials are emphasised.  

 

1.2 Organic Light Emitting Diodes (OLEDs) 

1.2.1 The invention and development of OLEDs 

The discovery of electroluminescence (EL) from organic compounds was made in the 1950s,1 and 

further developments then focused on the use of single crystals of anthracene.2 However, very high 

applied voltages (~100 V) were required for visible emission. Subsequently, the applied voltage was 

lowered to obtain blue emission at around 30 V, by making thinner films of crystalline anthracene,3 

demonstrating that practical EL devices, based on organic compounds, were possible with further 

development. 

The next major advancement occurred with the use of 8-hydroxyquinoline aluminium (Alq3, 1.01) as 

an emissive layer (EML), in addition to a hole transporting layer (HTL), composed of an aromatic 

diamine compound (1.02, Figure 1.1).4 This configuration further reduced the operating voltage of the 

OLED to near 10 V, and is widely viewed as the major inventive step to commercial applications. 

Further research investigated other fluorescent materials as emitters and adopted HTLs, and in some 

cases electron transport layers (ETLs).5 It was a combination of new fabrication techniques (producing 

much thinner layers of material and more control of layer thickness), lower electron and hole injection 

into the devices, better charge transport, and improved fluorescence efficiencies, that fundamentally 

reduced the operating voltages. At this point OLEDs began to attract much wider interest from both 

academia and industry. 
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Figure 1.1: Diagram showing the OLED structure (reproduced from publication4), and the chemical 

structures of Alq3 (1.01) and diamine (1.02), used by Tang and Van Slyke. 

Another major discovery was the use of a fully conjugated organic polymer, poly(para-phenylene 

vinylene) (PPV, 1.03, Figure 1.2), as a semiconductor and emitter in OLEDs.6 Whilst the quantum 

efficiency of the device was low (0.05 %), the findings showed that polymers could be used as 

optoelectronic materials, which could enable printed electronics, via solution processing, rather than 

expensive evaporation techniques. Many other conjugated organic compounds and polymers were 

subsequently investigated.7 This research led to the development of polymer OLEDs (PLEDs) and a 

wide range of new optoelectronic materials. 

 

Figure 1.2: Chemical structure of PPV (1.03), the first polymer to be used in an OLED,6 and Ir(ppy)3 

(1.04), a high performing triplet emitter in OLEDs.8  
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The invention of phosphorescent OLEDs (sometimes termed PHOLEDs) represents another major 

milestone, as they could exceed the external quantum efficiencies (EQEs) of fluorescent emitters, which 

were theoretically limited to 5 %. A peak EQE of 8 % was achieved by employing an iridium compound, 

fac [tris(2-phenylpyridine) iridium ([Ir(ppy)3], 1.04, Figure 1.2).8 The device utilised both singlet and 

triplet excitons, and the heavy atom (iridium(III)), was crucial to the higher efficiency.  

Many different phosphorescent materials proved effective in OLED applications,9 but the best were 

iridium(III) and platinum(II) complexes, which produced emission colours that were tuned across the 

visible spectrum.9 Iridium(III) complexes achieved EQEs near 20 % (the theoretical limit of EQE for 

triplet harvesting devices), and showed good device stability.10  

Today, OLEDs are typically manufactured to emit either red, green, or blue light, from red, green, and 

blue (RGB) pixels, that can be electronically controlled to form full colour displays. Thus, they are 

frequently found in mobile phones, televisions, and other devices that feature displays (Figure 1.3).  

    

Figure 1.3: Pictures showing several use cases for OLED displays. Reproduced from publications.11 

OLEDs compete with other light emitting technologies, primarily in display applications, such as 

plasma displays or liquid crystal displays (LCDs); the latter being the dominant display technology for 

decades. LCDs consist of multiple layers of materials; a backlight, colour filters, and then liquid 

crystals, which are electronically controlled to transmit the light. This produces the RGB pixels required 
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to build up a colour image. The backlight can be produced using a range of light emitting technologies, 

however, in modern displays, light emitting diodes (LEDs) are common.12  

OLED displays do not require a backlight, as each OLED pixel can emit either red, green, or blue light, 

resulting in thinner displays that are more energy efficient. In addition, they have higher contrasts, faster 

switching speeds, improved viewing angles, and produce brighter, more vivid colours. However, one 

major disadvantage of OLEDs, compared with LCDs, is their high cost. The performance gap between 

the two technologies has also been decreasing in recent years, and therefore LCDs remain a major 

display technology.12 More recently, quantum dot (QD) displays (often termed QLED displays) have 

emerged. QLED displays still use a back light, however the QDs assist in producing a purer white back 

light, resulting in a new type of LCD that has improved brightness and colour purity.13 QLED and 

OLED displays are now competing in the high end display market, and as displays are increasingly 

being used in electronic products, it remains important to identify new materials and processes to 

manufacture them more economically.  

 

1.2.2 Common Device Structure 

OLEDs always contain two electrode materials, an anode and a cathode, in addition to an EML. The 

anode and cathode are produced from high and low work function substances, respectively. Most 

commonly, indium tin oxide (ITO) is used as the anode in an OLED, whereas metals tend to be used 

for the cathode layer (e.g. aluminium, calcium, and other low work function metals or metal alloys).7b 

Electrons and holes are injected into the device from the cathode and anode, respectively, after applying 

a potential difference to the electrodes (as shown in Figure 1.4). 

 

Figure 1.4: Diagram showing the common device structure of an OLED. Reproduced from 

publication.14 
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These charges move through the device to reach the EML, which typically consists of two different 

substances that perform different roles; a host material and a dopant material. The vast majority of the 

EML consists of a host material, which allows charges to transport through the layer, and which has a 

larger optical energy gap than the dopant. The dopant material is in much lower quantities, typically at 

5 % composition or less, and is responsible for the emission of light from the OLED. Electrons and 

holes eventually transfer from the host to the dopant to form an exciton, which can radiatively 

decompose to the ground state.15 

Nearly all OLEDs incorporate additional layers between the electrodes and EML. Electron injection 

layers (EILs), hole blocking layers (HBLs), and ETLs, which improve electron injection and transport 

in OLEDs, are located between the cathode and EML. Between the anode and the EML, hole injecting 

layers (HILs), electron blocking layer (EBLs), and HTLs are used to aid hole injection and transport.15 

The different layers introduce complexity to the fabrication of OLEDs, however, they lower the energies 

required for charge transport, and are necessary for high performance. For this reason the values of the 

highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of a 

material are often determined when designing new materials for OLEDs. They also need to be 

considered for the effective device operation.  

 

1.2.3 Figures of Merit (FoM) 

It is important to consider several parameters when comparing the performance of emitting materials in 

OLEDs, including intrinsic values of the material using spectroscopy, and device characteristics from 

current, voltage and luminance (IVL) data. This includes the following values: 

 

Photoluminescence Quantum Efficiency (PLQE) 

When assessing luminescent materials it is important to consider PLQEs in both solution and the solid 

state. The PLQE is a ratio or percentage, where PLQE = the number of photons emitted / the number 

of photons absorbed. The performance of an OLED is dependent on the PLQE of the emitter, with high 

PLQE values being favourable, as the internal quantum efficiency (IQE) of an OLED is proportional to 

the PLQE.  
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Turn-On Voltage 

For an OLED to operate, a voltage is applied to the electrodes so that a forward bias is achieved, and 

when the voltage reaches a certain level (the turn-on voltage), electrons can be injected into the device 

from the anode, and holes can be injected into the device from the cathode.16 A low turn-on voltage is 

required for efficient operation of an OLED, and can be obtained from the intercept of the x-axis of a 

plot of voltage vs. luminance. Typically, less than 10 V was considered reasonable for OLED operation, 

however, values below 5 V are now typical.  

 

Internal Quantum Efficiency (IQE) 

The IQE (or ηint) of a device is a measure of how much light is generated, and it can be calculated using 

the following equation:15 

ηint = γ χ Φ 

Where γ is the charge carrier balance (i.e. balance between holes and electrons) in the device, χ is the 

proportion of excitons available for radiative decay, and Φ is the fluorescence or phosphorescence 

PLQE. 

 

External Quantum Efficiency (EQE) 

The EQE (or ηex) has historically been used to assess the performance of OLEDs, however it is not the 

best indicator of overall OLED performance, and more of a general guide for a theoretical understanding 

of the efficiency limitations of a device. The EQE is calculated using the following equation:15 

ηex = ηC ηint 

Where ηC is the light output coupling fraction (a value of 20 % is typically used for glass substrates), 

and ηint is the IQE. The EQE is theoretically limited to 5 % with fluorescent emitters and 20 % for 

phosphorescent emitters, as spin statistics result in χ being either 25 % or 100 %, respectively, as 

described further in 1.2.4.  

   

Luminance, Luminance Efficiency, and Luminous Efficacy  

The luminance is measured in cd/m2 and is a measure of the brightness of an OLED. Efficiency values, 

used to compare OLED performance, are often quoted with luminance values of 100, 500, or 1000 

cd/m2. One of these values is the luminance efficiency, measured in cd/A, and provides a relationship 

between the level of light emitted and the current through the device. However, perhaps the best way 
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to compare OLED performance is the luminous efficacy, measured in lm/W, because this relates to the 

amount of light that is emitted per Watt of power, and it can be used to assess efficiencies of OLEDs, 

and even their performance in comparison to other lighting technologies.17  

 

Device Lifetime  

The device lifetime (LT) is a critical FoM for commercial applications of OLEDs, and is typically 

obtained by measuring the time (in hours) it takes for the initial luminance of a device to fall to 50 % 

(LT50), 70 % (LT50), and more recently 95 % (LT90) or 97 % (LT97) of its initial value (typically set at 

1000 cd/m2 in such measurements) under a constant current.15 

 

CIE Coordinates 

The Comission Internationale de l’Eclairage (CIE) coordinates are used to describe the emission colour 

of optoelectronic devices such as OLEDs, and are a result of x, y, and z coordinates generated from 

mathematical functions relating to the perception of visible light by the human eye. These coordinates 

can be used to generate a colour space, which can be used to assess the colour purity of a device (Figure 

1.5).16 

 

Figure 1.5: The CIE colour space chromaticity diagram. Reproduced from publication.18 

In a CIE chromaticity diagram the colours can be represented with x and y coordinates only, 

representing light with wavelengths from 380 nm to 780 nm for photopic vision, with white light being 

represented with coordinates (0.33, 0.33).17 
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1.2.4 Singlet (Fluorescence) and Triplet (Phosphorescence) Emission 

The efficiency of an OLED depends on several parameters, however, the multiplicity of the excited 

state (ES) can have a large effect, as previously highlighted. Singlet emitters (exhibiting fluorescence) 

and triplet emitters (exhibiting phosphorescence), are theoretically limited to 5 % and 20 %, 

respectively, if assuming γ and IQE are maximised at 100 %, and ηC is fixed at 20 %. This is due to spin 

statistics, which results in a 1:3 ratio of singlet to triplet excitons, formed by recombination of electrons 

and holes after charge injection.17  

Electronic transitions that occur in molecules during and after photo-excitation can be represented with 

a Jablonski diagram (Figure 1.6). These transitions, apart from absorption, can also be used to describe 

some electronic processes that occur in OLEDs.16  

 

Figure 1.6: Jablonski diagram showing various electronic transitions. Reproduced from publication.19 

Starting from the first excited singlet state (S1), a fluorescent emitter can radiatively decay to the ground 

state (S0), or it can decay non-radiatively via internal conversion (IC). However, 75 % of the 

electronically generated excitons are triplets, and are thus wasted, because the transition from the triplet 

state (T1) to the singlet state (S0) is spin forbidden.9a There are examples of OLEDs with fluorescent 

emitters exceeding EQEs of 5 %, however, this is via an alternative process, thermally activated delayed 

fluorescence (TADF), described in section 1.2.5.17 

Triplet emitters can utilise all excitons that are generated in the device, including the singlet excitons, 

by converting them to triplet states via a process called intersystem crossing (ISC). This can occur 

because triplet emitters can relax spin selection rules via strong spin-orbit coupling (SOC), which is 

typically due to a heavy atom effect. The relaxation of spin selection rules also permits triplet states to 
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radiatively decay, allowing T1 to transition to S0. This is again due to strong SOC, and is the reason that 

many iridium(III), platinum(II), and other 3rd row transition metal complexes can produce highly 

efficient OLEDs.9a However, these heavy metals are rare and expensive, and therefore researchers have 

been looking at alternative ways to produce highly efficient OLEDs that do not rely on the heavy atom 

effect and triplet harvesting.  

 

1.2.5 Thermally Activated Delayed Fluorescence (TADF) 

An exciting development has recently shown fluorescent emitters can produce highly efficient OLEDs 

that can match or even exceed that of phosphorescent emitters, via a phenomenon called TADF.20 

Adachi and co-workers generated OLEDs that emitted light at various wavelengths across the visible 

spectrum using carbazolyl dicyanobenzene (CDCB) derivatives (1.05 – 1.10, Figure 1.7). One of the 

green emitting OLEDs had an EQE of 19.3 %, which was (at the time) the highest reported EQE of an 

OLED using an organic emitter. The utilisation of TADF, sometimes termed singlet harvesting, for 

OLEDs was mentioned a few years prior by Yersin et al.,21 and subsequently with copper(I) compounds 

and the organic compound, acridine orange.22 In fact, TADF was not a new concept, and was described 

by Parker and Hatchard in the early 1960s,23 however, its application to OLEDs has proven to be a 

smart solution to the efficiency problem of singlet emitters. 

 

Figure 1.7: Chemical structures of efficient TADF molecules, CDCB derivatives (1.05 – 1.10).20 
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TADF has been demonstrated by many different organic compounds20, 22, 24 and by some metal 

complexes, primarily copper(I) complexes,22, 25 but also other d10 metals such as silver(I), gold(I),25c and 

zinc(II) complexes.26 In order to produce an efficient TADF emitter, in addition to a high PLQE, a small 

energy difference (ΔEST ≤ 1.0 eV) between the lowest excited singlet state (S1) and triplet state (T1) is 

required, as this ensures reverse intersystem crossing (RISC) can occur readily at ambient temperature 

(Figure 1.8).27 In terms of molecular design, spatial separation of the HOMO and LUMO is needed to 

produce a small ΔEST, however, there still needs to be some overlap between these molecular orbitals,20 

which is typically found in molecules that exhibit donor-acceptor type structures. In addition, the 

presence of moderate SOC is also important in the case of metal complexes that exhibit TADF, such as 

copper(I) compounds.28 

 

Figure 1.8: Energy level diagram showing the S0, S1, and T1 states, and some of the associated 

electronic processes. Reproduced from publication.20  

The syntheses and testing of TADF emitters in OLEDs has increased substantially in recent years, as 

highlighted by recent reviews of organic27, 29 and metal complex28 emitters. These materials present a 

very promising route to efficient emitters, without the use of rare, heavy metal based complexes. In fact, 

EQEs exceeding 20 % have been demonstrated with a range of materials and device structures.27-28  

These recent results are particularly promising for blue emitting OLEDs, which tend to have poor 

efficiencies when triplet emitters are utilised. In fact, some companies, such as Kyulux30 and Cynora,31 

are already commercialising TADF emitters for next generation OLED devices. These materials are 

highly likely to replace triplet emitters in the near future, due to the fact that they are cheaper, have 

greater potential for solution processing (reducing production costs), and can improve device lifetimes. 
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1.2.6 Aggregation Induced Emission (AIE) 

Aggregation induced emission (AIE) is another important phenomenon for the design and development 

of light emitting materials, and it is essentially the opposite effect of aggregation caused quenching 

(ACQ), which is a well-known phenomenon.32 ACQ refers to the common observation that light 

emission is often observed from emissive materials when they are dissolved in a solution, and that light 

emission reduces, and in some cases is quenched altogether, when the emitter becomes aggregated.32a 

Conversely, AIE materials are unemissive in solution and become emissive upon aggregation, whereas 

aggregation induced enhanced emission, or aggregation induced emission enhancement (AIEE), is a 

term used to refer to materials that are weakly emissive in solution, and become increasingly more 

emissive upon aggregation.33 Figure 1.9 illustrates the difference between ACQ and AIE materials in 

solution and when aggregated.  

 

Figure 1.9: Diagram showing the ACQ behaviour of fluorescein (above) and the AIE behaviour of 

hexaphenylsilole (HPS), by displaying PL behaviour from solution (left) and in aggregated mixtures 

(right). Reproduced from publication.32b 

An early example of an AIE material was 1-methyl-1,2,3,4,5-pentaphenylsilole (1.11, Figure 1.10);34 

AIE was later demonstrated with many other siloles,35 several other organic compounds,32, 35a, 36 and 

also some metal complexes.37 As described in a review on AIE,32b there are several mechanisms to 

explain the origin of AIE or AIEE in molecules: restriction of intramolecular motion (RIM), restriction 
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of intramolecular rotation (RIR) or restriction of intramolecular vibration (RIV); J-aggregate formation 

(JAF); twisted intramolecular charge transfer (TICT); and excited-state intramolecular proton transfer 

(ESIPT).32b 

ACQ can occur in OLED devices and reduce device efficiencies, however, materials that exhibit AIE 

or AIEE can overcome this problem,32a, 35a removing the need for a host material.38 This can simplify 

and reduce the cost of depositing EMLs, and can improve consistency by removing variations in dopant 

concentrations. In fact, some AIE-active tetraphenylethene (TPE) containing molecules have been 

utilised in non-doped EMLs to produce sky blue and blue emitting OLEDs,38-39 with EQEs of 1 – 3 % 

and maximum power efficiencies of 2 – 4 lm/W. The chemical structure of TPE (1.12) is shown in 

Figure 1.10. Whilst these values are low to moderate for blue OLEDs based on singlet emitters, the 

research indicates that AIE-active molecules are promising for simplified OLEDs. 

 

Figure 1.10: Chemical structures of some AIE-active molecules, 1.11 and 1.12.34, 39a 

AIE materials also appear useful for other important applications, such as; light emitting liquid crystals 

(LELCs), circularly polarised luminescence (CPL), optical wave-guiding, chemical sensing, and 

biological sensing and imaging.32a, 35b, 40  

 

1.3 Zinc(II) Complexes as Light Emitting Materials 

1.3.1 Luminescent zinc(II) complexes used in OLEDs 

Building on previous work with the aluminium complex, Alq3,4 green and yellow emitting 

electroluminescent devices were prepared using bis(8-hydroxyquinoline)zinc complexes (Znq2, 1.13, 

and 1.14 – 1.16, Figure 1.11).41 When 1.13 was used, bright yellow emission resulted (approx. 16,200 

cd/m2 at 20 V),41 however, when 1.14 was used, green emission was produced with poorer performance 

(8,900 cd/m2 at 20 V).  
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Figure 1.11: Chemical structures of some zinc complexes derived from 8-hydroxyquinoline and some 

of its derivatives, 1.13 – 1.16. 

Other substituted 8-hydroxyquinolines (such as 8-hydroxy-5-piperidinylquinolinesulfonamide (QS)) 

have also been used to prepare aluminium and zinc complexes (Al(QS)3 and Zn(QS)2, respectively), 

showing blue shifted emission (17 – 28 nm in pure film, and 25 – 31 nm in an OLED when using a 

suitable host material).42 However, these unoptimised devices produced only low efficiencies (EQEs < 

1 %). Other researchers utilised 1.13 to form ETLs, and showed improved electron transport, at room 

temperature, compared with Alq3.43 

It was later suggested that 1.13 based devices could reduce the operating voltage compared with Alq3, 

due to the formation of a stable tetramer, (Znq2)4.44 In contrast to Alq3 devices, where the isomeric 

purity needs to be considered, discrete or oligomeric species occur in Znq2 films. The Znq2 based 

OLEDs had lower operating voltage, perhaps due to improved electron transport. The EL efficiency 

remained higher, however, when Alq3 was employed as the ETL and emitter, due to its higher PLQE 

(by a factor of 3), compared with Znq2.45  

Complex 1.15 has the highest PLQE of the series, suggesting that methylation in the 4 position of 8-

hydroxyquinoline ligand (4Meq) has a positive effect on radiative decay,45 which was also observed for 

analogous aluminium and lithium complexes. Whereas methylation in the 5 position (1.16) decreased 

the PLQE relative to 1.13. However, the OLEDs all had broad emission, and relatively low efficiencies, 

when compared with other light emitting materials. Some derivatives, when combined with other 

materials, were utilised to produce white OLEDs (WOLEDs).46 

Other luminescent zinc OLEDs applied bis-2-(o-hydroxyphenyl)benzoxazolate (Zn(HPB)2, 1.17), 

bis(2-(2-hydroxyphenyl)benzothiazolate)zinc (Zn(BTZ)2, 1.18), bis(2-(2-

hydroxynaphtyl)benzothiazolate)zinc (Zn(NBTZ)2, 1.19), and bis(2-(2-hydroxyphenyl)3-octyl-

benzotriazolate)zinc (Zn(Oc-BTAZ)2, 1.20) (Figure 1.12).47  



41 

 

Figure 1.12: Chemical structures of some zinc complexes of benzo-heterocyclic ligands, 1.17 – 1.20. 

Zinc complex, 1.17, was found to emit blue light from a relatively basic OLED,47a and only a low 

brightness was achieved (~20 cd/m2 at ~100 mA/cm2 and 29 V). Later, complexes 1.18 – 1.20 were 

also used in OLEDs, and 1.18 was used as an emitter and ETL, displaying greenish-white emission 

from a simple four layer device.47b This led to the development of other WOLEDs.46 For example, a 

WOLED device using 1.17 as a host material (and emitter) in combination with an orange emitting dye, 

4-(dicyanomethylene)-2-methyl-6-(p-dimethyl-aminostyryl)-4H-pyran (DCM), as a dopant.47c These 

WOLEDs had low turn-on voltages (approx. 5 V) and high brightness (2210 cd/m2 at 12 V). Complex 

1.17 has been used to make blue OLEDs too, and it can further be used as HBLs, due to its deep HOMO 

energy level (-6.5 eV).47h 

Zinc complex, 1.18, and its derivatives, were tested as emitters,47d-f host materials,47f and in WOLEDs.47b 

A theoretical and experimental study of 1.18 showed that it is a dimer, in both powder and thin film 

states, and that it has improved electron transport properties compared with Alq3 (typically used for 

ETLs).47d WOLEDs applied 1.18 as both the ETL and emitter;47e the white light resulted from emission 

from 1.18, and from an exciplex formed at the junction between 1.18 and the HTL, triphenyldiamine 

(TPD). Generating white emission depended on the relative thickness of these layers in the device.   

Zinc complex 1.18  and its derivatives, specifically at the 6 position (1.21 – 1.25, Figure 1.13), were 

used to make blue-green and yellow emitting OLEDs (turn-on voltages = 4.0 – 7.0 V; highest luminance 

efficiency = 2.38 cd/A); EDGs in the 6 position increased the emission wavelength.47f Complex 1.21 

was a good host material for devices in combination with a phosphorescent dopant, tris(2-

phenylisoquinoline)iridium, producing a high efficiency red OLED (EQE = 17.5 %; luminance 

efficiency = 13.85 cd/A).47f Using 4,4’-bis(N-carbazoly)biphenyl (CBP) as a host instead resulted in a 

lower EQE (12.6 %). Complex 1.18 is also a better host than CBP in other phosphorescent OLEDs, 

showing a low driving voltage (3.2 V) and improved device stability.47g  
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Figure 1.13: Chemical structures of analogues of Zn(NBTZ)2 (1.21 – 1.25) that have been investigated 

in OLEDs.47f 

WOLEDs were demonstrated where zinc complexes are both emitting and interlayer materials,46 

including the blue emitting complex, 1.17, and in some cases an additional dopant (a red emitting dye 

called 4-(dicyanomethylene)-2-t-butyl-6(1,1,7,7-tetramethyljulolidyl-9-enyl)-4H-pyran (DCJTB)) 

helped achieve the white light.46 The white emission could be improved by producing different 

thicknesses of 1.17 and 1.17:DCJTB layers (the doped layer), and adjusting the voltage to around 10.5 

V, as at lower voltages there was not enough contribution from the blue emitting component.48 More 

efficient WOLEDs were produced by adjusting the emitting and interlayer thicknesses of 1.17 and an 

additional zinc complex; however, the EL efficiencies were still low (EQE = 0.7%; luminous efficiency 

of 1.65 cd/A).49 

The structurally related zinc complexes (1.26 – 1.28) are also highly emissive and have been studied 

for OLEDs (Figure 1.14).50 These compounds have the added advantage of being functionalised at the 

NH position, which can alter the electronic properties of the complexes. For example, 1.28, shows a 

hypsochromic shift in its emission spectra compared with the unsubstituted analogue (1.26), which 

enabled deep blue emission (λ = 452 nm and CIE coordinate of 0.17, 0.13), and assisted with hole 

injection producing an OLED with high brightness (2648 cd/m2 at 13 V), and a relatively low turn-on 

voltage (4.5 V at 1 cd/m2). However, the EQE and current efficiency remained low at 0.4 % and 0.54 

cd/A, respectively.50 
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Figure 1.14: Chemical structures of some zinc complexes of benzo-heterocyclic ligands, 1.26 – 1.28. 

Many other benzo-heterocyclic ligands have been used to form highly emissive zinc complexes, as 

described in a review on zinc complexes in OLEDs.51 When analysing the performances of these 

complexes, it is clear that the resulting devices are inferior to those based on phosphorescent dopants.51 

Devices using zinc complexes showed EQEs of 1 % (or not reported), current efficiencies < 4 cd/A at 

100 cd/m2; and power efficiencies < 1 lm/W.51 In comparison, zinc complexes as host materials with an 

iridium(III) dopant showed values at least an order of magnitude higher. For example, when Ir(ppy)3 

was used as the emitter, and a zinc complex was used as a host, a green OLED with an EQE of 23.5 % 

was achieved, with a current efficiency of 70.5 cd/A at 100 cd/m2, and a power efficiency of 68.9 

lm/W.52  

Whilst many of these zinc complexes showed good performances as host materials in OLEDs, there 

remains interest in improving their application as emitters. This is due to the low cost of zinc compared 

with iridium(III) and platinum(II), their high air and temperature stability, which help with processing 

and device lifetimes, the potential to produce simplified devices (i.e. devices with fewer layers and no 

EML dopant), and also the ability to produce WOLEDs when combined with other molecules.  

The recent reporting of a derivative of 1.17 as a TADF emitter in a green OLED, producing an EQE of 

nearly 20 % also spurs recent interest.26 It is likely that other zinc complexes, incorporating benzo-

heterocyclic ligands, can be designed to exhibit TADF. So far, many of these zinc complexes emit in 

the blue or green region only, and thus new approaches are required for the production of red emitters. 

This emission may be possible with dinuclear or multinuclear zinc complexes based on benzo-

heterocyclic ligands, and if these compounds can be designed to display TADF, then full colour tuning 

across the visible spectrum may be achieved with significantly improved OLED performances. These 

types of compounds may then compete with other TADF emitters. 
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1.3.2 Metal salen and salphen complexes 

Both salen and salphen ligands are types of Schiff bases.53 The most basic salen and salphen ligands are 

1.29 and 1.30, respectively (Figure 1.15). Metal salen complexes have been extensively studied in 

catalysis,54 and they can be readily modified through chemical design using relatively cheap starting 

materials, making them ideal candidates for testing steric and electronic effects. Salphen ligands, 

sometimes referred to as salophen ligands, have a phenyl group bridging the nitrogen atoms, and form 

metal salphen complexes, which have also been studied in catalysis,54-55 and for many other uses, as 

highlighted by several reviews.54b, 55b, 56 They show interesting photophysical properties, and can be 

used as functional supramolecules;56b some of which demonstrate magnetic, electronic, and sensing 

applications.56a, 56b, 57  

 

Figure 1.15: Chemical structures of unsubstituted salen and salphen ligands (1.29 – 1.30). 

Many salen and salphen complexes display photoluminescence (PL), emitting light within the visible 

region, and some have been investigated for light emitting applications.58 In comparison to salen 

compounds, salphen complexes have greater rigidity and extended electronic conjugation, and have 

therefore been more widely studied for sensing and electronics.56b, 57a For example, they have been used 

to make columnar liquid crystals,57g, 57h employed as building blocks in supramolecular chemistry;59 and 

used to modify the electronics of carbon nanotubes in field effect transistors (FETs).57i  

They have also been employed as optical sensors, for example: to detect nitro containing compounds 

(frequently used within explosives) via fluorescence quenching;58g, 58m in environmental applications, 

such as in the detection of  toxic lead ions;58k as NIR emitting oxygen sensors;58c and as ‘turn-on’ 

fluorescent chemodosimeters for zinc ion sensing.60 They have also been utilised for biological 

applications, for example: to stabilise G-quadruplex DNA and inhibit telomerase activity;61 as G-

quadruplex binders and optical probes,62 to discriminate between important alkaloid nuclei,57f and as 

receptors for various anions.57b In addition, some zinc salen-like complexes have proven to be excellent 

probes for both single and two-photon fluorescence subcellular imaging,63 and can be utilised for high 

resolution imaging of mitochondria in living cells.64 
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The aforementioned list of applications is only a selection of examples that highlight the general 

versatility of salen, salen-like, and salphen compounds. There remains significant scope for further 

investigation of these class of compounds and their light emitting applications.    

 

1.3.3 Dinuclear metal bis-salphen complexes  

The incorporation of a second metal site in a salphen complex can have significant effects on properties; 

these effects are particularly relevant in terms of absorption and emission spectra.  

An early example was a ruthenium(II) bis-salphen complexes that had phenyl (1.31) or dibenzo-[1,4]-

dioxane (1.32) spacer groups between each salphen unit (Figure 1.16).65 Electrochemical studies 

showed that the phenyl-linked bis-salphen compounds were better able to regulate the electronic 

communication between the two ruthenium centres, and the work highlighted that the spacer group, 

between the salphen sites, is another location on which to alter the electronics in these molecules. This 

research also illustrated the potential for these molecules to be used as alternatives to metal porphyrin 

systems, due to the planar nature of the salphen units, the axial coordination sites, and their simpler 

syntheses.  

Figure 1.16: Chemical structures of phenyl (1.31) and dibenzo-[1,4]-dioxane-linked (1.32) 

ruthenium(II) bis-salphen complexes with carbonyl co-ligands.65 

A series of dinuclear cobalt(II) bis-salphen complexes have also been studied, with rigid and flexible 

spacer groups between the salphen sites (1.33 – 1.36, Figure 1.17), showing reversible redox behaviour 

with Co(III)/Co(II) and Co(II)/Co(I);66 the reactivity of the electro-generated Co(I) centres and alkyl 

halides, were also investigated. Furthermore, the phenyl-linked cobalt complex displayed 

antiferromagnetic interactions.  
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Figure 1.17: Chemical structures of phenyl- (1.33) and a range of alkyl- and oxygen-linked cobalt(II) 

bis-salphen complexes (1.34 – 1.36).66 

A phenyl-linked bis-salphen dinuclear zinc complex (1.37, Figure 1.18) was used to make 

supramolecular box assemblies, when bidentate donor ligands (4,4’-bipyridine) were employed as co-

ligands.59c The structures were then used as functional porous materials, or as transition metal catalyst 

assemblies. These zinc bis-salphens were also used to template the formation of catalysts for the 

asymmetric hydroformylation of styrene,55b by utilising the high Lewis acidities of the zinc(II) centres. 

Complex 1.37 has also been used to form coordination polymers with other ditopic ligands.67  

Figure 1.18: Chemical structure of the 1.37 used to make supramolecular box assemblies,59c and some 

luminescent zinc(II) and platinum(II) bis-salphen complexes (1.38 – 1.41).58k 

Bis-salphen ligands accommodate metals with various d-orbital electron configurations (e.g. Ni(II): d8, 

Cu(II): d9, and Zn(II): d10), which obviously have major effects on the properties of the complexes. 

Nickel(II) salphens have been formed readily via transmetallation reactions, starting from the 

corresponding zinc(II) complexes,68 and paramagnetic copper(II) bis-salphen  complexes were prepared 
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directly from the ligand.57i A copper(II) bis-salphen complex was shown to interact and assemble onto 

carbon nanotubes, transferring charge, and inducing tunable ambipolar effects, which can be used for 

applications with FETs.57i  

Luminescent zinc(II) (1.38 – 1.39) and platinum(II) (1.40 – 1.41) bis-salphen complexes were 

synthesised from a different type of bis-salphen ligand (Figure 1.18).58k, 69 Complexes 1.40 and 1.41 

were useful sensors for Pb(II) ions, via the binding of these ions, which moderated the luminescence. 

 

1.3.4 Metal salen macrocycles complexes 

There has been significant interest in metal salen macrocycle complexes,56a, 57a, 70 due to the versatile 

nature of these compounds and their unique properties. In particular, the N2O2 compartment in these 

Schiff base macrocycles is important as it is similar to the compartments found in many metalloproteins, 

and these compounds are more readily synthesised when compared with other macrocyclic 

compounds.56a 

Pioneering work by Pilkington and Robson produced the first dinuclear metal [2+2] salen macrocycle 

complexes, with various first row transition metal ions (M), where M = Cu(II), Ni(II), Co(II), Fe(II), 

Mn(II), and Zn(II) ions, and a range of co-ligands/counter-ions (X), where X = Cl-, ClO4
-, and HSO4

- 

(1.42 – 1.50,  Figure 1.19).70a The synthesis of these macrocyclic complexes utilised metal precursors 

as templating agents, which combined with dilute reaction conditions, produced a range of novel 

complexes with approximately square pyramidal geometries at each metal centre. Further work 

investigating these types of macrocyclic ligands resulted in the isolation of dinuclear colbalt macrocycle 

complexes with mixed valences (Co(II) and Co(III) in the same complex), generating interesting 

magnetic properties.70b 

 

Figure 1.19: General chemical structures of the metal salen macrocycle complexes (1.42 – 1.50).70a 
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The synthesis of these complexes was further developed and several magnesium [2+2] salen 

macrocycles were isolated, where the alkyl bridge between the nitrogen atoms had 2, 3, and 4 carbon 

atoms.70c Further modification of the ligand structure, by reduction of the imines to amines, produced 

the corresponding metal free, fully reduced macrocycles. A fully reduced, unsymmetrical, metal free 

macrocycle was also isolated via a dinuclear lead complex.70c  

Mononuclear metal complexes based on aluminium(III), gallium(III), and indium(III), as well as 

heteronuclear complexes with gallium(III) and other metals (zinc(II), copper(II), nickel(II), and 

colbalt(II)) have also been produced (Figure 1.20).70l The mononuclear complexes were all luminescent 

in acetonitrile solution (λem = 490 – 505 nm, PLQE = 7 – 10 %); solutions of these mononuclear metal 

salen macrocycles were titrated with solutions containing zinc(II) and copper(II) ions to generate the 

heteronuclear complexes, and their emission spectra recorded, resulting in an increase in luminescence 

intensity and quenching of the luminescence respectively.70l The heteronuclear Ga(III):Zn(II) complex 

is shown in Figure 1.20, however the picture does not accurately depict the bonding of the acetate co-

ligands (Z) to the metal centres, as it was proposed that these co-ligands were bridging the 2 metal 

centres, based on the difference observed in the symmetric and asymmetric CO2
- IR stretches. It was 

also suggested that both unidentate and bridging acetates were present in the heteronuclear complexes. 

 

Figure 1.20: General chemical structures of some mononuclear metal salen macrocycles (1.51 – 1.53) 

and heteronuclear Ga(III):M(II) salen macrocycles (1.54 – 1.57) previously reported.70l 

Mononuclear and dinuclear zinc salen macrocycle complexes have also been synthesised and studied 

for their properties.70h, 70k PL from a range of dinuclear zinc salen macrocycles, with various bridging 

carboxylate co-ligands (1.58 – 1.63, Figure 1.21), was reported in acetonitrile and methanol solution 

(λem = 429 – 438 nm, PLQE = 1.8 – 4.8 %).70k This study showed that varying the carboxylate co-ligands 
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had only a subtle effect on the position of the absorption and emission energies, but a larger effect on 

the PLQEs, with electron-withdrawing carboxylates, such as para-nitrobenzoate, giving the lowest 

PLQE (1.8 %).70k 

 

Figure 1.21: General chemical structures of some dinuclear zinc salen macrocycles with carboxylate 

co-ligands.70k 

Some metal salen macrocycles have demonstrated emissive properties, as highlighted, but generally 

their PLQEs have been too low for implementation in optoelectronic devices.in OLEDs. More research 

is required to investigate these complexes and their photophysical properties, particularly zinc(II) salen 

macrocycles in the solid state. 

 

1.3.5 Metal salphen macrocycles complexes 

There has been growing interest in fully conjugated macrocycle complexes, such as salphen 

macrocycles,56a, 56b, 57a, 70d, 71 which theoretically have improved electronic properties compared with 

their salen analogues. Early reports of these macrocycles by Brychcy and co-workers investigated 

dinuclear copper(II) [2+2] salphen macrocycles (1.64 and 1.65, Figure 1.22),71a, 71c a trinuclear, 

heteronuclear copper(II)/manganese(II) sandwich complex,71b and mono-nuclear manganese(II), 

cobalt(II), iron(II), and nickel(II) salphen macrocycles.71a A metal free salphen macrocycle (1.66, 

Figure 1.23) was also isolated when either cobalt perchlorate or manganese perchlorate were utilised 

in the template synthesis, and 1,2-diamino-3,4,5,6-tetrafluorobenzene was used as the diamine 

precursor.71a  
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Figure 1.22: Chemical structures of some of the first dinuclear copper salphen macrocycle complexes, 

1.64 and 1.65.71c 

The two copper centres in 1.67 (Figure 1.23), were separated by a distance of 3.015 Å, resulting in 

antiferromagnetic coupling;71a several of the dinuclear copper complexes also showed interesting redox 

behaviour. The antiferromagnetic behaviour has also been demonstrated by other researchers across a 

range of dinuclear copper salphen macrocycles.71e Similar dinuclear metal [2+2] salphen macrocycles 

have been included in some patents by researchers at Sumitomo Chemical Company, specifically as 

electrode catalysts for fuel cells71j and batteries71n. 

 

Figure 1.23: Chemical structure of the isolated dinuclear copper salphen macrocycle complex (1.66), 

and the metal free macrocycle (1.67).71a 

A proton template route to metal-free [2+2] salphen macrocycle compounds was developed, and 

described the sensitivity of the reaction to synthetic conditions, in the synthesis of the fully conjugated 

salphen macrocycles (1.68 – 1.71, Figure 1.24).71f, 71g In some cases, the half reduced macrocycle (1.72, 
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Figure 1.24), was isolated or contaminated the product. The reduction of imine bonds, when utilising 

a metal ion free synthesis, has also been reported when forming larger [3+3] salphen macrocycles (1.73 

and 1.74, Figure 1.25).71h  

Figure 1.24: Generic chemical structure of several protonated salphen macrocycles (1.68 – 1.71) and 

the chemical structure of a half-reduced salphen macrocycle compound (1.72).71g 

 

Figure 1.25: Chemical structures of a [3+3] salphen macrocycle (1.73), and a partially reduced 

macrocycle (1.74), produced as the minor product.71h  

MacLachlan and co-workers have shown some interesting supramolecular chemistry with the larger  

metal [3+3] salphen macrocycles, which form tubular structures.71i In order to increase the size of the 

central voids, they targeted a structure with acetylene spacer units (1.75, Figure 1.26).71i These 

trinuclear metal [3+3] salphen macrocycles could aggregate in non-coordinating solvents, and tubular 

structures were proposed as the most favourable shape, via Zn-O interactions between adjacent 

molecules.71i  
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The trinuclear zinc macrocycles were found to be highly luminescence in THF (λem = 558 and 596 nm, 

PLQE = 86 %), and in other coordinating solvents, however the luminescence was red shifted and 

decreased in intensity upon aggregation in less polar solvents.71i It was suggested that these types of 

multimetallic macrocycles could be utilised to form different types of supramolecular structures that 

could be used to sense various co-ordinating chemicals, some of which may be important for 

biologically processes. 

 

 

Figure 1.26: Chemical structure of highly emissive [3+3] zinc salphen macrcocycle, 1.75.71i 

Zinc salphen macrocycles appear to be particularly useful to form polynuclear complexes. Frischmann 

et al. have shown that heptanuclear zinc complexes (1.76 – 1.79, Figure 1.27) can be prepared from 

the [3+3] salphen macrocycle and zinc carboxylates via a tetranuclear zinc cluster, demonstrating that 

bridging carboxylates co-ligands can be an effective strategy towards a range of polynuclear metal 

cluster compounds.71k 
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Figure 1.27: Chemical structures of heptanuclear zinc salphen complexes with acetate co-ligands (1.76 

– 1.79). Reproduced from publication.71k 

 

1.3.6 Zinc [2+2] salphen macrocycles complexes 

There have been some investigations of the luminescent properties of zinc [2+2] salphen macrocycles, 

which have improved luminescence compared with other first row transition metal ions. Zinc [2+2] 

salphen macrocycles, with chloride or nitrate co-ligands (1.80 – 1.81, Figure 1.28), display 

luminescence in DMSO solution (λem = 480 nm and 521 nm (chloride) and λem = 480 nm and 527 nm 

(nitrate)), in addition to the solid state (λem = 565 and 575 nm).71m, 72 However, the researchers did not 

report the PLQE data for these compounds. The lowest energy absorptions were assigned to MLCT 

states, via d  π* orbitals, as the extinction coefficients were relatively high (1.9 – 2.9 x 104 M-1cm-1), 

and the nature of the emission was characterised as fluorescence, due to the short lifetimes (480 – 650 

ps) that were observed.71m  

 

Figure 1.28: Chemical structures of some luminescent dinuclear zinc salphen macrocycle complexes, 

with chloride (1.80) and nitrate (1.81) co-ligands.71m 
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Dinuclear zinc [2+2] salphen macrocycles were further investigated; their higher energy absorptions 

were assigned as ligand centered (LC) transitions, via n→π*, and their lower energy absorptions as 

MLCT states.72 The zinc [2+2] salphen macrocycles displayed moderate levels of emission (λem = 500 

nm, PLQE = 14.3 %) in DMSO/water, which was greater than the [2+2] zinc disalen macrocycles 

(PLQEs = 3.0 – 8.4 %) that were also investigated.72 This research did help to further inform of the PL 

efficiencies of the [2+2] zinc disalphen macrocycles, and how they compare with [2+2] zinc disalen 

macrocycles, however the solid state PLQEs were not reported, which is important for the development 

of solid state light emitting devices.  

 

1.3.7 AIE and AIEE in salen and salphen compounds 

AIE and AIEE phenomenon were observed using both organic salen-based gel systems,58l and with 

some salen ligands (for example 1.82 in Figure 1.29).73 J-aggregate formation, and the restriction of 

intramolecular rotations in the solid state, help to explain the observed emission enhancement of salen 

based gel systems.58l Whereas other intermolecular interactions, for example: strong, H···π, H···H, 

O···H, and N···H, and weak, face-to-face π-π interactions, have been deemed important in achieving 

AIEE using other salen ligands.73 Many of the salen ligands were weakly emissive in solution (PLQEs 

< 1 %,), whilst in the solid state the emission was significantly enhanced (PLQEs up to 75 %);73 the 

highest solid state PLQE was observed from 1.82.  

Figure 1.29: Chemical structures of AIE-active salen compound (1.82),73 non-AIE active 

salicylaldehyde-azine 1.83, and AIE active salicylaldehyde-azines 1.84 and 1.85.74 

Some structurally related salicylaldehyde-azines also showed AIEE.33, 37f, 74 In some cases, these were 

applied as fluorescent pH probes,74 and in hydrazine detection.33 Compounds 1.83 – 1.85 (Figure 1.29) 

highlight the importance of the position of the substituents on whether the compound displays AIE, for 

example; compound 1.83 was non-emissive in the solid state, and weakly emissive in solution (i.e. AIE 

inactive), whereas 1.84 is AIE-active (PLQE in acetonitrile < 1%, and when aggregated in water = 16 
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%). Another AIE-active example, 1.85, showed a PLQE in acetonitrile of < 1%, and a PLQE of 18 % 

when aggregated in water. 

AIE was also observed using a salphen ligand, 1.86, by recording emission spectra at various 

compositions of the molecule in acetonitrile/water; the molecules were also found to act as ratiometric, 

fluorescent pH probes (Figure 1.30).36e 

 

Figure 1.30: The salphen molecule (1.86), and photograph of 1.86 in acetonitrile/water at various pH 

values (under a UV light at 360 nm). Image sourced from publication.36e 

Metal complexes that display AIE or AIEE are relatively rare36d, 37b, 37d-g, 75 compared with numerous 

AIE-active organic compounds that have recently been identified.32, 35b Metal complexes generally have 

higher melting and decompositions temperatures than organic compounds, and therefore they can 

provide some stability advantages. Increased thermal stability, and improved AIEE properties, were 

demonstrated by the inclusion of small amounts of zinc(II) ions (approx. 4 wt%) in salicylaldehyde-

azine containing ligands.37f 
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Figure 1.31: Chemical structures of zinc complexes, 1.87 and 1.88, which demonstrate AIEE.37a 

There are only a few examples of zinc complexes that display AIE or AIEE.37a-c, 37e, 37f, 75b For example, 

one successful approach is the modification of salphen ligands with diphenylamino or carbazole groups, 

as in 1.87 and 1.88, respectively (Figure 1.31).37a These groups are unable to rotate freely in the solid 

state, which was suggested as the cause of the observed AIEE.37a  

 

1.3.8 OLED applications of metal salen and salphen complexes 

Several salen and salphen complexes have been investigated in OLEDs. Aluminium salen complexes 

were studied as host materials,76 hole blocking layers (HBLs),77 and were proposed as potential emitters, 

with blue-green emission (PLQEs up to 40 % in solution; up to 24 % in thin films).58i, 78 Complex 1.89 

showed the highest solution emission (λem = 487 nm, PLQE = 40 %), although only moderate thin film 

emission was observed (λem = 490 nm, PLQE = 11 %, Figure 1.32).58i  

The use of aluminium salen complexes in OLEDs is limited by low EL efficiencies. This is primarily 

due to a lack of SOC, and their inability to utilise triplet excitons in devices. As a result, other metal 

salen and salphen complexes are more useful as emitters.   
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Figure 1.32: Chemical structures of emissive aluminium salen complex (1.89),58i red emitting salen-

type ligand (1.90), and its zinc complex (1.91) used as dopants in OLEDs.79 

Ligand (1.90) and its zinc complex (1.91), were investigated as red emitting dopants in OLEDs (Figure 

1.32).79 These donor-acceptor-donor (D-A-D) structures displayed high solution PLQEs with 83 % and 

67 % respectively, although their current efficiencies remained low, at 1.35 cd A-1 and 0.50 cd A-1, 

respectively. Blue emitting zinc salen complexes with similar current efficiency (0.63 cd A-1 at 9.5 V) 

were also demonstrated.80 

Improved current efficiencies were achieved with related zinc complexes, 1.92 – 1.94, which were used 

to make OLEDs that emit blue, green, and green-yellow light, respectively (Figure 1.33).81 The green 

OLED, utilising 1.93, displayed the best current efficiency at 15 cdA-1, however, 1.92 and 1.94 had 

much lower current efficiencies, with 1.4 cd A-1 and 1.7 cd A-1, respectively.  

 

Figure 1.33: Chemical structures of zinc salen-type and salphen complexes used in OLEDs with blue 

(1.92), green (1.93), and red (1.94) emission.81 
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Yellow-red emitting platinum salens and salphens showed improved performance as emitters within 

OLEDs,58d, 58e even with lower PLQEs of up to 27 % (measured in solution). These platinum complexes, 

1.95 and 1.96, had much better EL efficiencies compared with aluminium and zinc analogues, with 

current efficiencies up to 31 cd A-1 (device lifetime of up to 77,000 hours at 500 cd m-2) when employed 

as dopants in a CBP host (Figure 1.34).58d    

 

Figure 1.34: Chemical structures of a emissive platinum salen (1.95) and salphen (1.96) complexes 

used in OLED devices.58d 

Whilst platinum salphens have demonstrated improved performances compared to aluminium and zinc 

salphens, they remain inferior to other platinum(II) and iridium(III) emitters.9b, 10a, 10e, 10g, 10h High PLQEs 

are essential for high EL efficiencies, but other features such as charge balance and transport also need 

to be considered in proposing a new material for use in OLEDs. The development of metal salen and 

salphen complexes that can display TADF are also targeted to improve efficiencies by singlet 

harvesting. This approach would allow earth abundant metals, such as aluminium and zinc, to be utilised 

instead of expensive, late transition metals. In addition, high solid state emission and AIE or AIEE 

properties may also help with simplifying device structure and eliminate issues with exciton quenching. 

 

1.3.9 Dinuclear zinc(II) bis-salphen complexes 

Dinuclear zinc(II) bis-salphens complexes are less prevalent than mononuclear salphens, although both 

have been investigated for catalysis,55b, 56, 82 supramolecular chemistry,55b, 56a, 56b, 59, 67-68, 82b, 83 and for 

their PL and photophysical properties.56b, 57g, 58g, 58k, 58m, 84  

The dinuclear zinc salphen complex, 1.37 (mentioned in section 1.3.3), shows these properties; 

exhibiting a strong colour change (from yellow to orange-red) upon its formation (Figure 1.35), and a 

colorimetric response to compounds with nitrogen donor atoms.57f Using absorption spectroscopy it 

could also be used to discriminate between different alkaloid compounds.57f Other mononuclear and 

dinuclear zinc salphens were also used to distinguish between nicotine and related compounds 

(including 1.97, Figure 1.36),83b and dihydrogen phosphate (H2PO4
-) from a range of other 

monoanions.85 These studies show that zinc bis-salphens can be useful in the sensing of biological and 
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environmentally relevant molecules, and provide insight into their syntheses and solution behaviours. 

However, their emissive properties were not investigated, and fluorescence spectroscopy may provide 

an alternative method to sense the aforementioned substances, potentially with greater sensitivity.  

 

Figure 1.35: Scheme showing the chemical structures and solution colour change (inset photographs) 

of the phenyl-linked bis-salphen ligand and its zinc complex (1.37). Image reproduced from 

publication.57f 

 

Figure 1.36: Chemical structure of other phenyl-linked zinc(II) bis-salphen complexes, 1.97 and 

1.98.57f, 59c, 83b, 85 

Later, the synthetic strategies were further developed to introduce asymmetry in zinc(II) bis-salphens 

and to form symmetric (2.01) and asymmetric (2.02 and 2.03) zinc biphenyl-linked salphen complexes, 

from 1.99 and 2.00 (Figure 1.37).59a, 59b The asymmetry was also introduced in phenyl-linked bis-

salphen complexes, however, it was only successful when strongly EWGs were utilised (e.g. nitro 

groups).83c This additional means to tune the steric and electronic properties is particularly useful for 

catalysis and electronics. The synthesis of a chiral bis-salphen complexes was also demonstrated which 

is relevant for asymmetric catalysis.59d No data was provided on the emissive properties of these 

compounds.  
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Figure 1.37: Chemical structures of diimine precursors (1.99 and 2.00), and biphenyl-linked zinc bis-

salphen complexes (2.01 – 2.03).59a 

A range of mononuclear and dinuclear zinc salphen complexes were also reported, including 2.04 – 

2.08 (Figure 1.38).83a Complex 2.04, with its long alkyl chains, was particularly useful in forming stable 

supramolecular structures, and exhibited self-assembly in solution and at solid-liquid interfaces, with 

potential for optoelectronic applications. In its isolated form in pyridine solution, it was found to be 

fluorescent (λem = 560 nm). 

 

Figure 1.38: The chemical structure of some phenyl-linked zinc bis-salphen complexes investigated for 

their self-assembly in solution and at solid-liquid interfaces (2.04 – 2.08).83a 
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Alternative zinc bis-salphens, with alkoxy groups separating the salphen moieties were also reported 

(2.09 – 2.12, Figure 1.39).59e Some of these complexes formed fibrous aggregates, with the lengths of 

the alkoxy chains, and methods of preparation influencing the morphologies of the fibres, and in some 

cases nanofibres could be produced. These fibres may have applications in electronics, and in the 

production of biologically relevant structures, where one-dimensional nanostructures are common 

building blocks.59e No luminescence data was presented for these materials, hence it was not possible 

to infer the effect the alkoxy spacer groups have on PL, if any.  

 

Figure 1.39: The chemical structures of alkoxy-linked bis-salphen zinc complexes, 2.09 – 2.12, used to 

form fibrous aggregates.59e 

 

1.3.10 Luminescent dinuclear zinc(II) bis-salphen complexes 

Zinc bis-salphens have been investigated for PL,56a, 56b, 58j, 58k, 86 and EL,86c however, the reporting of 

their emission spectra and PLQEs remains rare. Obtaining the information is critical in assessing their 

potential as emitters for OLEDs. So far, the Lin group has conducted the most comprehensive 

photophysical study,86b which includes fifteen zinc disalphen complexes (Figure 1.40) and their 

emission and PLQEs (see Table 1.1).  

When comparing the unsubstituted complex (1.97) and the tetra-tert-butyl analogue (1.37), it is clear 

that the tert-butyl groups produce red-shifted emission spectra, and significantly increase the PLQE (31 

% for 1.37, and 6 % for 1.97). The researchers suggested this is due to more concentrated electron 

density in the excited state of 1.37, which in-turn increases the probability of fluorescence relaxation. 

They also suggested that the tert-butyl groups provide greater shielding of the zinc centres from solvent 

interactions and intermolecular stacking, which would reduce non-radiative decay mechanisms and self-

quenching.86b   
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Table 1.1: Summary of the emission wavelengths and PLQEs of zinc bis-salphen complexes.58k, 83a, 86b  

Complex λem (nm) PLQE (%) Complex λem (nm) PLQE (%) 

1.97 535 6 2.20 553 68 

1.37 560 31 2.21 556 28 

2.13 563 19 2.22 554 72 

2.14 568 35 2.23 556 54 

2.15 547 31 2.24 538 16 

2.16 597 3 2.25 532 29 

2.17 559 6 2.26 534 < 1 

2.18 559 13 2.27 538 < 1 

2.19 545 49 2.28 560 - 
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Figure 1.40: The chemical structures of zinc bis-salphen complexes that have been studied for their PL 

properties by the Lin group.86b 
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Much higher PLQEs were achieved when alkyne functionality and fluorene termini were introduced to 

the structures (e.g. 2.22, Figure 1.40, PLQE = 72 %).86b Building upon previous work,87 the researchers 

attributed these high PLQEs as being due to a combination of factors; the introduction of pyridyl groups 

as bridges, EDGs on the salicylidene moieties, and the presence of ethynyl spacers and fluorene groups. 

However, when the fluorene termini were replaced by long alkyl chains (2.23), the PLQE still remained 

high (54 %).      

An alternative spacer group was investigated in a separate study on the PL from platinum and zinc bis-

salphens, however, the zinc complexes (2.26 and 2.27, Figure 1.41, Table 1.1) were shown to be 

weakly emissive in solution (PLQEs < 1 %).58k This shows how the spacer group, and the orientation 

of the salphen groups, are important in influencing the PLQEs. Salassa et al. also investigated a series 

of dinuclear zinc salphen complexes for their self-assembly properties, and the fluorescence of one of 

the complexes (2.28, Figure 1.42) was reported.83a The assembled structure displayed minimal or no 

fluorescence in dry toluene, however, upon de-aggregation with pyridine the fluorescence intensity 

increased significantly (λem = 560 nm, Figure 1.42). No PLQE data was provided in the study,83a 

however, it suggests that ACQ does occur with zinc bis-salphens when aggregated, and therefore these 

molecules need to be in their isolated molecular states for efficient PL. 

 

Figure 1.41: Chemical structures of weakly emissive zinc(II) bis-salphen complexes, 2.26 and 2.27.58k 
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Figure 1.42: The fluorescence titrations of 2.28 (and its structure, left) in dry toluene (no or minimal 

emission), and increasing amount of pyridine showing increasing fluorescence intensities. This figure 

has been reproduced from publication.83a   

A recent publication investigated four dinuclear zinc bis-salphen complexes as emitters in OLEDs, 

combining structure 1.37 and pyridyl-functionalised co-ligands.86c These complexes had much lower 

solution PLQEs of ≤ 2 %, although better thin film PLQEs in 6 wt% doped PMMA films (19 – 21 %). 

All of the complexes were trialled in OLED devices, and the best performing emitter in the series (2.29, 

Figure 1.43) achieved a maximum current efficiency of 4.1 cd A-1, a turn-on voltage of 3.4 – 3.9 V, 

and a maximum power efficiency of 3.8 lm W-1. These values are an improvement on many other zinc 

based emitters, and the performance was rationalised by the presence of the co-ligands, which could 

reduce molecular aggregation and exciton quenching, and improve charge injection and transport. They 

were also found to assist with solution processing of the EMLs in the OLEDs.86c 
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Figure 1.43: Chemical structure of dinuclear zinc disalphen emitter with dendritic, pyridyl 

functionalised co-ligands, used in an OLED as an emitter.86c 

Whilst the performance of 2.29 is promising, the OLED is still relatively inefficient (EQE = 1.46 %). 

This may be enhanced by further improving the charge balance in the device, and by designing emitters 

that exhibit TADF. There remains significant scope for further development of these class of emitters 

for OLEDs, especially to improve the degree of emission colour tuning and PLQE.  
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1.4 Copper(I) Complexes as Light Emitting Materials 

1.4.1 Luminescent copper(I) complexes 

Copper(I) complexes have attracted attention in recent years for their luminescent properties, and are 

also considered promising light emitting materials for OLEDs. Research from the 1980s had already 

demonstrated that luminescent copper(I) complexes could be produced at room temperature, using 

nitrogen donor ligands, such as phenanthroline (phen) and 2,9-dimethyl-l, 10-phenanthroline (dmp), 

and phosphorous donor ligands, such as triphenylphosphine (PPh3), i.e. 2.30 – 2.35 (Figure 1.44).88 

These compounds show different luminescent behaviour, compared with many other first row transition 

metals; such as room temperature phosphorescence, and RISC due to low energy gaps between their 

triplet and singlet states. The high PLQEs of these complexes can also be explained by reduced 

distortion of their excited states, which can be achieved with dmp ligands, and other bulky 

phenanthroline ligands.89  

 

Figure 1.44: The chemical structures of early examples of luminescent Cu(I) complexes, 2.30 – 2.35, 

bearing phen and dmp ligands.88 

Many other luminescent Cu(I) complexes, with mixed nitrogen and phosphorous donor ligands, have 

since been reported.22, 25a, 25b, 90 Whilst early examples focused on cationic species, subsequently, highly 

luminescent, neutral copper(I) complexes were synthesised. These showed blue-white emission and 

high PLQEs in the solid state (up to 90 %), when electron rich, bis(2-(diphenyl-

phosphanyl)phenyl)ether (pop), and electron deficient, boron containing ligands, were used (2.36 – 

2.38, Figure 1.45).25a  

These complexes were found to exhibit phosphorescence at temperatures < 100 K, via triplet metal to 

ligand charge transfer (3MLCT) states, which were assigned based on their high emission lifetimes (τ = 

450 – 630 μs at 40 K).25a However, at ambient temperature, their emission lifetimes decreased 
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significantly (τ = 13 – 24 μs at 40 K), which was explained via TADF, i.e. thermal conversion of the 

triplet state to the singlet state, and emission from this singlet metal to ligand charge transfer (1MLCT) 

state. Hence, these complexes were recommended for use in OLEDs.25a 

 

Figure 1.45: The chemical structures of neutral, luminescent Cu(I) complexes bearing pop and boron 

containing ligands (2.36 – 2.38). 

The electron rich diphosphine ligand (pop) was used in complexes 2.39 – 2.45 (Figure 1.46), producing 

blue, green, or yellow emission.25b, 90c, 90d Complex 2.41 was doped, at 5 %, into 2,6-dicarbazolo–1,5-

pyridine (PYD2), as the EML, and produced a yellow emitting OLED with an EQE of 7.4 %.90c 

Complex 2.42, containing a substituted phenanthroline ligand, can also harvest both singlet and triplet 

excitons in OLEDs, and produced a green emitting OLED with an EQE of 15 %.90d However, these 

compounds were found to exhibit very high triplet energies (> 2.7 eV), and therefore were deemed 

unfavourable for OLEDs.       
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Figure 1.46: The chemical structures of cationic, luminescent Cu(I) complexes bearing pop and 

nitrogen donor ligands. 

There has been a strong desire to develop blue emitting OLEDs based on Cu(I) compounds, as blue 

emitting Ir(III) dopants have high triplet energies, resulting in relatively unstable devices.10a, 10e, 91 To 

this end, a green-blue emitting OLED was developed with a Cu(I) TADF emitter, bearing phosphorous 

and nitrogen donor ligands (2.45, Figure 1.46).25b The OLED had a maximum EQE of 8.5 % (current 

efficiency = 23.68 cd/A) and was solution processed, which may be advantageous from a manufacturing 

perspective. However, much higher EQEs (11.9 – 17.7 %) have been achieved with green emitting 

Cu(I) complexes (2.46 – 2.48, Figure 1.47), which were produced via vacuum processing.90e These 

complexes displayed only weak red emission from solution, but produced highly efficient green 

emission from amorphous films (PLQEs = 50 – 68 %).90e 
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Figure 1.47: The chemical structures of neutral, luminescent Cu(I) complexes bearing phosphine and 

boron containing ligands.90e 

Several luminescent Cu(I) complexes, containing phosphorous and halogen ligands, have also been 

reported, and display emission across the visible spectrum.89, 90d, 92 High PLQEs in the solid state (60 - 

80 %) have been achieved with blue and green emitting dinuclear Cu(I) complexes, bearing halogen 

bridges between the two Cu(I) centres (2.49 – 2.51, Figure 1.48).89 Both (M+X)LCT and MLCT states 

are suggested to be responsible for the emission from these complexes, which have distorted-tetrahedral 

and flattened structures, respectively. However, in the solid state, it is the (M+X)LCT state that 

dominates and results in much higher PLQE values.89 Complex 2.49 was used as an emitter in an OLED, 

showing promising performance (maximum EQE = 4.8 %, LE = 10.4 cd/A, PE = 4.2 lm/W at 93 cd/m2). 

 

Figure 1.48: The chemical structures of luminescent dinuclear Cu(I) complexes bearing phosphine 

ligands and halogen bridges.89, 92b 

A wide range of emission colours were achieved through variation of the phosphine ligands of these 

dinuclear Cu(I) complexes, (2.52 and 2.53, Figure 1.48).92b In addition, some mononuclear, tri-

coordinate, Cu(I) complexes (2.54 – 2.56, Figure 1.49), bearing halogen and phosphine ligands, 
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produced highly efficient, phosphorescent green OLEDs (CE = 65.3 cd/A at 0.01 mA/cm2, EQE = 

21.3%).92a  

 

Figure 1.49: The chemical structures of luminescent tri-coordinate Cu(I) complexes bearing phosphine 

and halogen ligands (2.54 – 2.56).92a 

Cu(I) complexes with nitrogen donor and iodide bridging ligands have also shown high performances 

in green emitting phosphorescent OLEDs (EQE = 15.7 %, CE = 51.6 cd/A at 100 cd/m2).93 There are 

several examples, however, of dinuclear Cu(I) complexes bearing halide bridges, nitrogen, and 

phosphorous donor ligands; 2.57 – 2.60 are examples featuring (diphenylphosphino)pyridine 

(PyrPHOS) ligands (Figure 1.50).25e, 25i, 94  

 

Figure 1.50: The chemical structures of luminescent dinuclear Cu(I) complexes bearing substituted 

phosphine ligands and iodide bridges (2.57 – 2.60).25e, 25i, 94b  

Iodide bridges are a common feature of these emissive complexes. In an extensive study, numerous 

iodide bridged complexes were shown to have very high PLQEs (up to 99 %); some of the structures 
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of these complexes, 2.61 – 2.65, are shown in Figure 1.51.94b The phosphorous and nitrogen donor 

ligands, with electron rich and electron poor heterocycles, generally increased or reduced the emission 

energies, respectively, producing blue to yellow emission.94b 

 

Figure 1.51: The chemical structures of luminescent dinuclear Cu(I) complexes bearing mixed N and P 

donor atoms, and bridging iodide ligands (2.61 – 2.65).94b 

These PyrPHOS derivatives have also been attached to a polymer chain to form emissive copper(I) 

metallopolymers, with PLQEs up to 46 %.94a They were also used to form dinuclear structures with 

capping halides (2.66 – 2.68, Figure 1.52);25h with 2.68 displaying a solid state PLQE of 92 %. Other 

heteroleptic Cu(I) complexes have demonstrated luminescence, including those derived from 

aminophosphane ligands (2.69 – 2.72, Figure 1.53),95 producing blue and green TADF emitters in 

OLEDs, and complexes containing P and S donor atoms (an example is 2.73, Figure 1.53).25c, 96   

 

Figure 1.52: The chemical structures of luminescent dinuclear Cu(I) complexes bearing substituted 

PyrPHOS ligands and capping halide ligands (2.66 – 2.68).25h 
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Figure 1.53: The chemical structures of luminescent dinuclear Cu(I) complexes bearing 

aminophosphane ligands (2.69 – 2.72), and a mononuclear complex (2.73) containing P and S donor 

atoms.25c, 95 

Some tripodal ligands also seem effective at producing emissive Cu(I) complexes (2.74 – 2.85, Figure 

1.54).25g, 97 Neutral Cu(I) complexes, coordinated by tripodal ligands (2.74 – 2.82) were found to display 

TADF, producing yellow to red emission,25g with PLQEs falling in accordance with the energy gap law, 

from 34 % to 4 %, respectively. Increasing the emission energy slightly improved the PLQEs of these 

tripodal complexes, as shown with the blue emitting, cationic complexes, derived from tris(2-

pyridyl)methane (tpym), PPh3, and suitable anions (PF6
-, BF4

-, or BPh4
-) as in 2.83 – 2.85.97  

The solid state emission wavelengths did not vary much between the complexes (λem = 452 – 466 nm), 

however the PLQEs were highly dependent on the anion (PLQE = 7 – 43 %). This was explained via 

variation of the molecular packing, which in turn effects the degree of distortion of the excited state.97 

It was proposed that these complexes exhibit TADF, based on the significant (~10 nm) blue shift in 

their emission spectra upon warming from 77 K to ambient temperature, combined with their low ΔEST 

(810 cm-1) values, calculated from TD-DFT.  

Figure 1.54: The chemical structures of some neutral (2.74 – 2.82) and cationic (2.83 – 2.85) tripodal 

Cu(I) complexes.25g, 97 
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Overall, the outlook for emissive Cu(I) complexes and their application to OLEDs is very promising, 

as shown by the numerous types of luminescent compounds that have been published and tested. For 

further analysis of how these new materials can replace phosphorescent dopant emitters, there are 

several relevant reviews.28b, 98 

 

1.4.2 Luminescent copper(I) NHC complexes 

Many second and third row transition metals have formed luminescent complexes with N-heterocyclic 

carbene (NHC) ligands, especially Ir(III), Pt(II), Pd(II), Au(I), and Ag(I), which have featured in a 

recent review article.99 Cu(I) NHCs are particularly promising alternatives, and this section focuses on 

these new emitters, their photophysical properties, and their potential applications in OLEDs. 

The utilisation of NHC ligands to develop luminescent metal complexes stems from the strong sigma 

bonds with transition metals, steric hindrance, and the ease at which these ligands can be altered both 

electronically and sterically.100 These ligands are well known substitutes for phosphine ligands, and are 

both strong σ-donors and π-acceptors, although weaker π-acceptors compared with other carbenes.100a, 

100c Hence Cu(I) NHC complexes are a target for luminescent materials, as there was a well-established 

literature for luminescent Cu(I) phosphine complexes (see section 1.4.1).  

Thompson and co-workers first demonstrated mononuclear Cu(I) NHCs with solid state PLQEs up to 

58 %.101 These phosphorescent, three-coordinate complexes utilised the sterically bulky NHC ligand, 

1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene (IPr), and either  phenanthroline or a deprotonated 

2-(2-pyridyl)benzimidazole ligand, to form cationic and neutral complexes (2.86 and 2.87, respectively, 

Figure 1.55). Complex 2.87 displayed more efficient emission (PLQE = 58 %) compared with 2.86 

(PLQE = 3 %), and intra-ligand charge transfer (ILCT) and MLCT states, respectively, were suggested 

based on DFT calculations. These compounds were both stable under aerobic conditions in the solid 

state,101 but decomposed after several hours in solution; which was also observed for other Cu(I) NHC 

complexes featuring sterically bulky NHC ligands.  
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Figure 1.55: Charged and neutral luminescent Cu(I) NHCs complexes coordinated by phenanthroline 

(2.86) and deprotonated 2-(2-pyridyl)benzimidazole (2.87) ligands, respectively.101  

Three-coordinate, neutral Cu(I) NHC complexes (where NHC = IPr), featuring pyridyl-azolate ligands, 

displayed yellow-orange phosphorescence (in both solution and the solid state) at room temperature 

and at 77 K (two examples, 2.88 and 2.89, are shown in Figure 1.56).102 Complexes 2.88 and 2.89 had 

PLQEs of 62 % and 48 %, respectively, in the solid state. The distorted trigonal-planar copper centres 

generally displayed an orthogonal ligand orientation, although this was affected by their environment 

(i.e. in solution and at different temperatures). This orientation is distinct to that of the previously 

highlighted three-coordinate Cu(I) NHC complexes (2.86 and 2.87),101 which showed a co-planar 

orientation. 

 

Figure 1.56: Chemical structures of two of the Cu(I) NHC complexes with pyridyl-azolate ligands 

(2.88 and 2.89) showing solid state PLQEs of 62 % and 48 %, respectively.102  

At this point, it remained a challenge to achieve significant colour tuning of the emission, due to the 

large energy gap between the π and π* orbitals on the NHC ligand (when NHC = IPr).103 However, 

building upon their previous work,104 Thompson and co-workers developed additional three-coordinate 

Cu(I) NHC complexes with sky blue (2.90), yellow (2.91),  and orange-red (2.92) emission in the solid 

state, by extending the conjugation on the NHC ligand (Figure 1.57).103 This strategy differed to other 

luminescent NHC complexes, in which the diimine or monoanionic, pyridyl-azolate ligands largely 
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contributed to the excited state energies (rather than the NHC ligand).99, 105 It was the first use of the 

anionic, di(2-pyridyl)dimethylborate (py2BMe2) ancillary ligand in luminescent copper(I) compounds, 

resulting in high PLQEs (16 – 80 %).103  

One major drawback of these complexes was their limited air stability, especially 2.91 and 2.92, which 

rapidly decomposed in air either in solution or in the solid state.103 This is likely due to reduced steric 

bulk around the Cu(I) centres in 2.91 and 2.92. 

Figure 1.57: Chemical structures of three [Cu(I)(NHC)(py2BMe2)] complexes (2.90 – 2.91).103 

In some cases, it was difficult to determine if Cu(I) NHC complexes were displaying TADF or 

phosphorescence at ambient temperature. However, analysis of the emission lifetimes upon cooling can 

help to distinguish whether the emission originates from a singlet state (TADF) or a triplet state 

(phosphorescence). In general, when TADF occurred, there was an increase in the emission lifetime by 

at least an order of magnitude upon cooling.25a, 90b, 95, 103 In addition, a subtle bathochromic shift was 

observed, excluding any shift due to narrowing of the emission peak.  

The emission was assigned as phosphorescence for all of the aforementioned Cu(I) NHC complexes. 

However, two Cu(I) complexes (2.90 and 2.91) were further investigated,106 and 2.90 was found to 

exhibit both TADF and phosphorescence at ambient temperature, whereas 2.91 only displayed 

phosphorescence.106 The emission was assigned from a detailed investigation of the emission lifetimes 

as a function of temperature (down to 1.3 K), along with TD-DFT calculations of the relative singlet 

and triplet energies. Differences in the torsion angles between the two ligands were proposed as being 

critical to determining the magnitude of the energy gap between the S1 and T1 states (i.e. ΔST); with low 

torsion angles resulting in lower values for ΔST and therefore increased TADF.106  

A series of cationic Cu(I)(NHC)(dipyridylamine) complexes, displayed strong blue phosphorescence 

in the solid state (PLQEs up to 88 %), one example (2.93) is shown in Figure 1.58.107 These complexes 

were highly stable in air and in solution, which was rationalised by stabilising CH-π interactions 

between protons on the dipyridylamine ligands and the phenyl rings on the NHCs, as supported by X-

ray crystallography and DFT calculations. 
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Figure 1.58: A cationic Cu(I)(NHC)(dipyridylamine) complex (2.93).107 

Other monomeric, cationic Cu(I) NHC complexes (2.94 – 2.95, Figure 1.59), featuring phosphine 

ligands (specifically pop ligands), were reported,25j and the emission was assigned as TADF. This was 

based on the bathochromic shift of the emission spectra upon cooling to 77 K, and the increase in 

emission lifetimes (by a factor of 2-3). These air stable complexes showed either green or yellow 

emission, with PLQEs of 56 % and 35 %, respectively, in the solid state at ambient temperature.25j   

Figure 1.59: Chemical structures of the cationic Cu(I) NHC complexes with pop ligands (2.94 and 

2.95).25j 

 

1.4.3 Dinuclear and polynuclear luminescent Copper(I) NHC complexes 

A luminescent, dinuclear Cu(I) NHC complex, utilising a bis(NHC) ligand with bridging methylene 

units (2.96, Figure 1.60), was published prior to the first reports of luminescent mononuclear Cu(I) 

NHC complexes.105 This dimer displayed bright blue-green phosphorescence (PLQE up to 43 %) in the 

solid state, which was assigned to a mixed excited state (both MC and MLCT states) on the basis of 

TD-DFT calculations. The researchers highlighted very weak, temperature dependent interactions 

between the two copper centres (X-ray crystallography showed Cu-Cu ~2.9 Å), which led to differences 



78 

 

in the solid state emission at 77 K (single emission peak, λem = 500 nm) and at ambient temperature 

(dual emission peaks, λem = 374 nm and 482 nm). In addition, a significant shift in the emission spectrum 

in solution (single emission peak, λem = 542 nm) was observed, where the Cu-Cu interactions were 

absent.105  

 

Figure 1.60: Chemical structure of a luminescent dinuclear Cu(I) NHC complex (2.96).105 

Other studies have also shown that multinuclear Cu(I) complexes featuring cuprophilic interactions, 

with short Cu-Cu separations (< 3 Å), show promising luminescent behaviour. For example, 

luminescent hetero-trinuclear Cu(I):Au(I) NHC complexes (shortest Cu-Cu ~2.5 Å) with bridging 

halide ligands were luminescent in the solid state (λem = 535 – 583 nm),108 and homo-trinuclear Cu(I) 

NHC cluster complexes (with short Cu-Cu distances ~2.5 Å), were also found to display bright blue 

luminescence in the solid state (λem = 429 – 440 nm).109 However, no PLQE data was reported.  

These cuprophilic interactions have also been implicated in the nature of the emission (i.e. TADF versus 

phosphorescence) observed from a series of air stable, dinuclear Cu(I) NHC-picolyl complexes (2.97 – 

3.00 in Figure 1.61),110 which displayed bright green luminescence at room temperature (PLQE = 31 – 

68 %). TADF was observed from complexes 2.97 and 2.98, whereas phosphorescence was observed 

from 3.00, however, 2.99 displayed both TADF and phosphorescence. These observations were 

rationalised by increased cuprophilic interactions (and thus increased SOC) for 3.00 and 2.99 compared 

with 2.97 and 2.98.110  

 

Figure 1.61: Chemical Structures of the dimeric Cu(I) NHC-picolyl complexes (2.97 – 3.00).110 
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Whilst cuprophilic interactions are considered important in some Cu(I) complexes that display 

TADF,90b, 94b they can also increase SOC, which also promotes phosphorescence and reduces 

phosphorescence lifetimes; therefore it remains difficult to assign TADF with absolute confidence. 

Figure 1.62 illustrates the energy levels and photophysical processes implicated for complexes 2.97 – 

3.00, when either medium or very high SOC is present.110 In summary, both the degree of SOC, which 

is correlated with cuprophilic interactions, and ΔST play a crucial part in whether phosphorescence or 

TADF dominates. Large SOC and a large ΔST favour fast phosphorescence, whereas lower (but still 

significant) SOC, combined with a small ΔST favour TADF. However, no values for SOC were given, 

and it was qualitatively described. 

 

Figure 1.62: The energy level diagrams and emission processes representing both TADF and 

phosphorescence for the dinuclear Cu(I) NHC-picolyl complexes (2.97 – 3.00). Image reproduced 

from publication.110 

The observation of either TADF or fast phosphorescence in these dimeric Cu(I) NHC-picolyl 

complexes110 help to show how multimetallic complexes can be used to affect photophysical properties 

and radiative pathways. In devices without host materials even discrete complexes may adopt solid state 

structures which are multimetallic. Therefore, deliberate control of intermetallic distances may be 

preferable.  

Dinuclear and polynuclear Cu(I) NHC complexes that display luminescent properties, and high air 

stability, have good potential for light emitting applications. The structurally related, Cu(I) cyclic 

alkyl(amino)carbene (CAAC) complexes, have already been demonstrated in ‘proof of principle’ 

OLEDs,111 and included in a recent patent filing.112 In addition, there are some patents that include Cu(I) 
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NHCs as potential emitters in OLEDs.113 However, further research is required to investigate the 

performances of Cu(I) NHCs as emitters in OLEDs. 
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1.5 Outlook 

OLED technology has advanced considerably over the last three decades, and it is now widely adopted 

in premium display products. The use of iridium(III) compounds as emitters has dominated mainstream 

use cases, producing OLEDs with high efficiencies and reliabilities. However, there are still a number 

of problems: these high performing complexes are rare in abundance and expensive; blue emitting 

devices are unstable due to their high triplet energies and result in poor device lifetimes; and the devices 

still require expensive, high vacuum processing for manufacturing. 

There has been extensive research into the use of alternative materials, different device architectures, 

and new fabrication techniques to resolve the aforementioned problems, and in the last four years there 

has been significant progress in the identification of new emitters, based primarily on conjugated 

organic compounds, or copper(I) complexes. These compounds, and other metal complexes, are 

targeted as emitters with properties such as; high PLQEs, good charge transport properties, solubility, 

and air and device stability. The application of TADF emitters in OLEDs has been a major 

advancement, proving that cheaper, earth abundant materials can achieve high efficiency devices. Many 

of these materials also show great potential for solution processing, which may reduce the cost of 

manufacturing OLEDs. 

Materials that exhibit AIE may also be advantageous for OLEDs, and lead to simplified device 

structures, by removing the need for host materials; although this is a concept that requires further 

research. The aforementioned advancements highlight the importance of researching novel materials, 

and their photophysical and optoelectronic properties. The modification of known emitters is also 

valuable, especially to design new molecules that exhibit TADF and/or AIE.  

Organic compounds and copper(I) complexes are ideal candidates to research as emitters for OLEDs, 

as they have precedence for both TADF and AIE. However, there are many other cheap, readily 

available materials, such as zinc(II) complexes, which are ideal targets for several reasons; they are 

isoelectronic with Cu(I) complexes (i.e. also d10 complexes) so do not involve d-d transitions; they show 

precedence for luminescence and electronic properties; they have shown TADF and AIE; they are often 

air stable and have good potential for solution processing; and are relatively cheap and readily available.  

There are now several competing lighting and display technologies. Whilst OLEDs remain expensive 

to produce in comparison, they still have major performance and efficiency advantages. Therefore, it is 

likely that research of low cost materials, new device architectures, and manufacturing processes, will 

continue for OLEDs. This will lead to much cheaper devices with improved efficiencies.  
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1.6 Aims and Objectives 

This thesis primarily investigates the use of dinuclear zinc(II) disalphen macrocycles, dinuclear zinc(II) 

bis-salphens, copper(I) bis-imines, copper(I) NHCs, and other dinuclear zinc(II) complexes (T1 – T4) 

for use as emitters within OLEDs (Figure 1.63). The aims include the following: 

 Explore the synthesis of a range of novel dinuclear zinc(II) complexes, their photophysical 

properties, and their suitability as emitters in OLEDs. 

 Determine whether a series of copper(I) bis-imines and copper(I) NHCs are good candidates as 

emitters in OLEDs. 

 Establish whether the presence of a second metal site in zinc(II) complexes improves the 

PLQEs and/or can be used as a strategy to tune the colour of their emission.  

 Trial compounds with PLQEs > 10 % in OLED devices. 

 Recommend suitable zinc(II) and copper(I) complexes for further development in OLEDs.  

Building upon previous work from my MRes thesis;14 the initial objective was to characterise the solid 

state emission of a series of dinuclear zinc(II) disalphen macrocycles, and synthesise a new zinc(II) 

complex with enhanced solubility, as solubility was previously an issue. These compounds were ideal 

to investigate for any second metal effects, as the zinc(II) ions are in close proximity, and connected 

with phenolate bridges, which has been proposed to allow electron communication between the sites.114 

The modular nature of the salphen moieties was also beneficial for investigating a range of substituents, 

which provides greater insight into efficiency enhancements and colour tuning. 

Another objective was to synthesise and characterise a series of dinuclear zinc(II) bis-salphens, with 

various substituents and linking groups between the salphen sites. The photophysics of these 

compounds could then be compared with mononuclear zinc(II) salphens, to determine any efficiency 

improvements, or degrees of colour tuning, resulting from the second zinc(II) ion. It was imperative 

that sufficient solubility was maintained to ensure the compounds could be fully characterised, and 

therefore, particular substituents were selected for this purpose, but also to ensure the precursor 

compounds could be readily synthesised. 

A series of copper(I) bis-imines and copper(I) NHCs were available for testing from the Diez-Gonzalez 

group.115 Some of these complexes adopt mononuclear structures, whereas a few adopt dinuclear 

structures, however, none had been tested for their solid state emission. Therefore, another objective 

was to investigate their solid state PL, and if applicable, their photophysical properties and OLED 

performances. A final objective was to synthesise and characterise a series of novel dinuclear zinc(II) 

complexes (T1 – T4, Figure 1.63), which were selected due to their mononuclear zinc(II) analogues 

showing precedence for efficient PL, and in some cases EL. Furthermore, these complexes could be 

readily compared with their mononuclear analogues, and easily modified to exhibit TADF.    



83 

 

Figure 1.63: Target compounds to be investigated in this thesis, including; zinc(II) disalphen 

macrocycles, zinc(II) bis-salphens, copper(I) bis-imines, copper(I) NHCs, and other dinuclear zinc(II) 

complexes (T1 – T4).  
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Chapter 2: Zinc salphen macrocycles 

2.1 Introduction 

2.1.1 Zinc salphen macrocycles 

The research presented in this chapter builds upon previous research that was conducted and published 

during my MRes project,14 and is also the subject of my recent publication.116 An introduction to metal 

salen and salphen macrocycles is found in the introduction chapter, 1.3.4 – 1.3.6, and highlights their 

synthesis, electronic, and photophysical properties. 

 

2.1.2 Aims and objectives 

The solid state emission spectra of six zinc [2+2] salphen macrocycle complexes, synthesised during 

my MRes project,14 were yet to be determined. In addition, the solubility of these complexes was poor, 

making solution processing for thin films difficult to achieve, and therefore a seventh complex was 

targeted. The research was therefore conducted with the following aims and objectives: 

 To investigate the solid state emission properties of six zinc [2+2] salphen macrocycle 

complexes and their suitability as emitters in OLEDs.  

 To synthesise a novel zinc [2+2] salphen macrocycle complex with enhanced solubility. 

 To investigate the solution and solid state photophysical properties of this new zinc [2+2] 

salphen macrocycle complex, and compare them to the previous six complexes. 

 To test potential candidates in OLED devices and recommend suitability for further 

development. 
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2.2 Results and Discussion 

2.2.1 Synthesis and characterisation of zinc disalphen macrocycle complexes and 

precursor compounds 

The novel, dinuclear zinc [2+2] salphen macrocycle complexes, with acetate or hexanoate co-ligands 

(2a – 2f, Figure 2.1), were synthesised via a zinc(II) ion template route utilising dilute conditions, and 

their synthesis, including the precursor compounds (di-formyl compounds and zinc (bis)hexanoate) 

have previously been described (MRes project).14 The synthetic procedure was developed using similar 

methods employed in the synthesis of dinuclear zinc [2+2] salen macrocycle complexes.70h In order to 

investigate the effects of substituents, the synthesis of the zinc macrocycles complexes, with methoxy 

and fluorine groups in the R1 position, were also attempted. However, the analytically pure compounds 

could not be obtained, as previously described  (MRes project).14 The novel macrocycle complex (2g, 

Figure 2.1), was prepared via a similar procedure and is detailed in the experimental section (6.3.1). 

Zinc complexes 2a – 2f were isolated and characterised by 1H NMR spectroscopy, mass spectrometry 

(MS), and elemental analysis (EA). Due to their low solubility in common organic solvents, the 13C 

spectra of the complexes could not be obtained. In order to improve the solubility of the complexes, 

and to further investigate substituent effects on the emissive properties, the zinc complex 2g was 

targeted, and eventually isolated, after synthesising the appropriate diamine precursor (precursor 1, 

Scheme 2.1) using several literature procedures.71k, 117 The complexes, their R1 and R2 substituents, 

synthetic scales, yields, and EA data are found in Table 2.1. 

  

Figure 2.1: Scheme showing the synthesis of zinc complexes 2a – 2h: i) Zinc acetate dihydrate or zinc 

(bis)hexanoate, methanol/ chloroform, reflux, 6-18 h.116 
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Table 2.1: Isolated zinc disalphen complexes, including synthetic scales, yields, and EA data. 

Entry Compound R1 R2 
Scale / 

mmol 

Yield / 

% 
EA / found (calc.) 

2a [Zn2La(OAc)2] t-Bu H 5 81a 
C 59.65, H 5.12, N 6.93 

(C 59.79, H 5.02, N 6.97) 

2b [Zn2Lb(OAc)2] t-Bu Me 5 70 
C 61.29, H 5.51, N 6.63 

(C 61.48, H 5.63, N 6.52) 

2c [Zn2Lc(OAc)2] NO2 H 5 67 
C, 48.99; H, 2.95; N, 10.68 

(C, 49.19; H, 2.84; N, 10.76) 

2d [Zn2La(OHex)2] t-Bu H 2 54 
C 62.82, H 6.27, N 6.25 

(C 62.96, H 6.16, N 6.12) 

2e [Zn2Lb(OHex)2] t-Bu Me 5 85 
C 64.13, H 6.53, N 5.90 

(C 64.50, H 6.84, N 5.68) 

2f [Zn2Lc(OHex)2] NO2 H 2 48 
C, 53.65; H, 4.23; N, 9.51 

(C, 53.77; H, 4.29; N, 9.41) 

2g [Zn2Ld(OAc)2] t-Bu 
OCH2C(

CH3)3 
0.5 23 

C, 62.79; H, 7.18; N, 4.85 

(C, 62.77; H, 7.02; N, 4.88) 

 

 

Scheme 2.1: Scheme showing the synthesis of precursor 1: i) DABCO, DCM, ambient temperature, 

15 hours (89 % yield);117a ii) catechol (0.5 equiv.), KOH, Aliquat 336, HMPA, 90°C, 6 days (76 % 

yield);117b iii) conc. HNO3, 70 °C, 18 hours (96 % yield);71k iv) Pd/C, NH2NH2.H2O, N2 atm., degassed 

EtOH, 70 °C, 12 hours;71k v) Raney Ni, 4 hours.71k 
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The synthesis of the complexes could be conducted in air, except for complex 2g, due to the instability 

of precursor 1.71k The reactions were run under dilute conditions with slow addition of the diamine 

reagents, to minimise oligomer formation and favour macrocycle formation. The crude products were 

isolated by filtration; complexes 2a, 2b, 2d, and 2e were crystallised from chloroform/diethyl ether, and 

complex 2g from chloroform/hexane, whereas complexes 2c and 2f were analytically pure (via EA) 

upon isolation. 

All complexes were either microcrystalline or amorphous powders, and single crystals, suitable for 

XRD studies, could not be obtained despite attempts in various solvent systems. 1H NMR and IR 

spectroscopy, combined with MS and EA data, provided clear evidence for the formation of the 

macrocycle complexes. However, complexes 2c and 2f had very poor solubilities in common organic 

solvents, and could not be dissolved to produce concentrations high enough for 1H NMR spectroscopy. 

This is likely due to very strong aggregation of these complexes. However, MS results clearly indicated 

the existence of the macrocycle structures. 

The 1H NMR spectra of complexes 2a, 2b, 2d, 2e and 2g were all recorded in CDCl3 solutions, 

displaying characteristic imine, aromatic, and tert-butyl proton signals at ~9, ~7-8, and ~1.4 ppm 

respectively, all with the expected integration values. In addition, the expected signals for acetate and 

hexanoate co-ligands were present, with integration values that are consistent with 2 carboxylate co-

ligands per salphen macrocycle. The acetate and hexanoate co-ligands are likely fluxional in solution, 

as only one environment is observed for their corresponding signals on the NMR timescale.  

As previously mentioned, the 13C NMR spectra could not be obtained for all the complexes due to low 

solubilities, except for 2g due to its improved solubility in chloroform. The carbon atoms of complex 

2g containing C-H bonds could be assigned via a HSQC NMR experiment (see experimental section 

7.3.1).  

 

2.2.2 Solution absorption spectra of zinc disalphen macrocycle complexes 

The solution absorption spectra of complexes 2a – 2g were recorded in acetonitrile solvent at 4.0 – 5.6 

x 10-5 M concentrations (Figure 2.2). The spectra of each complex, at a range of concentrations, and 

the calculations of the absorption coefficients (ε) can be found in the appendices. The absorption spectra 

display low energy absorption maxima at wavelengths between 380 – 480 nm, which have tentatively 

been assigned to MLCT transitions based on their ε values (Table 2.2). Higher energy absorption 

maxima were also observed at wavelengths between 280 – 308 nm, in addition to several weaker 

absorptions between these values.  
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Figure 2.2: The normalised solution absorption spectra of complexes 2a – 2g in acetonitrile solution at 

4.0 – 5.6 x 10-5 M. This table has been reproduced from publication.116 

The major trends that were observed from the solution absorption spectra include; a hypsochromic shift 

(~25 nm) in the spectra on progressing from tert-butyl groups to the electron withdrawing groups 

(EWGs), nitro groups, in the R1 position, accompanied by broadening of the spectra; and a slight 

bathochromic shift (~5 nm) in the spectra on progressing from proton and methyl groups in the R2 

position to electron-donating groups (EDGs), neopentoxy groups; and an increase in ε on progressing 

from acetate co-ligands to hexanoate co-ligands. However, no or minimal change to the optical 

bandgaps of the complexes were observed on changing from either acetate or hexanoate co-ligands. 

Table 2.2: The absorption maxima of complexes 2a – 2g in acetonitrile solvent and ε at specific 

wavelengths. This table has been reproduced from publication.116 

Complex 
Absorption maxima (λmax) 

/ nm 

Molar absorption co-efficient (ε) 

/ mol-1dm3cm-1 

2a 414-417, 295 8,400 (at 414 nm) 

2b 414-417, 300 13,500 (at 415 nm) 

2c 380-390, 280-300 3,050 (at 390 nm) 

2d 415-417, 294 26,400 (at 415 nm) 

2e 414-417 , 301-303 20,200 (at 415 nm) 

2f 378-390, 280-300 18,300 (at 390 nm) 

2g 418-420 , 307-308 33,300 (at 419 nm) 
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The presence of several absorption peaks between the lowest and highest energy absorption maxima 

for complexes 2a, 2b, 2d, 2e, and 2g, combined with the presence of light scattering at higher 

wavelengths (> 420 nm), led to the hypothesis that there was aggregation of the molecular species. This 

aggregation could give rise to both J- and H-aggregates, which would result in absorptions at energies 

lower and higher than the optical bandgap of the isolated molecular species, which were observed in 

the spectra of 2a, 2b, 2d, 2e, and 2g. These additional absorption peaks have been observed with other 

molecules that form H- and J-aggregates.118  

It is worth noting that it was more challenging to assign transitions to complexes 2c and 2f due to their 

broad and featureless spectra, however light scattering was still observed with these complexes. In 

addition, on standing of these complexes in acetonitrile solution, some sedimentation would occur, 

indicating the lower solubility of these complexes. For complexes 2d – 2e, that have hexanoate co-

ligands, only minimal light scattering was observed, indicating that the hexanoate co-ligands can reduce 

aggregation of the complexes.  

The presence of these additional absorption peaks, their energies and relative intensities, will depend 

on the relative populations of the isolated molecular species, J-, and H-aggregates. However, no 

correlation could be determined based on the R1 or R2 positions, or the type of co-ligands. However, 

the aggregation of the macrocyclic complexes will be effected by the shape of the molecules in solution, 

which will be influenced by these R positions, but also to a large extent by the difference in the chain 

lengths of the co-ligands.  

All of the complexes displayed two major peak maxima at wavelengths of 380 – 420 nm and 293 – 307 

nm for the lowest energy and higher energy absorption transitions, respectively. These major absorption 

peaks have been assigned to the isolated molecular species because their positions and presence do not 

change much upon dilution (see appendices). The weaker absorptions between these wavelengths and 

those at wavelengths > 420 nm are attributed to H- and J-aggregates, respectively, which has been 

shown to occur with other dye molecules.118-119 As expected, these absorptions decrease in relative 

intensities upon dilution in comparison to the absorptions from the isolated molecular species. 

 

2.2.3 Solution emission spectra of zinc disalphen macrocycle complexes 

The solution emission spectra of complexes 2a – 2g were obtained from acetonitrile solution by exciting 

near their absorption maxima at wavelengths of 390 – 425 nm (Figure 2.3). Complexes 2a, 2b, 2d, and 

2e all displayed weak, broad green emission (λmax = 550 – 560 nm), and hypsochromic shifts were 

observed for complexes 2c and 2f, which had sharp peaks at λmax = 530 nm, in addition to broad emission 

peaks ranging from 450 – 650 nm, however the emission was very weak.  
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In contrast, complex 2g displayed a bathochromic shift (~30 nm) in comparison with complex 2a, with 

emission maxima at 600 nm, and vibronic shoulder peaks at 560 nm, which mirrored the lowest energy 

absorption peaks. The spectra corresponded to weak, orange-red emission from acetonitrile solution. 

This larger bathochromic shift, compared with the shift in the absorption spectra, suggests that changing 

the R2 groups on the macrocycles has a larger effect on the excited state than on the ground state.  

 

Figure 2.3: Normalised emission spectra of 2a – 2g in acetonitrile solution at concentrations of 4.0 – 

5.6 x 10-5 M, λex = 390 – 425 nm. This figure has been reproduced from publication.116 

All of the lowest energy emission maxima in the spectra resulted in subtle hypsochromic shifts (5 – 20 

nm) when diluted from ~10-5 to ~10-6 M. These observations are consistent with the reduction in the 

relative population of J-aggregates to isolated molecular species upon dilution, as the J-aggregates 

would emit at longer wavelengths than the isolated molecular species.  

The solution emission and PLQE of complexes 2a, 2b, 2d, 2e, and 2g were obtained from chloroform 

solution, using the comparative method and fluorescein as an internal standard. This resulted in PLQEs 

of ≤ 1 % for these complexes, highlighting that they are only weakly emissive in solution. Only very 

low levels of emission were observed from 2c and 2f and therefore their PLQEs were not determined.  

 

2.2.4 Solution excitation spectra of zinc disalphen macrocycle complexes 

The solution excitation spectra of all the complexes were determined at higher and lower concentrations 

in acetonitrile solution (λem = 530 – 600 nm). These spectra were obtained for further evidence of the 

presence of various molecular and aggregated species.  
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An example of this effect is shown for complex 2.2g (Figure 2.4), where it can clearly be seen that the 

emission (λem = 600 nm) falls rapidly at wavelength > 425 nm in low concentration (1.3 x 10-5 M), 

whereas at higher concentration (4.0 x 10-5 M) the fall is more gradual and starts at a higher excitation 

wavelength (~ 440 nm). In addition, the species that are present in the solution are more readily excited 

at lower energies (> 450 nm) at higher concentrations.  

 

Figure 2.4: Excitation spectra of complex 2g at high (4.0 x 10-5 M) and low (1.3 x 10-5 M) 

concentrations in acetonitrile at λem = 600 nm. This figure has been reproduced from publication.116 

The results from these experiments clearly show major differences in the line shape of the excitation 

spectra at different concentrations, suggesting the presence of additional species besides the isolated 

molecular species in acetonitrile solution. At higher concentration, the peaks of the excitation spectra 

are red-shifted, and the spectra display greater emission at lower energy excitation wavelengths. This 

points to the presence of J-aggregates, which absorb more strongly at lower energies when compared 

with their corresponding isolated molecular species. H-aggregates may also exist, however they do not 

contribute to emission, and they absorb at higher energies than the isolated molecules.  

The reduction in emission intensities at lower energies, relative to the excitation spectra maxima, also 

correlates to the reduction in J-aggregates upon dilution, which is in agreement with the recorded 

absorption spectra at various concentrations.  

 

2.2.5 Solid state emission spectra of zinc disalphen macrocycle complexes 

In order to determine the solid state PL (Figure 2.5) and PLQEs (Table 2.3) of the zinc complexes 2a, 

2b, 2d, 2e, and 2g, the analytically pure powders were tested. Complexes 2c and 2f were essentially 
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non-emissive in the solid state. These complexes may self-quench via intermolecular interactions 

between specific sites on the molecules and nitro groups on adjacent molecules, as nitro containing 

molecules have been shown to quench the emission of other zinc salphen or salphen-like molecules.57c, 

58g Therefore, the solid state emission spectra of complexes 2c and 2f were not recorded.   

Complexes 2a, 2b, 2d, 2e, and 2g displayed bathochromic shifts (13 – 44 nm) in their solid state 

emission spectra, compared with their solution emission spectra, displaying bright yellow (λem = 569 – 

630 nm for complexes 2a, 2b, 2d, 2e) to orange-red emission (λem = 630 nm for complex 2g). The 

bathochromic shift was greater for the complexes with acetate co-ligands (33 – 44 nm), whereas it was 

significantly less for the complexes with hexanoate co-ligands (13 – 21 nm), suggesting that in the solid 

state the co-ligands do have an effect on the electronic energy levels.  

 

Figure 2.5: Emission spectra of complexes 2a, 2b, 2d, 2e, and 2g in the solid state (as powders), λex = 

440 nm. This figure has been reproduced from publication.116 

Table 2.3: Solution and solid state PL and PLQE data for complexes 2.2a – 2.2g. 

Complex Solution emission 

(λem) / nm 

PLQE 

(solution) / % 

Solid state emission 

(λem) / nm 

PLQE (solid 

state) / % 

2a 549 1.1 593 1.2 

2b 550 0.6 583 5.0 

2c 530 - - - 

2d 556 0.8 569 4.1 

2e 566 1.0 587 2.3 

2f 531 - - - 

2g 597 1.0 630 1.6 
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The complexes 2b, 2d, 2e, and 2g all displayed enhanced emission in the solid state compared with 

their solutions emission. This effect was greatest for complexes 2b and 2d, with their solid state PLQEs 

increasing by a factor of ~8 and ~5 respectively compared with their solution PLQEs. This suggested 

that these dinuclear zinc [2+2] salphen macrocycle complexes exhibit AIEE. 

 

2.2.6 Aggregation induced enhanced emission (AIEE) experiments of zinc disalphen 

macrocycle complexes 

For further proof that the zinc complexes display AIEE, the complexes were fully dissolved in 

chloroform to produce clear, yellow solutions. The emission spectra were subsequently recorded, and 

then re-recorded after sequential additions of n-hexane solvent (a non-solvent for these complexes). The 

complexes remain dissolved until a certain composition of the chloroform: n-hexane solvent, however 

the mixtures become increasingly turbid and at a certain point the complexes are clearly aggregated. 

The aggregation is visible by eye between 25 – 50 % chloroform for complexes 2a, 2b, 2d, and 2e, 

whereas a larger quantity of n-hexane was required to induce visible aggregation for 2g, due to its 

greater solubility in chloroform. 

As the proportion of n-hexane is increased and aggregation is induced, the PL emission intensity 

increases, as shown in Figure 2.6 (for complex 2b), Figure 2.7 (for complex 2d) and appendices (for 

complexes 2a, 2e, and 2g). For complex 2b there is a 19-fold increase in peak emission intensity when 

comparing the spectra of the 100 % chloroform solution and the 25 % chloroform mixture. For complex 

2d there is a 75-fold increase in emission intensity. 

 

Figure 2.6: Emission spectra (λex = 415 nm) of complex 2b at different chloroform (25 – 100 %): n-

hexane compositions. This figure has been reproduced from publication.116 
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Figure 2.7: Emission spectra (λex = 415 nm) of complex 2d at different chloroform (25 – 100 %): 

hexane compositions. This figure has been reproduced from publication.116 

Based on these experiments, the zinc complexes 2a, 2b, 2d, 2e, and 2g all display AIEE, with weak 

emission in solution, and significantly enhanced emission in their aggregated state.  

Attempts were also made to measure the PLQEs of the complexes at various compositions of 

chloroform: n-hexane, using an integrating sphere. However, the experiments were difficult to conduct, 

due to the nature of the suspended aggregates at certain solvent mixtures, and the tendency for them to 

sediment, especially for the complexes with acetate co-ligands. In fact, for complexes 2a, 2b, and 2g, 

upon visible aggregation the particles would sediment within approximately 1 minute in the cuvette, 

therefore a representative sample of the mixture for the measurements could not be obtained.  

However, for complexes 2d and 2e the particles remained suspended for much longer periods of time 

(i.e. enough time to place the cuvettes into the integrating sphere and run the appropriate measurements 

– the direct and indirect beam measurements), likely due to interactions between the n-hexane solvent 

and the alkyl chains of the hexanoate co-ligands. Figure 2.8 and Figure 2.9 shows the results obtained 

for complexes 2d and 2e, respectively, clearly highlighting the increase in PLQE upon increasing 

composition of n-hexane and aggregation. The values in the pure chloroform solvent were 0.2 % and 

1.6 % for complexes 2d and 2e, respectively, and increased to 5.5 % and 4.8 % in 20 % chloroform: n-

hexane solvent. 
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Figure 2.8: PLQE values of complex 2d measured in an integrating sphere using the absolute 

method120 at various compositions of chloroform : n-hexane,  (λex = 415 nm). This figure has been 

reproduced from publication.116 

 

Figure 2.9: PLQE values of complex 2e measured in an integrating sphere using the absolute 

method120 at various compositions of chloroform : n-hexane,  (λex = 415 nm). This figure has been 

reproduced from publication.116 

The experiments that were conducted provided clear evidence that complexes 2a, 2b, 2d, 2e, and 2g in 

fact do exhibit AIEE, and they are in fact the first AIEE-active zinc salphen macrocycles reported.  
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2.2.7 Thermogravimetric analysis (TGA) of zinc disalphen macrocycle complexes 

TGA experiments were conducted in order to determine the decomposition temperatures of the zinc 

complexes in air, which is useful for future processing of these materials and for applications. All of 

the complexes were thermally stable, all showing decomposition temperatures (Td (5 % mass loss)) 

between 254 – 365 °C. The TGA data can be found in the appendices, and a summary of the Td (5 % 

mass loss) are provided in Table 2.4. 

Table 2.4: The decomposition temperatures (Td (5 % mass loss)) for complexes 2a – 2g. 

Complex Td (5 % mass loss) / °C 

2a 365 

2b 350 

2c 254 

2d 363 

2e 323 

2f 284 

2g 284 

 

The substituents in the R1 position did affect the decomposition temperature, with the nitro groups 

having the largest reduction in Td, especially when acetate co-ligands were employed, as Td (5 % mass 

loss) was 111 °C lower for 2c compared with 2a. A slightly lower difference of 79 °C was observed 

with the hexanoate co-ligands, when comparing 2d with 2f. The substituents in the R2 position with 

more EDGs (2b, 2e, and 2g) also decreased the decomposition temperatures by 15 – 84 °C. 

When comparing complexes with the same ligand structure but different co-ligands (2a vs. 2d, and 2b 

vs. 2e), the hexanoate co-ligands slightly lowered the decomposition temperature by 2 and 27 °C for 

complexes 2d and 2e, respectively. However, when comparing 2c and 2f, the hexanoate co-ligands 

increased the decomposition temperature by 30 °C for complex 2f.  
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2.3 Conclusions and Outlook 

2.3.1 Conclusions 

The novel dinuclear zinc [2+2] salphen macrocycle complexes, with carboxylate co-ligands, were 

shown to be weakly emissive in solution, although colour tuning could be achieved by varying their R1 

and R2 compositions; with EWGs in the R1 position producing a hypsochromic shift and EDGs in the 

R2 position producing a bathochromic shift. These effects are the first demonstration of significant 

emission colour tuning (~100 nm) with dinuclear zinc [2+2] salphen macrocycle complexes, producing 

green to orange-red emission. Previously, only green emitters have been demonstrated with dinuclear 

zinc [2+2] salphen macrocycle complexes.71m, 72 All of the complexes, apart from the nitro analogues 

(2c and 2f), displayed enhanced emission in the solid state and when aggregated, proving AIEE with 

these molecules. However, the effects of the R1 and R2 positions, and the carboxylate co-ligands, on the 

solid state emission are less obvious, although the EDGs in the R2 position (such as in 2g) clearly 

produces a bathochromic shift. Previous research has shown that similar structures, with chloride or 

nitrate co-ligands,71m also display emission in the solid state, but there was no evidence provided to 

support AIEE.  

The carboxylate co-ligands, which were initially selected to improve the solubility of the complexes in 

organic solvents, are likely responsible for the low solution PLQE values, as they are much lower (~ 1 

%) than a previous report on a dinuclear zinc [2+2] salphen macrocycle complexes, with chloride co-

ligands/counter-ions (14 %).72 This may be due to the fluxional behaviour of the carboxylate co-ligands 

in solution, as indicated via 1H NMR spectra, which would reduce the rigidity of the molecules and thus 

provide non-radiative pathways for the excited states. Conversely, the enhancement of the solid state 

emission (PLQEs up to 5 %) is likely due to restricted intramolecular motion (RIM) via a reduction in 

fluxional behaviour of the carboxylate co-ligands. The increased rigidity of the molecules in the solid 

state may be due to increased bridging of the carboxylate’s oxygen donor atoms (via Zn-O interactions), 

via either intermolecular (two different zinc centres on adjacent molecules), and/or intramolecular 

interactions (two zinc centres on the same molecule). However, the exact cause of AIEE in complexes 

2a, 2b, 2d, 2e, and 2g remains speculative, as it was not possible to determine molecular structures from 

single crystals via XRD due to the amorphous or microcrystalline nature of the complexes.  

The low solubilities of the complexes meant that solution processing with non-polar organic solvents 

was not possible, although some of the complexes can be solution processed from chloroform. 

However, the high thermal stabilities of the complexes in air, as shown via TGA, means they may be 

readily processable via vacuum sublimation, but also will be stable in applications or processes that 

subject them to higher temperatures (100 – 250 °C). Despite their emissive properties and thermal 

stabilities, the PLQEs of the complexes were too low to warrant their testing in OLED devices. 
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However, the discovery of their AIEE properties was a crucial observation that should result in the 

testing of these complexes for other light emitting applications, where PLQE values are less important, 

for example in sensing. 

  

2.3.2 Outlook 

The modular nature of the dinuclear zinc [2+2] salphen macrocycle complexes, and the ease at which 

they can be prepared in high purity at low cost, warrants further investigation of novel analogues; 

Figure 2.10 highlights potential areas for variation of the chemical structures (R1 – R5 and X, with 

different groups at Y). Initially, the type (Y = alkyl and aryl) and length of the carboxylate chains (with 

Y = alkyl) on the co-ligands should be investigated, as this synthetic strategy should be relatively 

straightforward, although the zinc precursors (Zn(O2CY)2) would need be prepared. Changing the 

carboxylate co-ligands will likely not affect the colour of the emission from the complexes in solution, 

however, they should alter the solid state emission, and may lead to increased PLQEs. Furthermore, 

longer alkyl chains (e.g. 12 carbons or greater) should improve the solubility of the complexes in 

organic solvents, and may also result in further stabilisation of the aggregates in solution. It may even 

be possible to control the formation of nanostructures by significantly increasing the length of the alkyl 

chains on the carboxylate co-ligands, this could lead to novel supramolecular structures. 

The next strategy to investigate further analogues would be to research alternative EWGs in the R1 

position, perhaps utilising cyano, ester, or amide groups, all of which should blue shift the emission 

spectra. Ester groups with long alkyl chains (Figure 2.11, left) would be the best targets, in order to 

improve the solubility of the complexes. However, these changes would likely only blue-shift the 

emission slightly (similar to complexes 2c and 2e) and therefore this approach would unlikely result in 

deep blue emitters. However, introducing EDGs, such as methoxy or other ether groups with longer 

alkyl chains for improved solubility, should red shift the emission spectra. This would be a sensible 

strategy to target deep red or NIR emitters, if combined with neopentoxy groups in the R2 position 

(Figure 2.11, right). 
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Figure 2.10: Generic structures of dinuclear zinc [2+2] salphen macrocycle complexes that can be 

investigated in the future. 

 

Figure 2.11: Specific structures of dinuclear zinc [2+2] salphen macrocycle complexes that can be 

investigated in the future. 

Synthesising diformyl precursors with substituents in the R3 position (Figure 2.10) may be difficult to 

achieve, as shown by the lack of examples in the public domain, and would require much longer 

synthetic pathways, except for diformyl precursors where R3 = OH and R1 = H or CH3, of which there 

are examples.121 However, due to the presence of multiple OH groups in these precursors, the formation 

of the macrocycles may be problematic. Changing the protons in the R5 position to methyl or phenyl 

groups, as previously demonstrated in other metal salphen macrocycle complexes,122 would be a simpler 

strategy to further test analogues of these complexes. In addition, the effects of these groups on the 

photophysical properties have not previously been tested with zinc salphen macrocycles. 

It would also be useful to investigate alternative diamine precursors, with alternative groups in the R2 

and R4 positions, as the largest change to the optical gap in the complexes was produced via the 

introduction of the neopentoxy group in the R2 position. An initial target could be complexes derived 

from the diamine compound, 1,2-diamino-3,4,5,6-tetrafluorobenzene, such as in Figure 2.12. This 

diamine precursor has been used to make other metal salphen complexes, although its synthesis requires 

multiple steps and is low yielding.71a 
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Figure 2.12: Specific structures of dinuclear zinc [2+2] salphen macrocycle complexes that can be 

investigated in the future. 

The aforementioned changes to the macrocycle structures could lead to deep red or NIR solid state 

emitters. These are important for bio-imaging processes, as they are more likely to penetrate biological 

tissue and less likely to damage biological cells.123 However, aqueous solubility would still be required, 

which could be achieved by introducing long polyol or sugar based groups to either the salicylaldehyde, 

the diamine, or carboxylate precursors prior to macrocycle formation.  

All of the complexes highlighted in this chapter should be investigated for various sensing applications, 

as there remains possible sites where coordinating molecules could interact with one of the zinc centres, 

either in solution or in the solid state. This could result in the quenching or enhancement of the emission, 

in addition to spectral shifts in their absorption and emission energies, which may allow for 

discrimination between various chemical and biological species.  

If these types of macrocycles are to be further investigated as emitters for OLEDs, then it would be 

crucial to conduct a significant computational study on their singlet and triplet energies across a wide 

range of ligand structures. This would allow for the determination of possible synthetic targets with low 

values for ΔEST, which will likely be achieved by spatially separating the HOMOs and LUMOs in the 

molecules (i.e. by creating donor-acceptor type structures). This could lead to the molecules exhibiting 

TADF, which may then allow for significantly improved EL efficiencies with zinc salphens. 

Furthermore, if these materials also exhibit AIEE, then there will additional processing and stability 

advantages compared with other OLED emitters.  
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Chapter 3: Zinc bis-salphen complexes 

3.1 Introduction 

3.1.1 Zinc bis-salphen complexes 

The research presented in this chapter builds upon knowledge gained from Chapter 2, and other work 

conducted on zinc bis-salphen complexes, which was highlighted in the introduction chapter, 1.3.9 – 

1.3.10. 

 

3.1.2 Aims and objectives 

There was limited data on the PL of dinuclear zinc(II) bis-salphen complexes, and their suitability as 

emitters in OLEDs, the research was therefore conducted with the following aims and objectives: 

 To investigate the photophysical properties (in solution and the solid state) of dinuclear zinc(II) 

bis-salphen complexes with phenyl and biphenyl linker groups between each salphen site.  

 To determine the PLQEs and solubilities of these complexes, and the degree of emission colour 

tuning that can be achieved by changing the spacer group and substituents. 

 To test potential candidates in OLED devices and recommend suitability for further 

development. 
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3.2 Results and Discussions 

3.2.1 Synthesis and characterisation of bis-salphen ligands (phenyl- and biphenyl-linked) 

In order to investigate the photophysical properties of zinc bis-salphen complexes and the effects of 

different substituents on the PLQEs, the phenyl-linked bis-salphen ligands were first targeted (H4La-h, 

Scheme 3.1). The results of the ligand syntheses are summarised in Table 3.1. 

 

Scheme 3.1: Generic reaction scheme for ligands H4La-h; i) Triethylorthaformate, 

diisopropylethylamine, ethanol, 70 °C or reflux, argon atmosphere, 18 – 72 hours. A modified 

literature procedure was followed for H4La.57i  

Table 3.1: Summary of the yields and comments on the synthesis of ligands H4La-h. 

Ligand R1 R2 R3 
Crude Yield 

(Yield) / % 
Comments 

H4La t-Bu H t-Bu 82 (72) 
Isolated pure, after 

recrystallisation 

H4Lb t-Bu H OMe 35 (35) Isolated pure 

H4Lc OMe H H - Mixture of products 

H4Ld F H F - Mixture of products 

H4Le Me H F - Mixture of products 
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Ligand R1 R2 R3 
Crude Yield 

(Yield) / % 
Comments 

H4Lf t-Bu H Cl 59 (35) 
Isolated pure, after 

recrystallisation 

H4Lg t-Bu H F 58 (20) 
Isolated at low purity, after 

recrystallisation 

H4Lh H NEt2 H 12 (12) Isolated pure 

 

The known ligand H4La was prepared using a modified literature procedure.57i Whilst no 

recrystallisation or further purification of the ligand was mentioned in the literature preparation, the 

purity of the crude product was not satisfactory for further reactions. Solubility tests were conducted to 

determine a suitable recrystallisation solvent, and the ligand was eventually isolated in high purity by 

recrystallisation from chloroform/n-hexane, and then THF, resulting in an orange microcrystalline 

powder. 

The syntheses and isolation of the novel ligands (H4Lb-e) were also attempted (Scheme 3.1). The 

salicylaldehyde precursors were commercially available, except for 3-tert-butyl-2-hydroxy-5-

methoxybenzaldehyde, 2-tert-butyl-4-chloro-salicylaldehyde, and 2-tert-butyl-4-fluoro-

salicylaldehyde, which were prepared via literature procedures,124 and used to synthesise H4Lb, H4Lf, 

and H4Lg,  respectively. Longer reaction times (2 – 3 days) and reflux conditions were required to 

improve the isolated yields of some of these ligands.  

The novel ligand, H4Lb was isolated from the reaction mixture in moderate yield (35 %), and did not 

require further purification after isolation. The 1H NMR spectrum (Figure 3.1) clearly showed the 

expected signals and integration values that are consistent with the sought structure, and MS and EA 

data also supported the isolation of the pure ligand (see experimental section).  
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Figure 3.1: 1H NMR spectrum of ligand H4Lb in CDCl3. 

However, the isolation of ligands H4Lc-e were unsuccessful, as multiple products where precipitating 

from the reaction mixture, as indicated by 1H NMR spectroscopy. These are likely a mixture of 

compounds, including the diimine and triimine intermediates. Solubility tests of H4Lc-d were conducted 

to identify suitable recrystallisation solvents, however they had poor solubilities in almost all solvents 

attempted. DMSO and DMF were identified as potential recrystallisation solvents for H4Lc, and acetone 

and acetonitrile were possible recrystallisation solvents for H4Ld. Attempts to purify ligand H4Lc in 

DMF, however, resulted in an amorphous powder precipitating after several weeks. Whilst EA and MS 

data suggested the isolation of ligand H4Lc, the 1H spectrum showed that the ligand was still 

contaminated with DMF, which was difficult to remove even with prolonged drying under vacuum, and 

the spectra was convoluted, possibly due to a combination of different aggregated states of the molecule. 

Attempts to recrystallise H4Ld from acetone and acetonitrile were also unsuccessful.  

The initial results suggested that the presence of tert-butyl groups in the R1 positions assisted in the 

isolation of ligands H4La-b, by maintaining the solubility of the diimine and triimine intermediates under 

the reaction conditions. Whereas the intermediates in the syntheses of ligands H4Lc-e had insufficient 

solubility, and therefore precipitated along with the sought products. Hence, the tert-butyl groups were 

considered important in maintaining solubility of the ligands, and thus H4Lc-e were no longer targeted.  

Subsequently, the synthesis of two additional ligands, H4Lf-g, which contained tert-butyl groups in the 

R1 positions, was attempted in order to investigate the effect of different substituents in the R3 position. 
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The novel ligand H4L
f was eventually isolated via recrystallisation from THF/hexane, and its purity 

confirmed via 1H NMR spectroscopy, MS, and EA (see experimental section). However, the isolation 

of a pure sample of ligand H4Lg was not achieved. Although the compound appeared pure via 1H NMR 

spectroscopy, it did not pass EA, despite multiple recrystallisation attempts.  

Next, the novel ligand, H4Lh, was targeted in order to test the influence of the R2 position. 

Salicylaldehydes with substitution in this position are rare, and typically require longer synthetic 

pathways, however 3-diethylamino-salicylaldehyde was commercially available and was successfully 

used in the synthesis of H4Lh, which was readily isolated in high purity, albeit in low yield (12 %). This 

compound was also targeted as the sp3 nitrogen atom could improve hole transport, which is generally 

lower than electron transport in zinc salphens.  

The known salphen ligand, H2Li, and biphenyl-linked disalphen ligand, H4Lj (Figure 3.2), were also 

prepared via literature preparations,59a in order to compare their properties with the phenyl-linked 

disalphen ligands, and to prepare the corresponding zinc complexes 3i and 3j.  

 

Figure 3.2: Chemical structures of ligands H4Li and H2Lj. 

The five phenyl-linked disalphen ligands, H4La-b and H4Lf-h, biphenyl-linked disalphen ligand, H4Li, 

and salphen ligand, H2Lj, were characterised by 1H NMR spectroscopy, MS, and EA (see experimental 

sections 7.3.1). The novel compounds were also characterised by 13C NMR spectroscopy.  For all of 

these compounds, the absorption and emission spectra were obtained in solution (see 3.2.6) and their 

solid state emission spectra recorded (see 3.2.10). These ligands were also used in the synthesis of the 

corresponding zinc complexes (3a – 3b, and 3f – 3j).  
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3.2.2 Attempted synthesis of phenazine linked bis-salphen ligand 

The phenazine-linked ligand (H4Lm, Scheme 3.2) was also targeted in order to extend the conjugation 

of the molecule and investigate an alternative spacer group. This ligand was targeted after the isolation 

and characterisation of a series of zinc bis-salphen complexes (see 3.2.3 and 3.2.7), as the spacer group 

was found to have a greater influence on the emission wavelengths, compared with the substituents on 

the phenoxide moieties.  

Scheme 3.2: Reaction scheme for the attempted syntheses of ligand H4Lm; i) See Table 3.2 for 

synthetic attempts (except Experiment F).  

The precursor compound, 2,3,6,7-tetraaminophenazine hydrochloride, was successfully isolated using 

a slightly modified literature procedure (Scheme 3.3),125 after initial attempts resulted in contamination 

of the precursor with substantial quantities of acetic acid. The precursor was eventually isolated when 

lower levels of sodium acetate were used, and the isolated solid was washed with water.  

 

Scheme 3.3: Reaction scheme for the synthesis of 2,3,6,7-tetraaminophenazine hydrochloride, that has 

previously been reported;125 i) sodium acetate, distilled water, air, reflux, 5 hours.  

The attempted syntheses (Experiments A – G) of ligand H4Lm are summarised in Table 3.2. Isolation 

of ligand H4Lm from these experiments was problematic, and in all cases the isolated solid (which 

precipitated from the reaction mixture and was isolated by filtration) contained a mixture of the sought 

product, along with the diimine and triimine intermediates. Attempts to purify the sought product and 

remove the intermediates via washing or recrystallisation were unsuccessful.  
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Table 3.2: Summary of the attempted syntheses of ligand H4L
m 

Experiment 
Scale / 

mmol 
Conditions Comments 

A 0.58 

4.2 equiv. of 3,5-di-tert-

butylsalicylaldehyde, TEOF, 

DIPEA, ethanol, reflux, 76 

hours 

The crude product contained a 

mixture of compounds. 

B 0.50 

4.2 equiv. of 3,5-di-tert-

butylsalicylaldehyde, TEOF, 

DIPEA, ethanol, reflux, 24 

hours 

The crude product contained a 

mixture of compounds. 

Attempts to isolate H4Lm via flash 

chromatography led to the 

isolation of only 3 mg of impure 

H4Lm 

C 0.50 

10 equiv. of 3,5-di-tert-

butylsalicylaldehyde, TEOF, 

DIPEA, ethanol, reflux 5 days 

The crude product contained a 

mixture of compounds. 

Attempts to isolate H4Lm via a 

silica plug led to the isolation of 

only 7 mg of impure H4Lm 

D 
0.005 

(NMR) 

4.2 equiv. of 3,5-di-tert-

butylsalicylaldehyde, d-

DMSO, 80 °C, for 24 hours 

Mixture of products 

E 
0.005 

(NMR) 

4.2 equiv. of 3,5-di-tert-

butylsalicylaldehyde, DIPEA, 

CDCl3, 36 hours 

Mixture of products 

F 
0.10 

(approx.) 

Using one of the mixed 

fractions from the attempted 

purification of the solid in 

experiment C 

4.2 equiv. of 3,5-di-tert-

butylsalicylaldehyde, 

chloroform, reflux, for 24 

hours 

Then added 4 Å molecular 

sieves, and heated to reflux, 

48 hours 

Greater proportion of sought 

product present in reaction 

mixture, and then no change in 

NMR upon addition of molecular 

sieves (however, possibly due to 

low solubility of H4Lm in CDCl3 

Isolated 133 mg of solid, which 

appeared to be predominantly 

H4Lm via 1H NMR, however the 

solid was mostly MS (as suggested 

by the EA data on this solid) – 

attempts to isolate H4Lm from the 

solid resulted in decomposition 
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Experiment 
Scale / 

mmol 
Conditions Comments 

G 0.50 

10 equiv. of 3,5-di-tert-

butylsalicylaldehyde, ethanol, 

reflux, 24 hours 

Isolated 260 mg of a dark brown 

powder (sought product and 3,5-

di-tert-butylsalicylaldehyde only). 

Recrystallisation attempts were 

unsuccessful. 

 

The 1H NMR spectrum (Figure 3.3) of the isolated solid from Experiment A shows the level of 

contamination, as the aromatic region was convoluted with broad signals, and the phenolic proton 

region (between 12.7 and 14.1 ppm, inset in Figure 3.3) contained multiple signals. MS also highlighted 

the presence of multiple species; the ES-MS spectrum was fragmented with no molecular ion peak and 

therefore was uninformative, however the MALDI-ToF spectrum (Figure 3.4), showed trace quantities 

of the [M+H]+, the triimine, and other fragments.  

 

Figure 3.3: 1H NMR spectrum in d-DMSO of the solid isolated from Experiment A (inset is the 

phenolic region for these compounds). 
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Figure 3.4: The MALDI-ToF spectrum of the isolated solid from Experiment A, and the associated 

species for specific peaks. 

In experiment B, the same conditions were repeated, except the reaction time was reduced to 24 hours, 

to minimise the production of impurities, as there was no change in the proportion of the product after 

24 hours in experiment A. The MALDI-ToF spectrum showed a partially reduced version of the sought 

product, and the triimine and diimine intermediates (Figure 3.5).  
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Figure 3.5: The MALDI-ToF spectrum of the isolated solid from Experiment B, and the associated 

species for specific peaks. 

Flash chromatography was utilised in an attempt to obtain H4Lm from the isolated solid of Experiment 

B, as H4Lm should elute before the amine containing intermediates (due to the strong interaction of 

amines with silica). However, H4Lm appeared to degrade on the column, as large quantities of 3,5-di-

tert-butylsalicylaldehyde were co-eluting. In fact, only 3 mg of H4Lm was isolated via this process, 

which was not enough material to obtain full characterisation data. 

The experiment was repeated with 10 equiv. of 3,5-di-tert-butylsalicylaldehyde, to help shift the 

equilibrium in favour of the sought product, and a reaction time of 5 days was trialled (Experiment C). 

This approach did improve the conversion slightly, but the isolated solid still contained a mixture of 

products. To avoid decomposition of H4Lm, a silica plug, instead of a silica column, was attempted to 

purify the compound, however only a minimal quantity (7 mg) was isolated; the 1H NMR of several 

fractions and 3,5-di-tert-butylsalicylaldehyde (s/m) are shown in Figure 3.6. A weak 1H NMR spectrum 

(due to poor solubility) and MALDI-ToF MS (Figure 3.7) were obtained for H4Lm. However, there 

was not enough material for EA, and the rest of the sample was used in a test reaction to investigate 

formation of the zinc complex (see 3.2.4). 
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Figure 3.6: Part of the 1H NMR spectra (from 7.0 – 13.5 ppm) of 3,5-di-tert-butylsalicylaldehyde 

(s/m), and four different fractions, collected from the purification attempt (via a silica plug), of the 

isolated solid from Experiment C. 

 

Figure 3.7: The MALDI-ToF spectrum of H4Lm isolated from Experiment C, and the associated 

species for specific peaks. 
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NMR scale reactions were set-up to measure the conversion to the product in d-DMSO (Experiment 

D), and in CDCl3 (Experiment E). In Experiment D, the signals in the 1H NMR spectrum indicated the 

presence of mostly unreacted 3,5-di-tert-butylsalicylaldehyde, and although there were some new 

signals, it was difficult to assign them to specific structures. In Experiment E, the signals in the 1H NMR 

spectrum also indicated the presence of mostly unreacted 3,5-di-tert-butylsalicylaldehyde, and no 

conversion to H4Lm was observed. 

The major reason for the mixture of products is likely due to a combination of solubility and the 

reversible reaction between water and an imine group to reform the aldehyde and amine. Hence, in 

Experiment F, a dried, mixed fraction containing the sought product, triimine and diimine intermediates 

(from the purification attempt in Experiment C), was used as a starting material, and reacted with 3,5-

di-tert-butylsalicylaldehyde. Initially, the signal for the phenolic proton of H4Lm did increase relative 

to the triimine intermediate, however signals for the diimine intermediate were also increasing. 

Activated 4 Å molecular sieves were then added to further shift the equilibrium in favour of H4Lm, by 

removing water from the reaction. No further conversion to H4Lm was observed, however there was 

precipitate building in the reaction mixture, which was filtered and further analysed.  

The 1H NMR spectrum of the isolated solid from Experiment F (part of which is shown in Figure 3.8) 

was consistent with H4Lm, although upon further analysis via EA, the solid was clearly contaminated 

with inorganic material from the molecular sieves. Attempts to wash these contaminants from the solid 

containing H4Lm using DCM resulted in degradation of the product. Nevertheless, it showed that the 

removal of water was helping to drive conversion. 

 

Figure 3.8: Part of the 1H NMR spectra (from 12.45 – 13.60 ppm) of the dried filtrate, isolated 

product, and initial s/m (the mixed fraction from Experiment C) from Experiment F. 
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The absence of base in experiment F led to a different set of conditions being employed for experiment 

G, using ethanol as the solvent and no base. This surprisingly led to a better result, and the 1H NMR of 

the isolated solid of this reaction contained only the sought product and excess 3,5-di-tert-

butylsalicylaldehyde. The solubility of the isolated solid was tested at ambient and reflux temperatures 

of the solvent, in order to identify a suitable recrystallisation solvent. Yet, in all the solvents attempted 

the solid was at best partially soluble when heated. Ethanol and DMF were identified as potential 

solvents for purification, and the isolated solid was heated in these solvents, filtered hot, and the filtrate 

left for recrystallisation. However, these purification attempts were also unsuccessful.  

 

3.2.3 Synthesis and characterisation of zinc bis-salphen complexes 

In total eight zinc bis-salphen complexes (3a – 3b, 3f – 3h, and 3j – 3l) and the zinc salphen complex 

(3i) were synthesised and characterised. The complexes were prepared from the corresponding ligands, 

apart from two of the complexes (3k – 3l), and a variety of synthetic approaches were utilised, including 

aerobic and anaerobic conditions. In most cases, zinc (bis)acetate or zinc (bis)acetate dihydrate were 

used in their preparations, however three of the complexes (3b, 3f, and 3h) were prepared using 

diphenyl zinc.  

First, the synthesis of the zinc complex 3a was attempted (see Scheme 3.4 and Table 3.3). Aerobic 

conditions were initially trialled, including a similar procedure adopted for an analogues copper 

complex57i (Table 3.3, Reaction 1), and a known literature procedure for the zinc complex59c (Table 

3.3, Reaction 2). However, in both these attempts the complexes were not of high enough purity for 

photophysical experiments. The synthesis under inert atmospheric conditions was also attempted with 

diethyl zinc (Table 3.3, Reaction 3), however the isolation of the pure complex was unsuccessful.  

When anaerobic conditions and zinc (bis)acetate were utilised for the reaction (Table 3.3, Reaction 4), 

complex 3a was eventually isolated in high purity. In fact, the complex crystallised from the reaction 

mixture after concentrating the solution under reduced pressure. The complex was characterised via 1H 

and 13C NMR spectroscopy, MS, and EA (see experimental section 7.3.2). Large red crystals, suitable 

for single crystal XRD, were readily obtained from THF solution (see 3.2.5), providing evidence for 

the molecular structure of 3a in the solid state.   
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Scheme 3.4: Reaction scheme for the synthesis of zinc complex 3a; i) See Table 3.3. 

Table 3.3: Various reactions attempted for the zinc complex 3a. 

Reaction Scale / mmol Conditions (i) Comments 

1 0.06 

In air, Zn(OAc)2.2H2O, DCM/ 

methanol, reflux, 30 minutes 

(following a modified lit. 

preparation57i for copper 

analogue) 

Product isolated but low purity/ 

contaminated with Zn(OAc)2 

The resulting product failed EA 

2 0.1 

In air, Zn(OAc)2.2H2O, DCM/ 

methanol, reflux, 30 minutes 

(followed a modified lit. 

preparation59c) 

The resulting product failed EA 

3 0.05 

Inert atmosphere, diethyl zinc, 

dry toluene, ambient temperature, 

3 days 

Product was very soluble in 

toluene, no precipitate formed 

Problematic isolation resulting in 

degradation 

4 0.1 
Inert atmosphere, Zn(OAc)2, dry 

THF, reflux,  1.5 hours 

Product crystallised from the 

reaction after removing ¾ of the 

solvent and isolated successfully 

5 1.0 
In air, Zn(OAc)2.2H2O, THF, 

reflux, 1.5 hours 

Product was recrystallised from 

hot THF and isolated 

successfully 

 

The previous problems experienced with isolating the pure complex 3a were likely due to the relatively 

low scale of the reactions, the presence of acetic acid and water in the reaction mixtures, and the drying 

of the product under atmospheric conditions. The presence of both water and acetic acid in these 

reactions were a likely cause for the decomposition of 3a to H4La and zinc acetate. However, the 

isolation of the product in the presence of air and moisture, at this scale, may have been another factor. 

To test this latter hypothesis, the synthesis of 3a was also attempted at a larger scale, using atmospheric 
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conditions and Zn(OAc)2.2H2O (Table 3.3, Reaction 5). After recrystallisation from THF, complex 3a 

was successfully isolated in high purity at this scale (see experimental 7.3.2). 

The other phenyl-linked complexes were synthesised by various methods (Scheme 3.5, Table 3.4). To 

synthesise complex 3b and avoid its decomposition during isolation at smaller scales, a procedure with 

inert conditions and diphenyl zinc were employed. This generated benzene as a by-product, instead of 

acetic acid, and resulted in a high yield (87 %) and pure product. This diphenyl zinc procedure was also 

utilised for the successful isolation of complex 3f in 44 % yield. Red crystals of 3f were obtained from 

the filtrate of the reaction mixture, and the molecular structure determined via single crystal XRD (see 

3.2.5).  

 

Scheme 3.5: Generic reaction scheme for zinc complexes 3a – 3b, 3f – 3h; i) See Table 3.4. 

Table 3.4: The characterised zinc salphen complexes, and their corresponding synthetic conditions (i), 

reaction scales and yields. 

Entry Compound Conditions (i) R1 R2 R3 
Scale / 

mmol 

Yield / 

% 

3a [Zn2La.2THF] 
2.1 equiv. Zn(OAc)2.2H2O, 

THF, reflux, 1.5 hours 
t-Bu H t-Bu 1.0 74a 

3b [Zn2Lb.2THF] 

2.2 equiv. ZnPh2, dry THF, 

ambient temperature, 18 

hours 

t-Bu H OMe 0.050 87 

3f [Zn2Lf.2THF] 

2.2 equiv. ZnPh2, dry THF, 

ambient temperature, 18 

hours 

t-Bu H Cl 0.10 44 

3g [Zn2Lg.2THF] 
2.1 equiv. Zn(OAc)2, THF, 

reflux, 1.5 hours 
t-Bu H F 0.15 62b 

3h [Zn2L
h] 

2.2 equiv. ZnPh2, dry THF, 

ambient temperature, 18 

hours 

H NEt2 H 0.10 66 
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Entry Compound Conditions (i) R1 R2 R3 
Scale / 

mmol 

Yield / 

% 

3i [ZnLi.CH3CN] 1.1 equiv. Zn(OAc)2.2H2O, 

methanol, reflux, 2 hours 
t-Bu H t-Bu 0.20 54c 

a: combined yield over 3 crops; b: combined yield over 2 crops and low purity product; c: recrystallised from 

acetonitrile 

To ensure no side reactions could occur between the NEt2 groups in the R2 position and acetic acid, the 

synthesis of complex 3h also utilised the diphenyl zinc procedure, and the compound was isolated in 

66 % yield. The synthesis and isolation worked very well, however the complex was almost insoluble 

in THF and chloroform, unlike complexes 3a – 3b, and 3f – 3g. The complex also had a much darker 

appearance (dark red-brown colour). A further difference was the lack of coordinating THF molecules 

in the NMR spectra and in the EA data. Both of these observation may be due to much stronger 

aggregation between the molecules in 3h, due to the absence of the tert-butyl groups in the R1 position. 

However, the complex was soluble in DMSO, and therefore the 1H and 13C NMR spectra of this novel 

complex could be recorded in d6-DMSO.  

The novel complex 3g was isolated via a similar method to 3a, using inert conditions and zinc 

(bis)acetate. However, to avoid conversion back to the free ligand the reaction mixture was not 

concentrated, but placed in a freezer at -30 °C. This resulted in precipitation of a bright red powder, 

however, this first batch of the product was of low purity, likely due to zinc acetate contamination. A 

second batch of product was isolated from the filtrate as dark red needle-like crystals, this product was 

of much higher purity via 1H NMR, and MS; however, the EA data was still unsatisfactory (see 

experimental 7.4.2), although this may be attributed to the presence of multiple C-F bonds, which can 

cause errors in EA results.126 Photophysical studies on complex 3g were conducted with the second 

batch of product only, due to its higher purity. 

 

Scheme 3.6: Reaction scheme for zinc complex 3i; i) See Table 3.5. 

In order to compare the bis-salphen complexes with a mono-salphen complex, 3i was prepared using 

an adapted literature procedure (Scheme 3.6, Table 3.5).82a As with the bis-salphen complexes, the 
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conditions employed in its isolation can partially convert the complex back to the ligand. It was not 

possible to isolate the THF adduct of this complex, and in each attempt to do so, partial conversion to 

the free ligand was observed. To isolate the pure complex, it was necessary to recrystallise it from 

acetonitrile and isolate it as the acetonitrile adduct. 

The zinc biphenyl-linked bis-salphen complex (3j) was also prepared using a literature procedure 

(Scheme 3.7, Table 3.5),59a although EA indicates the presence of four water molecules, which was 

also reported in the literature. In addition, two novel biphenyl-linked complexes (3k and 3l) were 

prepared using a modified literature procedure (Scheme 3.8),59a which employs known precursor 

compounds (H6Rk-l). These complexes were targeted to investigate if increasing asymmetry in the 

ligands can significantly influence the photophysical properties of the corresponding complexes. 

Table 3.5: The characterised zinc biphenyl-linked salphen complexes, and their corresponding 

synthetic conditions (i), reaction scales and yields. 

Entry Compound Conditions (i) R1 R2 R3 
Scale / 

mmol 

Yield / 

% 

3j [Zn2Lj.4H2O] 

2.1 equiv. Zn(OAc)2.2H2O, 

methanol, chloroform, 

ambient temperature, 24 

hours 

t-Bu t-Bu t-Bu 0.046 61a 

3k [Zn2Lk] 
2.1 equiv. Zn(OAc)2.2H2O, 

methanol, reflux, 2 hours 
t-Bu OMe H 0.10 65 

3l [Zn2Ll] 
2.1 equiv. Zn(OAc)2.2H2O, 

methanol, reflux, 2 hours 
H OMe H 0.10 71a 

a: combined yield over 2 crops 

    

Scheme 3.7: Reaction scheme for zinc complex 3j; i) See Table 3.5. 
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Scheme 3.8: Generic reaction scheme for zinc complexes 3k – 3l; i) See Table 3.5. 

Most of the complexes were isolated as either microcrystalline or amorphous powders, however single 

crystals, suitable for XRD studies, were obtained for complexes 3a and 3f (detailed in 3.2.5). The 1H 

NMR spectra, MS, and/or EA data provided evidence for the isolation of the complexes, and for all 

novel complexes the 13C NMR spectra were recorded and the C-H bonds assigned via HSQC NMR 

experiments (see experimental section for full details). 

 

3.2.4 Attempted synthesis of zinc phenazine-linked disalphen complex 

Preliminary experiments were conducted to investigate the synthesis of the zinc complex, 3m, using 

H4Lm in NMR scale reactions (Scheme 3.9). Reaction A and B were set-up using 2 equiv. of 

Zn(OAc)2.2H2O as a reagent, and CDCl3 as the solvent, with no base and with DIPEA, respectively.    

 

Scheme 3.9: Reaction scheme for NMR scale experiments (Reaction A and B) to probe the formation 

of zinc complex 3m; i) Zn(OAc)2.2H2O, CDCl3, ambient temperature, 18 hours (A: no base; B: excess 

DIPEA). 

For Reaction A there was no change in the 1H NMR spectrum, although the original orange slurry had 

become an orange solution, displaying weak red PL when irradiated with UV light. However, for 

Reaction B, there was a clear shift in the signals of the H4Lm in 1H NMR spectrum (Figure 3.9), and 
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the reaction mixture was converted to a blue solution, with weak green PL when irradiated with UV 

light. There was, however, insufficient quantities of H4Lm to repeat the reaction at a larger scale.  

 

Figure 3.9: Part of the 1H NMR spectra (from 13.25 – 6.95 ppm) of the s/m (bottom), Reaction A 

(middle), and Reaction B (top), in CDCl3. 

A one-pot procedure was also trialled for the isolation of 3m (Scheme 3.10), utilising 2,3,6,7-

tetraaminophenazine hydrochloride, 3,5-di-tert-butylsalicylaldehdye, and Zn(OAc)2 in ethanol. 

However, the resulting precipitate was highly insoluble in CDCl3 and d6-DMSO, and therefore 

characterisation was not possible in these solvents. In addition, EA did not provide any evidence for the 

isolation of 3m. No further attempts were conducted to synthesise 3m. 

 

Scheme 3.10: Reaction scheme for the one-pot reaction in the attempted synthesis of 3m; i) 2.1 equiv. 

Zn(OAc)2, ethanol, reflux, 24 hours. 
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3.2.5 Single crystal XRD data for complexes 3a and 3f 

The molecular structures of complexes 3a and 3f were determined via single crystal XRD studies by 

Dr. Andrew White, and their molecular structures are shown in Figure 3.10 (3a) and Figure 3.11 (3f). 

The zinc centres in complex 3a and 3f are six- and five-coordinate, and feature two and one THF co-

ligands, respectively. In complex 3a the zinc centres were shown to be ~0.06 Å out of the C6N4 plane, 

indicating a high degree of planarity across its centre, whereas in complex 3f they were ~0.40 Å out of 

the C6N4 plane, and the aromatic substituents are further distorted from the C6N4 plane. The full 

crystallographic data of both complexes is presented in the appendices.   

 

Figure 3.10: Molecular structure of 3a from single crystal XRD. 

 

Figure 3.11: Molecular structure of 3f from single crystal XRD. 
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3.2.6 Solution absorption spectra of the bis-salphen ligands 

The solution absorption spectra of ligands H4La-b, H4Lf-h, H4Lj, and H2Li were recorded in THF at 

various concentrations (Figure 3.12 and appendices), displaying broad absorption peaks at 340 – 430 

nm with high molar extinction coefficients (ε) ranging from 21,200 – 85,500 M-1 (Table 3.6). The 

absorption spectra of ligands H4La, H4Lf, and H4Lg had almost identical spectra with absorptions at 379 

– 381 nm and 400 nm, and therefore similar optical gaps, however their absorption coefficients varied 

significantly (from 32,900 to 85,500 M-1cm-1). Weak absorptions at 325 nm were also observed with 

these ligands, however this peak was very weak for H4Lg compared with H4La and H4Lf.  

The absorption spectra of ligand H4Lb were slightly red-shifted (with a peak maximum at 405 nm) 

compared to ligands H4La, H4Lf, and H4Lg, with no vibronic shoulders, but also displayed the weaker 

absorptions at 325 nm. Ligand H4Lh was further red-shifted with peak maxima at 404 nm and 430 nm, 

and a very weak, almost undetectable, absorption peak at 333 nm. Ligand H4Lh displayed the largest ε 

at 85,500 M-1cm-1. As these electronic transitions are relatively strong (i.e. with ε in 10,000s), they are 

tentatively assigned to π  π* transitions. 

The solution absorption spectra of the mono-salphen ligand, H2Li, and disalphen ligand, H4Lj, in THF 

display hypsochromic shifts when compared with the phenyl-linked disalphen ligands, with broad 

absorption maxima at 340 nm and 363 nm respectively. These observations are to be expected for ligand 

H2Li, due to the lower levels of electronic delocalisation in its molecular structure, and suggest that 

rotation about the C-C bond (between the 2 phenyl groups in the biphenyl spacer) in ligand H4Lj is 

occurring in solution. The ε values correspond well to the number of chromophores in each ligand, with 

21,200 M-1cm-1 and 54,500 M-1cm-1 for H2Li and H4Lj respectively. 

 

Figure 3.12: The normalised solution absorption spectra of ligands H4La-b, H4Lf-h, H4Lj and H2Li in 

THF solution (at 1.2 – 1.3 x 10-6 M). 
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Table 3.6: Data from the solution absorption spectra of ligands H4L
a-b, H4L

f-h, H4L
j and H2L

i in THF. 

Compound λab (sol) / nm ε (sol) / M-1 

H4La 400, 379 
47,000 

(at 400 nm) 

H4Lb 405 
55,700 

(at 405 nm) 

H4Lf 400, 381 
77,300 

(at 400 nm) 

H4Lg 400, 381 
32,900 

(at 400 nm) 

H4Lh 430, 404 
85,500 

(a 430 nm) 

H4Lj 363 
54,500 

At 363 nm) 

H2Li 340 
21,200 

(at 340 nm) 

 

 

3.2.7 Solution absorption spectra of the zinc disalphen complexes 

The solution absorption spectra of the complexes were recorded in THF solution (Figure 3.13 and 

appendices), and displayed bathochromic shifts compared with the corresponding ligands. In contrast, 

the complexes also displayed vibronic features.  

The spectra of complexes 3a and 3f were almost identical, with the lowest energy absorption peaks at 

521 nm (0-0’) and vibronic shoulder peaks at 491 – 494 nm (0-1’), with similar intensities, although the 

0-0’ transition was slighter more intense. In comparison, complex 3b was the most red-shifted, with 

peaks at 554 nm and 534 nm; again, the 0-0’ transition was slightly stronger than the 0-1’ transition. 

Complex 3g was similar in shape to complexes 3a and 3f, although slightly red-shifted. In contrast, 

complex 3h, had a similar energy for the 0-0’ transition, however the 0-1’ was slightly stronger in 

intensity. This complex also showed differences in regards to its higher energy transitions, with an 

intense peak at 430 nm, whereas this transition was absent in other phenyl-linked complexes, and 

instead had several weaker transitions between 334 – 365 nm. All of these complexes had relatively 

strong ε values, however complex 3b had the largest by far, with 151,000 M-1cm-1 (Table 3.7).  
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Figure 3.13: Normalised absorption spectra of complexes 3a – 3b and 3f – 3l in THF solution at 

concentrations of 6.3 x 10-6 M. 

Table 3.7: Data from the solution absorption spectra of complexes 3a – 3b and 3f – 3l in THF solution. 

Compound λab (sol) / nm ε (sol) / M-1cm-1 

3a 521, 494, 462, 355, 334 
83,100 

(at 521 nm) 

3b 554, 524, 490, 365, 350, 337 
151,000 

(at 554 nm) 

3f 521, 491, 462, 352, 332 
72,400 

(at 521 nm) 

3g 533, 503, 474, 362, 338 
66,600 

(at 533 nm) 

3h 531, 505, 430, 382 
73,400 

(at 531 nm) 

3i 464, 424, 325, 308 
23,700 

(at 424 nm) 

3j 482, 442, 322 
56,700 

(at 442 nm) 

3k 481, 437, 319 
59,400 

(at 437 nm) 
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Compound λab (sol) / nm ε (sol) / M-1cm-1 

3l 478, 437, 324 
78,100 

(at 437 nm) 

 

The lowest energy transitions in the solution absorption spectra for the biphenyl-linked complexes 3j – 

3l were at lower wavelengths (437 – 482 nm), at very similar values to the mono-zinc salphen complex 

(3i), which were at 424 and 464 nm. The line shapes were also similar, apart from some subtle 

differences at the higher energy transitions, at wavelengths between 308 – 322 nm. For all of these 

complexes, the 0-1’ transitions were slightly more intense than the 0-0’ transitions.  

The absorption spectra of complexes 3j – 3l suggest that the effective conjugation length of these 

molecules are more like that of 3i, and the optical transitions are strongest when the phenyl rings (in the 

biphenyl spacer groups) are perpendicular to each other, which is possible due to rotation about the 

central, linking C-C bond. For the phenyl-linked complexes, 3a – 3b and 3f – 3h, each salphen site is 

forced into planarity, which effectively increases the conjugation length of these molecules, hence their 

lowest energy optical transitions occur at lower energies. The introduction of a strongly EDG in the R3 

position (i.e. the methoxy group in complex 3b) further reduced the optical gap in these molecules, as 

it can increase the energy of the HOMO (as further discussed in 3.2.12).  

The higher energy absorption transitions (308 – 365 nm) are assigned to LC π  π* transitions, and 

occur at similar energies to the absorptions in the corresponding ligands, whereas the low energy 

absorptions are tentatively assigned to intramolecular charge transfer (ICT) states, via O(p)  

π*(imine), as previously assigned for other zinc(II) salphen complexes.58k, 86b These transitions do not 

occur in the corresponding ligands, or are very weak and undetectable due to the large π  π* 

transitions. Hence, the chelation of the zinc centres, which help to planarise the salphen ligands, are 

likely responsible for these strong ICT transitions. 

 

3.2.8 Solution emission spectra of the bis-salphen ligands 

The bis-salphen ligands, H4La-b, H4Lf-h, H4Lj and H2Li, all displayed weak, broad emission spectra 

from THF solutions (λem
 = 535 – 592 nm; PLQE ≤ 1 %, Figure 3.14, Table 3.8). The ligands H4Lb and 

H4Lf-h had vibronic shoulder peaks at 595 – 620 nm, with H4Lb displaying slightly red-shifted emission. 

Whilst most of the ligands displayed very weak emission centred at ~ 580 nm, the spectra are blue-

shifted for 3h by between 33 – 57 nm and more intense, suggesting that the R2 position has a greater 

influence on ΔE than the other positions.  Ligand H2Li had only very weak emission intensities, as 

shown by the large amount of noise in its spectrum. 



125 

 

 

Figure 3.14: The normalised solution emission spectra of ligands H4La-b, H4Lf-h, H4Lj and H2Li in 

THF (at 1.25 x 10-6 M). 

The linker group between the bis-salphen ligands had only a minimal effect on the emission 

wavelengths, which would suggest that all of the salphen sites are all relatively non-planar. Whereas 

the substituents had a greater effect, with an EDG in the R3 position of the ligand, like the OMe groups 

in H4Lb, producing a slight red-shift of the emission, and an EDG in the R2 position, as shown by the 

NEt2 groups in H4Lh, producing a much larger blue shift in the emission. However, it is not possible to 

separate this effect from the influence of the t-Bu groups in R1 positions, present in H4La-b and H4Lf-g, 

but not in H4Lh. 

Table 3.8: Solution emission data of ligands H4La-b, H4Lf-h, H4Lj and H2Li in THF. 

Compound λem (sol) / nm PLQEsol / % 

H4La 587 < 1 

H4Lb 592, 620 1 

H4Lf 567, 595 < 1 

H4Lg 568, 598 < 1 

H4Lh 535, 554 1 

H2Li 580 < 1 

H4Lj 580 1 
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3.2.9 Solution emission and excitation spectra of the zinc bis-salphen complexes 

The zinc complexes displayed bright green (3i – 3l), orange (3a, 3f – 3h), and red (3b) emission from 

THF solution (Figure 3.15 (photograph of selected complexes) and Figure 3.16 (spectra), λem
 = 531 – 

596 nm; PLQE = 2 – 27 %, Table 3.9), with greater variations in their spectra than the corresponding 

ligands, highlighting the important role the zinc(II) ions have on altering the optical gap and emission 

efficiencies in these types of molecules.  

In fact, the PLQE values of the dinuclear zinc complexes, 3a and 3j, were significantly higher than that 

of the mononuclear zinc complex, 3i, suggesting that the presence of additional zinc centres helps to 

reduce non-radiative decay from the excited states of the dinuclear zinc complexes. Generally, the 

phenyl-linked complexes were the most efficient emitters in the series, and exhibited red-shifted 

emission relative to the other complexes.  

 

Figure 3.15: A photograph of the solutions of complexes 3i, 3j, 3a, and 3b (from left to right) under a 

UV lamp, showing the colour of their emission. 

The mono-zinc salphen and biphenyl-linked disalphen complexes displayed very similar emission 

spectra, with broad green emission, however the biphenyl-linked complexes generally had higher 

PLQEs. These observations suggest that the excited states of the mono-zinc salphen complexes and 

biphenyl-linked complexes are similar, i.e. that the phenyl groups are not conjugated in the biphenyl-

linked complexes in the excited state. Whereas the phenyl-linked complexes all displayed red-shifted 

emission spectra, with similar or higher PLQEs. This is likely due to an increase in the conjugation 

lengths, and an increase in the rigidity of the complexes.  



127 

 

 

Figure 3.16: The normalised solution emission spectra of complexes 3a – 3b and 3f – 3l in THF (at 6.3 

x 10-6 M). 

Table 3.9: Solution emission data of complexes 3a – 3b and 3f – 3l in THF. 

Compound λem (sol) / nm PLQEsol / % 

3a 558, 590 15 

3b 596, 634, 700 8 

3f 554, 590 12 

3g 559, 593 9 

3h 569, 607 27 

3i 531 2 

3j 548 8 

3k 548 6 

3l 533 2 

 

The emission spectra were further red-shifted when R3 = OMe (3b), displaying a peak emission 

wavelength of 596 nm, and a vibronic shoulder peak at 634 nm; a very weak emission peak can also be 

observed at ~700 nm. Only a subtle red-shift of the emission spectra was observed when R2 = NEt2 

(3h), whereas the other phenyl-linked complexes had similar emission energies. Complex 3h had the 

highest PLQE of all the complexes studied, which is likely due to the increased electron density 

introduced by the NEt2 substituent in the R2 position. It is difficult to rule out, however, whether the 
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lack of t-Bu groups in this molecule also helps to increase the solution PLQE of this molecule, as they 

may be a source of non-radiative decay.  

All of the complexes displayed subtle hypsochromic shifts in their emission spectra (see appendices) 

upon initial dilution, apart from 3l and 3i, along with an initial increase in emission intensity upon 

dilution. This suggests some self-quenching of the excited states at higher concentration, or re-

absorption of the emission at higher concentrations. If the former, then there may be some 

intermolecular interactions between the zinc salphens complexes at higher concentrations, possibly to 

form dimers or larger aggregates via Zn-O interactions, which have been reported in other zinc salphen 

molecules.83a However, 1H DOSY NMR experiments with 3a and 3f do not support the formation of 

aggregates, and therefore it is more likely reabsorption of the emission is occurring at higher 

concentrations. 

As some of the complexes displayed relatively high PLQEs in solution, they were selected for testing 

in OLED devices with a suitable host material (see 3.2.14).  

 

3.2.10 Solid state emission spectra of the bis-salphen ligands 

The solid state emission spectra of the ligands varied across the series (Figure 3.17, Table 3.10). Most 

of the bis-salphen ligands (H4La-b, H4Lf-g, and H2Lj) had enhanced emission in the solid state (PLQEs 

= 2 – 4 %), suggesting they display AIEE. However, the bis-salphen ligand, H4Lh, and mono-salphen 

ligand, H2Li, displayed only very weak emission spectra (PLQE < 1 %); in fact, H2Li was almost non-

emissive, as shown by the large amount of noise in its spectrum. All of the compounds displayed broad 

emission peaks with no vibronic structure, except compound H4Lb, which displayed the most red-

shifted emission and two transitions (λem = 625 and 582nm, PLQE = 3 %).  

The emission from H4Lh in the solid state also displayed red shifted emission ((λem = 623 nm, PLQE < 

1 %), but was very weak in intensity. This was the opposite effect of its emission from solution, which 

was blue-shifted compared with the other ligands, and stronger in intensity.  

Table 3.10: Solid state emission data of ligands H4La-b, H4Lf-h, H4Lj and H2Li. 

Compound λem (SS) / nm PLQE (SS) / % 

H4La 589 3 

H4Lb 582, 625 3 

H4Lf 608 2 

H4Lg 599 4 

H4Lh 623 < 1 
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Compound λem (SS) / nm PLQE (SS) / % 

H2Li 570 < 1 

H4Lj 584 2 

 

The emission spectra of ligands H4La, H4Lf, and H4Lg were similar in shape and positions, and as with 

the solution emission, the biphenyl-linked ligand H4Lj was slightly blue-shifted, and closest to the 

emission of mono-salphen H2L, although it showed more efficient emission. For the compounds that 

displayed this AIEE behaviour, it may be attributed to excited-state intramolecular proton transfer 

(ESIPT), as shown with other Schiff base ligands 33, 37f, 58l, 73-74 Upon photo-excitation, this proton 

transfer can occur from the oxygen atom, on the phenoxide moiety, to the nitrogen atom, in the imine 

bond, to form an enol tautomer, which is thought to be responsible for the emission.37f, 73-74  

 

Figure 3.17: Normalised powder emission spectra of salphen ligands, H4La-b, H4Lf-h, H4Lj and H2Li, at 

λex = 350 – 460 nm. 

 

3.2.11 Solid state emission spectra of the zinc bis-salphen complexes 

In the solid state, all of the zinc complexes displayed ACQ with weak red shifted emission spectra (λmax 

= 570 – 662 nm, PLQEs ≤ 1 %, Figure 3.18, Table 3.11) compared to solution. Complex 3h displayed 

very weak emission, as shown by the greater amount of noise in its emission spectrum, which may be 

attributed to enhanced ACQ. As this complex does not feature any tert-butyl groups, it is likely that π-

π stacking interactions are more prevalent, and this may explain its lower solid state emission intensity. 
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However, the PLQEs of all the complexes were very low and this confirmed that these complexes 

require mixing with suitable hosts to be employed as emitters in OLEDs. 

Table 3.11: Data from the solid state emission spectra of complexes 3a – 3b and 3g – 3l. 

Compound λem (SS) / nm PLQESS / % 

3a 615 < 1 

3b 662 < 1 

3f 610 1 

3g 612, 654 < 1 

3h 625 < 1 

3i 574 < 1 

3j 582 < 1 

3k 583 < 1 

3l 570 1 

 

 

Figure 3.18: The normalised solid state emission spectra of complexes 3a – 3b and 3g – 3l. 

 

3.2.12 Determination of HOMO and LUMO energies of the zinc bis-salphen complexes 

In order to determine the HOMO energy levels of the complexes, photoelectron spectroscopy in air 

(PESA) measurements were conducted on thin films of the materials on ITO substrates, which were 
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prepared by drop casting. The photoelectron energies that are generated from these samples (conducted 

by Iain Hamilton from the Kim group) were then used to determine the HOMO energies.  

To determine the LUMO energy levels, the optical gaps (ΔE) were established from the onset of the 

absorption energies of each complex, and the LUMO energies were then calculated using the following 

equation: LUMO = HOMO + ΔE. These energy values are summarised for each complex in Table 3.12 

and illustrated in Figure 3.19. 

Table 3.12: HOMO, LUMO, and ΔE values for complexes 3a – 3b and 3g – 3l. 

Complex HOMOa / eV LUMOb / eV ΔEc / eV 

3a -5.63 -3.40 2.23 

3b -5.39 -3.31 2.08 

3f -5.58 -3.35 2.23 

3g -5.57 -3.38 2.19 

3h -4.73 -2.57 2.16 

3i -5.53 -3.12 2.41 

3j -5.57 -3.23 2.34 

3k -5.46 -3.11 2.35 

3l -5.59 -3.19 2.40 

a: Determined via PESA measurements on thin films on ITO-coated substrates; b: calculated from the HOMO 

and ΔE values; c: determined using absorption edge technique. 

   

Figure 3.19: The HOMO and LUMO energies (left), and ΔE (right) of 3a – 3b and 3g – 3l. 

For the phenyl-linked complexes (3a-3b and 3f-3g), the HOMO energy levels were only slightly 

influenced by a change of substituent in the R3 position, and the EDG (OMe) in 3b was found to have 

the largest effect, increasing the HOMO energy by 0.24 eV relative to 3a. However, the R3 position had 
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a much smaller influence on the LUMO energy levels; this resulted in 3b having the smallest ΔE value 

(2.08 eV), and similar ΔE values (2.19 – 2.23 eV) for 3a, 3f, and 3g.  

These observations can be rationalised from the mesomeric and inductive effects of the R3 substituents. 

When analysing the HOMO energies, complex 3b, is the most destabilised, which is due to a strong, 

positive, mesomeric effect from OMe. Complex 3a, however, does not provide a mesomeric effect, as 

the tert-butyl groups lack donating lone pair electrons, whereas 3f and 3g provide only weak mesomeric 

effects, which are countered by negative inductive effects. The result is HOMO energies, where 3b > 

3g ~ 3f > 3a. Changes to the R3 substituents had only small effects on the LUMO energies, as a result 

3b displayed red PL, whereas 3a, 3f, and 3g displayed orange PL.  

The substituents in the R2 positions have a much greater influence on both the HOMO and LUMO 

energy levels, as shown with complex 3h, which has strong EDG groups (NEt2) in these positions. This 

resulted in significantly increased HOMO and LUMO energy levels for 3h, compared with the other 

complexes, resulting in the second lowest ΔE value. This suggests that the R2 position in the phenyl-

linked complexes are important in influencing the electronic transitions.  

By comparing 3a and 3j, the effect of changing the spacer group from phenyl to biphenyl was clear, 

showing that it has a negligible effect on the HOMO energy (increased by 0.05 eV), but a larger effect 

on the LUMO (increased by 0.17 eV). This is much closer in energy to the LUMO of the mono-zinc 

salphen 3i (-3.12 eV), and is attributed to the ability of the biphenyl-spacer to rotate about the central 

C-C axis. This has the effect of reducing electronic conjugation in the biphenyl-linked complexes, 

relative to the phenyl-linked complexes, and explains why all the absorption and emission spectra of 

3i-3l are blue-shifted relative to 3a-3b and 3f-3h.  

These observations are consistent with the electronic transitions involving intermolecular charge 

transfer (ICT) from the lone pair on the O atom, in the phenoxide moiety, to the π* orbital in imine 

bond (on the linker group), which has previously been proposed by Kuo et al., as the LUMO would be 

located closer to the spacer group than the phenoxide moiety.86b These results agree with the observed 

green emission from the biphenyl-linked salphen complexes, and orange to red emission observed with 

the phenyl-linked complexes.  

 

3.2.13 Thermogravimetric analysis (TGA) of the zinc bis-salphen complexes 

TGA was carried out on the zinc bis-salphen complexes in air to determine their decomposition 

temperatures. Most of the complexes show an initial mass loss between 130 and 218 °C, which is 

attributed to the loss of coordinating THF (3a – 3b and 3f – 3g) and acetonitrile (3i). The complexes 

are then thermally stable up until 260 – 400 °C, after which they decompose (Td (5 % mass loss), as 
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summarised by Table 3.13. An example of a TGA spectrum for complex 3b is shown in Figure 3.20, 

showing the initial loss of THF molecules and the decomposition temperature. The TGA data for all the 

other complexes can be found in the appendices. 

Table 3.13: The decomposition temperature (Td (5 % mass loss)) for complexes 3a – 3b and 3g – 3l. 

Complex Td (5 % mass loss) / °C 

3a 384a 

3b 360a 

3f 400a 

3g 372a 

3h 308 

3i 377a 

3j 260b 

3k 339 

3l 376c 

a: Initial mass loss between 130 - 218 °C consistent with loss of THF (where it is known to coordinate to the metal), the 

reported Td is taken from the base line after this initial solvent loss; b) minor loss of mass initially, likely due to loss of water, 

so possibly a slightly higher value; c: low quantity of material, so initial baseline was noisy, started initial mass at 60 °C. 

 



134 

 

 

Figure 3.20: TGA spectrum of 3b showing change in mass with increasing temperature. 

 

3.2.14 OLED testing of zinc bis-salphen complexes 3a and 3b 

In order to test the performances of zinc disalphen complexes in OLEDs, three complexes (two with 

the highest PLQEs (3a and 3g), and the one with the deepest red emission (3b) were selected for testing. 

Iain Hamilton (from the Kim group) prepared and tested the OLEDs.  

The complex that appeared to have the best properties of an emitter for OLEDs, was 3g, due to its high 

PLQE and sp3 nitrogen atoms, which should improve hole injection and transport. However, 3g had 

poor solubility in chloroform and toluene, which were selected as solvents due to their ability to dissolve 

the host materials, poly(9,9-di-n-octylfluorenyl-2,7-diyl) (F8) and poly[(9,9-di-n-octylfluorenyl-2,7-

diyl)-alt-(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT), and also due to their ability to prepare good quality 

films via spin coating. As a result, only solution processed EMLs could be formed with 3a and 3b.    

The EML of OLED A consisted of 3a doped in F8, and resulted in orange EL, and OLED B consisted 

of 3b doped in F8, which resulted in purple EL. Photographs of the EL and the EL spectra from OLEDs 

A and B show their operation (Figure 3.21). However, there was inefficient energy transfer from the 

host material, F8 to the dopants in both OLEDs A and B, as shown by the emission peak ~ 420 nm 
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from F8 in both EL spectra. This was particularly prominent in OLED B, and is the reason for the 

purple EL, because both blue and red emission is produced from the host and dopant, respectively.  

In an attempt to improve the energy transfer from the host material to 3b, a different host, F8BT was 

employed for OLED C, but this resulted in orange emission, rather than the expected red EL. This was 

also due to inefficient energy transfer from the host to the dopant (3b), as can be seen from the emission 

peak ~ 550 nm from F8BT in the EL spectrum (Figure 3.21). 

 

Figure 3.21: The EL spectra of OLED A (a), and OLEDs B and C (b), and photographs of the EL 

from OLED A (c), and OLED B (d). 

The current and power efficiencies of OLED A were very low, at 0.14 cd/A and 0.05 lm/W, respectively 

(Figure 3.22), and even lower with OLED B, which had 0.06 cd/A and 0.02 lm/W, respectively (Figure 

3.23). For OLED C, however, these values were significantly improved, with 1.1 cd/A and 0.35 lm/W 
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(Figure 3.23). The current densities and luminance for OLEDs A – C, as a function of voltage, are 

displayed in Figure 3.24.  

Considering that these OLEDs are unoptimised devices, it is expected that the EL efficiencies can be 

significantly improved by experimenting with other host materials and interlayers. These other 

parameters will then help to improve charge balance and energy transfer in the OLEDs. 

  

Figure 3.22: Luminous efficiency and luminous power efficiency plots for OLED A. 

 

Figure 3.23: Luminous efficiency and luminous power efficiency plots for OLED B (F8:3b) and 

OLED C (F8BT:3b). 
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Figure 3.24: The current density and luminance vs voltage plots for OLEDs A (a), B (b), and C (c). 
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3.3 Conclusions and Outlook 

3.3.1 Conclusions 

All of the dinuclear zinc(II) bis-salphen complexes were found to be emissive, although the emission 

was more efficient in solution (PLQE = 2 – 27 %) than the solid state (PLQEs ≤ 1 %), indicating ACQ. 

Their solution emission could be colour tuned from green to red in the visible spectrum, but blue 

emission was inaccessible. The presence of a second zinc site was found to improve the PLQE of the 

complexes, when comparing similar substituents (i.e. comparison of 3a, 3i and 3j), however, the effect 

of the co-ligand (THF or acetonitrile), could not be ruled out as an influencing factor. In all cases, the 

complexes were better emitters than the free ligands, which is likely due to increased planarization of 

the complexes. This likely enhances the LC electronic transitions from the O atoms on the phenoxide 

moieties towards the N atoms in the imine bonds, and increases the rigidity of the excited states, 

minimising non-radiative decay. 

The complexes were all soluble in common organic solvents (except 3h), and this was attributed to the 

presence of tert-butyl groups, which help to prevent molecular aggregation. However, only two of the 

complexes appeared appropriate for testing in OLEDs, and these resulted in low efficiency devices. 

This is mostly attributed to a lack of efficient SOC for the radiative decay of triplet excitons in the 

devices, in addition to non-radiative decay mechanisms (from insufficient PLQE), poor hole transport, 

and incomplete energy transfer. Nevertheless, these emitters may still have scope for low cost, low 

efficiency OLEDs with optimisation of the interlayer materials and hosts used in the devices, or via 

further modification of the complexes (as highlighted in section 3.3.2). The complexes and their ligands, 

however, show promising emission properties that could be utilised for chemical and biological sensing, 

and therefore should be investigated for these applications. 

 

3.3.2 Outlook 

The zinc bis-salphen complexes cannot be utilised in commercially viable OLEDs in their current form, 

as they lack EL efficiency, although there are several ways to try and improve upon these performances. 

One approach is to introduce sites that will improve hole transport, such as the approach utilised by 

Zhao et al.86c by using pyridyl functionalised co-ligands. Once these co-ligands are synthesised, they 

should readily coordinate to the zinc centres, and then these new emitters could be tested in OLEDs, 

especially 3n and 3o to produce red OLEDs, and 3p due to the high PLQE of 3h (the structures of 3n – 

3p are shown in Figure 3.25). Alternatively, additional sp3 nitrogen atoms could be introduced on the 

molecules to improve hole mobility, either as substituents (complexes 3q and 3r in Figure 3.26), or 

within the spacer groups (complexes 3s and 3z in Figure 3.27).  
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Figure 3.25: Chemical structures (3n – 3p) that should be investigated in OLEDs. 

 

 

Figure 3.26: Future phenyl-linked complexes to target incorporating sp3 nitrogen atoms. 

 



140 

 

Figure 3.27: Future target complexes (3s – 3z) incorporating sp3 nitrogen atoms in the linker group. 

Further, experimentation with different host materials in the OLEDs should be conducted, as this can 

improve energy transfer from the host to the emitters. This could initially be investigated by producing 

doped thin films with different hosts, at various dopant percentages, and determination of the PL 

spectra, which should only show emission from the dopant.  

It would also be beneficial to synthesise and investigate some zinc bis-salphens that have shown high 

PLQEs in the literature, such as those conducted by the Lin group,86b where no OLED data has been 

reported. However, a more substantial increase in EL efficiency could be achieved if TADF can be 

demonstrated with zinc bis-salphen complexes. This would require conducting TD-DFT calculations 

on hundreds, if not thousands, of different targets, with different spacer groups and substituents, in order 

to spatially separate the HOMO and LUMO in the complexes, but also to determine their singlet and 

triplets energies. This study may result in synthetic targets that can subsequently be investigated 

empirically. This could also be achieved by developing algorithms to automate the structure generation 

and TD-DFT calculations.  

Alternative light emitting applications should also be investigated. Due to the substantial increase in 

solution emission efficiency on progressing from the ligands to the zinc(II) complexes, the ligands may 

be appropriate for zinc(II) ion sensing, which is fundamental for understanding many different 

biological processes.37e, 40, 60, 127 However, a clear distinction between zinc(II) ions and other metal ions 

is required. Furthermore, the dinuclear zinc(II) bis-salphen complexes, with phenyl-linked structures, 

offer a new molecular design strategy towards red emitting zinc complexes, and therefore further 

extension of the conjugation, or the introduction of other substituents, could lead to the development of 

new NIR emitters. These are particularly sought for biological applications and sensing.123  
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Chapter 4: Copper NHC complexes 

4.1 Introduction 

4.1.1 Copper(I) NHC complexes 

Copper(I) complexes have shown promising OLED applications (as highlighted in the introduction 

chapter, 1.4.1 – 1.4.3), and like zinc(II) complexes, they are relatively cheap and readily available. This 

chapter investigates a series of copper(I) NHC and diimine complexes as emitters for OLEDs.  

 

4.1.2 Aims and objectives 

A series of copper(I) NHC and diimine complexes had previously been tested for their catalytic activity 

by Diez-Gonzalez and co-workers.115 However, these easily prepared complexes have not been 

investigated for luminescence or as emitters in OLEDs. The research was therefore conducted with the 

following aims and objectives: 

 To establish the solid state emission from a series of copper(I) NHC and diimine complexes. 

 To select suitable candidates for further testing of their photophysical properties, especially 

solid state PLQEs. 

 To test suitable candidates in OLED devices and recommend suitability for further 

development. 
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4.2 Results and Discussions 

4.2.1 Testing of Copper(I) NHC and diimine complexes for solid state emission 

A series of copper(I) NHC and bis-imine complexes (Figure 4.1) were synthesised by Mr Benjamin 

Zelenay and other members of the Diez-Gonzalez group; their syntheses and characterisation data are 

published.115 

 

Figure 4.1: Generic chemical structures of the bisimine115b and NHC copper(I) complexes.115a 
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The solid state PL from the Cu(I) complexes, in powder form, was investigated by UV excitation (λex 

= 254 and 365 nm). All of the bis-imine complexes were non-emissive, however, the emission from the 

Cu(I) NHC complexes varied significantly; the test results of the latter are presented in Table 4.1. 

Table 4.1: Powder emission studies for a range of copper(I) complexes. 

Complex NHC X = Observed emission 

4a IPr Cl Moderate green white 

4b IPr Br Weak white 

4c IPr I Moderate green white 

4d IMes Cl No emission 

4e IMes Br No emission 

4fa IMes I - 

4g ICy Cl Moderate green-blue 

4hb ICy Br - 

4ib ICy I - 

4j IAd Cl Moderate sky blue 

4k IAd Br Moderate blue-white 

4l IAd I Bright blue 

4m SIPr Cl Weak orange 

4n SIPr Br Weak pink 

4o SIPr I Moderate yellow-white 

4p SIMes Cl Weak white 

4qa SIMes Br - 

4ra SIMes I - 

a: Difficult to synthesise; b: Attempted synthesis was unsuccessful 

Most of the copper(I) NHC complexes displayed weak to moderate solid state emission. However, one 

complex, 4l, clearly stood out from the rest, with high intensity blue emission. The related complexes, 

4j and 4k, which have the same NHC ligand (IAd) to 4l but different halide co-ligands (Cl and Br, 

respectively) also displayed moderate emission. A photograph of their solid state emission (as raw 

powders under λex = 254 nm) is shown in Figure 4.2. These complexes were selected for processing 

into thin films and further testing.   

 



144 

 

                

Figure 4.2: The generic chemical structure of Cu(I)IAdX (4j – 4l), and camera images of their powder 

emission under a UV lamp (λex = 254 nm), from left to right, X = I (4l), Br (4k), and Cl (4j).  

 

4.2.2 Solid state absorption and emission from copper(I) NHC complexes (4j – 4l) 

The powder absorption spectra of complexes, 4j – 4l, were recorded, showing several absorption peaks 

for 4j and 4k, and a broad, featureless absorption spectrum for 4l (Figure 4.3 and Table 4.2). The 

powder emission spectra of the complexes show variation in the emission wavelengths, and major 

differences in emission intensities; 4l displaying much higher emission intensities than 4j and 4k 

(Figure 4.4). The emission wavelengths and PLQEs are summarised in Table 4.2.  

The PLQEs of the complexes were also measured, using an integrating sphere, and show that 4l is a 

relatively deep blue emitter with highly efficient emission (λex = 441 nm, PLQE = 45 %) in its powder 

form, compared with 4j and 4k (λex = 453 – 509 nm, PLQE = 3 %). The normalised emission spectra 

further show the differences in emission intensities from 4j and 4k, compared with 4l. 

 

Figure 4.3: The normalised powder absorption spectra of complexes 4j – 4l. 
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Figure 4.4: The powder emission spectra (left – raw data, right – normalised) of complexes 4j – 4l, at 

λex = 300 nm. 

Table 4.2: Powder emission spectra data for complexes 4j – 4l. 

Complex λab / nm λem / nm PLQE / % 

4j 258, 269, 287 509 3 

4k 260, 266, 284 453 3 

4l 260 – 289 (br) 441 45 

 

The efficient emission from 4l is likely due to the presence of its iodide co-ligands, which result in 

dimeric structures with bridging iodide atoms, as previously shown in its published molecular structure 

derived from single crystal XRD (Figure 4.5).115a These bridging iodide co-ligands should increase the 

excited state rigidity of complex 4l, and enhance the steric bulk at the Cu(I) centres, which likely 

increases the PLQE compared with 4j and 4k. Further, a heavy atom effect (from the iodide) is expected 

to increase SOC, which is beneficial if the process is phosphorescence or TADF.  

 

Figure 4.5: The molecular structures of complexes 4l (left), 4k (middle), and 4j (right), reproduced 

from publication.115a 

400 450 500 550 600

0

200

400

600

800

1000

1200

1400

1600
E

m
is

s
io

n
 (

a
.u

.)

Wavelength (nm)

 4j

 4k

 4l

400 450 500 550 600

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
lis

e
d
 E

m
is

s
io

n

Wavelength (nm)

 4j

 4k

 4l



146 

 

In order to further characterise the solid state emission, a series of spin coating trials were conducted 

using complexes 4j – 4l as dopants, and PMMA as a matrix to produce thin films. A series of solvents 

were trialled, including DMF, DCM, chloroform, and chlorobenzene, which all dissolved the complexes 

and PMMA. A dopant concentration of 10 wt% of the Cu(I) complex in PMMA was experimented with 

a range of spinning speeds (2000 – 6000 rpm); both unfiltered and filtered solutions were trialled. In 

summary, all conditions were mostly unsuccessful. The best results were achieved when degassed DCM 

was used as the solvent, and when the solutions were filtered prior to deposition. 

Further trials using degassed DCM at 1, 5, and 10 wt% dopant concentrations, which were filtered prior 

to deposition on to the glass substrates, were conducted. The solutions were spun at 500, 1000, or 2000 

rpm for 30 seconds each; in most cases there was minimal deposition of material onto the substrates. 

The best conditions were spin rates of 1000 and 2000 rpm, with 10 wt% dopant. Nevertheless, the films 

were still too thin and not suitable for further studies, as emission only resulted from the sides of the 

substrates.  

Next, drop casting was attempted as a deposition method. Solutions of complexes 4j – 4l and PMMA 

in degassed DCM (10 wt%) were drop cast onto glass substrates. Although the quality of the films 

appeared poor in terms of roughness, this approach finally led to deposition of enough material onto the 

substrates for emission studies.  

The most striking observation with the emission from the films was the change in the emission colour, 

as observed under a UV lamp (shown in Figure 4.6). Whilst this change was minimal for the films 

utilising 4j and 4k, which both had a sky blue to turquoise colour, the emission from 4l was a light 

green colour in PMMA films. This suggests a structural change in 4l upon thin film formation in 

PMMA, possibly from dimer to monomer. 

           

Figure 4.6: Thin film emission of 4j – 4l under a UV lamp (λex = 254 nm), from left to right, 4l, 4k, 

and 4j. 

In order to probe the emission lifetime of complex 4l, pristine thin films were achieved via drop casting 

from degassed, dry DCM solutions. It should be noted that the film quality was poor when inspected 

visually, but the films were sufficiently coated for testing. The lifetimes were measured using time-

correlated single photon counting (TCSPC), with a pulsed laser diode exciting the sample at 282 nm. 

The results of these measurements, using a 1 MHz refresh rate, produced too much noise in the baseline, 
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indicating that a lower refresh rate was required due to a relatively long decay time. The measurements 

were therefore repeated with a 10 kHz refresh rate. Both plots are shown in Figure 4.7. A lifetime (τ) 

of 2 μs was obtained by fitting the experimental data to a monoexponential function (y = Aexp(-t/τ)). 

 

Figure 4.7: Lifetime measurements of a pristine film of complex 4l quartz substrate using TCSPC, 

with a pulsed laser diode (λex = 282 nm). 

The TCSPC results suggest triplet emission, however, distinguishing between fast phosphorescence or 

TADF is not possible using this method. In fact, the lifetime, in the microsecond region, is almost at 

the limit of this technique (which is better suited for fluorescence lifetimes) due to the pulse rate of the 

laser diode. To determine whether the emission is phosphorescence or TADF, an instrument such as a 

STREAK camera, equipped with a variable temperature chamber would be required, with the ability to 

maintain a temperature of 77 K, although 10 K or lower would be preferable. In addition, the instrument 

would need a suitable excitation source, as the PLQE rapidly falls above 300 nm excitation wavelengths, 

hence a laser with an excitation wavelength at or below 300 nm would be required. Unfortunately, this 

type of equipment was unavailable.  

 

4.2.3 Solution absorption and emission spectra from copper complex (4l) 

The solution absorption spectrum was recorded for complex 4l in dry, degassed DCM (Figure 4.8). The 

spectrum displayed 3 absorption peaks at 259, 299, and 368 nm, in contrast to the solid state spectrum, 

which had only one broad absorption peak. The solution emission spectra were also recorded at a range 

of excitation wavelengths (350 – 400 nm, Figure 4.9). The spectra showed excitation wavelength 
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dependence, however, the spectra were very weak and therefore difficult to analyse. The intensities 

were too low for PLQE measurements. 

 

Figure 4.8: Normalised solution absorption spectrum of complex 4l in dry, degassed DCM solution at 

1.0 x 10-4 M concentration. 

 

Figure 4.9: Solution emission spectra of complex 4l in dry, degassed DCM solution at 1.0 x 10-4 M 

concentration at different excitation wavelengths (λex = 350 – 400 nm). 
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4.2.4 OLED performance of copper complex (4l) 

The high solid state PLQE of complex 4l, combined with its deep blue emission, justified it being tested 

in OLED devices. OLED device fabrication was conducted by Mr. Iain Hamilton, from the research 

group of Prof. Ji-Seon Kim.  

Both solution processed and evaporated EMLs were attempted, with and without an interlayer material, 

poly(9,9-dioctyl-fluorene-N-(4-butylphenyl)-diphenylamine) (TFB) to produce OLEDs:  

OLED 4A: Solution processed (ITO/PEDOT:PSS/4l /LiF/Ca/Al) 

OLED 4B: Solution processed with TFB (ITO/PEDOT:PSS/TFB/4l /LiF/Ca/Al) 

OLED 4C: Evaporated (ITO/PEDOT:PSS/4l /LiF/Ca/Al) 

OLED 4D: Evaporated with TFB (ITO/PEDOT:PSS/TFB/4l /LiF/Ca/Al) 

 

Figure 4.10: The luminance vs driving voltage for OLEDs 4A – 4D. 

The luminance from these OLEDs as a function of voltage is shown in Figure 4.10. Unfortunately, no 

EL was observed from both of the solution processed OLEDs (4A and 4B), most likely due to the rough, 

granular films produced via spin coating with this material, which result in short circuiting of the device. 

The OLEDs (4C and 4D), which utilised evaporation as the deposition method for the EML, had only 

very weak EL, even at high driving voltages (> 15 V). There was almost no difference in the luminance 

for the device without the TFB interlayer material (4C) and the device that used TFB (4D).  

The very high driving voltages that were required with this material essentially result in 4l being 

unsuitable as an emitter within these OLED architectures. There may be some benefit in further 

experimenting with additional conditions, however it appears from these results that 4l may have 

insufficient charge transport ability. 
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4.3 Conclusions and Outlook 

4.3.1 Conclusions 

The highly efficient solid state, deep blue emission from complex 4l is likely due to a combination of 

factors. The bulky adamantyl groups (bonded to the nitrogen atoms of the NHC ligand) surround the 

copper centres in the molecule, which likely sterically protect the copper centres from interacting with 

other molecules, and restrict rotations or other significant motion in the solid state, minimising non-

radiative pathways of the excited state. The presence of the iodide atoms must also play a crucial role 

in the high solid state emission (PLQE = 45 %), as complexes 4k and 4j, with bromide and chloride 

atoms, respectively, are much weaker emitters (PLQEs = 3 %). The effect of the iodides may be two-

fold; first, the iodide anion is much larger than either bromide or chloride, and has higher energy valence 

electrons, thus the iodide anions may be more likely to bridge two copper centres, providing dimeric 

complexes, potentially with Cu-Cu interactions. Second, the greater electron density and size of iodide 

will increase SOC, which will enhance the rate of ISC from a singlet to a triplet state, and will increase 

the probability of radiative decay via phosphorescence. 

All of these considerations, combined with the unstructured solid state emission spectrum, large Stokes 

shift, and 2 μs lifetime, suggest that the complex is exhibiting fast phosphorescence via a triplet CT 

state (MLCT3), as assigned in other Cu(I) NHC emitters.101 However, RISC back to the singlet state 

and TADF cannot yet be ruled out without further investigation of its emission spectra and lifetimes at 

a range of low temperatures. 

Despite the efficient emission from complex 4l, there were significant issues with processing the 

material via spin coating, even with PMMA as a matrix, and drop cast films were of poor quality, due 

to aggregation. In drop casted PMMA blends, the emission efficiency decreased significantly, and 

although evaporated films did improve film quality, the emission shifted towards green, suggesting 

decomposition of the dimeric structure. EL could only be produced for materials deposited using 

evaporation, however, the low conductivities of the OLED devices meant that only weak emission was 

observed, even at high driving voltages (> 15 V). Whilst this material is simple to synthesise, air stable, 

and produces deep blue emission, it seems that its charge transport is very poor, making it unsuitable 

as an OLED emitter with the TFB interlayer material attempted. Further investigation with high energy 

host materials may improve the OLED performance.    
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4.3.2 Outlook 

It is clear that steric bulk at copper provides air stability, and prevents non-radiative decay pathways.101-

103, 106-107 Here, dimeric 4l follows this trend. Furthermore, copper centres in close proximity, with 

cuprophilic interactions, appear to improve stability and SOC.108-110 Future work should continue to 

probe NHCs that utilise IAd ligands, but with further modification of the imidazole unit, or substitution 

of the iodide co-ligand.  

First, the charge transport needs to be improved; one strategy could be via substitution onto the 

imidazole backbone, or by its incorporation into a more conjugated system (see potential generic 

structures in Figure 4.11). The more conjugated NHCs should result in red-shifted emission, however, 

improved OLED performances are expected.  

 

Figure 4.11: Future target emitter structures, incorporating the adamantyl groups and iodide ligands. 

Monomeric complexes are drawn, but dimeric structures are expected. 

Alternatively, substituting the iodide co-ligands with deprotonated 2-(2-pyridyl)benzimidazole, 

deprotonated pyridyl-azolate ligands, or anionic, di(2-pyridyl)dimethylborate (py2BMe2) ligands 

(Figure 4.12), as utilised in other emissive Cu(I) NHC complexes,101-103, 106 will likely improve PLQE. 

By using the same NHC ligand (IAd) as in 4l, the complexes should have blue-shifted emission 

compared with the IPr ligands used previously (due to the absence of conjugation from the adamantly 

groups). Furthermore, the inclusion of the co-ligands may improve charge transport and thus OLED 

performances compared with 4l, due to the presence of conjugated co-ligands, rather than iodides. 
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Figure 4.12: Future target emitters, incorporating the adamantly groups and switching the iodide co-

ligands with deprotonated 2-(2-pyridyl)benzimidazole, deprotonated pyridyl-azolate ligands or 

anionic, di(2-pyridyl)dimethylborate (py2BMe2) ligands. 
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Chapter 5: Zinc Complexes and Organic Compounds 

with mixed O and N donor atoms 

5.1 Introduction 

5.1.1 Zinc complexes with mixed O and N donor ligands 

Whilst this thesis has focused primarily on zinc salphens, there remain many other zinc complexes that 

have shown precedence for luminescence and electronic applications, particularly compounds that 

contain heterocyclic ligands with O and N donor atoms. The introduction chapter has already elaborated 

on these compounds and their applications in OLEDs (section 1.3.1).   

 

5.1.2 Aims and objectives 

As highlighted throughout this thesis, salphen ligands and their zinc complexes have displayed diverse 

photophysical properties, with variation between their solution and solid state emission spectra and 

PLQEs. Differences between mono-zinc and di-zinc complexes have also been discussed in detail. 

However, the PLQEs of the compounds investigated have been low to moderate, and EL efficiency 

remains low too. Conversely, reports of ligands and zinc complexes containing benzo-heterocyclic 

moieties generally show them to be highly emissive, with greater potential for TADF. Therefore, initial 

experiments were conducted to compare photophysical properties of zinc complexes of salphens, 

diimines, and benzo-heterocyclic containing ligands. The objectives were to: 

 Synthesise and compare the solution and solid state emission spectra and PLQEs of Zn2(HBI)2, 

Zn2(HPB)2, and Zn2(BTZ)2 (5a – 5c) with a zinc complex derived from salicylidene anil zinc 

(SAZ, 5d) 

 Synthesise and test the photophysical properties of novel dinuclear zinc complexes (T1 – T4, 

Figure 5.1), and compare them with their mono zinc analogues 

 Determine whether the introduction of a second zinc centre in these compounds would increase 

the PLQEs and decrease the emission energies to produce deep red or NIR emitters 

 Characterise and test the photophysical properties of a recently reported blue emitting di-benzo-

heterocyclic compound; 2,6-bis(3,4,5-trimethoxyphenyl) benzo[1,2-d:4,5-d’]bisimidazole 
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Figure 5.1: Target chemical structures of zinc complexes (T1 – T4). 
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5.2 Results and Discussions 

5.2.1 Zinc complexes derived from benzo-heterocyclic and salicylidene aniline ligands 

A study of the solution and solid state emission from four zinc complexes (5a – 5d, Figure 5.2) was 

conducted to investigate differences with free imines (5d) and those within a heterocyclic ligand. The 

complexes were readily prepared, in moderate yield (36 – 64 %), by reacting zinc (bis)acetate dihydrate 

with the commercially available ligands; 2-(2-hydroxyphenyl)benzimidizole (HLaa), 2-(2-

hydroxyphenyl)benzoxazole (HLab), 2-(2-hydroxyphenyl)benzothiazole (HLac), and salicylidene 

aniline (HLad). Their purity was confirmed via 1H NMR spectroscopy and EA. 

 

Figure 5.2: Chemical structures of complexes 5a – 5d. 

All of the photophysical data for complexes 5a – 5d is summarised in Table 5.1. The optical gap was 

highest for 5a, with its lowest energy absorption occurring at a wavelength of 368 nm (Figure 5.3a). 

This value was relatively close to 5b (λab = 377 nm), whereas complexes 5c and 5d had lower energy 

transitions at similar wavelengths of 395 and 397 nm, respectively. Complexes 5a – 5c all displayed 

vibronic structure, whereas 5d displayed only broad absorption transitions. This suggests stronger 

solvent interactions between complexes 5a – 5c and DMSO than with 5d.  

The solution emission spectra of the complexes were obtained in DMSO at a range of concentrations 

and all complexes emit blue to green light (Figure 5.3b). The PLQEs of the complexes were also 

determined, with 5a – 5c showing moderate to high PLQEs (25 – 58 %) and 5d showing a relatively 

low value (4 %). This result supports the initial hypothesis that the free imine bond is a potential source 

of non-radiative decay of the excited state.  
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Table 5.1: Photophysical data for complexes 5a – 5d. 

Complex λab (sol) / nm λem (sol) / nm 
PLQE (sol) / 

% 

λem (S.S.) / 

nm 

PLQE (S.S.) / 

% 

5a 
368, 359, 336, 

321 
413 39 409, 462 9 

5b 377, 366, 337, 

322 
439 58 459 7 

5c 395, 386, 342, 

329, 310 
442 25 475 25 

5d 397 488 4 516 16 

 

 

Figure 5.3: a) Normalised solution absorption (a) and emission (b) spectra of complexes 5a – 5d in 

DMSO solution at 2.5 x 10-5 M and 1.0 x 10-4 M, respectively. 

The solid state emission spectra of complexes 5a – 5d were also obtained (Figure 5.4). Other than 5a, 

all the complexes displayed bathochromic shifts relative to the solution maxima. Complexes 5a and 5b 

displayed a degree of ACQ, although the PLQEs were still moderate at 9 and 7 % respectively, whereas 

5c displayed the same level of emission with a PLQE of 25 %. Complex 5d however displayed AIEE 

behaviour, with a higher PLQE of 16 %. This can be explained by RIM in the solid state for 5d. 
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Figure 5.4: Normalised solid state emission spectra of complexes 5a – 5d. 

 

5.2.2 Synthesis and characterisation of aromatic diimine compounds 

The synthesis and characterisation of ten aromatic diimine ligands was attempted. Two different 

approaches were tried; the first approach was to target compound H2Lae via the reaction between 2,5-

diphenol-1,4-dicarboxaldehyde (prepared from 2,5-dimethoxy-1,4-dicarboxaldehyde via a literature 

procedure128) and 4-tert-butylaniline. The second was to target compound H2Laf via the reaction 

between 1,4-diaminobenzene and  3,5-di-tert-butyl salicylaldehyde. The chemical structures of H2Lae 

and H2Laf are shown in Figure 5.5. Crystallisation of the crude products led to the successful isolation 

of H2Lae and H2Laf in 22 % and 46 % yields, respectively. The purity of these compounds was confirmed 

via 1H NMR spectroscopy and EA. 
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Figure 5.5: The chemical structures of H2Lae-am and Me2Lae. 

The photophysical behaviour of these compounds differed greatly; both diimines H2Lae – af were weakly 

emissive in solution, and H2Lae was unemissive in the solid state, however H2Laf was emissive in the 

solid state and displayed AIE, as previously reported for other N,N′-bis(salicylidene)-p-

phenylenediamines.129 H2Laf also displayed thermochromic behaviour, going from orange to red upon 

heating, which is a well-documented phenomenon for N,N′-bis(salicylidene)-p-phenylenediamines 

which are known to undergo thermoisomerisation and photoisomerisation via ESIPT.130  

The compound Me2Lae was also prepared from 2,5-dimethoxy-1,4-dicarboxaldehyde and 4-tert-

butylaniline, in order to assess whether the protons in H2Lae were responsible for the lack of emission. 

However, Me2Lae was also found to be unemissive in solution and in the solid state. 

Due to the AIE properties of H2Laf, further analogues of these diimines were targeted (H2Lag – am) to 

establish the effect, if any, of different EDGs and EWGs on the solid state emission maxima and PLQEs. 

Compounds H2Lag – aj were isolated and characterised successfully, of which H2Lag and H2Lah are novel 

compounds. However, the attempted syntheses of compounds H2Lak – am resulted in a mixture of 

products, most likely due to poor solubility in the methanol solvent. 
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The solution absorption spectra of compounds H2L
af – aj were recorded in chloroform, displaying broad 

absorption maxima ranging from 370 – 423 nm, with only compounds H2Laf and H2Lag exhibiting 

vibronic peaks at 343 nm (Figure 5.6). All of the compounds displayed bathochromic shifts relative to 

the unsubstituted analogue (H2Lai), with H2Laj displaying the lowest energy absorption. The solution 

emission spectra were also recorded in chloroform, but displayed only very weak emission intensities, 

with maxima from 515 – 597 nm.  

 

Figure 5.6: Normalised solution absorption spectra of compounds H2Laf – aj at 5.0 x 10-6 M in 

chloroform.  

The solid state emission spectra of compounds H2Laf – aj were more promising than the solution 

emission, although only subtle shifts in their peak emission wavelengths (up to 46 nm) were observed 

(Figure 5.7). All of the compounds displayed bathochromic shifts relative to the unsubstituted 

analogue, H2Lai. Compound H2Lag was the most red-shifted, which is likely due to destabilisation of 

the HOMO energy level due to the presence of the methoxy substituent in the R3 position. Compound 

H2Laf only shows a subtle bathochromic shift relative to H2Lai, as expected, as tert-butyl is a weaker 

EDG than a methoxy group.  
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Figure 5.7: Normalised solid state emission spectra of compounds H2Laf – aj. 

Compound H2Lah also displayed a bathochromic shift relative to H2Lai, although this is likely due to 

stabilisation of the HOMO and LUMO energy levels, with the LUMO being stabilised to a greater 

extent. Compound H2Laj destabilises both the HOMO and LUMO energy levels, but to a greater extent 

than all the other compounds, due to the strongly electron donating diethylamino group in the R2. Its 

optical gap, however, is similar to H2Laf because an EDG in the R2 position has a larger destabilisation 

effect on the LUMO than in the R3 position.  

The solid state emission spectra of both H2Lah and H2Lai are broad and essentially featureless, with only 

low intensity shoulder peaks just visible at lower energies. In the spectra of the other analogues, H2Laf– 

ag and H2Laj, two additional vibronic shoulder peaks are clearly visible, which may be caused by the 

EDGs in these structures. 

The solid state PLQEs of the compounds also showed large variations from 2 – 32 %, with H2Lah and 

H2Lai displaying the most efficient emission at 14 and 32 %, respectively. These results suggest that 

substituents promote non-radiative decay of the excited states, and that tert-butyl groups are particularly 

effective at dissipating energy from the excited states. Hence, compounds H2Laf and H2Lag display the 

lowest PLQEs at 2 and 3 %, respectively. Compound H2Laj has a PLQE of 5 %, so other EDGs also 

appear to promote non-radiative decay mechanisms.    
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5.2.3 Attempted syntheses of new organic compounds with O and N donor atoms 

Two additional compounds (Figure 5.8), containing two phenol groups and two benzimidazole groups 

(H2Lan) or a benzobisimidazole group (H2Lao) were targeted to form dinuclear, or multinuclear, zinc 

complexes. These structures were expected to have improved solution PLQEs, compared with salphen 

or imine complexes. They were targeted to investigate whether non-radiative decay mechanisms could 

be minimised by the presence of multiple zinc centres, and also because zinc benzimidazole complexes 

show precedence for emission.50 However, there were no examples in the literature of these target 

compounds. 

 

Figure 5.8: Chemical structures of synthetic targets H2Lan and H2Lao.  

The synthesis of compound H2Lan, was initially attempted using polyphosphoric acid (PPA) (Scheme 

5.1), which is used in the synthesis of some aryl-substituted benzimidazoles.131 However, the isolation 

of the product was problematic, due to its very low solubility in common organic solvents. In attempt 

to isolate a pure compound, the crude product was heated in hot DMF, filtered hot to remove insoluble 

components, and the resulting yellow precipitate which formed on cooling was isolated by filtration. 

This solid was characterised by 1H NMR spectroscopy, MS, and EA. Green luminescence was observed 

from a DMSO solution of this solid under a UV lamp.  

Scheme 5.1: Reaction scheme for the attempted synthesis of compound H2Lan; i) polyphosphoric acid 

(PPA), 200 °C, 5 hours.  

The 1H NMR spectrum showed that chemical shifts and integrations matched the expected values, 

however, despite long drying times (under vacuum and with heat), DMF could not be completely 
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removed from the solid. The mass spectrum also supported the presence of H2L
an, as it clearly showed 

the [M+H]+ peak (Figure 5.9). However, EA showed that the compound was of very low purity. The 

other impurities could be phophate based inorganic salts (from the PPA used as the reaction solvent). 

Further attempts to crystalise H2Lan from DMSO and pyridine solvents did not improve its purity. 

Nonetheless, compound H2Lan (recrystalised from DMF) was utilised in later experiments (see 5.2.4). 

 

Figure 5.9: The mass spectrum of compound H2Lan obtained from ES-MS, and the chemical structure 

of the [M+H]+ peak at m/z = 343.1.  

The synthesis of compound H2Lao was attempted by reacting 1,2,4,5-tetraaminobenzene with 2 

equivalents of 3,5-di-tert-butylsalicylic acid (Scheme 5.2). When analysing the reaction via 1H NMR 

spectroscopy, some new signals appeared in the aromatic region (9.38, 8.19, and 8.14 ppm), and new 

quartet and triplet signals at 4.12 and 1.20 ppm, respectively. However, no conversion to H2Lao was 

observed when monitoring via 1H NMR spectroscopy.  

 

Scheme 5.2: Reaction scheme for the attempted synthesis of compound H2Lao; i) argon atmosphere, 

TEOF, ethanol, reflux 2 day. 



163 

 

Addition of 4 equivalents of DIPEA to the reaction mixture instantly resulted in the reaction turning 

from a pink slurry to a red-brown solution, which was heated to reflux for 24 hours. However, several 

attempts to isolate the product from the reaction mixture were unsuccessful, and instead an impurity 

was isolated. 

The synthesis was repeated, using DIPEA at the start of the reaction, and the reaction time was limited 

to 24 hours at reflux. The reaction mixture was monitored via 1H NMR spectroscopy and clearly showed 

that the 3,5-di-tert-butylsalicylic acid was consumed. In addition, the crude product appeared to have 

the correct peaks and integration values; however, there remained many impurities. Attempts to purify 

the solid by washing it in pentane did remove many of the impurities, but not all of them, and the 

expected chemical shifts of the proton signals differed to the previous attempt, possibly due to isolation 

of a different isomer. Further attempts to isolate pure H2Lao by recrystallisation from ethanol were 

unsuccessful. 

 

5.2.4 Attempted syntheses of zinc complexes with O and N donor ligands 

The zinc diimine complex 5e was initially targeted via a one-pot procedure from 2,5-diphenol-1,4-

dicarboxaldehyde, 4-tert-butylaniline and zinc (bis)acetate (Scheme 5.3). However, this reaction led to 

the precipitation of a solid, which upon analysis via 1H NMR spectroscopy was found to be compound 

H2Lae. Subsequently, the reaction between H2Lae and zinc (bis)acetate was attempted in THF, producing 

a clear colour change to a red solution upon heating, however, once again only compound H2Lae was 

isolated. 

Scheme 5.3: Reaction scheme for the attempted synthesis of zinc complex 5e; i) 2.0 equiv. 

Zn(OAc)2.2H2O, chloroform/methanol, reflux, 5 hours. 

The reaction between H2Lae and zinc (bis)acetate was repeated with DIPEA to try shift the equilibrium 

in favour of 5e. A solid was isolated from the reaction mixture, and the filtrate was also collected, dried, 
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and analysed. Both of these solids were analysed by 1H NMR spectroscopy in CDCl3 and d6-DMSO 

solvents. The product was only partially soluble in CDCl3, unlike H2Lae which is soluble, suggesting 

some new species had formed during the reaction. However, complex 5e may be unstable in acidic 

solvents, such as CDCl3, as only signals that were consistent with the free ligand, H2Lae, were observed.  

Both the product and dried filtrate had poor solubility in d6-DMSO, and resulted in very weak 1H NMR 

spectra that could not be analysed. When the isolated solids and the free ligand were dissolved in d6-

DMSO, one observable difference between them was the colour of their PL. Green and orange-red 

emission was observed from H2Lae and the isolated solids, respectively. These differences in solubilities 

and PL suggest the presence of other compounds, possibly zinc complex aggregates, however, there 

was no evidence to suggest the formation of 5e. 

The next attempt was to irreversibly deprotonate H2Lae with KH and then add zinc acetate to the reaction 

mixture. This resulted in a dark purple solution upon addition of KH, and then precipitation of an orange 

powder after addition of Zn(OAc)2, however, the isolated powder was highly insoluble and therefore 

could not be analysed via 1H NMR spectroscopy. This may be due to oligomer formation and a lack of 

solubilising groups. 

Attempts were made to react ligands H2Laf and H2Lag with zinc (bis)acetate to synthesise 5f and 5g 

(Figure 5.10), respectively. However, these efforts resulted in isolation of the free ligands only. An 

alternative approach was trialled for 5f using inert conditions and KH to deprotonate the ligand, prior 

to the addition of zinc (bis)acetate. This produced a dark red powder, which via 1H NMR analysis did 

not contain the free ligand and consisted of new signals, suggesting complexation. However, the 1H 

NMR spectrum was convoluted, suggesting an oligomeric product or mixture of different species, and 

was not consistent with the structure of 5f.  

Figure 5.10: Chemical structures of target complexes 5f and 5g. 
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Small scale (0.010 mmol) experiments with H2L
af and 1.0 or 2.0 equivalents of diphenyl zinc were 

conducted to further probe conditions for the synthesis of 5f. Both of these experiments employed d8-

THF solvent and were monitored via 1H NMR spectroscopy.  

When 1.0 equivalents of diphenyl zinc was used, there remained significant amounts of the free ligand 

after 18 hours of reaction time, however the diphenyl zinc was consumed and the spectrum did not 

change further with time. The NMR spectrum after 18 hours contained a small signal for a new phenolic 

proton environment, in addition to a major new product and several minor products. This is consistent 

with multiple species being present in the reaction mixture, including a major oligomeric product, which 

is supported by the presence of unreacted H2Laf. The new phenolic signal is likely due to the free OH 

groups on the end groups of the oligomeric species.  

When 2.0 equivalents of diphenyl zinc was employed, a much cleaner reaction was observed via 1H 

NMR spectroscopy and the ligand was fully consumed. Analysis of the 1H NMR spectrum was 

consistent with conversion to Zn2LafPh2. To the reaction mixture was subsequently added AdCO2H, to 

try synthesising Zn2Laf(CO2Ad)2, the chemical structures of these compounds (excluding solvent 

molecules) are shown in Figure 5.11. However, whilst some conversion to a new species was observed 

via 1H NMR spectroscopy, there was also some conversion back to ligand H2Laf.  

 

Figure 5.11: Chemical structures of Zn2LafPh2 and Zn2Laf(CO2Ad)2. 

Whilst compound H2Lan could not be isolated pure, reactions were attempted to try synthesising the 

zinc complex 5n (Figure 5.12). This included reactions between Zn(OAc)2.2H2O or Zn(OAc)2 and 

H2Lan in THF, DMSO, and pyridine solvents. 1H NMR spectroscopy indicated that reactions were 

occurring in these solvents, but the results were inconclusive, as the spectra were generally broad and 

convoluted. In addition, 1H NMR spectroscopy showed that the isolated solids were predominantly the 

free ligand, H2Lan, and there was no evidence for the isolation of 5n.  
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Figure 5.12: Chemical structure of target complex 5n. 

A notable observation was that in polar aprotic solvents, such as pyridine or DMSO, the free ligand, 

H2Lan, produced green PL, and upon addition of Zn(OAc)2, the PL changed to bright orange. This 

suggests some interaction between the zinc centres and H2Lan, however, the experimental syntheses 

were problematic due to issues with solubility and stability of the products, and therefore no further 

attempts were made to synthesise complex 5n.  

 

5.2.5 Photophysical investigation of 2,6-bis(3,4,5-trimethoxyphenyl) benzo[1,2-d:4,5-

d’]bisimidazole  

The tautomeric compounds 5p and 5q were synthesised according to a literature procedure (Figure 

5.13).132 They were targeted because they presented a new method for obtaining bisbenzimidazole units, 

and they contain a donor-acceptor-donor structure, which features in many molecules that exhibit 

TADF. They were also highlighted, in the original report, as being luminescent, however, no efficiency 

data was available.  

 

Figure 5.13: Chemical structures of tautomeric compounds 5p and 5q.  

Initially, attempts were made to identify recrystallisation solvents that may allow for the separation of 

5p and 5q so that each compound could be tested separately. However, the compounds had poor 

solubility in nearly all organics solvents tested, apart from DMF and DMSO. 



167 

 

The solution absorption and emission spectra of the mixture was recorded in DMSO solution, and both 

spectra showed vibronic structure (Figure 5.14). Several absorption transitions occur at 328 – 377 nm, 

and the corresponding emission transitions were 388 – 456 nm. The deep blue emission was found to 

be highly efficient in solution with a PLQE of 83 %. Conversely, the compounds were only weakly 

emissive in the solid state with emission at 401 and 424 nm and PLQE < 1 %. These observations are 

typical of organic compounds that exhibit ACQ.  

 

Figure 5.14: The normalised solution absorption and emission spectra of 5p and 5q in DMSO solution 

at 1.3 x 10-5 M. 

As the mixed compounds 5p and 5q displayed deep blue emission with high PLQE, the next step was 

to try and solution process the material with a suitable host material and solvent. As mentioned 

previously, the only solvents that could dissolve 5p and 5q were DMF and DMSO, and these did not 

dissolve the high energy host materials that were required to fabricate the OLED. Therefore, solution 

processed OLEDs could not be fabricated. 
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5.3 Conclusions and Outlook 

5.3.1 Conclusions 

The low solution PLQE of complex 5d provides evidence that the imine bond is a likely source of non-

radiative decay in salen and salphen complexes in solution, and that locking C=N bond in a ring system 

is favourable for increasing solution PLQE. The increase in solid state PLQE suggests that non-radiative 

decay mechanisms are reduced in the solid state for 5d due to RIM, and that the presence of the imine 

bond is favourable for increasing solid state PLQE. Therefore, compounds that contain benzo-

heterocyclic ligands such as 5a – 5c would be best utilised in OLEDs with host materials to ensure 

optimal performance, whereas compounds like 5d could be utilised on their own. However, the PLQE 

of 5d remains too low for OLEDs and, therefore, these class of compounds are likely more promising 

for sensing applications.  

The attempt to isolate the zinc complexes 5e, 5f, 5g and 5n were unsuccessful over a range of conditions. 

The corresponding ligands (H2Lae, H2Laf, H2Lag and H2Lan) are all very weak acids, which complicates 

zinc complexation, at least with acetate co-ligands. When isolated solids contained species other than 

the ligands, the solids displayed poor solubility, indicating that oligomeric products may be favoured 

over the dinuclear compounds. Inert conditions, using organometallic zinc reagents, may be helpful to 

synthesise the complexes in the future, as the ligands can be irreversibly deprotonated. However, the 

complexes will likely have low stability and solubility, both of which would hamper OLED 

applications. The impure ligands H2Lan and H2Lao were emissive and these compounds and their 

analogues are expected to show interesting photophysical and electronic properties. Further 

development is required on the syntheses of these ligands and their purification. 

The ligands H2Laf-aj were simple to synthesise and isolate, and all of these compounds displayed AIE, 

as evidenced by the higher PLQEs in the solid state compared with solution. However, the presence of 

substituents provided minimal colour tuning and lowered the PLQEs of these compounds, suggesting 

that the substituents are all sources of non-radiative decay of the excited state. Even the replacement of 

two C-H bonds with two C-F bonds (i.e. comparing H2Lai with H2Lah, respectively) more than halved 

the solid state PLQE.   

The high PLQE of 5p and 5q and strong deep blue emission was promising, however, the limited 

solubility of the material prevented the formation of solution processed OLEDs. The synthetic 

methodology can be utilised to form similar compounds, and could be a way to improve the solubility 

of these class of compounds in the future, which would assist with purification and complex formation.  
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5.3.2 Outlook 

The ligands H2Laf-aj were readily prepared, and more analogues could be targeted to further develop 

AIE emitters that may be useful for sensing applications. The best approach to achieve colour tuning in 

these compounds would be to alter the diamine precursor (Scheme 5.4). In addition, the unsubstituted 

salicylaldehyde should be used to ensure higher PLQE values, although this may introduce solubility 

issues (favourable if forming a coating material). To form air stable compounds with these ligands, a 

better strategy may be to target boron complexes rather than zinc complexes. This can be achieved using 

boron trifluoride, as demonstrated by other researchers using H2Laf, H2Lai, and related compounds.133   

  

Scheme 5.4: General reaction scheme for alternative AIE emitters. 
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Scheme 5.5: General reaction scheme for potential organic, zinc, or boron TADF emitters. 

New approaches to synthesise ligands H2Lan with H2Lao, and related structures, should be attempted, 

and the introduction of different substituents may assist in the isolation of these compounds. The 

approach utilised in the synthesis of the tautomers 5p and 5q could be modified, as illustrated in Scheme 

5.5. The donor-acceptor-donor configuration of these compounds make them good candidates for 

TADF, however, it would be best to conduct TD-DFT studies on these compounds to identify the 

optimal synthetic targets. Solubility must also be ensured through solubilising R groups, if these 

compounds are to be used in solution processed devices. However, experiments are required to 

determine the effect, on PLQEs, if any, of introducing solubilising groups to these class of molecules. 

Alternatively, vacuum processes devices could be investigated. Dinuclear or multinuclear zinc 

complexes of these ligands could subsequently be synthesised and tested. Boron complexes are also 

recommended to improve stability, PLQE, and EL performance. 
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Chapter 6: Concluding Remarks 

During the course of this thesis a wide range of zinc(II), copper(I), and organic compounds have been 

investigated, in order to establish whether they could be used to substitute expensive and unsustainable 

emitters currently being used in OLEDs, such as iridium(III) or platinum(II) compounds. However, 

none of the compounds investigated showed sufficient EL efficiency to warrant their use as emitters in 

OLEDs. Whilst many of the compounds demonstrated PL and colour tuning ability, many of them 

presented processing challenges, such as poor solubility and poor film formation. Furthermore, apart 

from a few exceptions, the majority of the compounds investigated displayed PLQE values below 10%, 

which are too low for OLED emitters.  

Another aim of this thesis was to learn more about different methods to colour tune and enhance PLQE 

using more than one metal centre. Extension of the ligand structure and the presence of a second metal 

site has shown to alter the emission colour in zinc(II) bis-salphen complexes, however, the extent of the 

colour change depended on the rigidity of the ligand structure and the ligand substituents, as shown by 

comparison between mono-zinc complex 3i (green emission), and di-zinc complexes 3j (green-orange 

emission), 3a (orange emission), and 3b (red emission).  

In the compounds investigated, the presence of a second metal site in nearly all cases also improved the 

PLQE, although not to the extent required for efficient OLED performance. This combination of 

enhanced PLQE and the ability to colour tune is very important for the development of new emitters, 

and has now been shown to occur across a series of zinc(II) salphen complexes during this thesis. 

Extension of the ligand structure, combined with the introduction of additional metal sites, may be a 

useful strategy for emission colour tuning across other zinc(II) complexes, particularly to produce deep 

red or even near IR emitters. It is likely more broadly applicable to other metal complexes, where the 

ligands play a crucial role in the excited state energies, as is the case with d10 metal complexes.   

Another aim of this thesis was to investigate a series of copper(I) bis-imines and copper(I) NHC 

complexes as emitters in OLEDs, which are also d10 metal complexes, as many other copper(I) 

complexes, based on similar ligand scaffolds, show efficient EL behaviour; typically via fast 

phosphorescence or TADF. Only one promising candidate, 4l, was discovered, which displayed 

efficient (PLQE = 45 %) deep blue emission in the solid state. The compound has structural features 

that are consistent with other copper(I) emitters, such as a dimeric structure, with bridging iodide 

ligands, which contribute to steric bulk around the two copper(I) centres in the molecule. These features 

help to explain its efficient PL. However, the compound presented processing challenges when forming 

thin films and OLED devices, either degrading or adopting a monomeric structure upon thermal 

evaporation, and producing granular films via solution processing. In addition, the large optical band 
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gap of the compound limited its ability to be matched with host and interlayer materials for processing. 

This resulted in inefficient OLEDs.  

Each chapter of this thesis highlights future candidates that should be investigated for applications that 

involve PL and EL. Some of these zinc(II), copper(I), and organic compounds may have significant 

scope as emitters for OLEDs, especially if they exhibit TADF. However, each series of compounds will 

require both theoretical and practical investigations to establish their viability for further development. 

In the first instance, TD-DFT studies should be conducted to establish potential for TADF, and for 

suitable electron and hole transport properties. Promising candidates can then be synthesised and their 

photophysical properties determined, including their solution and solid state PLQEs. By conducting 

further research into these structures it may be possible to enable OLEDs to achieve greater EL 

efficiencies than existing phosphorescent emitters, and cheaper, more sustainable OLEDs may be 

produced.  
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Chapter 7: Experimental 

7.1 Materials and Methods 

7.1.1 General Materials 

The synthesis of most precursors and compounds were carried out under an inert atmosphere, apart 

from a few exceptions, which were carried out in air (in each case this is explicitly mentioned). The 

following compounds were synthesised according to literature procedures and purity was determined 

by 1H NMR spectroscopy and EA: 

 Toluene-4-sulfonic acid 2,2-dimethyl-propyl ester (neopentyl tosylate)117a 

 1,2-Dineopentyloxybenzene117b 

 1,2-Dineopentyloxy-4,5-dinitrobenzene71k  

 4,5-Diamino-1,2-dineopentyloxybenzene (precursor 1)71k 

 2-tert-Butyl-4-chloro-phenol124c 

 2-tert-Butyl-4-fluoro-phenol – using an adapted literature procedure124c 

 3-tert-Butyl-2-hydroxy-5-methoxybenzaldehyde (via HMTA)124a 

 3-tert-Butyl-2-hydroxy-5-methoxybenzaldehyde (via paraformaldehyde)124b 

 2-tert-Butyl-4-chloro-salicylaldehyde124a, 124c 

 2-tert-Butyl-4-fluoro-salicylaldehyde124d 

 2,3,6,7-Tetraaminophenazine hydrochloride125 

 Diimine compounds, H6Rk-l59a 

 Ligand H4La57d  

 Ligand H2Li134 

 Ligand H4Lj59a 

 Complexes 2a – 2f, the diformyl compounds used in their preparation, and zinc 

(bis)hexanoate14, 116  

 Complex 3i82a  

 Complex 3j59a 

All other reagents and solvents were obtained from commercial sources and used as received. Dry 

solvents where prepared by distillation from Na (for dry THF and dry n-hexane) or activated molecular 

sieves (for dry acetonitrile). Where degassed solvents were used, either freeze-pump-thaw cycles (x3) 

were conducted on the solvent, or argon gas was passed through the solvent for at least 15 minutes. 
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7.1.2 Analytical Methods 

Several analytical methods were employed to assess the purity of the novel compounds. Initially, 1H 

NMR spectroscopy of the isolated material was used in an appropriate solvent, typically CDCl3 or d6-

DMSO. If consistent with the target compound, then MS was conducted, using either electrospray 

ionisation (ES) or matrix-assisted laser desorption ionisation (MALDI). In some cases, when the 

substances had poor solubility in organic solvents or readily decomposed under MS analysis, then EA 

was conducted. When the compounds were confirmed via NMR spectroscopy and MS, then the 

compounds were also submitted for EA. 

All nuclear magnetic resonance (NMR) spectroscopy was conducted on a Bruker AV-400 or AV-500 

instrument, for 1H (at 400 or 500 MHz), 13C with proton decoupling (at 100 or 126 MHz), and conducted 

at 298 K, with all chemical shifts reported in ppm relative to the stated solvent. Analysis of the spectra 

was conducted using MestReNova software, from MestreLab. Extended 13C NMR spectra, HSQC, and 

DOSY experiments were carried out by Dr. Peter Haycock at Imperial College London.  

MALDI-ToF MS and ES-MS measurements were conducted by Dr. Lisa Haigh, at Imperial College 

London. MALDI-ToF was carried out on a Waters/Micromass MALDI micro MX spectrometer, with 

a 337 nm nitrogen laser operating in reflection mode (under 7 kDa). ES-MS was carried out on a LCT 

Premier Waters machine with a capillary voltage of 2000 V, cone voltage of 30 V, source temperature 

of 120 °C, desolvation temperature of 350 °C, cone gas flow of 10 L/h, and desolvation gas flow of 400 

L/h. 

EA was carried out by Mr. Stephen Boyer at London Metropolitan University, North Campus, 

Holloway Road, London, N7 7DD.  

IR measurements were conducted on a Perkin Elmer 400 FT, with substances in their solid state. TGA 

measurements were carried out on a Mettler Toledo TGA/DSC 1LF/UMX instrument under a flow of 

air (50 mL/min) and a heating rate of 5 °C/min from ambient temperature to 500 °C. 

Single crystal XRD data were collected and processed by Dr. Andrew White at Imperial College 

London. Further details are provided in the appendices. 

 

7.1.3 Photophysical Methods 

Photophysical data were obtained for the novel compounds, and other target compounds when the 

analytical techniques confirmed suitable purity (typically > 99 % by EA). The photophysical data 

obtained depended on the availability of data in the public domain, the solubility of the compounds in 
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common organic solvents, and the availability of the appropriate equipment. Several spectroscopic 

methods were conducted for determination of the photophysical data, including: solution absorption, 

solution excitation, solution emission, solid state excitation, and solid state emission spectroscopy. 

Where applicable, solution and solid state PLQEs were determined.  

Glass or quartz substrates, used when forming thin films, were cleaned prior to use by submerging in 

an acetone bath and agitated by sonication for 10 minutes, and then in an IPA bath and agitated by 

sonication for 10 minutes (x2). The substrates were then dried under a stream of nitrogen gas prior to 

deposition of the solutions via spin coating or drop casting.  

 

7.1.4 Solution Absorption Spectroscopy 

For solution absorption spectroscopy measurements, the compounds were dissolved in an appropriate 

solvent, and typically the solutions were made with concentrations between 1.0 x 10-3 – 1.0 x 10-5 M in 

order to ensure the compounds were appropriately dilute. Typically these dilutions were assigned as D0 

and were then placed in quartz cuvettes (with 1 cm path lengths) and their absorbance values recorded. 

If absorbance values of < 1 were obtained then typically the solutions were diluted by a factor of 2 to 

produce the next dilution (D1), and the absorbance recorded again. This process was then repeated 

several times (producing dilutions D2, D3, D4 etc.) in order to obtain the molar absorption coefficient 

(ε) of the compound by plotting the absorbance against the concentration and obtaining the gradient.  

If the D0 concentration produced absorbance values > 1, then the solution would be diluted 

appropriately until an absorbance of <1 was obtained. This ensures an appropriate level of light passes 

through the sample to determine accurate absorbance values. Solution absorption spectra were recorded 

using a Perkin Elmer LAMBDA 25 spectrophotometer at 298 K. 

 

7.1.5 Solution Excitation and Emission Spectroscopy 

The solution excitation and emission spectra were typically obtained directly after the solution 

absorption spectra in order to minimise temperature variations or degradation that might occur in 

solution with time. The slit widths used for the excitation and emission wavelengths varied depending 

on the sample, and typically ranged from 0.5 – 5 nm, most commonly 2.5 and 5.0 nm. For each sample, 

the slit widths were kept constant for consistency and for proper comparison of the emission intensities 

upon dilution, and were selected to prevent oversaturation of the detectors.  

Solution PLQEs of the samples were obtained either using the comparative method,135 or using an 

integrating sphere and the absolute method.120 With the comparative method, the PLQE can be 
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determined by comparing the sample with a reference material with known PLQE. A full guide to 

recording the PLQE using the comparative method has already been described.135b However, a summary 

is provided below.  

The absorption and emission spectra of the sample (with unknown PLQE) and the standard (with known 

PLQE, typically fluorescein) must be recorded at a range of dilute concentrations. The absorbance of 

the sample must be below 0.1 (if the cuvette has a path length of 10 mm) at and above the excitation 

wavelength, to minimise re-absorption effects.135b The absorption and emission spectra of the blank 

solvent must also be recorded. Both the sample and standard need to emit in the same region of the EM 

spectrum and the same excitation wavelengths and slit widths must be used. The integrated emission 

intensity must then be calculated at each concentration, and plotted against the absorbance (at the same 

concentration, for both the sample and the standard). The gradient of each plot must then be determined 

(Figure 7.1 shows an example of one of these plots). 

The PLQE is then determined using the following equation: 

PLQEsample = PLQEstandard (gradientsample / gradientstandard) (ηsample
2 / ηstandard

2) 

Where ηsample is the refractive index of the solvent used for the sample, and ηstandard is the refractive index 

used for the standard.  

 

Figure 7.1: The plot of integrated emission intensity vs. absorbance, used to determine the gradient, 

and subsequently the PLQE of the sample. 
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Solution emission and excitation spectra were recorded using Cary Eclipse Fluorescence 

Spectrophotometer at 298 K. Solution PLQEs were determined via the comparative method and the 

aforementioned equipment, or using a Horiba FluoroMax 4 equipped with an integrating sphere and via 

the absolute method.120 

 

7.1.6 Solid State Emission Spectroscopy 

The solid state emission spectra of some target compounds were also determined to assess their solid 

state emission wavelengths and whether the compounds displayed AIE or ACQ phenomenon. The 

samples were either thin films (produced via spin coating or vacuum deposition onto quartz substrates), 

in powder form, or ground to powder form if isolated as crystals. This ensured homogeneous samples 

were obtained for their solid state spectra. The powders were placed into appropriate holders made of 

quartz or barium sulfate coated holders with quartz lids that were placed in an integrating sphere. 

Solid state PLQEs of the samples were obtained using the absolute method.120 For complexes 2a – 2f, 

and 4j – 4k, a Hamamatsu Quantaurus-QY equipped with an integrating sphere was used. The solid 

state spectra and PLQEs of all the other compounds were determined using a Horiba FluoroMax 4 

equipped with an integrating sphere, including experiments to measure the PLQE values of complexes 

2d and 2e in aggregated states. An example of the plots used to calculate the solid state PLQE is shown 

in Figure 7.2. Both direct and indirect photo-excitation is required for the sample. 

 

Figure 7.2: The direct and indirect excitation and emission spectra of 5c in powder form, and the 

indirect excitation with a blank sample (after converting to energy (eV)), used to determine the solid 

state PLQE. The vertical axis is truncated to ensure the emission peak is visualised.  
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7.1.7 PESA Measurements  

PESA measurements were conducted by Mr Iain Hamilton at ambient pressure using a KP Technology 

APS04 instrument. The samples were illuminated with a 4–5 mm diameter light spot derived from a 

tuneable monochromated deuterium lamp (4–7 eV). The raw photoemission data were corrected for 

detector offset, intensity normalised, and then processed by a cube root power law. The HOMO energy 

was then determined from the intersection between a straight line fit to the photoemission and the 

baseline. 

 

7.1.8 OLED Device Fabrication and Measurements 

OLEDs were fabricated and characterised by Mr Iain Hamilton with the following device architecture: 

ITO/PEDOT:PSS/TFB/EML/LiF/Ca/Al, where the EML was either 3a doped in F8 (OLED A), 3b 

doped in F8 (OLED B), 3b doped in F8BT (OLED C), or 4l (OLEDs 4A – 4D, although 4A and 4C 

were without the interlayer TFB). The ITO anodes were on a glass substrate (size 12mm x 8mm) and 

were cleaned for 15 minutes by sonification with acetone, then isopropanol, and then detergent 

(Hellmanex III, 2% by volume in DI water). The cleaned ITO substrate were then oxygen plasma treated 

using an Emitech K1050X, and then PEDOT:PSS (Clevios P VP) was deposited as the HIL (35nm 

thickness) via spin-coating at 3000 rpm and annealing in air for 15 min at 135 °C. TFB was then 

deposited as an EBL (15 nm thickness) by spin-coating at 1000 rpm from 2 mg/mL toluene solution, 

followed by annealing in a nitrogen filled oven at 180 °C for one hour. The EML was deposited from a 

10 mg/mL solution in chloroform. The cathode, comprising a triple layer LiF (2nm), calcium (30 nm), 

and aluminium (100 nm), was deposited using an MBraun thermal evaporator. 

OLEDs were characterised at room temperature with a computer-controlled Keithley Source Measure 

unit, in a sealed sample chamber under nitrogen, and a bias voltage was applied to the OLED pixel and 

the resultant current measured. The luminance measurements were obtained using a Minolta LS100 

spot luminance meter and the EL spectra were obtained using an Ocean Optics USB 2000 CCD 

spectrometer equipped with a fibre light collection bundle. 
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7.2 Synthesis of ligands 

7.2.1 Synthesis of phenyl-linked ligands (H4La-b and H4Lf-h) 

H4La (prepared using a modified literature procedure57d) 

To an oven dried Schlenk tube was added benzene-1,2,4,5-tetraamine tetra hydrochloride (1.42 g, 5.00 

mmol, 1.0 equiv.) and 3,5-ditertbutylsalicylaldehyde (4.92 g, 21.0 mmol, 4.2 equiv.), which was then 

flushed with argon (x3). Triethylorthaformate (10 mL), ethanol (50 mL), and diisopropylethylamine (6 

mL) were then added and the resulting dark brown mixture was heated to 70 °C with stirring for 3 days. 

Once cooled to ambient temperature, the precipitate was isolated by filtration, washed with ethanol (3 

x 20 mL), and dried under vacuum to afford the crude product (4.12 g of a mustard-yellow powder, 82 

%). The crude product (3.30 g) was recrystallised from chloroform/ n-hexane (1:4) to afford the product 

as a mustard-coloured powder (2.88 g, 72 %). This purified product was recrystallised for a second time 

from THF to remove trace impurities and afford an orange microcrystalline powder. 

 

1H NMR (400 MHz, CDCl3) δ 13.47 (s, 4H, O-H), 8.78 (s, 4H, N=C-H), 7.46 (d, J = 2.4 Hz, 4H, Ar-H), 

7.26 (d, J = 2.4 Hz, 4H, Ar-H), 7.16 (s, 2H, Ar-H), 1.45 (s, 36H, C(CH3)3), 1.33 (s, 36H, C(CH3)3). 

13C NMR (101 MHz, CDCl3) δ 164.8, 158.8, 141.7, 140.6, 137.4, 128.7, 127.1, 118.5, 111.3, 35.3, 34.4, 

31.6, 29.6. 

ES-MS m/z (relative intensity) 1004 ([M+H]+, 12) 

Anal. Calc. for C66H90N4O4: C, 79.00; H, 9.04; N, 5.58. Found: C, 78.92; H, 9.18; N, 5.64. 

 

H4Lb 

To an oven dried Schlenk tube was added benzene-1,2,4,5-tetraamine tetra hydrochloride (284 mg, 1.0 

mmol, 1.0 equiv.), which was then flushed with argon (x3). To this was added ethanol (10 mL), 
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diisopropylethylamine (1.2 mL), 3-tert-butyl-2-hydroxy-5-methoxy-benzaldehyde (875 mg, 4.2 mmol, 

4.2 equiv.), and triethylorthaformate (2.0 mL) resulting in a dark brown mixture. The reaction mixture 

was then heated to reflux with stirring for 6 days. Once cooled to ambient temperature the precipitate 

was isolated by filtration, washed with ethanol (2 x 5 mL), and dried under vacuum to afford the product 

(314 mg of a pale brown powder, 35 % yield). The product (104 mg) was recrystallized from THF (after 

a hot filtration to remove some insoluble black powder), producing an orange microcrystalline powder 

(64 mg). Both the pale brown powder and orange microcrystalline powder were used in the synthesis 

of complex 2. For photophysical and TGA experiments only the orange microcrystalline powder was 

used.  

 

1H NMR (400 MHz, CDCl3) δ 13.27 (s, 4H, O-H), 8.74 (s, 4H, N=C-H), 7.18 (s, 2H, Ar-H), 7.07 (d, J 

= 3.1 Hz, 4H, Ar-H), 6.75 (d, J = 3.1 Hz, 4H, Ar-H), 3.80 (s, 12H, CH3), 1.44 (s, 36H, C(CH3)3). 

ES-MS m/z (relative intensity) 900 ([M+H]+, 10). 

Anal. Calc. for C54H66N4O8: C, 72.13; H, 7.40; N, 6.23. Found: C, 71.91; H, 7.57; N, 6.28. 

Note: Attempts were made to obtain a 13C NMR spectrum, however, the compound had low solubility 

in CDCl3 and therefore required very long acquisition times (several hours), during which the compound 

partially degrades in the solvent.  

 

H4Lf 

To an oven dried Schlenk tube was added benzene-1,2,4,5-tetraamine tetra hydrochloride (284 mg, 1.0 

mmol, 1.0 equiv.) and 3-tert-butyl-5-chlorosalicylaldehyde (893 mg, 4.2 mmol, 4.2 equiv.), which was 

then flushed with argon (x3). Triethylorthaformate (2.0 mL), ethanol (10 mL), and 

diisopropylethylamine (1.2 mL) were then added to produce a dark brown mixture, which was then 

heated to reflux with stirring for 1 hour, during which the reaction mixture had become highly viscous 

due to the production of a red-brown precipitate. Further ethanol (10 mL) was added to the reaction 

mixture, which was then further heated to reflux for 24 hours. Once cooled to ambient temperature the 
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precipitate was isolated by filtration, washed with ethanol (2 x 10 mL), and dried under vacuum to 

afford the product (538 mg of a red-brown brown powder, 59 % yield). An analytically pure sample of 

the compound was obtained via recrystallisation from THF/hexane solvent, resulting in a bright orange 

powder (322 mg).  

 

1H NMR (400 MHz, CDCl3) δ 13.53 (s, 4H, O-H), 8.68 (s, 4H, N=C-H), 7.35 (d, J = 2.5 Hz, 4H, Ar-

H), 7.27 (d, J = 2.5 Hz, 4H, Ar-H), 7.17 (s, 2H, Ar-H), 1.43 (s, 36H, C(CH3)3).  

ES-MS m/z (relative intensity) 900 ([M+H]+, 10).  

Anal. Calc. for C50H54Cl4N4O4: C, 65.50; H, 5.94; N, 6.11. Found: C, 65.39; H, 6.03; N, 5.93. 

Note: Attempts were made to obtain a 13C NMR spectrum, however, the compound had low solubility 

in CDCl3 and therefore required very long acquisition times (several hours), during which the compound 

partially degrades in the solvent, as shown by the emergence of peaks consistent with the starting 

aldehyde.  

 

H4Lg 

To an oven dried Schlenk tube was added benzene-1,2,4,5-tetraamine tetra hydrochloride (284 mg, 1.0 

mmol, 1.0 equiv.) and 3-tert-butyl-5-fluorosalicylaldehyde (824 mg, 4.2 mmol, 4.2 equiv.), which was 

then flushed with argon (x3). Triethylorthaformate (2.0 mL), ethanol (10 mL), and 

diisopropylethylamine (1.2 mL) were then added to produce a yellow-brown mixture, which was then 

heated to reflux for 24 hours (an orange precipitate was produced after approximately 1 hour of reflux). 

Once cooled to ambient temperature the precipitate was isolated by filtration, washed with ethanol (2 x 

3 mL) and hexane (3 mL), then dried under vacuum to afford the product (490 mg of an orange powder, 

58 % yield). This compound was further purified via recrystallisation from hot chloroform producing a 

bright orange powder.  
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1H NMR (400 MHz, CDCl3) δ 13.34 (s, 4H, O-H), 8.68 (s, 4H, N=C-H), 7.18 – 7.14 (m, 6H, Ar-H), 

6.97 (dd, J = 7.7, 3.1 Hz, 4H, Ar-H), 1.43 (s, 36H, C(CH3)3).  

13C NMR (101 MHz, d-THF) δ 164.5 - 164.5 (d, J = 12 Hz), 157.1, 156.3, 153.9, 141.7, 139.9 – 139.9 

(d, J = 20 Hz), 119.0 - 118.9 (d, J = 32 Hz), 118.3 – 118.0 (d, J = 96 Hz), 114.9 – 114.7 (d, J = 92 Hz), 

111.0, 34.9, 28.6. One additional signal is present in the spectrum which may be due to an impurity. 

ES-MS m/z (relative intensity) 851.4158 ([M+H]+, 100). 

 

H4Lh 

To an oven dried Schlenk tube was added benzene-1,2,4,5-tetraamine tetra hydrochloride (284 mg, 1.0 

mmol, 1.0 equiv.) and 3-diethylaminosalicylaldehyde (812 mg, 4.2 mmol, 4.2 equiv.), which was then 

flushed with argon (x3). Triethylorthaformate (2.0 mL), ethanol (10 mL), and diisopropylethylamine 

(1.2 mL) were then added to produce a red mixture, which was then heated to reflux with stirring for 1 

hour producing a red precipitate, and the reaction was continually heated to reflux for a further 17 hours. 

Once cooled to ambient temperature the precipitate was isolated by filtration, washed with ethanol (2 x 

5 mL), and dried under vacuum to afford the product (101 mg of a red brown powder, 12 % yield).  
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1H NMR (400 MHz, CDCl3) δ 13.65 (s, 4H, O-H), 8.51 (s, 4H, N=C-H), 7.19 (d, J = 8.7 Hz, 4H, Ar-

H), 7.06 (s, 2H, Ar-H), 6.32 – 6.15 (m, 8H, Ar-H), 3.38 (q, J = 7.1 Hz, 16H, CH2CH3), 1.19 (t, J = 7.0 

Hz, 24H, CH2CH3).  

13C (126 MHz, CDCl3) δ 164.6, 160.3, 152.0, 140.7, 134.0, 109.7, 109.5, 103.9, 100.1, 98.3, 44.8, 12.9. 

One additional signal is present in the spectrum which may be due to an impurity.  

ES-MS m/z (relative intensity) 839.4972 ([M+H]+, 100). 

Anal. Calc. for C50H62N8O4: C, 71.57; H, 7.45; N, 13.35. Found: C, 71.31; H, 7.54; N, 13.20. 

 

7.2.2 Attempted synthesis of phenyl-linked ligands (H4Lc-e) 

H4Lc 

Under an argon atmosphere, to a suspension of benzene-1,2,4,5-tetraamine tetra hydrochloride (284 

mg, 1.0 mmol, 1.0 equiv.), triethylorthaformate (2.0 mL) and ethanol (5 mL) was added 

diisopropylethylamine (1.2 mL), 2-hydroxy-3-methoxy-benzaldehyde (639 mg, 4.2 mmol, 4.2 equiv.) 

and ethanol (5 mL). The resulting black mixture was heated to 70 °C for 18 hours, and then to reflux 

for a further 18 hours. Once cooled to ambient temperature the precipitate was isolated by filtration, 

washed with cold (0 °C) ethanol (3 x 5 mL), and dried under vacuum to afford the product (374 mg of 

a light red-brown powder, 55 % yield). The lack of solubility of the product made further analysis 

difficult.  

 

1H NMR (400 MHz, DMSO-d6) δ 12.99 (s, 4H, O-H), 9.09 (s, 4H, N=C-H), 7.68 (s, 2H, Ar-H), 7.32 – 

7.23 (m, 4H, Ar-H), 7.17-7.16 (m, 4H, Ar-H), 7.02 – 6.88 (m, 4H, Ar-H), 3.83 (s, 12H, CH3); other 

signals were present in the NMR spectra and the integration of the signals were tentatively assigned 

based on the predicted structure. ES-MS m/z (relative intensity) 675 ([M+H]+, 85).  

Purification of the crude product (348 mg) from hot DMF resulted in fine crystals after several weeks, 

which were filtered and dried under vacuum to afford 71 mg of dark brown crystalline powder (11 %). 
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1H NMR (400 MHz, DMSO-d6) δ 13.37 (d, J = 24.5 Hz, 4H), 13.14 (d, J = 30.1 Hz, 4H), 7.84 (s, 2H), 

7.71 – 7.59 (m, 4H), 7.09 (d, J = 7.9 Hz, 4H), 6.97 (t, J = 8.0 Hz, 4H), 3.84 (s, 12H). The 1H NMR 

spectrum was not consistent with the sought product. It contained too many signals, and unexpected 

splitting for shifts phenolic protons at δ 13.37 and 13.14 ppm. In addition, trace quantities of DMF were 

still present. 

Anal. Calc. for C38H34N4O8: C, 67.65; H, 5.08; N, 8.30. Found: C, 67.57; H, 5.19; N, 8.14. 

 

H4Ld 

Under an argon atmosphere, to a suspension of benzene-1,2,4,5-tetraamine tetra hydrochloride (142 

mg, 0.5 mmol, 1.0 equiv.), triethylorthaformate (1.0 mL) and ethanol (2.5 mL) was added 

diisopropylethylamine (0.6 mL), 3,5-difluoro-2-hydroxy-benzaldehyde (332 mg, 2.1 mmol, 4.2 equiv.) 

and ethanol (2.5 mL). The resulting maroon mixture was heated to 70 °C for 42 hours. Once cooled to 

ambient temperature the precipitate was isolated by filtration, washed with cold (0 °C) ethanol (3 x 5 

mL), and dried under vacuum to afford the product (109 mg of a fine maroon powder, 31 % yield). 

 

The 1H NMR spectrum was highly convoluted and contained multiple species. Recrystallisation of the 

crude product from THF did not result in much improvement to the 1H NMR spectrum.  

MS did provide some evidence for the formation of the desired product: ES-MS m/z (relative intensity) 

699 ([M+H]+, 100).   

The compound failed EA: Anal. Calc. for C34H18F8N4O4: C, 58.46; H, 2.60; N, 8.02. Found: C, 55.39; 

H, 3.81; N, 7.60. 
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H4L
e 

Under an argon atmosphere, a suspension of benzene-1,2,4,5-tetraamine tetra hydrochloride (284 mg, 

1.0 mmol, 1.0 equiv.), 2-hydroxy-3-methyl-5-fluoro-benzaldehyde (647 mg, 4.2 mmol, 4.2 equiv.), 

triethylorthaformate (2.0 mL), and ethanol (10 mL) were stirred to produce a brown mixture. The 

reaction mixture was heated to reflux for 2 days resulting in a maroon mixture. Once cooled to ambient 

temperature the precipitate was isolated by filtration, washed with ethanol (2 x 5 mL), and dried under 

vacuum to afford the product (light red-brown powder, 438 mg ).  

 

The 1H NMR spectrum was highly convoluted and contained multiple species.  

MS provided some evidence for the formation of the desired product: MALDI-ToF m/z (relative 

intensity) 684 ([M+H]+, 18).   

 

 

7.2.3 Attempted synthesis of phenazine-linked ligand (H4Lm) 
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Experiment A 

Under an argon atmosphere, to a mixture of 2,3,6,7-tetraaminophenazine hydrochloride (171 mg, 0.58 

mmol, 1.0 equiv.) and 3,5-di-tert-butyl-2-hydroxy-benzaldehyde (571 mg, 2.43 mmol, 4.2 equiv.) was 

added triethylorthaformate (1.2 mL), diisopropylethylamine (0.7 mL), and ethanol (6 mL). The 

resulting black mixture was heated to reflux for 3 days to produce a black solution. Once cooled to 

ambient temperature the resulting black solution was placed in a freezer for 24 hours, producing a small 

quantity of solid which dissolved on warming to ambient temperature. The addition of ether to the 

solution did not result in precipitation, therefore all the solvent was subsequently removed under 

reduced pressure at 40 °C resulting in a dark brown powder, which was washed with n-hexane (3 x 10 

mL) and dried under vacuum to afford a brown-black powder (240 mg). The analysis of this solid 

indicated multiple products from this experiment, and the 1H NMR and MS results are discussed in 

section 3.2.2. 

 

Experiment B 

Under an argon atmosphere, to a mixture of 2,3,6,7-tetraaminophenazine hydrochloride (148 mg, 0.50 

mmol, 1.0 equiv.) and 3,5-di-tert-butyl-2-hydroxy-benzaldehyde (492 mg, 2.1 mmol, 4.2 equiv.) was 

added triethylorthaformate (1.0 mL), diisopropylethylamine (0.6 mL), and ethanol (5 mL). The 

resulting dark brown mixture was heated to reflux for 24 hours. Once cooled to ambient temperature 

the resulting precipitate was filtered, washed with ethanol (2 x 5 mL) and dried under vacuum to afford 

a brown powder (173 mg). The analysis of this solid via 1H NMR in CDCl3 and d6-DMSO, and MS-

ESI and MS-MALDI-ToF was consistent with a mixture of products (the sought product, triimine and 

diimine intermediates). Purification of the crude product using via flash chromatography was attempted 

using an eluent that increased in polarity at certain points (each fraction (f) was approx. 10 mL). For 

the eluent, DCM: hexane (1:1) was used until f10, then 6:4 until f20, then 8:2 until f28, then DCM was 

used until f40, then DCM: diethyl ether (9:1) until f50, then diethyl ether was used to wash the silica, 

and these washings collected and dried. Both 3,5-di-tert-butyl-2-hydroxy-benzaldehyde and the sought 

product eluted initially in mixed fractions, then the sought product and trace impurities, following by 

various mixed fractions containing the sought product, 3,5-di-tert-butyl-2-hydroxy-benzaldehyde, and 

then increasingly, the triimine and then diimine intermediates. The conversion of the sought product to 

the intermediates and 3,5-di-tert-butyl-2-hydroxy-benzaldehyde on silica was problematic, and so the 

experiment was ended. These results are discussed further in section 3.2.2. 
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Experiment C 

Under an argon atmosphere, to a mixture of 2,3,6,7-tetraaminophenazine hydrochloride (148 mg, 0.50 

mmol, 1.0 equiv.) and 3,5-di-tert-butyl-2-hydroxy-benzaldehyde (1,172 mg, 5.0 mmol, 10 equiv.) was 

added triethylorthaformate (1.0 mL), diisopropylethylamine (0.6 mL), and ethanol (5 mL). The 

resulting dark brown mixture was heated to reflux for 5 days. Once cooled to ambient temperature the 

resulting precipitate was filtered, washed with ethanol (2 x 5 mL) and dried under vacuum to afford a 

maroon powder (329 mg). The analysis of this solid via 1H NMR in CDCl3 was consistent with a mixture 

of products (including the sought product, triimine and diimine intermediates) and 3,5-di-tert-butyl-2-

hydroxy-benzaldehyde. Purification of the crude product using a silica plug and a mixed solvent system 

(hexane: DCM) was attempted. Initially hexane: DCM (8:2) was used as the eluent to collect across 3 

large fractions (F), which were each approx. 20 mL: F1 (no solid), F2 (trace solid), F3 (160 mg of white 

and orange solids – 3,5-di-tert-butyl-2-hydroxy-benzaldehyde and impurities), then hexane: DCM (6:4) 

to collect in F4 (617 mg of orange solid – sought product and intermediates), then hexane: DCM (1:1) 

to collect in F5 (7 mg of orange solid – sought product), then DCM to collect in F6 (68 mg of red and 

brown solids – sought product and intermediates), F7 (49 mg of red and brown solids – sought product 

and intermediates), and F8 (67 mg of red and brown solids – sought product and intermediates). Note, 

the masses of the solids above contain varying amounts of solvents (hence do not sum to the total mass 

of the crude material. In addition some material remained on the silica. The contents of each fraction 

was determined via 1H NMR in d6-DMSO. Only the solid isolated from F5 was analysed further. These 

results are discussed further in section 3.2.2. 

 

Experiment D 

2,3,6,7-Tetraaminophenazine hydrochloride (1.5 mg, 0.005 mmol, 1.0 equiv.), 3,5-di-tert-butyl-2-

hydroxy-benzaldehyde (4.9 mg, 0.021 mmol, 4.2 equiv.), and d6-DMSO (0.6 mL) were mixed to 

produce a deep purple solution that was heated at 80 °C for 24 hours. Only minimal conversion to the 

product was observed via 1H NMR spectroscopy, however trace precipitate was noted, possibly 

containing the sought product, which may have minimal solubility in d6-DMSO. These results are 

discussed further in section 3.2.2. 

 

Experiment E 

2,3,6,7-Tetraaminophenazine hydrochloride (1.5 mg, 0.005 mmol, 1.0 equiv.), 3,5-di-tert-butyl-2-

hydroxy-benzaldehyde (4.9 mg, 0.021 mmol, 4.2 equiv.), diisopropylethylamine (one drop), and CDCl3 

(0.6 mL) were mixed to produce a dark brown mixture, which was stirred at ambient temperature for 
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36 hours. No product and mostly 3,5-di-tert-butyl-2-hydroxy-benzaldehyde was observed via 1H NMR 

spectroscopy. These results are discussed further in section 3.2.2. 

 

Experiment F 

To 30 mg of the solid isolated from F6 (from Experiment C), was added 3,5-di-tert-butyl-2-hydroxy-

benzaldehyde (99 mg, 0.42 mmol) and chloroform (20 mL). The resulting dark red-brown mixture was 

heated to reflux for 24 hours, and the reaction was analysed via 1H NMR in CDCl3 (some further 

conversion to the sought product was observed, but also more diimine intermediate). To the reaction 

was added 4 Å molecular sieves, whilst under an inert atmosphere, and the reaction mixture was 

reheated to reflux for a further 2 days, and then analysed via 1H NMR in CDCl3 (less product was 

present in spectrum, however some precipitate was present in the reaction mixture). The reaction 

mixture was allowed to cool to ambient temperature and the resulting precipitate was filtered, the 

molecular sieves removed, and then dried under vacuum to afford a light red-brown powder (133 mg). 

The analysis of this solid via 1H NMR in CDCl3 was consistent with the sought product, although very 

weak in intensity. The solid failed EA substantially and likely contained mostly crushed molecular 

sieves. Attempts to wash the product from the molecular sieves were unsuccessful. These results are 

discussed further in section 3.2.2. 

 

Experiment G 

In air, 2,3,6,7-tetraaminophenazine hydrochloride (148 mg, 0.50 mmol, 1.0 equiv.) and ethanol (10 mL) 

were mixed to produce a dark red-purple mixture, which was heated to 50 °C. To this was added slowly 

added a solution of 3,5-di-tert-butyl-2-hydroxy-benzaldehyde (1172 mg, 5.0 mmol, 10 equiv.) dissolved 

in ethanol (10 mL), turning the mixture a dark purple colour. The reaction mixture was then heated to 

reflux for 24 hours to produce a black mixture. Once cooled to ambient temperature the resulting 

precipitate was filtered, washed with ethanol (2 x 5 mL) and dried under vacuum to afford a dark brown 

powder (260 mg). The analysis of this solid via 1H NMR in CDCl3 was consistent with a mixture of the 

sought product and 3,5-di-tert-butyl-2-hydroxy-benzaldehyde. Solubility tests were conducted on this 

mixed solid, however none of the solvents fully dissolved the solid, although ethanol appeared to 

dissolve the most solid and resulted in a bright red solution when filtered. Attempts to recrystallise the 

product from hot ethanol, after a hot filtration, were unsuccessful. 
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7.2.4 Synthesis of aromatic diimine ligands H2Lae and Me2Lae 

H2Lae 

To a RBF was added 2,5-diphenol-1,4-dicarboxaldehyde (33 mg, 0.2 mmol, 1.0 equiv.) and methanol 

(30 mL) to produce a yellow mixture, which was heated to produce an orange solution. 4-tert-

butylaniline (60 mg, 0.4 mmol, 2.0 equiv.) was then dissolved in methanol (5 mL) and this solution was 

added to reaction mixture, which began to darken and increase in turbidity. The reaction mixture was 

then heated to reflux for 5 hours, during which time a dark orange precipitate had formed. After cooling 

to ambient temperature, the precipitate was isolated by filtration, washed with methanol (2 x 5 mL), 

and then dried under vacuum to afford an orange powder (54 mg, crude yield = 64 %). The product was 

crystallised from chloroform: hexane (20 mL, 1:1) to produce an orange powder (yield = 19 mg, 22 %). 

 

1H NMR (400 MHz, CDCl3) δ 12.71 (s, 2H, O-H), 8.63 (s, 2H, N=C-H), 7.53 – 7.41 (m, 4H, Ar-H), 

7.32 – 7.26 (m, 4H, Ar-H), 7.06 (s, 2H, Ar-H), 1.36 (s, 18H, C(CH3)3). 

Anal. Calc. for C28H32N2O2: C, 78.47; H, 7.53; N, 6.54. Found: C, 78.34; H, 7.67; N, 6.61. 

 

Me2Lae 

To a RBF was added 2,5-dimethoxy-1,4-dicarboxaldehyde (194 mg, 1.0 mmol, 1.0 equiv.) and 

methanol (100 mL) to produce a yellow mixture, which was heated to reflux to produce a yellow 

solution. 4-Tert-butylaniline (0.34 mL, 2.1 mmol, 2.1 equiv.) was then added to the reaction mixture, 

which was then heated at reflux for 22 hours, then allowed to cool to ambient temperature. The 

precipitate was filtered, washed with cold (-78 °C) methanol (2 x 5 mL), and then dried under vacuum 

to afford a bright yellow powder (yield = 420 mg, 92 %).  
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1H NMR (400 MHz, CDCl3) δ 8.95 (s, 2H, N=C-H), 7.77 (s, 2H, Ar-H), 7.45 – 7.40 (m, 4H, Ar-H), 

7.25 – 7.20 (m, 4H, Ar-H), 3.96 (s, 6H, CH3), 1.36 (s, 18H, C(CH3)3). 

13C NMR (101 MHz, CDCl3) δ 155.4, 154.0, 149.9, 149.4, 128.3, 126.1, 121.0, 109.7, 56.4, 34.7, 31.6. 

ES-MS m/z (relative intensity) 457.2855 ([M+H]+, 100). 

Anal. Calc. for C30H36N2O2: C, 78.91; H, 7.95; N, 6.13. Found: C, 78.87; H, 8.05; N, 6.13. 

 

7.2.5 General procedure for the synthesis of aromatic diimine ligands (H2Laf – aj ) 

To a solution of p-diaminobenzene (108 or 216 mg, 1.0 or 2.0 mmol, 1.0 equiv.) and methanol (5 or 10 

mL) was added a solution of a substituted salicylaldehyde (2.1 or 4.2 mmol, 2.1 equiv.) in methanol (14 

or 28 mL). The mixture was heated to reflux for 2 hours producing a precipitate. Once the mixture was 

cooled to ambient temperature, the precipitate was isolated by filtration, washed with methanol (2 x 5 

mL), and then dried under vacuum to afford the product. 

 

H2Laf 

A bright orange powder (922 mg, yield = 85 %). The product was recrystallised from chloroform/n-

hexane (30 mL, 1:2) to produce orange microcrystals (yield = 501 mg, 46 %). The scale of the reaction 

was 2.0 mmol, and cold (-78 °C) methanol was used to wash the solid. 
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1H NMR (400 MHz, CDCl3) δ 13.71 (s, 2H, O-H), 8.70 (s, 2H, N=C-H), 7.48 (d, J = 2.4 Hz, 2H, Ar-

H), 7.37 (s, 4H, Ar-H), 7.26 (d, J = 2.4 Hz, 2H, Ar-H), 1.50 (s, 18H, C(CH3)3), 1.36 (s, 18H, C(CH3)3). 

13C NMR (101 MHz, CDCl3) δ 163.4, 158.4, 147.2, 140.8, 137.2, 128.3, 127.0, 122.3, 118.5, 35.3, 34.4, 

31.6, 29.6. 

ES-MS m/z (relative intensity) 541.3801 ([M+H]+, 100). 

Anal. Calc. for C36H48N2O2: C, 79.96; H, 8.95; N, 5.18. Found: C, 79.83; H, 8.84; N, 5.25. 

 

H2Lag 

An orange powder (yield = 375 mg, 77 %). The scale of the reaction was 1.0 mmol. 

 

1H NMR (400 MHz, CDCl3) δ 13.48 (s, 2H, O-H), 8.65 (s, 2H, N=C-H), 7.37 (s, 4H, Ar-H), 7.06 (d, J 

= 3.0 Hz, 2H, Ar-H), 6.75 (d, J = 2.9 Hz, 2H, Ar-H), 3.82 (s, 6H, CH3), 1.47 (s, 18H, C(CH3)3). 

13C NMR (101 MHz, CDCl3) δ 162.8, 155.4, 151.8, 147.2, 139.6, 122.4, 119.8, 118.6, 112.1, 56.0, 35.3, 

29.4.  
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ES-MS m/z (relative intensity) 489.2767 ([M+H]+, 100). 

Anal. Calc. for C30H36N2O4: C, 73.74; H, 7.43; N, 5.73. Found: C, 73.61; H, 7.39; N, 5.76. 

 

H2Lah 

A bright orange powder (yield = 341 mg, 97 %). The scale of the reaction was 2.0 mmol. 

 

1H NMR (400 MHz, CDCl3) δ 12.91 (s, 2H, O-H), 8.61 (s, 2H, N=C-H), 7.38 (s, 4H, Ar-H), 7.16 – 7.09 

(m, 4H, Ar-H), 7.02 – 6.97 (m, 2H, Ar-H). 

ES-MS m/z (relative intensity) 351.0931 ([M-H]-, 100). 

Anal. Calc. for C20H14F2N2O2: C, 68.18; H, 4.01; N, 7.95. Found: C, 68.04; H, 3.93; N, 8.02. 

Note: The 13C NMR spectrum could not be obtained for this compound due to its limited solubility. 

 

H2Lai 

An orange microcrystalline powder (yield = 614 mg, 97 %). The scale of the reaction was 2.0 mmol. 

 

1H NMR (400 MHz, CDCl3) δ 13.16 (br s, 2H, O-H), 8.67 (s, 2H, N=C-H), 7.45 – 7.35 (m, 8H, Ar-H), 

7.09 – 7.02 (m, 2H, Ar-H), 6.97 (td, J = 7.5, 1.1 Hz, 2H, Ar-H). 



193 

 

ES-MS m/z (relative intensity) 317.1302 ([M+H]+, 100). 

Anal. Calc. for C20H16N2O2: C, 75.93; H, 5.10; N, 8.86. Found: C, 75.91; H, 5.03; N, 8.96. 

 

H2Laj 

An orange powder (538 mg, yield = 59 %). The scale of the reaction was 2.0 mmol. 

 

1H NMR (400 MHz, CDCl3) δ 13.62 (br s, 2H, O-H), 8.41 (s, 2H, N=C-H), 7.27 (s, 4H, Ar-H), 7.17 (d, 

J = 8.7 Hz, 2H, Ar-H), 6.38 – 6.13 (m, 4H, Ar-H), 3.42 (q, J = 7.1 Hz, 8H, CH2CH3), 1.22 (t, J = 7.0 

Hz, 12H, CH2CH3). 

ES-MS m/z (relative intensity) 459.2762 ([M+H]+, 100). 

Anal. Calc. for C28H34N4O2: C, 73.33; H, 7.47; N, 12.22. Found: C, 73.19; H, 7.62; N, 12.21. 
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7.3 Synthesis of zinc complexes  

7.3.1 Synthesis of zinc disalphen macrocycle complex (2g) 

To an oven dried Schlenk tube was added 4-tert-butyl-diformylphenol (103 mg, 0.5 mmol), and 

Zn(OAc)2.2H2O (110 mg, 2 mmol). The Schlenk tube and its contents were flushed with argon gas (x3), 

and degassed methanol (20 mL) was added to produce a bright yellow solution (solution 1). To a 

separate oven dried Schlenk tube, taken into a glove box, was added 1,2-diamino-4,5-dineopentoxy-

benzene (140 mg), and dry, degassed chloroform (20 mL) producing a red solution (solution 2). Solution 

2 was added, via a syringe pump, to solution 1 over 30 minutes, producing an orange, then a red, and 

then a dark red-brown solution. The syringe was washed with chloroform (2 x 5 mL), and these 

washings were added to the reaction mixture. The reaction mixture was then heated to reflux for 18 

hours, cooled to ambient temperature, and approx. 4/5 of the solvent was removed under vacuum 

producing an orange precipitate. The precipitate was isolated via filtration, washed with cold (-78 °C) 

methanol, and dried under vacuum to afford Zn2L4(OAc)2 (orange powder, 129 mg, 23 %). An 

analytically pure sample was obtained by crystallisation from chloroform/n-hexane solvent producing 

an orange powder.  

 

1H NMR (400MHz; CDCl3): δ 8.76 (s, 4H, N=C-H), 7.58 (s, 4H, Ar-H), 7.15 (s, 4H, Ar-H), 3.73 (s, 

8H, C-H), 1.67 (s, 6H, O2CCH3), 1.36 (s, 18H, C(CH3)3), 1.11 (s, 36H, C(CH3)3).  

13C NMR (101 MHz, CDCl3) δ 157.6 (N=C-H) 136.6 (Ar-C-H), 99.1 (Ar-C-H), 78.8 (OCH), 31.7 

(C(CH3)3), 31.1, 26.9 (C(CH3)3), 22.9 (O2CCH3). The 7 quaternary carbon signals could not be assigned 

from the 13C spectra.  

ES-MS (+), calc. 1071.4 for [M-OAc-CH3]+ = C57H75N4O8Zn2
+, observed 1071.4.  

Anal. Calc. for C60H80N4O10Zn2: C, 62.77; H, 7.02; N, 4.88. Found: C, 62.79; H, 7.18; N, 4.85. 
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7.3.2 Synthesis of zinc phenyl-linked bis-salphen complexes (3a – 3b and 3f – 3h) 

3a 

Under a nitrogen atmosphere, to an orange slurry of ligand H4La (100 mg, 0.1 mmol, 1.0 equiv.) in dry 

THF (6 mL) was added Zn(OAc)2 (37 mg, 0.2 mmol, 2 equiv.) and further dry THF (4 mL). The orange 

slurry was then heated to reflux for 1.5 hours, resulting in a clear bright red solution. The solution was 

then concentrated under reduced pressure to a volume of ~2.5 mL, left to cool to ambient temperature, 

and the resulting red crystals were isolated by filtration to afford the product (red crystals, 70 mg, 62%). 

These crystals were suitable for single crystal XRD. 

 

1H NMR (400 MHz, C6D6) δ 8.67 (br s, 4H, N=C-H), 7.84 (br s, 4H, Ar-H), 7.55 (br s, 2H, Ar-H), 7.14 

(br s, 4H, Ar-H), 1.96 (s, 36H, C(CH3)3), 1.39 (s, 36H, C(CH3)3). Signals for coordinated THF molecules 

were also present between 3.58 – 3.50 (m) and 1.15 – 1.09 (m). 

Anal. Calc. for C66H86N4O4Zn2: C, 70.14; H, 7.67; N, 4.96. Found: C, 70.08; H, 7.61; N, 4.87.  

Complex 3a has also been prepared via an alternative method in air at a large scale: 

To a round bottom flask was added ligand H4La (1,003 mg, 1.0 mmol, 1.0 equiv.), Zn(OAc)2.2H2O 

(461 mg, 2.1 mmol, 2.1 equiv.), and THF (50 mL) to produce an orange slurry. The reaction mixture 

was heated to reflux for 1.5 hours, resulting in a clear bright red solution. The solution was cooled to 

ambient temperature and the resulting crystals were isolated by filtration, washed with cold (0 °C) n-

hexane (2 x 5 mL), and dried under vacuum to afford a dark red powder (467 mg). This powder was 

dissolved in hot THF (20 mL), filtered hot to remove a trace insoluble black impurity, and cooled slowly 

to afford red crystals (311 mg). A second crop of product was isolated from the original filtrate (437 

mg) and a third crop isolated from the recrystallisation filtrate (194 mg), resulting in a combined yield 

of 74 %. 
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1H NMR (400 MHz, THF-d8) δ 9.20 (s, 4H, N=C-H), 8.37 (s, 2H, Ar-H), 7.45 (d, J = 2.7 Hz, 4H, Ar-

H), 7.22 (d, J = 2.6 Hz, 4H, Ar-H), 1.57 (s, 36H), 1.35 (s, 36H). Signals for coordinated THF molecules 

were also present between 3.64 – 3.59 (m) and 1.82 – 1.75 (m).  

13C NMR (101 MHz, THF) δ 172.8 (Ar-C-C), 163.2 (C=N), 142.8 (Ar-C-C), 139.8 (Ar-C-C), 135.0 

(Ar-C-C), 130.3 (Ar-C-H), 119.7 (Ar-C-C), 103.1 (Ar-C-H), 36.6 (C(CH3)3), 34.8 (C(CH3)3), 32.1 

(CH3-t-Bu), 30.5 (CH3-t-Bu).  

Anal. Calc. for C74H102N4O6Zn2: C, 69.74; H, 8.07; N, 4.40. Found: C, 69.96; H, 8.11; N, 4.54.  

 

3b 

Under a nitrogen atmosphere, to ligand H4Lb (45 mg, 0.05 mmol, 1.0 equiv.) was added a pre-filtered 

solution of diphenyl zinc (24 mg, 0.11 mmol, 2.2 equiv.) in dry THF (5 mL), producing a dark red 

mixture on stirring. The reaction mixture was stirred for 18 hours at ambient temperature and the 

resulting precipitate was isolated by centrifugation, washed with dry n-hexane (3 x 10 mL), then dried 

under vacuum and isolated in a glove box to afford the product as a maroon powder (yield = 51 mg, 

87%).  

 

1H NMR (400 MHz, THF-d8) δ 9.17 (s, 4H, N=C-H), 8.36 (s, 2H, Ar-H), 7.03 (d, J = 3.2 Hz, 4H, Ar-

H), 6.70 (d, J = 3.2 Hz, 4H, Ar-H), 3.76 (s, 12H, CH3), 1.55 (s, 36H, C(CH3)3).  

13C NMR (101 MHz, THF-d8) δ 170.6 (Ar-C-C), 161.8 (C=N), 148.9 (Ar-C-C), 145.0 (Ar-C-C), 139.5 

(Ar-C-C), 124.1 (Ar-C-H), 118.8 (Ar-C-C), 112.8 (Ar-C-H), 102.7 (Ar-C-H), 55.9 (CH3O), 36.5 

(C(CH3)3), 30.2 (CH3-t-Bu). 

Anal. Calc. for C62H78N4O10Zn2: C, 63.64; H, 6.72; N, 4.79. Found: C, 63.49; H, 6.68; N, 4.85.  
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3f 

Under a nitrogen atmosphere, to ligand H4Lf (92 mg, 0.1 mmol, 1.0 equiv.) was added a pre-filtered 

solution of diphenyl zinc (48 mg, 0.22 mmol, 2.2 equiv.) in dry THF (10 mL), producing a bright red 

mixture on stirring, then a dark red solution after approximately 1 hour. The reaction mixture was stirred 

for 18 hours at ambient temperature and the resulting precipitate was isolated by centrifugation, washed 

with dry n-hexane (3 x 5 mL), then dried under vacuum and isolated in a glove box to afford the product 

(bright orange-red powder, 52 mg, 44 % yield). Crystals suitable for single crystal XRD were obtained 

from the mother liquor after centrifugation. 

 

1H NMR (400 MHz, THF-d8) δ 9.15 (s, 4H, N=C-H), 8.38 (s, 2H, Ar-H), 7.28 – 7.21 (m, 8H, Ar-H), 

1.54 (s, 36H, C(CH3)3). Signals for coordinated THF molecules were also present between 3.63 – 3.59 

(m) and 1.82 – 1.75 (m). 

13C NMR (101 MHz, THF-d8) δ 172.7 (Ar-C-C), 162.2 (C=N), 146.0 (Ar-C-C), 139.6 (Ar-C-C), 133.1 

(Ar-C-H), 132.3 (Ar-C-H), 121.1 (Ar-C-C), 117.9 (Ar-C-C), 103.6 (Ar-C-H), 36.6 (C(CH3)3), 30.0 

(CH3-t-Bu). 

Anal. Calc. for C58H66N4O6Zn2: C, 58.65; H, 5.60; N, 4.72. Found: C, 58.67; H, 5.69; N, 4.80. 

 

3g 

Under a nitrogen atmosphere, to ligand H4Lg (128 mg, 0.15 mmol, 1.0 equiv.) was added Zn(OAc)2 (69 

mg, 0.32 mmol, 2.1 equiv.) and dry THF (5 mL). The orange slurry was heated to reflux for 1.5 hours, 

resulting in a bright red solution. The solution was cooled to ambient temperature and then placed in a 

freezer at -30 °C for 5 hours, producing a red microcrystalline powder. The powder was isolated by 

filtration, and dried under vacuum to afford the product (bright red powder, 50 mg).  

The 1H NMR spectrum of this complex supports the target complex, however this first crop of product 

failed EA significantly (Anal. Calc. for C58H66F4N4O6Zn2: C, 62.09; H, 5.93; N, 4.99. Found: C, 55.55; 



198 

 

H, 5.28; N, 4.83). A second crop of product was isolated from the filtrate (dark red needle like crystals, 

54 mg), resulting in a combined yield of 62 %. This also failed EA, but to a much lesser extent then the 

first crop of product. For photophysical and TGA experiments only the second crop of product was 

used.  

 

1H NMR (400 MHz, THF-d8) δ 9.14 (s, 4H, N=C-H), 8.36 (s, 2H, Ar-H), 7.14 (dd, J = 10.5, 3.2 Hz, 

4H, Ar-H), 6.93 (dd, J = 8.9, 3.2 Hz, 4H, Ar-H), 1.55 (s, 36H, C(CH3)3). Signals for coordinated THF 

molecules were also present between 3.64 – 3.59 (m) and 1.81 – 1.75 (m).  

13C NMR (101 MHz, THF) δ 171.2, 162.2 – 162.1 (d, J = 12 Hz, Ar-C-H), 154.0, 151.7, 145.8 – 145.7 

(d, J = 24 Hz), 139.6, 121.4 – 121.1 (d, J = 100 Hz, Ar-C-H), 118.8 – 118.7 (d, J = 32 Hz), 116.7 - 116.5 

(d, J = 84 Hz, Ar-C-H), 103.5 (Ar-C-H), 36.6 (C(CH3)3), 30.0 (CH3-t-Bu). One additional signal is 

present in the spectrum which may be due to an impurity. 

Anal. Calc. for C58H66F4N4O6Zn2: C, 62.09; H, 5.93; N, 4.99. Found: C, 61.90; H, 6.04; N, 6.63.  

 

3h 

Under a nitrogen atmosphere, to ligand H4Lh (84 mg, 0.10 mmol, 1.0 equiv.) was added a pre-filtered 

solution of diphenyl zinc (48 mg, 0.22 mmol, 2.2 equiv.) in dry THF (5 mL), producing a bright red 

mixture on stirring, then a dark red solution after approximately 1 hour. The reaction mixture was stirred 

for 18 hours at ambient temperature and the resulting precipitate was isolated by filtration, washed with 

dry n-hexane (3 x 5 mL), then dried under vacuum and isolated in a glove box to afford the product 

(dark, maroon powder, 64 mg, 66 % yield).  
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1H NMR (400 MHz, d6-DMSO) δ 8.81 (s, 4H, N=C-H), 7.98 (s, 2H, Ar-H), 7.19 (d, J = 8.9 Hz, 4H, Ar-

H), 6.11 (dd, J = 9.0, 2.4 Hz, 4H, Ar-H), 5.85 (d, J = 2.4 Hz, 4H, Ar-H), 3.38 (q, J = 7.1 Hz, 16H, 

CH2CH3), 1.16 (t, J = 6.9 Hz, 24H, CH2CH3). 

13C NMR (126 MHz, d-DMSO) δ 173.6, 158.0, 152.4, 137.4, 137.4, 111.6, 101.3, 101.2, 100.7, 43.8, 

12.9. 

Anal. Calc. for C50H58N8O4Zn2: C, 62.18; H, 6.05; N, 11.60. Found: C, 61.86; H, 6.16; N, 11.50. 

 

7.3.3 Synthesis of zinc salphen complex (3i) – using an adapted literature procedure82a 

The ligand H2Li (108 mg, 0.20 mmol, 1.0 equiv.) was mixed with methanol (20 mL) to produce a yellow 

slurry, which was heated to reflux and then Zn(OAc)2.2H2O (48 mg, 0.22 mmol, 1.1. equiv.) was added 

instantly producing an orange solution. This solution was heated at reflux for 2 hours, then cooled to 

ambient temperature, concentrated under reduced pressure until an orange precipitate formed. The 

mixture was then cooled at -30 °C for 18 hours and the precipitate was then isolated by filtration and 

dried under vacuum to afford the crude product (orange microcrystalline powder, 65 mg, 54 % yield). 

An analytically pure sample of the product as the CH3CN adduct was obtained via recrystallisation from 

acetonitrile to isolate the product (fine orange crystals, 36 mg, 27 % yield). A second crop (dark orange 

crystals, 48 mg) and third crop (orange flat ‘paper-like’ crystals, 12 mg) were also isolated, giving a 

combined yield of 71 %. 
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1H NMR (400 MHz, CD3CN) δ 8.93 (s, 2H, N=C-H), 7.78 (dd, J = 6.1, 3.6 Hz, 2H, Ar-H), 7.43 (d, J = 

2.7 Hz, 2H, Ar-H), 7.32-7.36 (m, 2H, Ar-H), 7.21 (d, J = 2.7 Hz, 2H, Ar-H), 1.52 (s, 18H, C(CH3)3), 

1.32 (s, 18H, C(CH3)3). 

Anal. Calc. for C29H53N3O3Zn: C, 69.17; H, 7.89; N, 6.20. Found: 68.95; H, 7.69; N, 6.20. 

 

7.3.4 Synthesis of zinc biphenyl-linked bis-salphen complexes (3k – 3l) 

3k 

This synthesis followed a modified literature procedure,59a to afford the novel complex. To a solution 

of compound H6Rk (65 mg, 0.1 mmol, 1.0 equiv.) in chloroform (20 mL) was added a solution of 3-

methoxysalicyclaldehyde (58 mg, 0.38 mmol, 3.8 equiv.) in methanol (10 mL), producing a clear yellow 

solution. To this was added dropwise a solution of Zn(OAc)2.2H2O (94 mg, 0.43 mmol, 4.3 equiv.) in 

methanol (10 mL). The resulting solution was stirred at ambient temperature for 22 hours, and the 

resulting precipitate was isolated by filtration, washed with methanol (2 x 10 mL), and dried under 

vacuum to afford an orange powder (68 mg, 65 % yield).  
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1H NMR (500 MHz, d6-DMSO) δ 9.23 (s, 2H, N=C-H), 9.05 (s, 2H, N=C-H), 8.29 (s, 2H, Ar-H), 8.03 

(d, J = 8.6 Hz, 2H, Ar-H), 7.90 – 7.84 (m, 2H, Ar-H), 7.34 (d, J = 2.5 Hz, 2H, Ar-H), 7.27 (d, J = 2.7 

Hz, 2H, Ar-H), 7.19 (dd, J = 8.3, 1.8 Hz, 2H, Ar-H), 6.93 (dd, J = 7.5, 1.8 Hz, 2H, Ar-H), 6.44 (t, J = 

7.7 Hz, 2H, Ar-H), 3.88 (s, 6H, CH3), 1.49 (s, 18H, C(CH3)3), 1.30 (s, 18H, C(CH3)3).  

13C NMR (126 MHz, d6-DMSO) δ 170.5, 164.7, 163.2, 152.3, 140.7, 139.7, 139.4, 137.8, 133.4, 129.6, 

129.3, 128.6, 125.6, 119.9, 119.3, 118.3, 116.8, 114.5, 111.8, 57.4, 35.1, 33.6, 31.4, 29.6. 

MALDI-Tof-MS m/z (relative intensity) 1041 (M+, 22 %), 977 ([H3ZnL]+, 58 %), 916 ([H5L]+, 100 %). 

Anal. Calc. for C58H62N4O6Zn2: C, 66.86; H, 6.00; N, 5.38. Found: C, 66.72; H, 6.20; N, 5.24. 

 

3l 

This synthesis followed a modified literature procedure,59a to afford the novel complex. To a solution 

of H6Rl (54 mg, 0.10 mmol, 1.0 equiv.) in THF (20 mL) was added dropwise a solution of 3-

methoxysalicyclaldehyde (32 mg, 0.21 mmol, 2.1 equiv.) in methanol (10 mL), producing a yellow 

solution. To this was added dropwise a solution of Zn(OAc)2.2H2O (46 mg, 0.21 mmol, 2.1 equiv.) in 

methanol (10 mL). The resulting mixture was stirred at ambient temperature for 24 hours, and the 

resulting precipitate was isolated by filtration, washed with methanol (2 x 10 mL), and dried under 

vacuum to afford the product (orange powder, 47 mg, 51 % yield). A second crop was also isolated 

(orange powder, 19 mg, 71 % combined yield). 
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1H NMR (500 MHz, d6-DMSO) δ 9.23 (s, 2H, N=C-H), 9.03 (s, 2H, N=C-H), 8.30 (d, J = 2.0 Hz, 2H, 

Ar-H), 8.00 (d, J = 8.7 Hz, 2H, Ar-H), 7.87 (dd, J = 8.4, 2.0 Hz, 2H, Ar-H), 7.32 (dd, J = 8.2, 1.8 Hz, 

2H, Ar-H), 7.24 (dd, J = 7.3, 1.9 Hz, 2H, Ar-H), 7.19 (dd, J = 8.2, 1.8 Hz, 2H, Ar-H), 6.93 (dd, J = 7.5, 

1.8 Hz, 2H, Ar-H), 6.50 – 6.42 (m, 4H, Ar-H), 3.87 (s, 6H, CH3), 1.48 (s, 18H, C(CH3)3). 

13C NMR (126 MHz, d6-DMSO) δ 172.2, 164.7, 163.3, 163.0, 152.3, 141.4, 139.8, 139.3, 138.0, 134.5, 

130.5, 129.3, 125.7, 119.9, 119.5, 119.3, 116.9, 114.6, 112.3, 111.9, 57.4, 35.0, 29.5.  

MALDI-Tof-MS m/z (relative intensity) 927 ([M+H]+, 100 %). 

Anal. Calc. for C50H52N4O9Zn2: C, 61.05; H, 5.33; N, 5.70. Found: C, 61.31; H, 5.39; N, 5.76.  

 

7.3.5 Attempted synthesis of zinc phenyl-linked bis-salphen complexes (3c – 3d) 

3c 

Under a nitrogen atmosphere, to impure ligand 3c (60 mg, 0.089 mmol, 1.0 equiv.) and Zn(OAc)2 (33 

mg, 0.18 mmol, 2 equiv.) was added dry THF (8 mL). The red-brown slurry was then heated to reflux 

for 3 days, with no observable change in the appearance of the reaction mixture. The solid present in 

the reaction mixture was filtered after cooling to ambient temperature, and dried under vacuum to afford 

a light red-brown powder (35 mg, 35 %).  
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1H NMR spectroscopic analysis of this product did not provide suitable evidence for isolation of the 

target complex due to its limited solubility, and MS data also did not show the presence of the target 

complex via ES-MS or MALDI-ToF techniques.  

This may be due to oligomer formation, as supported by EA: Anal. Calc. for C38H30N4O8Zn2: C, 56.95; 

H, 3.77; N, 6.99. Found: C, 56.91; H, 3.88; N, 6.92. 

 

3d 

Under a nitrogen atmosphere, to a red solution of the impure ligand 1d (18 mg, 0.026 mmol, 1.0 equiv.) 

in dry THF (5 mL) was added Zn(OAc)2 (10 mg, 0.052 mmol, 2 equiv.). The resulting red mixture was 

heated to reflux for 1.5 hours, then the solution was concentrated under reduced pressure to a volume 

of ~1 mL, and left to cool to ambient temperature. As no crystals formed and only a trace quantity of 

precipitate was present, the solvent was removed under vacuum producing a red powder (crude 

product). 

 

The crude product was analysed via 1H and 19F NMR spectroscopy using d6-DMSO. However, the 

spectra was highly convoluted and could not be assigned. There was insufficient material to conduct 

solubility experiments to select a suitable recrystallisation solvent for further purification and analysis, 

and no further attempts were made to isolate this complex. 

 

7.3.6 Synthesis of zinc complexes (5a – 5d) 

5a 

To an oven dried Schlenk tube was added 2-(2-benzimidazolyl)phenol (210 mg, 1.00 mmol, 1.00 

equiv.), which was then flushed with argon (x3). Methanol (10 mL) was then added and the mixture 

was heated to reflux to produce a clear yellow solution. To this was added dropwise a solution of 
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Zn(OAc)2.2H2O (110 mg, 0.500 mmol, 0.500 equiv.) in methanol (5 mL), producing a cloudy 

suspension. The reaction mixture was heated for 3 hours at reflux, then cooled to ambient temperature, 

and the precipitate isolated by filtration, washed with methanol (3 x 5 mL), and then dried under vacuum 

to afford a white powder (yield = 225 mg, 47 %). An analytically pure sample was obtained via 

recrystallisation from ethanol to afford a pale yellow crystalline powder (yield = 108 mg, 23 %). 

 

1H NMR (400 MHz, DMSO-d6) δ 13.46 (s, 2H, N-H), 8.07 – 7.95 (m, 2H, Ar-H), 7.58 (d, J = 8.0 Hz, 

2H, Ar-H), 7.35 – 7.15 (m, 4H, Ar-H), 7.13 – 6.94 (m, 4H, Ar-H), 6.79 (dd, J = 8.4, 1.2 Hz, 2H, Ar-H), 

6.68 (t, J = 7.5 Hz, 2H, Ar-H). 

Anal. Calc. for C26H18N4O2Zn: C, 64.54; H, 3.75; N, 11.58. Found: C, 64.31; H, 3.87; N, 11.30.  

 

5b 

To an oven dried Schlenk tube was added 2-(2-benzoxazolyl)phenol (211 mg, 1.00 mmol, 1.00 equiv.), 

which was then flushed with argon (x3). Methanol (10 mL) was then added and the mixture was heated 

to reflux to produce a clear yellow solution. To this was added dropwise a solution of Zn(OAc)2.2H2O 

(110 mg, 0.500 mmol, 0.500 equiv.) in methanol (5 mL), producing a cloudy suspension. The reaction 

mixture was heated for 3 hours at reflux, then cooled to ambient temperature, and the precipitate isolated 

by filtration, washed with methanol (3 x 5 mL), and then dried under vacuum to afford a pale yellow 

powder (yield = 188 mg, 39 %).  
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1H NMR (400 MHz, DMSO-d6) δ 8.32 – 8.19 (m, 2H, Ar-H), 7.95 (dd, J = 8.0, 1.9 Hz, 2H, Ar-H), 7.86 

– 7.76 (m, 2H, Ar-H), 7.51 – 7.32 (m, 6H, Ar-H), 6.84 (dd, J = 8.6, 1.2 Hz, 2H, Ar-H), 6.64 – 6.59 (m, 

2H, Ar-H). 

Anal. Calc. for C26H16N4O4Zn: C, 64.28; H, 3.32; N, 5.77. Found: C, 64.17; H, 3.26; N, 5.73.  

 

5c 

To an oven dried Schlenk tube was added 2-(2-benzothiazolyl)phenol (227 mg, 1.00 mmol, 1.00 equiv.), 

which was then flushed with argon (x3). Methanol (10 mL) was then added and the mixture was heated 

to reflux to produce a clear colourless solution. To this was added dropwise a solution of 

Zn(OAc)2.2H2O (110 mg, 0.500 mmol, 0.500 equiv.) in methanol (5 mL), producing a cloudy yellow 

suspension. The reaction mixture was heated for 3 hours at reflux, then cooled to ambient temperature, 

and the precipitate isolated by filtration, washed with methanol (3 x 5 mL), and then dried under vacuum 

to afford a bright yellow powder (184 mg, 36 %).  

 

1H NMR (400 MHz, DMSO-d6) δ 8.20 – 8.03 (m, 4H, Ar-H), 7.76 (br s, 2H, Ar-H), 7.52 – 7.18 (m, 

6H, Ar-H), 6.82 – 6.56 (m, 4H, Ar-H). 

Anal. Calc. for C26H16N4O2S2Zn: C, 60.30; H, 3.11; N, 5.41. Found: C, 60.37; H, 2.98; N, 5.54.  

 

5d 

To a RBF was added salicylideneaniline (828 mg, 4.20 mmol, 2.10 equiv.) and methanol (20 mL) to 

produce a yellow solution. To this was added DIPEA (0.77 mL, 4.4 mmol, 2.2 equiv.) and 

Zn(OAc)2.2H2O (439 mg, 2.00 mmol, 1.00 equiv.), and the reaction mixture was stirred for 18 hours. 

The precipitate was isolated by filtration, washed with methanol (2 x 5 mL), and then dried under 

vacuum to afford a bright yellow powder (587 mg, 64 %).  
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1H NMR (400 MHz, DMSO-d6) δ 8.77 (s, 2H, N=C-H), 7.50 (dd, J = 8.0, 1.9 Hz, 2H, Ar-H), 7.40 – 

7.19 (m, 12H, Ar-H), 6.74 (dd, J = 8.6, 1.1 Hz, 2H, Ar-H), 6.65 (ddd, J = 7.9, 6.8, 1.2 Hz, 2H, Ar-H). 

Anal. Calc. for C26H16N4O2Zn: C, 68.21; H, 4.40; N, 6.12. Found: C, 68.30; H, 4.23; N, 6.23.  

 

7.4 Synthesis of compounds 5p and 5q 

This synthesis was based on a literature procedure.132  

 

A 200 mg sample was washed in warm (60 °C) methanol (10 mL), filtered, and dried under vacuum to 

afford an off-white powder (96 mg). This sample was used for further photophysical studies. 

1H NMR (400 MHz, DMSO-d6) δ 12.67 (s, 1H, N-H), 12.64 (s,1H, N-H), 7.87 (s, 0.5H, Ar-H), 7.71 

(s, 1H, Ar-H), 7.57 – 7.52 (m, 4H, Ar-H), 7.49 (s, 0.5H, Ar-H), 3.92 (s, 12H, CH3), 3.74 (s, 6H, CH3). 

Anal. Calc. for C26H26N4O6: C, 63.66; H, 5.34; N, 11.42. Found: C, 63.47; H, 5.30; N, 11.35.  

A 200 mg sample was washed in warm (60 °C) water (10 mL), filtered, and dried under vacuum to 

afford an off-white powder (126 mg).  

1H NMR (400 MHz, DMSO-d6) δ 12.69 – 12.63 (m, 2H), 7.87 (br s, 0.5H), 7.71 (s, 1H), 7.55 (br s, 

4H), 7.49 (br s, 0.5H), 3.92 (s, 12H), 3.74 (s, 6H). 

Anal. Calc. for C26H26N4O6.H2O: C, 61.41; H, 5.55; N, 11.02. Found: C, 61.41; H, 5.50; N, 10.95.  
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Appendices 

Appendix A: 1H NMR spectra 

 

 

S1: 1H NMR spectrum of ligand H4La in CDCl3. 
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S2: 1H NMR spectrum of ligand H4Lb in CDCl3. 

 

S3: 1H NMR spectrum of ligand H4L
f in CDCl3. 
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S4: 1H NMR spectrum of ligand H4Lg in CDCl3. 

 

S5: 1H NMR spectrum of ligand H4Lh in CDCl3. 



218 

 

 

S6: 1H NMR spectrum of ligand H2Li in CDCl3. 

 

S7: 1H NMR spectrum of ligand H4L
j in CDCl3. 
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S8: 1H NMR spectrum of ligand H2Lae in CDCl3. 

 

S9: 1H NMR spectrum of ligand Me2Lae in CDCl3. 
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S10: 1H NMR spectrum of ligand H2Laf in CDCl3. 

 

S11: 1H NMR spectrum of ligand H2L
ag in CDCl3. 
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S12: 1H NMR spectrum of ligand H2Lah in CDCl3. 

 

S13: 1H NMR spectrum of ligand H2Lai in CDCl3. 
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S14: 1H NMR spectrum of ligand H2Laj in CDCl3. 

 

S15: 1H NMR spectrum of impure ligand H2Lan (recrystallised from DMSO) in d-DMSO. 



223 

 

 

S16: 1H NMR spectrum of impure ligand H2Lan (recrystallised from pyridine) in d-DMSO. 

 

S17: 1H NMR spectrum of impure ligand H2Lao (from Attempted Synthesis 1) in d-DMSO. 
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S18: 1H NMR spectrum of impure ligand H2Lao (from Attempted Synthesis 2) in d-DMSO. 

 

S19: 1H NMR spectrum of complex 2g in CDCl3. 
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S20: 1H NMR spectrum of complex 3a in d8-THF. 

 

S21: 1H NMR spectrum of complex 3b in d8-THF. 
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S22: 1H NMR spectrum of complex 3f in d8-THF. 

 

S23: 1H NMR spectrum of complex 3g in d8-THF. 
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S24: 1H NMR spectrum of complex 3h in d-DMSO. 

 

S25:1H NMR spectrum of complex 3i in CD3CN. 
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S26:1H NMR spectrum of complex 3j in CDCl3. 

 

S27:1H NMR spectrum of complex 3k in d6-DMSO. 
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S28:1H NMR spectrum of complex 3l in d6-DMSO. 

 

S29:1H NMR spectrum of complex 5p and 5q (after methanol wash) in d6-DMSO. 
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S30:1H NMR spectrum of complex 5p and 5q (after water wash) in d6-DMSO. 
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Appendix B: 13C and HSQC NMR spectra 

 

S31: 13C NMR spectrum of ligand H4La in CDCl3. 
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S32: 13C NMR spectrum of ligand H4Lg in d-THF. 

 

S33: HSQC spectrum of complex H4Lg in CDCl3 showing signals from 13C atoms with C-H bonds. 
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S34: 13C NMR spectrum of ligand H4Lh in CDCl3. 

 

S35: HSQC spectrum of complex H4Lh in CDCl3 showing signals from 13C atoms with C-H bonds. 
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S36: 13C NMR spectrum of ligand Me2Lae in CDCl3. 

 

S37: 13C NMR spectrum of ligand H2Laf in CDCl3. 
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S38: 13C NMR spectrum of ligand H2Lag in CDCl3. 

 

S39: 2-D HMQC spectrum of complex 2g in CDCl3. 
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S40: 13C NMR spectrum of complex 3a in d8-THF. 

 

S41: HSQC spectrum of complex 3a in d8-THF showing signals from 13C atoms connected to 1H 

atoms. 
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S42: 13C NMR spectrum of complex 3b in d8-THF. 

 

S43: HSQC spectrum of complex 3b in d8-THF showing signals from 13C atoms with C-H bonds.  
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S44: 13C NMR spectrum of complex 3f in d8-THF. 

 

S45: HSQC spectrum of complex 3f in d8-THF showing signals from 13C atoms with C-H bonds. 



239 

 

 

S46: 13C NMR spectrum of complex 3g in d8-THF. 

 

S47: HSQC spectrum of complex 3g in d8-THF showing signals from 13C atoms with C-H bonds. 
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S48: 13C NMR spectrum of complex 3h in d-DMSO. 

 

S49: HSQC spectrum of complex 3h in d-DMSO showing signals from 13C atoms with C-H bonds. 
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S50:13C NMR spectrum of complex 3k in d6-DMSO. 

 

S51: 2-D HMQC spectrum of complex 3k in d6-DMSO showing signals from 13C atoms with C-H 

bonds. 
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S52:13C NMR spectrum of complex 3l in d6-DMSO. 

 

S53: 2-D HMQC spectrum of complex 3l in d6-DMSO showing signals from 13C atoms with C-H 

bonds. 
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Appendix C: Solution absorption spectra 

Solution absorption spectra of zinc macrocycle complexes (2a – 2g) 

  

S54: UV-Vis spectra of complex 2a in acetonitrile at various concentrations. Reproduced from 

publication.116  

  

S55: UV-Vis spectra of complex 2b in acetonitrile at various concentrations. Reproduced from 

publication.116 
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S56: UV-Vis spectra of complex 2c in acetonitrile at various concentrations. Reproduced from 

publication.116 

 

 

S57: UV-Vis spectra of complex 2d in acetonitrile at various concentrations. Reproduced from 

publication.116 
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S58: UV-Vis spectra of complex 2e in acetonitrile at various concentrations. Reproduced from 

publication.116  

 

S59: UV-Vis spectra of complex 2f in acetonitrile at various concentrations. Reproduced from 

publication.116 
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S60: UV-Vis spectrum of complex 2g in acetonitrile at various concentrations. Reproduced from 

publication.116 

 

Calculation of the absorption coefficients of zinc macrocycle complexes (2a – 2g) 

 

S61: Calculation of ε for complex 2a in acetonitrile. 
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S62: Calculation of ε for complex 2b in acetonitrile. 

 

S63: Calculation of ε for complex 2c in acetonitrile. 
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S64: Calculation of ε for complex 2d in acetonitrile. 

 

S65: Calculation of ε for complex 2e in acetonitrile. 
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S66: Calculation of ε for complex 2f in acetonitrile. 

 

S67: Calculation of ε for complex 2g in acetonitrile. 
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Solution absorption spectra of salphen ligands H4La-b, H4Lf-h, H2Li, and H4Lj 

 

S68: Absorption spectra of ligand H4La at various concentrations in THF solution. 

 

S69: Absorption spectra of ligand H4Lb at various concentrations in THF solution. 
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S70: Absorption spectra of ligand H4Lf at various concentrations in THF solution. 

 

S71: Absorption spectra of ligand H4Lg at various concentrations in THF solution. 
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S72: Absorption spectra of ligand H4Lh at various concentrations in THF solution. 

 

S73: Absorption spectra of ligand H2Li at various concentrations in THF solution 
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S74: Absorption spectra of ligand H4Lj at various concentrations in THF solution. 

 

Calculation of the absorption coefficients of salphen ligands H4La-b, H4Lf-h, H2Li, and H4Lj 

 

S75: Calculation of the absorption coefficient of H4La in THF at 400 nm. 
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S76: Calculation of the absorption coefficient of H4Lb in THF at 405 nm. 

 

S77: Calculation of the absorption coefficient of H4Lf in THF at 400 nm. 
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S78: Calculation of the absorption coefficient of H4Lg in THF at 400 nm. 

 

S79: Calculation of the absorption coefficient of H4Lh in THF at 430 nm. 
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S80: Calculation of the absorption coefficient of H2Li in THF at 340 nm. 

 

S81: Calculation of the absorption coefficient of H4Lj in THF at 363 nm. 
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Solution absorption spectra of aromatic diimines (H2Laf – H2Laj) 
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S82: Absorption spectra of complex H2Laf at various concentrations in chloroform solution. 
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S83: Absorption spectra of complex H2Lag at various concentrations in chloroform solution. 
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S84: Absorption spectra of complex H2Lah at various concentrations in chloroform solution. 
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S85: Absorption spectra of complex H2Lai at various concentrations in chloroform solution. 
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S86: Absorption spectra of complex H2Laj at various concentrations in chloroform solution. 

 

Absorption spectra of zinc salphen complexes (3a – 3b, 3f – 3h, and 3i – 3l) 

 

S87: Absorption spectra of complex 3a at various concentrations in THF solution. 
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S88: Absorption spectra of complex 3b at various concentrations in THF solution. 

 

 

S89: Absorption spectra of complex 3f at various concentrations in THF solution. 
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S90: Absorption spectra of complex 3g at various concentrations in THF solution. 

 

 

S91: Absorption spectra of complex 3h at various concentrations in THF solution. 
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S92: Absorption spectra of complex 3i at various concentrations in THF solution. 

 

 

S93: Absorption spectra of complex 3j at various concentrations in THF solution. 
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S94: Absorption spectra of complex 3k at various concentrations in THF solution. 

 

 

S95: Absorption spectra of complex 3l at various concentrations in THF solution. 
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Calculation of the absorption coefficients of zinc salphen complexes (3a – 3b, 3f – 3h, and 

3i – 3l) 

 

S96: Calculation of the absorption coefficient of complex 3a at 521 nm. 

 

S97: Calculation of the absorption coefficient of complex 3b at 554 nm. 
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S98: Calculation of the absorption coefficient of complex 3f at 521 nm. 

 

S99: Calculation of the absorption coefficient of complex 3g at 533 nm. 
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S100: Calculation of the absorption coefficient of complex 3h at 531 nm. 

 

S101: Calculation of the absorption coefficient of complex 3i at 424 nm. 
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S102: Calculation of the absorption coefficient of complex 3j at 442 nm. 

 

S103: Calculation of the absorption coefficient of complex 3k at 437 nm. 
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S104: Calculation of the absorption coefficient of complex 3l at 437 nm. 

 

Solution absorption spectra of zinc complexes (5a – 5d) 

 

S105: Absorption spectra of complex 5a at various concentrations in DMSO solution. 
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S106: Absorption spectra of complex 5b at various concentrations in DMSO solution. 

 

S107: Absorption spectra of complex 5c at various concentrations in DMSO solution. 
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S108: Absorption spectra of complex 5d at various concentrations in DMSO solution. 
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Appendix D: Solution emission and excitation spectra 

Solution emission spectra of zinc macrocycle complexes (2a – 2g) 

 

S109: Emission spectra of complex 2a, at various concentrations in acetonitrile, λex ~ 415 nm (slit 

width 5 nm), emission slit width also at 5 nm. Reproduced from publication.116 

 

S110: Emission spectra of complex 2b at various concentrations in acetonitrile, λex ~ 415 nm (slit 

width 2.5 nm), emission slit width also at 2.5 nm. Reproduced from publication.116 
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S111: Emission spectra of complex 2c at various concentrations in acetonitrile, λex = 390 nm (slit 

width 5 nm), emission slit width at 5 nm. Reproduced from publication.116 

 

 

S112: Emission spectra of complex 2d, at various concentrations in acetonitrile, λex ~ 415 nm (slit 

width 5 nm), emission slit width also at 5 nm. Reproduced from publication.116 

 

450 500 550 600 650 700

0

5

10

15

20

25

E
m

is
s
io

n
 (

a
.u

.)

Wavelength (nm)

 4.0 x 10
-5
 M

 2.0 x 10
-5
 M

 1.0 x 10
-5
 M

 5.0 x 10
-6
 M

 2.5 x 10
-6
 M



273 

 

 

S113: Emission spectra of complex 2e at various concentrations in acetonitrile, λex ~ 415 nm (slit 

width 2.5 nm), emission slit width also at 2.5 nm. Reproduced from publication.116 

 

S114: Emission spectra of complex 2f at various concentrations in acetonitrile, λex = 390 nm (slit 

width 5 nm), emission slit width at 5 nm. Reproduced from publication.116 
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S115: Emission spectra of complex 2g at various concentrations in acetonitrile, λex = 420 nm (slit 

width 5 nm), emission slit width at 5 nm. Reproduced from publication.116 

 

Solution excitation spectra of zinc macrocycle complexes (2a – 2g) 

 

S116: Excitation spectra of complex 2a at high and low concentration in acetonitrile at λem = 550 nm. 

Reproduced from publication.116 
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S117: Excitation spectra of complex 2b at high and low concentration in acetonitrile at λem = 550 nm. 

Reproduced from publication.116  

 

S118: Excitation spectra of complex 2c at high and low concentration in acetonitrile at λem = 530 nm. 

Reproduced from publication.116 
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S119: Excitation spectra of complex 2d at high and low concentration in acetonitrile at λem = 550 nm. 

Reproduced from publication.116 

 

S120: Excitation spectra of complex 2e at high and low concentration in acetonitrile at 560 nm. 

Reproduced from publication.116 
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S121: Excitation spectra of complex 2f at high and low concentration in acetonitrile at λem = 530 nm. 

Reproduced from publication.116 

 

S122: Excitation spectra of complex 2g at high and low concentration in acetonitrile at λem = 600 nm. 

Reproduced from publication.116 
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Determination of solution PLQEs for zinc macrocycle complexes (2a – 2g) via the 

comparative method 

 

S123: Fluorescein standard plot for determination of the solution PLQE of complexes 1, 5, and 7. 

Reproduced from publication.116 
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S124: Fluorescein standard plot for determination of the solution PLQE of complexes 2b and 2d. 

Reproduced from publication.116

 

S125: Plot for the determination of the solution PLQE of complex 2a. Reproduced from 

publication.116 
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S126: Plot for the determination of the solution PLQE of complex 2b. Reproduced from 

publication.116 

 

S127: Plot for the determination of the solution PLQE of complex 2d. Reproduced from 

publication.116 
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S128: Plot for the determination of the solution PLQE of complex 2e. Reproduced from 

publication.116 

 

S129: Plot for the determination of the solution PLQE of complex 2g. Reproduced from 

publication.116 
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Solution emission spectra of salphen ligands (H4La-b, H4Lf-h, H2Li, and H4Lj) 

 

S130: Emission spectra of ligand H4La in THF solution at various concentrations, λex = 440 nm nm 

(slit width 5 nm), emission slit width also at 5 nm. 

 

S131: Emission spectra of ligand H4Lb in THF solution at various concentrations, λex = 465 nm (slit 

width 5 nm), emission slit width also at 5 nm. 
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S132: Emission spectra of ligand H4Lf in THF solution at various concentrations, λex = 440 nm (slit 

width 5 nm), emission slit width also at 5 nm. 

 

S133: Emission spectra of ligand H4Lg in THF solution at various concentrations, λex = 440 nm (slit 

width 5 nm), emission slit width also at 5 nm. 
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S134: Emission spectra of ligand H4Lh in THF solution at various concentrations, λex = 460 nm (slit 

width 5 nm), emission slit width also at 5 nm. 

 

S135: Emission spectra of ligand H2Li in THF solution at various concentrations, λex = 380 nm (slit 

width 5 nm), emission slit width also at 5 nm. 
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S136: Emission spectra of ligand H4Lj in THF solution at various concentrations, λex = 430 nm (slit 

width 5 nm), emission slit width also at 5 nm. 

 

Solution excitation spectra of salphen ligands (H4La-b, H4Lf-h, H2Li, and H4Lj) 

 

S137: Excitation spectra of ligand H4La at various concentrations in THF solution, λem = 590 nm (slit 

width 5 nm), emission slit width also at 5 nm. 
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S138: Excitation spectra of ligand H4Lb at high and low concentrations in THF solution, λem = 600 nm 

(slit width 5 nm), emission slit width also at 5 nm. 

 

S139: Excitation spectra of ligand H4Lf at high and low concentrations in THF solution, λem = 565 nm 

(slit width 5 nm), emission slit width also at 5 nm. 
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S140: Excitation spectra of ligand H4Lg at high and low concentrations in THF solution, λem = 565 nm 

(slit width 5 nm), emission slit width also at 5 nm. 

 

S141: Excitation spectra of ligand H4Lh at various concentrations in THF solution, λem = 542 nm (slit 

width 5 nm), emission slit width also at 5 nm. 
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S142: Excitation spectra of ligand H2Li at high and low concentrations in THF solution, λem = 582 nm 

(slit width 5 nm), emission slit width also at 5 nm. 

 

S143: Excitation spectra of ligand H4Lj at various concentrations in THF solution, λem = 585 nm (slit 

width 5 nm), emission slit width also at 5 nm. 
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Solution emission spectra of zinc salphen complexes (3a – 3b, 3f – 3h, and 3i – 3l) 

 

S144: Emission spectra of complex 3a at various concentrations in THF solution, λex = 460 nm (slit 

width 2.5 nm), emission slit width also at 2.5 nm. 

 

S145: Emission spectra of complex 3b at various concentrations in THF solution, λex = 460 nm (slit 

width 5 nm), emission slit width also at 5 nm. 
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S146: Emission spectra of complex 3f at various concentrations in THF solution, λex = 460 nm (slit 

width 2.5 nm), emission slit width also at 2.5 nm. 

 

S147: Emission spectra of complex 3g at various concentrations in THF solution, λex = 460 nm (slit 

width 5 nm), emission slit width also at 5 nm. 
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S148: Emission spectra of complex 3h at various concentrations in THF solution, λex = 510 nm (slit 

width 2.5 nm), emission slit width also at 2.5 nm. 

 

S149: Emission spectra of complex 3i at various concentrations in THF solution, λex = 460 nm (slit 

width 5 nm), emission slit width also at 5 nm. 
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S150: Emission spectra of complex 3j at various concentrations in THF solution, λex = 460 nm (slit 

width 5 nm), emission slit width also at 5 nm. 

 

S151: Emission spectra of complex 3k at various concentrations in THF solution, λex = 460 nm (slit 

width 5 nm), emission slit width also at 5 nm. 
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S152: Emission spectra of complex 3l at various concentrations in THF solution, λex = 460 nm (slit 

width 5 nm), emission slit width also at 5 nm. 

 

Solution excitation spectra of zinc salphen complexes (3a – 3b, 3f – 3h, and 3i – 3l) 

 

S153: Excitation spectra of complex 3a at high and low concentrations in THF solution, λem = 565 nm 

(slit width 2.5 nm), emission slit width also at 2.5 nm. 
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S154: Excitation spectra of complex 3b at a range of concentrations in THF solution, λem = 605 nm 

(slit width 5 nm), emission slit width also at 5 nm. 

 

 

S155: Excitation spectra of complex 3f at various concentrations in THF solution, λem = 560 nm (slit 

width 2.5 nm), emission slit width also at 2.5 nm. 
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S156: Excitation spectra of complex 3g at various concentrations in THF solution, λem = 567 nm (slit 

width 2.5 nm), emission slit width also at 2.55 nm. 

 

S157: Excitation spectra of complex 3h at various concentrations in THF solution, λem = 574 nm (slit 

width 2.5 nm), emission slit width also at 2.5 nm. 
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S158: Excitation spectra of complex 3i at various concentrations in THF solution, λem = 535 nm (slit 

width 5 nm), emission slit width also at 5 nm. 

 

S159: Excitation spectra of complex 3j at various concentrations in THF solution, λem = 545 nm (slit 

width 5 nm), emission slit width also at 5 nm. 
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S160: Excitation spectra of complex 3k at various concentrations in THF solution, λem = 550 nm (slit 

width 5 nm), emission slit width also at 5 nm. 

 

S161: Excitation spectra of complex 3l at various concentrations in THF solution, λem = 540 nm (slit 

width 5 nm), emission slit width also at 5 nm. 
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Solution emission spectra of zinc complexes (5a – 5d) 

 

S162: Emission spectra of complex 5a at various concentrations in DMSO solution, λex = 380 nm (slit 

width 2.5 nm), emission slit width also at 2.5 nm. 

 

S161: Emission spectra of complex 5b at various concentrations in DMSO solution, λex = 395 nm (slit 

width 2.5 nm), emission slit width also at 2.5 nm. 
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S162: Emission spectra of complex 5c at various concentrations in DMSO solution, λex = 390 nm (slit 

width 2.5 nm), emission slit width also at 2.5 nm. 

 

S163: Emission spectra of complex 5d at various concentrations in DMSO solution, λex = 430 nm (slit 

width 5 nm), emission slit width also at 5 nm. 
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Solution excitation spectra of zinc complexes (5a – 5d) 

 

S164: Excitation spectra of complex 5a at various concentrations in DMSO solution, λem = 414 nm 

(slit width 2.5 nm), emission slit width also at 2.5 nm. 

 

S165: Excitation spectra of complex 5b at various concentrations in DMSO solution, λem = 445 nm 

(slit width 2.5 nm), emission slit width also at 2.55 nm. 
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S166: Excitation spectra of complex 5c at various concentrations in DMSO solution, λem = 467 nm 

(slit width 2.5 nm), emission slit width also at 2.5 nm. 

 

S167: Excitation spectra of complex 5d at various concentrations in DMSO solution, λem = 492 nm 

(slit width 5 nm), emission slit width also at 5 nm. 
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Solution emission spectra of aromatic diimines (H2Laf – H2Laj) 
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S168: Solution emission spectra of complex H2Laf at various concentrations in chloroform solution, 

λex = 400 nm (slit width 5 nm), emission slit width also at 5 nm. 
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S169: Solution emission of complex H2Lag at various concentrations in chloroform solution, λex = 430 

nm (slit width 5 nm), emission slit width also at 5 nm. 
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S170: Solution emission spectra of complex H2Lah at various concentrations in chloroform solution, 

λex = 395 nm (slit width 5 nm), emission slit width also at 5 nm. 
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S171: Solution emission spectra of complex H2Lai at various concentrations in chloroform solution, 

λex = 395 nm (slit width 5 nm), emission slit width also at 5 nm. 
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S172: Solution emission spectra of complex H2Laj at various concentrations in chloroform solution, 

λex = 450 nm (slit width 5 nm), emission slit width also at 5 nm. 
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Appendix E: Solid state emission and excitation spectra 

Solid state emission spectra of zinc macrocycle complexes (2a – 2g) 

 

S173: Powder emission from complex 2a at different excitation wavelengths. Reproduced from 

publication.116 

 

S174: Powder emission from complex 2b at different excitation wavelengths. Reproduced from 

publication.116 
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S175: Powder emission from complex 2d at different excitation wavelengths. Reproduced from 

publication.116 

 

S176: Powder emission from complex 2e at different excitation wavelengths. Reproduced from 

publication.116 
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S177: Powder emission from complex 2g at different excitation wavelengths. Reproduced from 

publication.116 

 

AIE experiments for zinc macrocycle complexes (2a – 2g) 

 

S178: Emission spectra of complex 2a in different compositions of chloroform: hexane (25 – 100 %), 

λex = 415 nm. Reproduced from publication.116 
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S179: Emission spectra of complexes 2b in different compositions of chloroform: hexane (25 – 100 

%): hexane mixtures, λex = 415 nm. Reproduced from publication.116 

 

S180: Emission spectra of complex 2c in different compositions of chloroform: hexane (25 – 100 %), 

λex = 390 nm. Reproduced from publication.116 
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S181: Emission spectra of complexes 2d for different chloroform: hexane (25 – 100 %): hexane 

mixtures, λex = 415 nm. Reproduced from publication.116 

 

S182: Emission spectra of complex 2e in different compositions of chloroform: hexane (25 – 100 %), 

λex = 415 nm. Reproduced from publication.116 
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S183: Emission spectra of complex 2f in different compositions of chloroform: hexane (25 – 100 %), 

λex = 390 nm. Reproduced from publication.116 

 

S184: Emission spectra of complex 2g in different compositions of chloroform: hexane (14 – 100 %), 

λex = 425 nm. Reproduced from publication.116 
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S185: PLQE values of complex 4 measured in an integrating sphere using the absolute method120 at 

various compositions of chloroform : n-hexane,  (λex = 415 nm). Reproduced from publication.116 

 

S186: PLQE values of complex 5 measured in an integrating sphere using the absolute method120 at 

various compositions of chloroform : n-hexane,  (λex = 415 nm). Reproduced from publication.116 
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Solid state emission spectra of salphen ligands (H4La-b and H4Lf-j) 

 

S187: Normalised powder emission from complex H4La at λex = 420 nm, excitation and emission slit 

widths = 5 nm. 

 

S188: Normalised powder emission from complex H4Lb at λex = 420 nm, excitation and emission slit 

widths = 5 nm. 

 

S189: Normalised powder emission from complex H4Lf at λex = 420 nm, excitation and emission slit 

widths = 5 nm. 
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S190: Normalised powder emission from complex H4Lg at λex = 420 nm, excitation and emission slit 

widths = 5 nm. 

 

S191: Normalised powder emission from complex H4Lh at λex = 460 nm, excitation and emission slit 

widths = 5 nm. 

 

S192: Normalised powder emission from complex H4Li at λex = 350 nm, excitation and emission slit 

widths = 5 nm. 
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S193: Normalised powder emission from complex H4Lj at λex = 420 nm, excitation and emission slit 

widths = 5 nm. 

 

Solid state emission spectra of zinc salphen complexes (3a-3b and 3f-3l) 

 

S194: Normalised powder emission from complex 3a at λex = 400 nm, excitation and emission slit 

widths = 5 nm. 
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S195: Normalised powder emission from complex 3b at λex = 400 nm, excitation and emission slit 

widths = 5 nm. 

 

S196: Normalised powder emission from complex 3f at λex = 400 nm, excitation and emission slit 

widths = 5 nm. 

 

S197: Normalised powder emission from complex 3g at λex = 400 nm, excitation and emission slit 

widths = 5 nm. 
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S198: Normalised powder emission from complex 3h at λex = 460 nm, excitation and emission slit 

widths = 5 nm. 

 

S199: Normalised powder emission from complex 3i at λex = 420 nm, excitation and emission slit 

widths = 5 nm. 

 

S200: Normalised powder emission from complex 3j at λex = 420 nm, excitation and emission slit 

widths = 5 nm. 
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S201: Normalised powder emission from complex 3k at λex = 420 nm, excitation and emission slit 

widths = 5 nm. 

 

S202: Normalised powder emission from complex 3l at λex = 420 nm, excitation and emission slit 

widths = 5 nm. 
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Solid state emission spectra of copper NHC complex (4j – 4l) 

 

S203: Normalised powder emission from complex 4j at λex = 300 nm. 

 

S204: Normalised powder emission from complex 4k at λex = 300 nm. 

 

S205: Normalised powder emission from complex 4l at λex = 300 nm. 
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Solid state emission spectra of aromatic diimines (H2Laf – H2Laj) 
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S206: Normalised powder emission spectra of complex H2Laf at λex = 450 nm, excitation and 

emission slit widths = 5 nm. 
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S207: Normalised powder emission spectra of complex H2Lag at λex = 450 nm, excitation and 

emission slit widths = 5 nm. 
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S208: Normalised powder emission spectra of complex H2Lah at λex = 450 nm, excitation and 

emission slit widths = 3.5 nm. 
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S209: Normalised powder emission spectra of complex H2Lai at λex = 460 nm, excitation and emission 

slit widths = 2.5 nm. 
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S210: Normalised powder emission spectra of complex H2Laj at λex = 460 nm, excitation and 

emission slit widths = 5 nm. 
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Appendix F: Thermogravimetric Analysis (TGA) data 

TGA results for zinc macrocycle complexes (2a – 2g) 

 

S211: TGA data for complex 2a (Td (5 % mass loss) = 365 °C). 
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S212: TGA data for complex 2b (Td (5 % mass loss) = 350 °C). 

 

S213: TGA data for complex 2c (Td (5 % mass loss) = 254 °C). 
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S214: TGA data for complex 2d (Td (5 % mass loss) = 363 °C). 

 

S215: TGA data for complex 2e (Td (5 % mass loss) = 323 °C). 
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S216: TGA data for complex 2f (Td (5 % mass loss) = 284 °C). 

 

S217: TGA data for complex 2g (Td (5 % mass loss) = 284 °C). 
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TGA results for zinc salphen complexes (3a – 3b and 3f – 3l) 

 

S218: TGA spectrum of 3a showing change in mass with increasing temperature. 

 

S219: TGA spectrum of 3b showing change in mass with increasing temperature. 
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S220: TGA spectrum of 3f showing change in mass with increasing temperature. 

 

S221: TGA spectrum of 3g showing change in mass with increasing temperature. 
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S222: TGA spectrum of 3h showing change in mass with increasing temperature.

 

S223: TGA spectrum of 3i showing change in mass with increasing temperature. 
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S224: TGA spectrum of 3j showing change in mass with increasing temperature. 

 

S225: TGA spectrum of 3k showing change in mass with increasing temperature. 
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S226: TGA spectrum of 3l showing change in mass with increasing temperature.
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Appendix G: Crystallography data 

 

Table S1: Summary of crystallographic data for complexes 3a and 3f. Data were collected using 

Agilent Xcalibur 3 E (3a) and Xcalibur PX Ultra A (3f) diffractometers, and the structures were 

refined using the SHELXTL and SHELX-2013 program systems.[X1,X2] 

data 3a 3f 

chemical formula C82H118N4O8Zn2 C58H66Cl4N4O6Zn2 

Solvent 6(C4H8O) 3(C4H8O) 

Fw 1851.16 1403.99 

T (°C) –100 –100 

space group P21/n (no. 14) P-1 (no. 2) 

a (Å) 9.3104(6) 10.1409(8) 

b (Å) 30.8278(13) 11.7316(13) 

c (Å) 18.3045(8) 15.7437(18) 

α (deg) — 81.773(9) 

β (deg) 92.793(5) 78.955(8) 

γ (deg) — 78.552(8) 

V (Å3) 5247.5(4) 1791.0(3) 

Z 2 [c] 1 [c] 

ρcalcd (g cm–3) 1.172 1.302 

λ (Å) 0.71073 1.54184 

μ (mm–1) 0.517 2.642 

R1(obs) [a] 0.0645 0.0896 

wR2(all) [b] 0.1452 0.2579 

 

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {Σ[w(Fo
2 – Fc

2)2] / Σ[w(Fo
2)2]}1/2; w–1 = σ2(Fo

2) + (aP)2 + bP. [c] The molecule has 

crystallographic Ci symmetry. 

[X1] SHELXTL v5.1, Bruker AXS, Madison, WI, 1998. 

[X2] SHELX-2013, G.M. Sheldrick, Acta Cryst., 2015, C71, 3-8. 

 

Table S2: Crystal data and structure refinement for complex 3a. 

Identification code CW1459 

Formula C82 H118 N4 O8 Zn2, 6(C4 H8 O) 

Formula weight 1851.16 

Temperature 173(2) K 

Diffractometer, wavelength Agilent Xcalibur 3 E, 0.71073 Å 

Crystal system, space group Monoclinic, P21/n 

Unit cell dimensions a = 9.3104(6) Å  
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 b = 30.8278(13) Å  

 c = 18.3045(8) Å  

Volume, Z 5247.5(4) Å3, 2 

Density (calculated) 1.172 Mg/m3 

Absorption coefficient 0.517 mm-1 

F(000) 2004 

Crystal colour / morphology Orange-red blocky needles 

Crystal size 0.59 x 0.20 x 0.16 mm3 

 2.228 to 28.228° 

Index ranges -11<=h<=11, -39<=k<=40, -23<=l<=13 

Reflns collected / unique 18106 / 10407 [R(int) = 0.0289] 

 7951 

Absorption correction Analytical 

Max. and min. transmission 0.934 and 0.860 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10407 / 200 / 632 

Goodness-of-fit on F2 1.117 

 R1 = 0.0645, wR2 = 0.1319 

R indices (all data) R1 = 0.0908, wR2 = 0.1452 

Largest diff. peak, hole 0.396, -0.341 eÅ-3 

Mean and maximum shift/error 0.000 and 0.000 

 

Table S3: Bond lengths [Å] for complex 3a. 

Bond 
Bond length 

(Å) 
Bond 

Bond length 

(Å) 
Bond 

Bond length 

(Å) 

Zn(1)-O(7) 1.948(2) C(16)-C(19) 1.535(7) C(53)-C(54) 1.431(7) 

Zn(1)-O(27) 1.959(2) C(16)-C(18) 1.567(7) O(60)-C(64) 1.374(7) 

Zn(1)-N(24) 2.060(2) C(16)-C(17') 1.593(11) O(60)-C(61) 1.406(6) 

Zn(1)-N(4) 2.071(2) N(24)-C(25) 1.291(4) C(61)-C(62) 1.464(8) 

Zn(1)-O(40) 2.288(2) C(25)-C(26) 1.430(4) C(62)-C(63) 1.420(8) 

Zn(1)-O(50) 2.402(3) C(26)-C(31) 1.414(4) C(63)-C(64) 1.483(9) 

C(1)-C(3)#1 1.387(4) C(26)-C(27) 1.434(4) O(70)-C(71) 1.354(9) 

C(1)-C(2) 1.413(4) C(27)-O(27) 1.289(4) O(70)-C(74) 1.401(8) 

C(1)-N(4) 1.418(3) C(27)-C(28) 1.439(4) C(71)-C(72) 1.493(11) 

C(2)-C(3) 1.393(4) C(28)-C(29) 1.381(5) C(72)-C(73) 1.476(10) 

C(2)-N(24) 1.411(3) C(28)-C(32) 1.535(4) C(73)-C(74) 1.431(10) 

C(3)-C(1)#1 1.387(4) C(29)-C(30) 1.404(5) O(70')-C(71') 1.390(16) 

N(4)-C(5) 1.288(4) C(30)-C(31) 1.366(5) O(70')-C(74') 1.417(16) 
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C(5)-C(6) 1.439(4) C(30)-C(36) 1.538(5) C(71')-C(72') 1.493(14) 

C(6)-C(11) 1.415(4) C(32)-C(33) 1.526(5) C(72')-C(73') 1.473(15) 

C(6)-C(7) 1.428(4) C(32)-C(34) 1.528(5) C(73')-C(74') 1.477(15) 

C(7)-O(7) 1.295(4) C(32)-C(35) 1.547(5) O(80)-C(81) 1.505(12) 

C(7)-C(8) 1.438(4) C(36)-C(37) 1.513(6) O(80)-C(84) 1.515(12) 

C(8)-C(9) 1.373(5) C(36)-C(39) 1.521(6) C(81)-C(82) 1.427(13) 

C(8)-C(12) 1.530(5) C(36)-C(38) 1.537(7) C(82)-C(83) 1.348(13) 

C(9)-C(10) 1.405(5) O(40)-C(44) 1.393(5) C(83)-C(84) 1.365(13) 

C(10)-C(11) 1.370(4) O(40)-C(41) 1.435(4) O(80')-C(81') 1.525(17) 

C(10)-C(16) 1.534(5) C(41)-C(42) 1.488(6) O(80')-C(84') 1.545(18) 

C(12)-C(14) 1.532(6) C(42)-C(43) 1.473(7) C(81')-C(82') 1.382(16) 

C(12)-C(15) 1.539(5) C(43)-C(44) 1.480(6) C(82')-C(83') 1.381(16) 

C(12)-C(13) 1.541(6) O(50)-C(51) 1.427(4) C(83')-C(84') 1.395(16) 

C(16)-C(19') 1.468(11) O(50)-C(54) 1.441(5)   

C(16)-C(17) 1.493(6) C(51)-C(52) 1.483(5)   

C(16)-C(18') 1.508(11) C(52)-C(53) 1.458(7)   

 

 

Table S4: Bond angles [°] for complex 3a. 

Bond Bond angle (°) Bond Bond angle (°) Bond Bond angle (°) 

O(7)-Zn(1)-

O(27) 

98.12(9) C(14)-C(12)-

C(15) 

107.6(3) C(39)-C(36)-

C(38) 

107.6(4) 

O(7)-Zn(1)-

N(24) 

171.28(9) C(8)-C(12)-

C(13) 

110.8(3) C(37)-C(36)-

C(30) 

110.9(3) 

O(27)-Zn(1)-

N(24) 

90.55(9) C(14)-C(12)-

C(13) 

109.0(3) C(39)-C(36)-

C(30) 

111.7(3) 

O(7)-Zn(1)-

N(4) 

90.62(9) C(15)-C(12)-

C(13) 

106.6(3) C(38)-C(36)-

C(30) 

108.8(3) 

O(27)-Zn(1)-

N(4) 

170.11(9) C(19')-C(16)-

C(18') 

114.6(9) C(44)-O(40)-

C(41) 

107.1(3) 

N(24)-Zn(1)-

N(4) 

80.67(9) C(19')-C(16)-

C(10) 

114.3(9) C(44)-O(40)-

Zn(1) 

123.1(2) 

O(7)-Zn(1)-

O(40) 

91.27(9) C(17)-C(16)-

C(10) 

114.5(4) C(41)-O(40)-

Zn(1) 

118.8(2) 

O(27)-Zn(1)-

O(40) 

94.63(9) C(18')-C(16)-

C(10) 

109.9(8) O(40)-C(41)-

C(42) 

106.0(3) 

N(24)-Zn(1)-

O(40) 

88.92(9) C(17)-C(16)-

C(19) 

108.5(4) C(43)-C(42)-

C(41) 

104.3(4) 
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Bond Bond angle (°) Bond Bond angle (°) Bond Bond angle (°) 

N(4)-Zn(1)-

O(40) 

89.77(9) C(10)-C(16)-

C(19) 

111.3(4) C(42)-C(43)-

C(44) 

106.3(4) 

O(7)-Zn(1)-

O(50) 

94.86(10) C(17)-C(16)-

C(18) 

108.5(5) O(40)-C(44)-

C(43) 

108.2(4) 

O(27)-Zn(1)-

O(50) 

93.83(10) C(10)-C(16)-

C(18) 

107.3(4) C(51)-O(50)-

C(54) 

107.5(3) 

N(24)-Zn(1)-

O(50) 

83.60(10) C(19)-C(16)-

C(18) 

106.4(5) C(51)-O(50)-

Zn(1) 

118.4(2) 

N(4)-Zn(1)-

O(50) 

80.75(10) C(19')-C(16)-

C(17') 

108.5(8) C(54)-O(50)-

Zn(1) 

121.6(3) 

O(40)-Zn(1)-

O(50) 

168.75(10) C(18')-C(16)-

C(17') 

104.7(8) O(50)-C(51)-

C(52) 

105.3(3) 

C(3)#1-C(1)-

C(2) 

119.3(3) C(10)-C(16)-

C(17') 

103.9(8) C(53)-C(52)-

C(51) 

104.5(4) 

C(3)#1-C(1)-

N(4) 

124.4(3) C(25)-N(24)-

C(2) 

122.7(2) C(54)-C(53)-

C(52) 

109.1(4) 

C(2)-C(1)-N(4) 116.3(2) C(25)-N(24)-

Zn(1) 

123.7(2) C(53)-C(54)-

O(50) 

106.2(4) 

C(3)-C(2)-

N(24) 

124.1(3) C(2)-N(24)-

Zn(1) 

113.43(18) C(64)-O(60)-

C(61) 

108.7(4) 

C(3)-C(2)-C(1) 119.2(2) N(24)-C(25)-

C(26) 

127.2(3) O(60)-C(61)-

C(62) 

107.2(5) 

N(24)-C(2)-

C(1) 

116.6(2) C(31)-C(26)-

C(25) 

115.3(3) C(63)-C(62)-

C(61) 

105.8(5) 

C(1)#1-C(3)-

C(2) 

121.5(3) C(31)-C(26)-

C(27) 

120.4(3) C(62)-C(63)-

C(64) 

103.7(6) 

C(5)-N(4)-C(1) 122.3(2) C(25)-C(26)-

C(27) 

124.2(3) O(60)-C(64)-

C(63) 

107.8(5) 

C(5)-N(4)-

Zn(1) 

124.4(2) O(27)-C(27)-

C(26) 

123.0(3) C(71)-O(70)-

C(74) 

108.8(6) 

C(1)-N(4)-

Zn(1) 

112.96(17) O(27)-C(27)-

C(28) 

120.0(3) O(70)-C(71)-

C(72) 

107.9(7) 

N(4)-C(5)-C(6) 126.4(3) C(26)-C(27)-

C(28) 

116.9(3) C(73)-C(72)-

C(71) 

103.2(6) 

C(11)-C(6)-

C(7) 

120.2(3) C(27)-O(27)-

Zn(1) 

130.40(19) C(74)-C(73)-

C(72) 

107.1(6) 

C(11)-C(6)-

C(5) 

115.2(3) C(29)-C(28)-

C(27) 

118.7(3) O(70)-C(74)-

C(73) 

107.2(6) 
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Bond Bond angle (°) Bond Bond angle (°) Bond Bond angle (°) 

C(7)-C(6)-C(5) 124.5(3) C(29)-C(28)-

C(32) 

121.9(3) C(71')-O(70')-

C(74') 

102.7(15) 

O(7)-C(7)-C(6) 123.4(3) C(27)-C(28)-

C(32) 

119.4(3) O(70')-C(71')-

C(72') 

105.9(12) 

O(7)-C(7)-C(8) 119.3(3) C(28)-C(29)-

C(30) 

124.8(3) C(73')-C(72')-

C(71') 

103.8(8) 

C(6)-C(7)-C(8) 117.3(3) C(31)-C(30)-

C(29) 

116.4(3) C(72')-C(73')-

C(74') 

103.6(10) 

C(7)-O(7)-

Zn(1) 

130.4(2) C(31)-C(30)-

C(36) 

122.7(3) O(70')-C(74')-

C(73') 

103.2(13) 

C(9)-C(8)-C(7) 118.6(3) C(29)-C(30)-

C(36) 

120.8(3) C(81)-O(80)-

C(84) 

103.7(9) 

C(9)-C(8)-

C(12) 

122.0(3) C(30)-C(31)-

C(26) 

122.6(3) C(82)-C(81)-

O(80) 

105.0(8) 

C(7)-C(8)-

C(12) 

119.4(3) C(33)-C(32)-

C(34) 

109.6(3) C(83)-C(82)-

C(81) 

108.9(8) 

C(8)-C(9)-

C(10) 

125.1(3) C(33)-C(32)-

C(28) 

111.0(3) C(82)-C(83)-

C(84) 

114.0(8) 

C(11)-C(10)-

C(9) 

116.2(3) C(34)-C(32)-

C(28) 

109.8(3) C(83)-C(84)-

O(80) 

105.3(8) 

C(11)-C(10)-

C(16) 

122.1(3) C(33)-C(32)-

C(35) 

107.4(3) C(81')-O(80')-

C(84') 

99.9(15) 

C(9)-C(10)-

C(16) 

121.7(3) C(34)-C(32)-

C(35) 

107.3(3) C(82')-C(81')-

O(80') 

105.8(13) 

C(10)-C(11)-

C(6) 

122.6(3) C(28)-C(32)-

C(35) 

111.7(3) C(83')-C(82')-

C(81') 

110.9(10) 

C(8)-C(12)-

C(14) 

110.7(3) C(37)-C(36)-

C(39) 

109.1(4) C(82')-C(83')-

C(84') 

109.2(12) 

C(8)-C(12)-

C(15) 

111.9(3) C(37)-C(36)-

C(38) 

108.7(4) C(83')-C(84')-

O(80') 

103.3(13) 

 

Symmetry transformations used to generate equivalent atoms: 

#1 -x+2,-y+1,-z+1 
 

Table S5: Crystal data and structure refinement for complex 3f. 

Identification code CW1605 

Formula C58 H66 Cl4 N4 O6 Zn2, 3(C4 H8 O) 

Formula weight 1403.99 

Temperature 173(2) K 
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Diffractometer, wavelength Agilent Xcalibur PX Ultra A, 1.54184 Å 

Crystal system, space group Triclinic, P-1 

Unit cell dimensions a = 10.1409(8) Å  

 b = 11.7316(13) Å  

 c = 15.7437(18) Å 8.552(8)° 

Volume, Z 1791.0(3) Å3, 1 

Density (calculated) 1.302 Mg/m3 

Absorption coefficient 2.642 mm-1 

F(000) 738 

Crystal colour / morphology Orange needles 

Crystal size 0.36 x 0.12 x 0.05 mm3 

 3.868 to 74.840° 

Index ranges -12<=h<=12, -12<=k<=14, -19<=l<=13 

Reflns collected / unique 10101 / 6798 [R(int) = 0.0349] 

 5400 

Absorption correction Analytical 

Max. and min. transmission 0.885 and 0.509 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6798 / 95 / 451 

Goodness-of-fit on F2 1.073 

 R1 = 0.0896, wR2 = 0.2422 

R indices (all data) R1 = 0.1061, wR2 = 0.2579 

Largest diff. peak, hole 2.070, -1.175 eÅ-3 

Mean and maximum shift/error 0.000 and 0.001 

 

Table S6: Bond lengths [Å] for complex 3f. 

Bond 
Bond length 

(Å) 
Bond 

Bond length 

(Å) 
Bond 

Bond length 

(Å) 

Zn(1)-O(1) 1.952(4) C(12)-C(13) 1.429(7) C(27)-C(10)#1 1.395(8) 

Zn(1)-O(18) 1.955(4) C(13)-C(14) 1.413(7) O(30)-C(34) 1.414(12) 

Zn(1)-N(11) 2.078(4) C(13)-C(18) 1.441(8) O(30)-C(31) 1.419(12) 

Zn(1)-N(8) 2.084(4) C(14)-C(15) 1.350(7) C(31)-C(32) 1.485(11) 

Zn(1)-O(30) 2.100(9) C(15)-C(16) 1.399(8) C(32)-C(33) 1.505(13) 

Zn(1)-O(30') 2.153(16) C(15)-Cl(15) 1.746(6) C(33)-C(34) 1.492(12) 

O(1)-C(1) 1.290(7) C(16)-C(17) 1.381(8) O(30')-C(31') 1.413(15) 

C(1)-C(6) 1.422(8) C(17)-C(18) 1.440(7) O(30')-C(34') 1.418(15) 

C(1)-C(2) 1.457(8) C(17)-C(23) 1.556(8) C(31')-C(32') 1.487(15) 

C(2)-C(3) 1.373(9) C(18)-O(18) 1.292(7) C(32')-C(33') 1.499(15) 
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Bond 
Bond length 

(Å) 
Bond 

Bond length 

(Å) 
Bond 

Bond length 

(Å) 

C(2)-C(19) 1.537(8) C(19)-C(21) 1.499(11) C(33')-C(34') 1.496(15) 

C(3)-C(4) 1.398(10) C(19)-C(20) 1.531(10) O(40)-C(44) 1.412(10) 

C(4)-C(5) 1.359(9) C(19)-C(22) 1.539(9) O(40)-C(41) 1.431(9) 

C(4)-Cl(4) 1.753(6) C(23)-C(25) 1.526(8) C(41)-C(42) 1.513(10) 

C(5)-C(6) 1.424(8) C(23)-C(26) 1.542(8) C(42)-C(43) 1.524(11) 

C(6)-C(7) 1.444(8) C(23)-C(24) 1.545(10) C(43)-C(44) 1.517(11) 

C(7)-N(8) 1.289(7) C(27)-C(10)#1 1.395(8) O(50)-C(51) 1.418(10) 

N(8)-C(9) 1.416(7) O(30)-C(34) 1.414(12) O(50)-C(54) 1.421(10) 

C(9)-C(27) 1.390(7) O(30)-C(31) 1.419(12) C(51)-C(52) 1.502(10) 

C(9)-C(10) 1.415(7) C(19)-C(22) 1.539(9) C(52)-C(53) 1.499(10) 

C(10)-C(27)#1 1.395(8) C(23)-C(25) 1.526(8) C(53)-C(54) 1.489(10) 

C(10)-N(11) 1.404(6) C(23)-C(26) 1.542(8)   

N(11)-C(12) 1.294(7) C(23)-C(24) 1.545(10)   

 

Table S7: Bond angles [°] for complex 3f. 

Bond Bond angle (°) Bond Bond angle (°) Bond Bond angle (°) 

O(1)-Zn(1)-

O(18) 

98.05(16) C(27)-C(9)-

C(10) 

119.9(5) C(26)-C(23)-

C(24) 

109.8(5) 

O(1)-Zn(1)-

N(11) 

162.62(17) C(27)-C(9)-

N(8) 

124.7(5) C(25)-C(23)-

C(17) 

111.4(5) 

O(18)-Zn(1)-

N(11) 

89.78(16) C(10)-C(9)-

N(8) 

115.4(5) C(26)-C(23)-

C(17) 

108.8(5) 

O(1)-Zn(1)-

N(8) 

89.59(17) C(27)#1-C(10)-

N(11) 

125.1(5) C(24)-C(23)-

C(17) 

110.3(5) 

O(18)-Zn(1)-

N(8) 

161.34(18) C(27)#1-C(10)-

C(9) 

118.9(5) C(9)-C(27)-

C(10)#1 

121.1(5) 

N(11)-Zn(1)-

N(8) 

78.63(16) N(11)-C(10)-

C(9) 

116.0(5) C(34)-O(30)-

C(31) 

112.6(8) 

O(1)-Zn(1)-

O(30) 

98.3(4) C(12)-N(11)-

C(10) 

121.4(5) C(34)-O(30)-

Zn(1) 

124.2(10) 

O(18)-Zn(1)-

O(30) 

99.8(5) C(12)-N(11)-

Zn(1) 

124.8(3) C(31)-O(30)-

Zn(1) 

121.3(7) 

N(11)-Zn(1)-

O(30) 

95.6(4) C(10)-N(11)-

Zn(1) 

113.9(3) O(30)-C(31)-

C(32) 

105.9(7) 

N(8)-Zn(1)-

O(30) 

95.9(6) N(11)-C(12)-

C(13) 

126.8(5) C(31)-C(32)-

C(33) 

105.3(7) 
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Bond Bond angle (°) Bond Bond angle (°) Bond Bond angle (°) 

O(1)-Zn(1)-

O(30') 

98.5(6) C(14)-C(13)-

C(12) 

114.9(5) C(34)-C(33)-

C(32) 

106.5(7) 

O(18)-Zn(1)-

O(30') 

98.8(9) C(14)-C(13)-

C(18) 

121.0(5) O(30)-C(34)-

C(33) 

106.0(7) 

N(11)-Zn(1)-

O(30') 

95.6(6) C(12)-C(13)-

C(18) 

124.1(5) C(31')-O(30')-

C(34') 

112.3(11) 

N(8)-Zn(1)-

O(30') 

96.9(10) C(15)-C(14)-

C(13) 

120.0(5) C(31')-O(30')-

Zn(1) 

121.3(15) 

C(1)-O(1)-

Zn(1) 

131.3(4) C(14)-C(15)-

C(16) 

120.2(5) C(34')-O(30')-

Zn(1) 

125.3(13) 

O(1)-C(1)-C(6) 123.4(5) C(14)-C(15)-

Cl(15) 

119.8(4) O(30')-C(31')-

C(32') 

106.5(9) 

O(1)-C(1)-C(2) 118.9(5) C(16)-C(15)-

Cl(15) 

119.9(4) C(31')-C(32')-

C(33') 

105.9(9) 

C(6)-C(1)-C(2) 117.8(5) C(17)-C(16)-

C(15) 

123.0(5) C(34')-C(33')-

C(32') 

105.1(9) 

C(3)-C(2)-C(1) 118.5(5) C(16)-C(17)-

C(18) 

118.5(5) O(30')-C(34')-

C(33') 

105.4(10) 

C(3)-C(2)-

C(19) 

121.9(5) C(16)-C(17)-

C(23) 

121.3(5) C(44)-O(40)-

C(41) 

105.9(6) 

C(1)-C(2)-

C(19) 

119.6(5) C(18)-C(17)-

C(23) 

120.2(5) O(40)-C(41)-

C(42) 

106.6(6) 

C(2)-C(3)-C(4) 122.6(6) O(18)-C(18)-

C(17) 

119.7(5) C(41)-C(42)-

C(43) 

104.5(6) 

C(5)-C(4)-C(3) 120.8(6) O(18)-C(18)-

C(13) 

123.0(5) C(44)-C(43)-

C(42) 

103.1(6) 

C(5)-C(4)-

Cl(4) 

119.9(5) C(17)-C(18)-

C(13) 

117.3(5) O(40)-C(44)-

C(43) 

104.9(7) 

C(3)-C(4)-

Cl(4) 

119.2(5) C(18)-O(18)-

Zn(1) 

131.5(3) C(51)-O(50)-

C(54) 

115(2) 

C(4)-C(5)-C(6) 119.4(6) C(21)-C(19)-

C(20) 

110.2(7) O(50)-C(51)-

C(52) 

103.7(18) 

C(1)-C(6)-C(5) 121.0(5) C(21)-C(19)-

C(2) 

109.7(6) C(53)-C(52)-

C(51) 

105.4(10) 

C(1)-C(6)-C(7) 124.4(5) C(20)-C(19)-

C(2) 

110.7(6) C(54)-C(53)-

C(52) 

106.8(10) 

C(5)-C(6)-C(7) 114.7(5) C(21)-C(19)-

C(22) 

106.9(7) O(50)-C(54)-

C(53) 

104.5(18) 
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Bond Bond angle (°) Bond Bond angle (°) Bond Bond angle (°) 

N(8)-C(7)-C(6) 126.0(5) C(20)-C(19)-

C(22) 

107.9(6)   

C(7)-N(8)-C(9) 121.4(4) C(2)-C(19)-

C(22) 

111.4(6)   

C(7)-N(8)-

Zn(1) 

124.8(4) C(25)-C(23)-

C(26) 

107.4(5)   

C(9)-N(8)-

Zn(1) 

113.5(3) C(25)-C(23)-

C(24) 

109.0(5)   

 

Symmetry transformations used to generate equivalent atoms: 

#1 -x+1,-y+1,-z 
 


