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PREFACE 

ince the beginning of time, light has played a crucial role in our universe and has become 

an important key factor for evolution. It took hundreds of thousands of years after the big 

bang until the temperature of the early universe decreased under a certain point, neutral 

hydrogen was formed and the opaque universe became clear. For the first time, light of higher 

energies could spread through space, but only the formation of stars and the associated era of 

reionization made the unhindered propagation of visible light possible. 

The sun, our continual heat and light source with an emission maximum in the visible light range, 

exhibits the perfect size to ensure evolution of life on our home planet. A larger home star would 

emit harder radiation and would make life on earth impossible, whereas a smaller sun would not 

provide enough energy to enable the creation of life as we know it. Light emitted by the sun enters 

the earth’s atmosphere and interacts with the ozone layer, which protects life on earth by 

withholding energetically higher radiation. Unique biological processes like photosynthesis are 

boosted by light of suitable energy and produced a “byproduct” called oxygen, which made the 

evolution of higher species possible in the first place. 

In general, the term light is commonly attributed to a small range of the electromagnetic spectrum, 

which can be detected by naked human eye. By passing the light from our home star through a 

prism, separation of different wavelengths and hence colors occur. The ability of humankind for 

eye detection and distinction of this visible spectrum, ranging from violet to red, is the result of a 

fine-tuned interplay of different photoreceptor proteins in our eyes. These well-adjusted absorption 

and emission processes demonstrate the outstanding significance of light as a key factor in our daily 

life. 

Considering the importance of natural light sources and their influence to human beings, the 

development and application of artificial light sources and light-triggered technology have become 

indispensable in medicine, biology and communication. Nowadays, light acts more than ever as an 

information carrier in transmission and visual displaying, and in respect of the fourth industrial 

revolution its value will continue to increase drastically. Therefore, design and investigation of 

artificial light sources represents a central pillar of this progress. 

In this context, this PhD thesis deals with the development of novel light emitting materials with 

regard to potential future applications in the field of artificial light sources. Small purely organic 

molecules were synthesized and comprehensively analyzed with respect to their emission 

properties. It was possible to make a general statement about the structure-property relationship that 

helps us to understand the targeted design of outperforming novel luminophores. 
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ABSTRACT 

ithin this thesis, novel, purely organic luminophores were synthesized and 

investigated towards their photophysical properties. The luminescence originates 

from an intramolecular proton transfer in the energetically excited state, which is 

referred to as “Excited-State Intramolecular Proton Transfer“ (ESIPT). The incorporation of the 

central phenolic hydroxy group was realized by the development of a mild late-stage hydroxylation 

method. The directed ortho C(sp2)–H magnesiation on 2-aryloxazolines and subsequent oxidation 

using molecular oxygen or air was highly efficient. In addition to the high regio- and 

chemoselectivity, an ample range of functional groups were tolerated under the mild reaction 

conditions. The efficiency of this method was highlighted by the use of sustainable oxygen sources 

as oxidants and the implementation at ambient temperature. 

 

 

 

 

The isolated phenols strongly differ in their emission properties depending on the substitution 

pattern and the size of the π-system. In order to give a general statement towards emission 

tendencies, a panoply of luminophores were investigated in both solution and the solid state. In 

particular, minimalistic benzene-based fluorophores bearing nitrile substituents showed extremely 

high emission efficiencies. Quantum yields of up to 87.3 % in the solid state and strong 

π-π-interactions were found. In addition, ESIPT-based luminophores bearing electron-donating or 

-withdrawing groups were investigated towards their emission potency. As a consequence, electron 

poor aromatic compounds exhibited a greater emission potential. 

Another priority was the modification of fluorenes with π-expanded proton acceptors. The tuning 

of the emission color was easily achieved through chalcogen atom insertion into the benzazole-

based proton acceptors. Additionally, a mild and regioselective ortho-functionalization method of 

fluorenes was developed, which enabled the covalent linkage of these chromophores on superior 

structures. 
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KURZFASSUNG 

m Rahmen dieser Arbeit wurden neuartige rein organische Luminophore präparativ hergestellt 

und auf ihre Emissionseigenschaften hin untersucht. Der Ursprung dieser Lumineszenz beruht 

auf einem intramolekularem Protonentransfer im energetisch angeregten Zustand, welcher als 

„Excited-State Intramolecular Proton Transfer“ (ESIPT) bezeichnet wird. Zum strukturellen 

Aufbau der Fluorophore wurde eine äußerst milde Reaktionsmethode entwickelt, welche auf die 

späte Einführung der essentiellen phenolischen Hydroxygruppe abzielte. Eine dirigierende ortho 

C(sp2)–H Magnesierung an 2-Aryloxazolinen und anschließende Oxidation mit molekularem 

Sauerstoff oder Luft stellte sich als höchst effizient heraus. Neben der hohen Regio- und 

Chemoselektivität wurden durch die milden Bedingungen zahlreiche funktionelle Gruppen 

toleriert. Die Verwendung von Sauerstoffquellen mit nachhaltigem Charakter sowie die 

Durchführung bei Umgebungstemperatur unterstrich die hervorragende Effizienz dieser Methode. 

 

 

 

 

Die lumineszenten Eigenschaften der isolierten Phenole standen in starker Abhängigkeit vom 

Substitutionsmuster und der Größe des π-Systems. Um eine allgemeine Aussage über vorliegende 

Tendenzen treffen zu können wurden zahlreiche Luminophore in Lösung als auch im Festkörper 

analysiert. Es stellte sich heraus, dass minimalistische Nitril-substituierte Phenole eine teils enorm 

hohe Emissionseffizienz aufwiesen. Trotz starker π-π-Interaktionen im Festkörper wurden 

Quantenausbeuten von bis zu 87.3 % determiniert. Weiterhin wurden ESIPT-basierte Fluorophore 

mit elektronenschiebenden oder -ziehenden Substituenten auf ihr Potential untersucht, wodurch 

sich im Allgemeinen verbesserte Eigenschaften für elektronenarme Systeme herausstellten. 

Ein besonderer Fokus lag zudem auf Fluorenen, welche nebst dem Oxazolin mit diversen 

π-expandierten Protonenakzeptoren modifiziert wurden. So konnte durch den gezielten Einbau von 

Chalkogenen die Emissionsfarbe dieser ESIPT Luminophore eingestellt werden. Zudem wurde eine 

regioselektive ortho-Funktionalisierung von Fluorenen unter milden Bedingungen entwickelt. 

Hierdurch wird die Verknüpfung dieser Chromophore mit übergeordneten Strukturen ermöglicht. 
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1 INTRODUCTION 

hoto processes are based on the principle of the absorption and ensuing transformation of 

electromagnetic radiation. The conversion of energy can result in the emission of light or 

in conformational changes of the absorbent system itself.[1] Due to the underlying quantum 

physics, only light of suitable energy can be absorbed from a certain system and transformed into 

light of less energy. This phenomenon is called the quantization of energy and has already been 

described by Planck and Einstein in the beginning of the 20th century.[2] 

Regarding the Jablonski diagram (Scheme 1),[3] a particle (this includes atoms and molecules, while 

the latter one is attributed in the following) is excited by the absorption of light from the singlet 

ground state (S0) to higher singlet states (Sn). Various processes including internal conversion (IC) 

and vibrational relaxations (VR) can result in non-radiative decay to S0. According to Kasha′s 

rule,[4] radiative decay from S1 to S0 can occur, which is known as fluorescence. A change in 

electron spin and the associated intersystem crossing (ISC) process from S1 to a triplet state (Tn) 

can result in radiative transition from T1 to S0, which is known as phosphorescence.[5] In accordance 

with El-Sayed′s rule,[6] ISC can be spin-forbidden or spin-allowed due to decreased spin-orbit 

coupling provoked by diminished orbital overlap. The loss of energy within these processes and the 

accompanying red-shifted emission is caused by the relaxation processes, namely VR and IC. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1: Schematic representation of the Jablonski diagram. 

After electronic excitation, a smooth transition from higher excited singlet or triplet states to S0 is 

crucial for the emission efficiency. Depending on the rate constants for different relaxation 

processes, the quantum yield is expressed as the number of absorbed photons in relation to the 

number of emitted photons. Values between 0 and 1 are possible for ΦF, which are often given as 

percentages.[1a] 
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While in the Jablonski diagram only molecules in the gas phase are taken into account without 

interactions with neighboring molecules, practical applications of luminescent materials are mostly 

in the aggregated state. That is why luminophores are used as crystals or thin films in optoelectronic 

devices like organic light-emitting diodes (OLEDs) and organic field-effect transistors (OFETs). 

Even in the field of biological applications, which are performed under conditions as close as 

possible to the physiological ones, the formation of nanoaggregates is favored. This is due to the 

hydrophobicity of aromatic groups attached to the luminophores and the accompanying π-π-

interactions.[7] 

Photophysical properties in diluted solution and the aggregated state often differ drastically. 

Luminophores can exhibit reduced, equal or enhanced emission in the aggregated state, depending 

on intermolecular interactions and crystal packing features, which are non-existent in solution. A 

frequently observed phenomenon is the effect of emission quenching upon solidification, which is 

known as aggregation-caused quenching (ACQ) and observed firstly by Förster.[8] Many aromatic 

luminophores suffer from ACQ, leading to partially or complete quenching of emission when 

aggregation occurs. Upon concentration, aromatic luminophores are brought in close proximity to 

each other leading to strong intermolecular π-π-stacking. Excitation of such aggregates results in 

relaxation processes via non-radiative decays and in the efficient quenching of emission in the solid 

state.[7,9] A well-known example of this ACQ behavior is found in perylene and its derivatives 

(Scheme 2a). When dissolved in a good solvent the solution shows a strong blue emission, which 

disappears upon aggregation formation. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2: a) Illustration of aggregation-caused quenching (ACQ) exemplified on planar perylene; 

b) phenomenon of aggregation-induced emission (AIE) exemplified on twisted tetraphenylethene. 

In contrast, aggregation-induced emission (AIE) represents the phenomenon of increased emission 

upon aggregate formation, whereas the single luminogen exhibits no or only extremely low 

a) 

b) 
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emission in diluted solution.[7,10] While ACQ has been known for over half a century, AIE was first 

reported in the beginning of the 21st century.[11] Since then, this novel research field has become 

highly attractive and competitive. AIEgens show similarities in their molecular structure like the 

incorporation of rotating units (e.g., phenyl rings). In solution the continuous rotation of aromatic 

rotors results in non-radiative decay of exciton energy, whereas solidification leads to freezing of 

rotation, namely restriction of intramolecular rotation (RIR). Owing to its twisted conformation, the 

rotors impede efficient π-π-stacking in the aggregated state and therefore obstruct radiationless 

decay pathways.[7] 

A typical AIEgen is illustrated by tetraphenylethene (TPE), whose four rotating aromatic side arms 

prevent emission in diluted solution (Scheme 2b).[12] Upon aggregation, a strong luminescence 

arises, which is caused by RIR and the inefficiency of π-π-interactions through the highly twisted 

molecular conformation. In addition, the AIE effect of luminogens bearing vibrating moieties can 

be explained by the restriction of intramolecular vibration (RIV), while the combination of these 

two mechanisms is called restriction of molecular motions (RIM).[7,13] 

The above mentioned mechanisms of ACQ and AIE represent the extremes in one or the other 

direction of luminescence quenching or induction. Beside this, many emitters show strong emission 

in solution as well as the solid state without significant change in quantum yield. Such structures 

are attributed to the class of dual state emitter (DSE). If the emitting molecule shows luminescence 

in solution and an increased potential upon solidification, the phenomenon is called aggregation-

induced emission enhancement (AIEE).[10c] 

A special case of AIE is the so called crystallization-induced emission (CIE). While the CIE-active 

luminogen shows no emission in solution or the amorphous state, its luminescence rises strongly 

upon crystallization. This can be explained by inefficient restriction of intramolecular motions in 

the amorphous state. Tight packing in the crystalline state can, owing to short intramolecular 

interactions, restrict undesired motions and non-radiative decays resulting in crystal emission. 

Similar to AIEE an increase in emission from diluted solution or the amorphous state to the 

crystalline state is referred to as crystallization-induced emission enhancement (CIEE).[7,14] 

Indeed, the process of solidification, or more accurately of crystallization, and the accompanying 

orientation of molecules within these crystals has an enormous impact on the solid state emission 

efficiency.[15] The main driving forces for crystallization are π-π-stacking interactions between 

planar aromatics and van der Waals forces. Depending on the orientation of the single molecules 

within the aggregate, it is differentiated between J-type (head-to-tail) aggregates and H-type (side-

by-side or face-to-face) aggregates (Scheme 3).[16] In accordance to Kasha′s exciton model,[17] both 

aggregates massively differ in respect of their photophysical properties. As a consequence of 

Coulomb coupling between molecular transition dipole moments of adjacent molecules, exciton 



 

INTRODUCTION 

4 

states in the dimer are split into two energy levels (E+/‒) with parallel or antiparallel orientation of 

the transition dipole moments. While J-type aggregates show red-shifted absorption maxima and in 

many cases fluorescence, H-type aggregates exhibit absorption maxima shifted to higher energies 

and commonly no fluorescence. The most frequently used explanation for the non-emissive nature 

of   H-aggregates is reasoned in the antiparallel transition dipole moments orientation of the lower 

exciton state and its forbidden transition to the ground state. 

To differentiate between these two types of aggregates the so-called ”magic angle” θM is used, 

which is defined as the slip angle between the molecular transition dipole moments. In case of 

θM < 54.7°, J-aggregates are formed and when θM > 54.7°, H-aggregates are preferably formed.[16a] 

As demonstrated, the photophysical properties depend strongly on the orientation of the molecules 

within a cluster. Although H-aggregates, usually planar aromatics, should be non-fluorescent, some 

accounts of highly emissive crystals have been reported.[18] 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3: Exciton bands energy diagram for J- and H-type dimers. Adapted with permission from (Dalton 

Trans. 2017, 46, 1914–1926) © 2017 The Royal Society of Chemistry. 

1.1 Excited-State Intramolecular Proton Transfer (ESIPT) 

One major drawback of luminophores is their tendency of self-reabsorption due to the overlap of 

absorption and emission spectra. Thus, their Stokes′ shift is relatively small and solutions have to 

be very low in concentration to diminish this negative aspect. Fluorophores, whose emissive 

properties are based on an excited-state intramolecular proton transfer (ESIPT) do not suffer from 

this issue.[19] Regarding the design of these structures, a proton donor is placed in close vicinity to 

a proton acceptor within an arene. While phenols or N-substituted anilines are acting as proton 

donor, the design of the proton acceptors is manifold.[20] 
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ESIPT-based luminophores are underlying to an intrinsic enol-keto-phototautomerism process 

(Scheme 4). This cycle consists of four levels including light absorption in the enol form (E(S0)), 

an ultrafast phototautomerization (kESIPT > 1012 s‒1) of the excited state (E(S1)),[21] emission of the 

excited keto form (K(S1)) and ground-state intramolecular proton transfer (GSIPT) of (K(S0)). The 

narrow energy gap between the excited keto state and ground state results in red-shifted emission 

and a huge Stokes shift (up to 12,000 cm‒1). As a consequence of quantitative ESIPT, baseline 

separated absorption and emission spectra are achieved. In case of an uncomplete proton transfer 

in the excited state, emission features deriving from the enol form are observed. The combination 

of short wavelength emission from the excited enol form with the red-shifted keto emission can 

cover the whole visible range of the electromagnetic spectrum and result in the generation of white 

light.[22] Since the luminescence derives from a proton transfer, their efficiency is highly dependent 

and susceptible by the surrounding medium.[23] Especially in polar or protic media, proton donor 

and acceptor can form intermolecular hydrogen bonds (H-bonds) with the solvent molecules instead 

of an intramolecular H-bond. Due to this coordination, emission from E(S1) is strongly favored 

whereas K(S1) emission is highly suppressed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4: Schematic representation of the ESIPT-process. 

Since the first observation of the ESIPT phenomenon for salicylic acid by Weller[24] in the 1950s, 

many molecular structures exhibiting ESIPT have been developed and analyzed regarding their 

photophysical properties. This includes derivatives of anthraquinones,[25] azoles,[22c,22g,26] 

benzazoles,[27] pyrroles,[28] chromones,[29] imidazopyridines,[30] benzophenones,[31] quinolines,[32] 

salicylidene anilines[33] among others (Figure 1). As a common denomination, all these 

luminophores feature a strong H-bond in the ground state, which restrict molecular rotation of the 
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π-conjugated system. The diversity of proton acceptors now becomes clear, since carbonyl groups 

(C=O), imines and benzazoles (C=N) have been widely used. 

 

 

 

 

 

Figure 1: Variety of molecular structures exhibiting the ability of showing ESIPT. 

Considering the luminophores′ design, the synthetic procedures towards these scaffolds are 

commonly simple. Condensation reactions for the construction of the proton-donor-acceptor moiety 

and transition metal-catalyzed reactions for the outer spheres design are well established. 

Exemplified on the 2-phenylbenzo[2,3-d]chalcogenazole scaffold, salicylaldehyde derivatives react 

with substituted amino(thio)phenols providing 2,3-dihydrobenzo[2,3-d]chalcogenazoles, which are 

oxidized in a second step to the full aromatic benzo[2,3-d]chalcogenazoles (Scheme 5). 

 

 

 

 

Scheme 5: General synthetic approach for the construction of ESIPT luminophores, based on the 

benzo[2,3-d]chalcogenazole scaffold. 

Due to the wide-ranging applications of ESIPT-based fluorophores, only the general properties are 

discussed here. For gaining more in-depth information reviews based on this topic are 

recommended.[19] In the following, due to the great potential of these research fields and their 

relevance for the results of this thesis, individual molecular structures will be highlighted and 

examined more closely in the context of: 

1) Highly Emissive Solid State Emitters 

2) White-Light and Red-Light-Emitters 

3) Polymorph-Dependent Luminescence 
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Interactions of the molecular units in the crystal and the resulting luminescent properties in the solid 

state will be emphasized. Due to the straightforward synthesis of ESIPT luminophores, synthetic 

aspects will not be considered. 

1.2 Highly Emissive Solid State Emitters 

The design of potent ESIPT-based luminophores in the solid state is still challenging.[19b,34] On the 

one hand, emission quenching effects like ACQ have to be suppressed and, moreover, the proton 

transfer must be facilitated in terms of angles and bond lengths of the donor-acceptor-system. 

Nevertheless, there are a few emitters known in literature, which demonstrate potent emission in 

the solid state. 

In early 2011, 2-(2′-hydroxyphenyl)benzothiazoles (HBT) bearing various amino substituents in 

meta (m)- or para (p)-position to the benzothiazole unit were reported by Wang and coworkers 

(Scheme 6).[35] Depending on the electron-donating ability of the amino substituent and the position 

of attachment to the arene core, emission color tuning became possible resulting in emitting organic 

materials covering the whole visible spectrum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 6: Highly potent solid state emitter based on the 2-(2′-hydroxyphenyl)benzothiazole (HBT) scaffold 

with amino substituents differing in their electron-donating strength. The wavelengths of emission maxima 

and the quantum yields in the solid state are given below the respective molecular structure. 
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Generally, m-substituted derivatives showed red-shifted emission spectra compared to p-substituted 

structures. While the maximum emission wavelengths of m-OHs were blue-shifted with decreasing 

electron donation efficiency of the N-donor, the opposite effect was observed for p-OHs. 

Independently of the position of the amino substituent, the quantum yield in the solid state increases 

steadily from methyl over phenyl to carbazolyl substituents. Highest quantum yields were 

determined for carbazolyl derivatives. Noteworthy is the remarkably high quantum yield of 91.7 % 

for pCzOH (highlighted in rounded rectangle; Scheme 6), which represents the highest quantum 

yield of an ESIPT-based luminophore in the solid state up to date. 

A closer look on the arrangement of molecules in the crystal lattice can be obtained by single crystal 

X-ray analysis. It was shown, that m-OHs and p-OHs exhibit small dihedral angles (from θD = 2.7° 

to 9.1°) between the benzothiazole unit and the phenol. H-bond lengths (O‒H‧‧‧N, from O1–H to 

N1) were determined to be between 1.86 and 1.91 Å, respectively, demonstrating the stabilized 

almost planar molecular structure in the enol ground state. Molecular packing interactions of 

adjacent molecules were not observed, thus promoting the emission efficiency in the solid state. 

Also, in 2011, Chou and coworkers presented o-hydroxy derivatives of the green fluorescent protein 

(GFP) chromophore (Scheme 7).[36] In natural GFP, emission color can be tuned by either varying 

the amino acid (AA) in position 1 of (Z)-4-(4-hydroxybenzylidene)-1,2-dimethyl-1H-imidazol-

5(4H)-one (HBDI) or by replacing the phenol through other aromatic compounds.[37] However, to 

simplify the molecular structure the amino acids were replaced by methyl groups. Due to the desired 

ESIPT properties the hydroxy group was shifted in ortho (o)-position to the exocyclic double bond. 

 

 

 

 

 

 

 

Scheme 7: GFP chromophore and conformers of its o-derivatives resulting in seven- or eight-membered rings 

containing the H-bond. The wavelengths of emission maxima and the quantum yields in the solid state are 

given below the respective substituent. 

Due to rotation around the central double bond, two possible conformers can be formed. The (Z)-

form of o-HBDI exhibits a seven-membered ring with the crucial H-bond, while the (E)-form leads 
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to an eight-membered ring. It was shown that the (Z)-conformer is favored in non-polar solvents 

and the solid state. This can be explained by the reduced basicity of the carbonyl oxygen (O1) 

compared to the ring nitrogen (N1) and by sterically hindrance, which makes the eight-membered 

ring thermodynamically unfavorable. Emission properties in the solid state as well as in solution 

are tunable by incorporating substituents differing in their electronic effects in position 9 of the 

arene core. A red-shifted keto-emission is observed, if electron acceptor groups are replaced by 

electron donor groups. The opposite effect is detected for fluorescence quantum yields, as the 

electron acceptor substituted derivatives exhibit the highest efficiencies of up to 90 %. One 

exception is the bromine-substituted luminophore, which shows brighter emission than non-

substituted o-hydroxy analogue of GFP. X-ray analysis of o-HBDIs revealed planar structures of 

(Z)-conformers with small dihedral angles between the phenyl and the imidazolone ring. H-bond 

lengths (O‒H‧‧‧N, from O2 to N1) were determined to be < 2.65 Å. Notwithstanding the almost 

planar molecular structure, no significant intermolecular π-π-interactions were observed for all 

luminophores, which is beneficial for strong solid state emission. 

Another class of potent solid state ESIPT-based luminophores was achieved by Nayak in 2012 

(Scheme 8).[38] The design of the aryl-substituted chromophores is related to solid state emitters 

from Jang and coworkers and is based on the 2-phenyl-1H-phenanthro[9,10-d]imidazole (HPhI) 

scaffold.[39] The emission efficiency was tuned by the incorporation of phenyl groups to the central 

imidazole nitrogen and the replacement of the phenol through a N-tosylated aniline. The intention 

of phenyl group incorporation was based on the assumption that steric repulsion and rotation effects 

lead to superior emission properties in the solid state, thus applying the effect of RIR. Theoretical 

calculation using density functional theory (DFT) revealed that the additional phenyl ring is almost 

perpendicular to the arene plane in HPPhI and TsPPhI. 

 

 

 

 

 

 

 

 

Scheme 8: Phenanthroimidazole based luminophores with phenyl and N-tosylaniline incorporation. The 

wavelengths of emission maxima and the quantum yields in the solid state (thin film) are given below the 

respective molecular structure. Complementary, Park and coworkers reported a reduced quantum yield of 

34.1 % for HPPhI in the solid state.[26a] 
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Furthermore, whereas HPhI shows great planarity between the imidazole and the phenol ring, 

HPPhI and TsPPhI are slightly twisted, which could be reasoned by the additional phenyl ring and 

its accompanying steric repulsion. Therefore, intermolecular π-π-interactions are suppressed and 

quantum yields strongly increase from HPhI to TsPPhI. The growth in emission efficiency for 

TsPPhI is explained by intramolecular π-π-interactions from the tosyl group with the 

phenanthroimidazole ring and prevention of intermolecular interactions. 

1.3 White-Light and Red-Light-Emitters 

The design of white-light emitters (WLEs) is a challenging research field, since the emission 

spectrum must cover the whole visible spectrum from the violet to the red region.[40] To reach this 

target, several strategies were established using various physical processes, including Förster 

resonance energy transfer (FRET),[41] charge transfer (CT), monomer-excimer emission and of 

course ESIPT. Due to the complexity and the diverse approaches in this research area, only WLEs 

based on ESIPT will be introduced in the following. ESIPT-based WLEs can be achieved by (1) 

from a single molecule, (2) from a blend of at least two luminophores or (3) by controlling the 

microenvironment or the surrounding medium. 

Regarding (1), white-light generation can be achieved by exploiting the unique property of ESIPT-

based luminophores – the ability of dual emission behavior. Chou and coworkers reported 

1-hydroxy-11H-benzo[b]fluoren-11-one (HBF, Figure 2) as a WLE with dual emission properties 

in the solid state.[22f] The luminescence spectrum covered the whole visible spectrum exhibiting 

almost ideal white light with CIE 1931 coordinates of (0.30; 0.27). In the crystalline state strong 

H-aggregation was observed, which could be owing to a decreased overall quantum yield of 10 %. 

 

 

 

 

 

 

 

 

 

 

Figure 2: a) Hydroxybenzofluorenone (HBF) based luminophore as an example of a WLE. The wavelengths 

of emission maxima for enol- and keto-emission and the fluorescence quantum yield in the solid state are 

shown below the molecular structure; b) CIE 1931 chromaticity plot with emission color coordinates (x; y) 

of HBF (0.30; 0.27) and ideal white (0.33; 0.33). 
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Another very elegant approach for WLE generation is the judicious linkage of two luminophores 

exhibiting complementary emission spectra. Restriction of dipole-dipole interactions and 

consequently the FRET process is the true challenge within this strategy. Also, both units must 

exhibit similar absorption properties, because of using only a single excitation wavelength. Despite 

of all difficulties, Park and coworkers presented such WLEs based on the ESIPT process 

(Figure 3).[22g] For this, the blue-emitting 2-(1,4,5-triphenyl-1H-imidazol-2-yl)phenol (HPI) unit 

was attached covalently to the orange-emitting naphthyl-substituted HPNI unit. A further red-

shifted emission was achieved by linking of two phenyl rings on HPNI to obtain 

phenanthroimidazole based HPNIC. By connection of HPI and HPNI as well as HPI and HPNIC 

through an ether bridge, WLE W1 and W2 were achieved. Due to perpendicular conformation of 

the phenyl rings – determined by time-dependent DFT (TD-DFT) calculations – attached to the 

ether linkage in W1 and W2, effective blocking of possibly occurring energy transfer takes place, 

resulting in superimposed keto emissions of the individual units in form of white light. 

Regarding approach (2), blends of at least two luminophores can generate white-light, if essential 

requirements like similar absorption properties and complementary emission behavior are 

fulfilled.[22e] Mixing of ESIPT-based and non-ESIPT-based luminophores is target-oriented. 

Finally, strategy (3) includes embedding of ESIPT chromophores in polymer matrices, which 

exhibit complementary emission properties, e.g. poly(N-vinylcarbazole) (PVK) as a blue-light 

emitting material.[42] Furthermore, due to the halochromism properties of ESIPT luminophores, 

their emission can be easily tuned by varying the pH value of the surrounding medium.[23b] 

A comparable challenge is the design of red-light emitters (RLE) exhibiting high quantum yields 

in the solid state.[34] For red-light generation a narrow HOMO-LUMO gap is required. That is why 

red luminophores commonly comprise a π-extended polycyclic aromatic hydrocarbon or a 

π-conjugated system bearing electron-donating and electron-withdrawing groups on opposite 

positions.[43] Due to their planarity or dipole-dipole interactions, such π-systems suffer from a strong 

tendency of aggregation and this in turn can result in undesired ACQ. Despite these drawbacks 

several strong non-ESIPT emitters were reported.[44] However, RLE based on the ESIPT process 

showing quantum yields above 30 % in the solid state are still rare. 

In 2014, Sakai and coworkers presented alkoxy-substituted dibenzothiazolylphenols as highly 

efficient ESIPT-based RLEs.[45] Alkoxy groups differing in their alkyl chain length namely OMe, 

OEt, OPr and OBu were introduced to the central arene core (Scheme 9). Interestingly, all 

derivatives showed the same emission behavior in chloroform solution, but varying fluorescence 

properties in the solid state. Whereas OMe and OEt exhibited a bathochromic emission shift, OPr 

and OBu derivatives were hypsochromic shifted compared to emission in chloroform solution. 
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Figure 3: a) Molecular structures of blue- (HPI), orange- (HPNI and HPNIC) and white-light emitting (W1 

and W2) ESIPT molecules. The wavelengths of emission maxima, the fluorescence quantum yields in the 

solid state and the CIE 1931 chromaticity emission color coordinates are shown below the respective 

molecular structure. For W1 and W2 the overall fluorescence quantum yield is given; b) Photographs of HPI, 

W1 and HPNI in solution (c = 1  10‒5 mol L‒1 in CHCl3) and thin films of the compounds in PMMA 

(c = 1 wt%) under 365 nm irradiation; c) CIE 1931 chromaticity plot with emission color coordinates (x;y) 

of HPI (0.16; 0.23), HPNI (0.49; 0.50), HPNIC (0.52; 0.47), W1 (0.33; 0.37), W2 (0.33; 0.35) and ideal 

white (0.33; 0.33). The gray dotted lines connect the CIE coordinates of non-WLE, demonstrating that the 

emission of WLEs is the sum of the individual molecules. Adapted with permission from (J. Am. Chem. Soc. 

2009, 131, 14043–14049). © 2009 American Chemical Society. 
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These differences were attributed to various packing modes in the crystal lattice. Methoxy-

substituted derivative revealed slipped J-aggregation with negligible molecular overlap while 

propoxy-substituted luminophore showed strong intermolecular π-π-interactions resulting in 

H-aggregation. By having a closer look on the molecular structure, high planarity was found with 

dihedral angles θD of 3.7° for OMe and 0.2° for OPr. H-bond lengths (O‒H‧‧‧N, from O1 to N1) 

were determined to be 2.603 Å for OMe and 2.581 Å for OPr, supporting the presumption that 

OPr has the stronger H-bond. The solid state quantum yields continuously increased from OMe to 

OBu, which might be explained by stronger H-bonds for longer alkyl chains derivatives. Again, 

these observations confirm the impact of molecular conformation on emission efficiency of ESIPT-

based luminophores. With OEt, the strongest non-doped RLE in respect of quantum efficiency and 

color (λem = 633 nm, ΦF = 32 %) is reported, whose structure is relatively small compared to the 

strongest red-emitting fluorophores on the market. 

 

 

 

 

 

 

 

 

 

Scheme 9: Molecular structure of alkoxy-substituted dibenzothiazolylphenols. The wavelengths of emission 

maxima and the quantum yields in the solid state are given below the respective substituent. 

1.4 Polymorph-Dependent Luminescence 

An auspicious research field is the development and investigation of polymorphic solid state emitter 

exhibiting morphology-dependent emission colors. 2-(2′-Hydroxyphenyl)imidazo[1,2-a]pyridine 

(HPIP) and its derivatives represent a unique class of ESIPT emitters, due to unusual zwitterionic 

formation upon photoexcitation and their tendency of crystallization into various polymorphs. Since 

the first report by Acuña and coworkers[30c] in 1995 about the charge redistribution in HPIP 

(Scheme 10), extensive research towards the photophysical properties of this compound class was 

performed.[22e,30a,46] Due to the far-reaching investigations, only a few selected results will be 

discussed. 
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Scheme 10: Formation of zwitterionic 2-(2′-hydroxyphenyl)imidazo[1,2-a]pyridine (Z-HPIP) through the 

ESIPT-process and subsequent rotation to the twisted zwitterionic 2-(2′-hydroxyphenyl)imidazo[1,2-

a]pyridine (TZ-HPIP) in solution. 

In 2008, Araki and coworkers reported the reproducible switching between two polymorphic states 

of unsubstituted HPIP by thermal control of the packing mode.[46f] While one crystal polymorph of 

HPIP exhibited blue-green (BG; λem = 496 nm, ΦF = 50 %) emission upon UV-irradiation, the 

other crystal polymorph showed bright yellow (Y; λem = 529 nm, ΦF = 37 %) photoluminescence. 

Despite not being able to form a keto species, HPIP showed strong Stokes′ shifted emission in the 

solid state. Red-shifted emission was also observed in diluted solution, which is explained by a 

conformational change of the zwitterionic species by molecular twisting and accompanying solvent 

rearrangement. Nevertheless, in the solid state as well as in frozen medium no rotation can occur 

and drastically improved quantum yields were achieved. Enhanced emission efficiencies were 

explained by molecular packing in the crystal lattice and almost planar molecular structures with 

small dihedral angles θD and short H-bonds. The BG-polymorph revealed a larger twist between 

phenyl and imidazopyridine ring (5.8°), whereas the Y-polymorph with its coplanar conformational 

packing (1.3°) is the more stable form. This emphasizes the great importance of molecular packing 

on the emission properties. Switching between both polymorphs became possible by applying a 

heating-cooling-procedure. For this, Y was heated to 135 °C and conversion to BG occurred. 

Increasing the temperature to 150 °C and rapid cooling provided the Y-polymorph without 

degradation, demonstrating the reproducibility of photoluminescence switching by thermal control. 

A further improvement of emission color tuning through polymorph dependent ESIPT is presented 

by Araki and coworkers in 2014.[46c] Three polymorphs were obtained by controlling the molecular 

packing of 6-cyano-2-(2′-hydroxyphenyl)imidazo[1,2-a]pyridine (6-CN; Figure 4). Yellow- (Y-

CN; λem = 548 nm, ΦF = 49 %), orange- (O-CN; λem = 570 nm, ΦF = 25 %) and red-emitting 

polymorphs (R-CN; λem = 585 nm, ΦF = 10 %) have been achieved separately using various 

solvents for crystallization. To explain the differences in emission color and corresponding quantum 

yields, a closer look on the packing mode was necessary. All three polymorphic crystals were 

monoclinic and exhibit the same space group. H-bond lengths were almost identical with values 

between 2.582 Å for Y-CN and 2.625 Å for O-CN and dihedral angles were close to zero, 

demonstrating again the correlation between a strong H-bond as well as a planar structure and the 

emission efficiency. 
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In contrast to the almost identical values on the molecular structure, different packing modes were 

observed. Crystals of Y-CN and R-CN had parallel slip-stacked columns with interplanar distances 

of 3.38 and 3.53 Å, respectively. A difference between both structures lies in the degree of the 

molecular overlap, since R-CN molecules were less slipped than those of Y-CN. Contrary, O-CN 

exhibited antiparallel π-π-stacked dimer formation with an interplanar distance of 3.35 Å. Dimeric 

units were packed in an edge-to-face arrangement, similar to crystal packing features of HPIP. 

Supporting TD-DFT calculations revealed a coherence between the different directions of dipole 

moments in the ground- and excited state of 6-CN and the varying emission properties, since 

environmental changes have a direct influence on the energy levels. 

 

 

 

 

 

 

Figure 4: a) Cyano-substituted 2-(2′-hydroxyphenyl)imidazo[1,2-a]pyridine (6-CN) as an example of a 

polymorphic solid state emitter; b) Photographs of the three polymorphic crystals showing yellow (Y-CN), 

orange (O-CN) and red (R-CN) emission in the solid state under 365 nm irradiation (scale bar: 200 µm). 

Adapted with permission from (CrystEngComm 2014, 16, 3890–3895) © 2014 The Royal Society of 

Chemistry. 

Very recently, Takamizawa and coworkers reported 7-chloro-2-(2′-hydroxyphenyl)imidazo[1,2-

a]pyridine (7-Cl) as a superelastochromic crystal (Figure 5).[46a] Based on the ESIPT process, two 

luminescent polymorphic crystals namely yellow-green (YG; λem = 525 nm) and yellow-orange 

(YO; λem = 568 nm) were obtained. Upon shear stress single-crystal-to-single-crystal transition was 

observed for superelastic polymorph YG. Clearly visible in the change of emission color the mother 

domain (αYG) was converted temperature-independent into a daughter domain (βYO) as proven by 

single-crystal X-ray diffraction. This mechano-induced fluorochromism was easily reproducible 

and reversible. Impressively, since shape-memory materials exhibiting superelasticity are 

commonly based on thermally reversible enantiotropic phase transitions, the presented conversion 

from YG to YO polymorphic crystals was a monotropic one. Whereas YG crystal showed great 

elasticity, this was not the case for YO, which is why they broke into pieces upon shearing. 

However, conversion from the mother domain αYO into the daughter domain βYG was partially 

observed during shearing with spontaneous growth of the thermodynamic more stable YG 

polymorph. Regarding molecular motions in the crystal lattice, during shear experiments a bending 

angle of ~42° was determined between the two polymorphs of 7-Cl. Transformation from the αYG 

domain into the βYO domain occurred via a 68° rotation of 7-Cl molecules and a displacement of 

a) 
b) 
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~2.0 Å along the a- and b-axis. Due to these observations, the monotropic behavior of the 

investigated crystals could be reasoned by the huge molecular rotation angle. As a result of rotations 

and movements in the crystal lattice, molecules in YO polymorph exhibit stronger π-π-interactions 

than in YG, which could cause the red-shifted emission for YO. The authors argued, that the 

sensitivity of ESIPT-based superelastic and biphasic luminescent emission color switching crystal 

7-Cl is sufficient to detect even ants weighting ~3 mg. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: a) Chloro-substituted 2-(2′-hydroxyphenyl)imidazo[1,2-a]pyridine (7-Cl) represents an example 

of a superelastochromic polymorphic solid state emitter; b) Photographs of shearing experiments of a YG 

crystal under 365 nm irradiation (scale bar: 100 µm); c) Detail of a YG crystal at the αYG//βYO interface 

showing the deformation and changes on a molecular level. The interface was indexed as (120)αYG//(120)βYO, 

including a bending angle of 42.1°; d) Assumed molecular movements during the interconversion between 

the αYG (dark green colored structures) and the βYO domain (orange colored structures); e) Molecular packing 

and overlaps of 7-Cl in YG polymorph; f) Molecular packing and overlaps of 7-Cl in YO polymorph. 

Adapted with permission from (Nat. Commun. 2020, 11, 1824) © 2020 Springer Nature. 
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2 OBJECTIVES 

nspired by the great potential of ESIPT-based luminophores, the overall aim of this PhD thesis 

was to improve the synthetic accessibility of such fluorophores, generate novel minimalistic 

derivatives thereof and to study their photophysical properties in relation to the solid state 

structure. 

The common straightforward synthesis of ESIPT emitters suffers from the major disadvantage of 

necessary prefunctionalized phenols and the limitation of the substitution pattern within. For this, a 

procedure for the late-stage hydroxylation of arenes bearing a suitable directing group (DG), which 

can also act as proton acceptor was of great interest (Scheme 11). Initial substitution patterns could 

be varied more diverse and phenol protection strategies would be superfluous. Hence, one project 

was the development of an efficient synthetic approach towards phenols via directed ortho 

C(sp2)–H hydroxylation. 

 

 

 

Scheme 11: Directed ortho C(sp2)–H hydroxylation of arenes. 

With hydroxylated arenes in hand, the photophysical properties of various minimalistic, benzene-

based luminophores were to be determined in further projects. The impact of electron-donating and 

-withdrawing groups should be investigated both in the solid state and in solution regarding their 

emission potential. Analysis of the crystal lattice was to be carried out in order to gain insight into 

intermolecular interactions as well as into the conformation of the individual luminogen (Figure 6). 

 

 

 

 

Figure 6: Investigation of benzene-based ESIPT luminophores. 

In a further project, the influence of different proton acceptors on the emission behavior of ESIPT 

luminophores should be investigated. For this, oxazoline-based heterocycle and π-expanded 

aryl[1,2-d]chalcogenazoles were to be incorporated on the fluorene scaffold. Emission color tuning 

should be achieved through chalcogen atom insertion into the benzazole-based proton acceptors 

(Figure 7). 
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Figure 7: Synthesis and photophysical examination of fluorenes bearing various proton acceptors. 

Based on achievements in the course of C(sp2)–H hydroxylation of 2-aryloxazolines, the 

regioselective functionalization of fluorenes using a mild metalation approach was to be 

investigated in another project (Scheme 12). This would be of great interest, due to the extensive 

application of this aromatic system and a lack of efficient synthetic methods for the modification 

of the same. 

 

 

 

 

Scheme 12: General method for the regioselective functionalization of fluorenes. 

Due to interest in the covalent attachment of luminophores on superior structures, a targeted 

functionalization of chromophores was required. Therefore ́ clickable´ azide functionalities were to 

be incorporated to bromoarylaldehydes, affording chromophores suitable for Huisgen-type 

cycloadditions (Scheme 13). Photophysical properties of free azides and triazoles should be 

investigated as well. 

 

 

 

Scheme 13: Covalent attachment and photophysical investigation of azide-functionalized luminophores. 
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3 RESULTS AND DISCUSSION 

3.1 Aerobic C(sp2)–H Hydroxylation of 2-Aryloxazolines 

Aim: A practical procedure for the introduction of the indispensable phenolic hydroxy group of 

ESIPT-based luminophores should be developed. Hence, arenes bearing a suitable directing group 

were to be functionalized by a late-stage C(sp2)–H hydroxylation protocol. Furthermore, the 

directing group should also act as efficient proton acceptor with respect of the luminophores 

underlying phototautomerism. 

Title of the Publication: ´Aerobic C(sp2)−H Hydroxylations of 2‑Aryloxazolines: Fast Access to 

Excited-State Intramolecular Proton Transfer (ESIPT)-Based Luminophores´ 

D. Göbel, N. Clamor, E. Lork, B. J. Nachtsheim, Org. Lett. 2019, 21, 5373–5377. 

Reprinted with permission from ACS Publication. © 2019 American Chemical Society. 

DOI: 10.1021/acs.orglett.9b01350 

The Supporting Information including complete optimization table, detailed experimental 

procedures, characterization data, X-ray crystallographic data, photophysical properties and copies 

of NMR spectra is available free of charge on the journal′s website. 

Abstract: The direct hydroxylation of 2-aryloxazolines via a deprotonative magnesiation using 

TMPMgCl·LiCl and subsequent oxidation with molecular oxygen or air as a green oxidant is 

reported. This method proceeds under mild conditions at room temperature with high 

regioselectivity and chemoselectivity. The obtained phenols exhibit tunable luminescence 

properties, induced by excited-state intramolecular proton transfer. This method opens a new 

opportunity for the sustainable synthesis of luminescent organic molecules. 

This work was highlighted as Front Cover (July 19, 2019; Volume 21, Issue 14). 

About the Cover: The cover art shows the direct oxygenation of magnesiated oxazolines as 

exemplified through an asteroid combusting in the oxygen-loaded earth atmosphere. The ortho 

relation between the oxazoline and the hydroxy group in the reaction products is the structural basis 

for an excited-state intramolecular proton transfer (ESIPT) to give luminophores with promising 

properties. 
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Author Contribution to this Publication: The aerobic hydroxylation of 2-aryloxazolines was 

discovered and developed by me (D. Göbel). In this project, I carried out all optimization reactions 

and synthesized and characterized 72 compounds, including all phenols. Furthermore, I conducted 

all luminescence measurements and isolated the crystals suitable for X-ray analysis. N. Clamor 

synthesized and characterized 13 compounds (precursors) under my supervision. E. Lork performed 

the single crystal X-ray diffraction measurements and structure refinements. The manuscript and 

the Supporting Information were written by me. B. J. Nachtsheim was the principal investigator 

and edited the article. All authors read and edited the article and agreed to the published version of 

the manuscript as well as the Supporting Information. The Front Cover was designed by me 

(D. Göbel). 
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3.2 Nitrile-Substituted ESIPT-based Fluorophores 

Aim: Minimalistic, nitrile-substituted 2-(oxazolinyl)-phenols acting as ESIPT-based luminophores 

were to be synthesized and investigated towards their emission properties in solution as well as the 

solid state. Analysis of the single crystal structure should provide insights into the emission′s origin. 

Title of the Publication: ´Nitrile-substituted 2-(oxazolinyl)-phenols: minimalistic excited-state 

intramolecular proton transfer (ESIPT)-based fluorophores´ 

D. Göbel, D. Duvinage, T. Stauch, B. J. Nachtsheim, J. Mater. Chem. C 2020, 8, 9213–9225. 

Reproduced by permission of The Royal Society of Chemistry © 2020. 

DOI: 10.1039/D0TC00776E 

The Supporting Information including detailed experimental procedures, characterization data, 

X-ray crystallographic data, photophysical properties and copies of NMR spectra is available free 

of charge on the journal′s website. 

A non-peer-reviewed version of this article has been published as a preprint. 

D. Göbel, D. Duvinage, T. Stauch, B. J. Nachtsheim, ChemRxiv. 2020. 

DOI: 10.26434/chemrxiv.11786196.v1 

Abstract: Herein, we present minimalistic single-benzene, excited-state intramolecular proton 

transfer (ESIPT)-based fluorophores as powerful solid-state emitters. The very simple synthesis 

gave access to all four regioisomers of nitrile-substituted 2-(oxazolinyl)-phenols (MW = 216.1). In 

respect of their emission properties, they can be divided into aggregation-induced emission 

enhancement (AIEE) luminophores (1-CN and 2-CN), dual state emission (DSE) emitters (3-CN) 

and aggregation-caused quenching (ACQ) fluorophores (4-CN). Remarkably, with compound 

1-CN we discovered a minimalistic ESIPT-based fluorophore with extremely high quantum yield 

in the solid state ΦF = 87.3 % at λem = 491 nm. Furthermore, quantum yields in solution were 

determined up to ΦF = 63.0 %, combined with Stokes shifts up till 11,310 cm–1. Temperature 

dependent emission mapping, crystal structure analysis and time-dependent density functional 

theory (TDDFT) calculations gave deep insight into the origin of the emission properties. 
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This work was highlighted as Back Cover (July 21, 2020; Volume 8, Issue 27) and as part of the 

most popular articles in Journal of Materials Chemistry C in 2020. 

About the Cover: This work describes minimalistic, nitrile-substituted single-benzene, excited-

state intramolecular proton transfer (ESIPT)-based fluorophores as powerful solid-state emitters. 

The outstanding photoluminescence properties were attributed to the well-shaped single crystal 

structure. 

Author Contribution to this Publication: The extraordinary properties of the investigated 

compounds were discovered by me (D. Göbel). In this project, I synthesized and characterized all 

compounds. Furthermore, I performed all luminescence measurements and isolated the crystals 

suitable for X-ray analysis. D. Duvinage performed the single crystal X-ray diffraction 

measurements and structure refinements. Quantum chemical calculations were performed by 

T. Stauch and B. J. Nachtsheim. The manuscript and the Supporting Information were written by 

me. T. Stauch wrote the theoretical section. B. J. Nachtsheim and T. Stauch were the principal 

investigators and edited the article. All authors read and edited the article and agreed to the 

published version of the manuscript as well as the Supporting Information. The Back Cover was 

designed by me (D. Göbel). 
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3.3 Substitution Effect on 2-(Oxazolinyl)-phenols 

Aim: The influence of electron-donating and -withdrawing substituents on the emission behavior 

of 2-(oxazolinyl)-phenols was to be investigated in solution as well as the solid state. In order to 

give a general statement towards the substitution effect on these ESIPT fluorophores, the analysis 

of single crystal structures should gain insights into the emission characteristics. 

Title of the Publication: ´Substitution Effect on 2-(Oxazolinyl)-phenols and 1,2,5-Chalcogena-

diazole-Annulated Derivatives: Emission-Color-Tunable, Minimalistic Excited-State 

Intramolecular Proton Transfer (ESIPT)-based Luminophores´ 

D. Göbel, P. Rusch, D. Duvinage, T. Stauch, N. C. Bigall, B. J. Nachtsheim, J. Org. Chem. 2021, 

86, 14333–14355. 

Reprinted with permission from ACS Publication. © 2021 American Chemical Society. 

DOI: 10.1021/acs.joc.1c00846 

The Supporting Information including detailed experimental procedures, characterization data, 

X-ray crystallographic data, photophysical properties and copies of NMR spectra is available free 

of charge on the journal′s website. 

A non-peer-reviewed version of this article has been published as a preprint. 

D. Göbel, P. Rusch, D. Duvinage, T. Stauch, N. C. Bigall, B. J. Nachtsheim, ChemRxiv. 2021. 

DOI: 10.26434/chemrxiv.14291434.v1 

Abstract: Minimalistic 2-(oxazolinyl)-phenols substituted with different electron-donating and -

withdrawing groups as well as 1,2,5-chalcogenadiazole-annulated derivatives thereof were 

synthesized and investigated in regard to their emission behavior in solution as well as in the solid 

state. Depending on the nature of the incorporated substituent and its position, emission efficiencies 

were increased or diminished, resulting in AIE or ACQ characteristics. Single-crystal analysis 

revealed J- and H-type packing motifs and a so-far undescribed isolation of ESIPT-based 

fluorophores in the keto form. 
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Author Contribution to this Publication: The idea of this project as well as the synthesis routes 

were developed by me (D. Göbel). I prepared and characterized all compounds and isolated the 

crystals suitable for X-ray analysis. Photophysical measurements were performed by me (70 %) 

and P. Rusch (30 %). D. Duvinage performed the single crystal X-ray diffraction measurements 

and structure refinements. T. Stauch performed the NBO calculations. The manuscript and the 

Supporting Information were written by me. B. J. Nachtsheim, N. C. Bigall and T. Stauch were the 

principal investigators and edited the article. All authors read and edited the article and agreed to 

the published version of the manuscript as well as the Supporting Information. 
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3.4 Oxazol(in)yl-substituted ESIPT-based Luminophores 

Aim: After the establishment of oxazoline as an efficient proton acceptor in ESIPT-based 

luminophores, the influence of various proton acceptors on the emission behavior was to be 

investigated. The modular synthetic approach should allow the incorporation of oxazoline and 

π-expanded arylchalcogenazoles on the fluorene framework. A general statement towards the 

structure-property relationship of ESIPT fluorophores should be made. 

Title of the Publication: ´Emission color-tunable oxazol(in)yl-substituted excited-state 

intramolecular proton transfer (ESIPT)-based luminophores´ 

D. Göbel,‡ P. Rusch,‡ D. Duvinage, N. C. Bigall, B. J. Nachtsheim, Chem. Commun. 2020, 56, 

15430–15433. 

‡ These authors contributed equally to this work. 

Reproduced by permission of The Royal Society of Chemistry © 2020. 

DOI: 10.1039/D0CC05780K 

The Supporting Information including detailed experimental procedures, characterization data, 

X-ray crystallographic data, photophysical properties and copies of NMR spectra is available free 

of charge on the journal′s website. 

A non-peer-reviewed version of this article has been published as a preprint. 

D. Göbel,‡ P. Rusch,‡ D. Duvinage, N. C. Bigall, B. J. Nachtsheim, ChemRxiv. 2020. 

‡ These authors contributed equally to this work. 

DOI: 10.26434/chemrxiv.12777062.v1 

Abstract: Oxazolinyl- and arylchalcogenazolyl-substituted hydroxyfluorenes exhibiting excited-

state intramolecular proton transfer (ESIPT) are described as potent and highly modular 

luminophores. Emission color tuning was achieved by varying the π-expansion and the insertion of 

different chalcogen atoms. 
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Author Contribution to this Publication: The idea of this project as well as the synthesis routes 

were developed by me (D. Göbel). I prepared and characterized all compounds and isolated the 

crystals suitable for X-ray analysis. P. Rusch performed and evaluated all photophysical 

measurements. D. Duvinage performed the single crystal X-ray diffraction measurements and 

structure refinements. The manuscript and the Supporting Information were written by me. P. Rusch 

wrote the photophysical section. B. J. Nachtsheim and N. C. Bigall were the principal investigators 

and edited the article. All authors read and edited the article and agreed to the published version of 

the manuscript as well as the Supporting Information. 

 

 



 

RESULTS AND DISCUSSION 

70 



 

  RESULTS AND DISCUSSION 

  71 



 

RESULTS AND DISCUSSION 

72 



 

  RESULTS AND DISCUSSION 

  73 

 

 



 

RESULTS AND DISCUSSION 

74 

3.5 Regioselective ortho-Functionalization of Fluorenes 

Aim: Based on the knowledge gained from C(sp2)–H hydroxylation of 2-aryloxazolines, a mild 

synthetic procedure for the regioselective functionalization of fluorenes was to be developed. 

Title of the Publication: ´Regioselective ortho-functionalization of bromo fluorenecarbaldehydes 

using TMPMgCl·LiCl´ 

D. Göbel, N. Clamor, B. J. Nachtsheim, Org. Biomol. Chem. 2018, 16, 4071–4075. 

Reproduced by permission of The Royal Society of Chemistry © 2018. 

DOI: 10.1039/c8ob01072b 

The Supporting Information including complete optimization table, detailed experimental 

procedures, characterization data and copies of NMR spectra is available free of charge on the 

journal′s website. 

Abstract: A highly regioselective functionalization of 7-bromofluorene-2-carbaldehydes, potent 

organic chromophores, in position C3 using a mild ortho-metallation strategy (DoM) with 

TMPMgCl·LiCl has been developed. This approach allows the preparation of highly functionalized 

fluorene derivatives by conversion of the in situ generated metalated species with various 

electrophiles giving a fast access to novel organic phosphorescent dyes. 

Author Contribution to this Publication: The regioselective functionalization of fluorenes was 

discovered and developed by me (D. Göbel). In this project, I carried out all optimization reactions 

and synthesized and characterized 27 compounds. N. Clamor synthesized and characterized three 

compounds under my supervision. The manuscript and the Supporting Information were written by 

me. B. J. Nachtsheim was the principal investigator and edited the article. All authors read and 

edited the article and agreed to the published version of the manuscript as well as the Supporting 

Information. 
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3.6 Clickable Azide-Functionalized Bromoarylaldehydes 

Aim: Azide-functionalized bromoarylaldehydes were to be synthesized by applying the protocol 

for the regioselective ortho-functionalization of fluorenes. Linkage of the azides to sterically 

demanding alkynes was to be performed by CuAAC. In addition, the photophysical properties of 

azides and triazoles should be investigated. 

Title of the Publication: ´Clickable azide-functionalized bromo-aryl aldehydes – synthesis and 

photophysical characterization´ 

D. Göbel, M. Friedrich, E. Lork, B. J. Nachtsheim, Beilstein J. Org. Chem. 2020, 16, 1683–1692. 

DOI: 10.3762/bjoc.16.139 

This publication is part of the thematic issue “C–H functionalization for materials science”. 

The manuscript and the Supporting Information including detailed experimental procedures, 

characterization data, X-ray crystallographic data, photophysical properties and copies of NMR 

spectra are available free of charge on the journal′s website. 

A non-peer-reviewed version of this article has been published as a preprint. 

D. Göbel, M. Friedrich, E. Lork, B. J. Nachtsheim, ChemRxiv. 2020. 

DOI: 10.26434/chemrxiv.12238967.v1 

Author Contribution to this Publication: The synthesis routes were developed by me (D. Göbel). 

In this project, I prepared and characterized 37 compounds. In addition, I performed all 

luminescence measurements and isolated the crystals suitable for X-ray analysis. M. Friedrich 

synthesized and characterized five compounds under my supervision. E. Lork performed the single 

crystal X-ray diffraction measurements and structure refinements. The manuscript and the 

Supporting Information were written by me. B. J. Nachtsheim was the principal investigator and 

edited the article. All authors read and edited the article and agreed to the published version of the 

manuscript as well as the Supporting Information. 

 



 

  RESULTS AND DISCUSSION 

  81 



 

RESULTS AND DISCUSSION 

82 



 

  RESULTS AND DISCUSSION 

  83 



 

RESULTS AND DISCUSSION 

84 



 

  RESULTS AND DISCUSSION 

  85 



 

RESULTS AND DISCUSSION 

86 



 

  RESULTS AND DISCUSSION 

  87 



 

RESULTS AND DISCUSSION 

88 



 

  RESULTS AND DISCUSSION 

  89 



 

RESULTS AND DISCUSSION 

90 

 



 

  SUMMARY 

  91 

4 SUMMARY 

s the title of this thesis “Novel ESIPT-based Luminophores – Synthesis and 

Characterization” demonstrates, the focus was based on the synthesis and in particular 

on the development of efficient methods for the construction of such novel molecular 

structures as well as on the characterization of these luminophores in respect of their emission 

properties. 

Aerobic C(sp2)–H Hydroxylation of 2-Aryloxazolines 

The aim of a first project was to develop a practical and powerful 

method for the synthesis of “Excited-State Intramolecular 

Proton Transfer“ (ESIPT)-based luminophores. For this 

purpose, the late-stage introduction of the essential phenolic 

hydroxyl group on simple aryl systems was investigated. It 

turned out that well-established directing groups exhibited 

insufficient conversion under the preferred deprotonative 

metalation conditions. In contrast, the oxazoline-based directing 

group was found to be extremely efficient. The initial metalation 

with a LiCl-activated, sterically-hindered magnesium amide 

base (TMPMgCl·LiCl) as well as the subsequent oxidation of the Grignard intermediate with 

molecular oxygen or air proceeded excellently. 

After successful optimization of the reaction conditions, a plenty of substrates were converted into 

the corresponding phenols on the one hand with molecular oxygen and on the other hand with air 

as the oxygen source. A reduced yield of roughly 10 % for oxidations with air could be attributed 

to the reduced oxygen partial pressure in air and not to the hydrolysis of the Grignard species by 

atmospheric humidity. This efficient aerobic C(sp2)–H hydroxylation shows a high regio- and 

chemoselectivity and a wide variety of functional groups are tolerated under the mild reaction 

conditions. The use of sustainable oxygen sources and the performance at ambient temperature 

emphasize the excellent efficiency of this method. First investigations of the photophysical 

properties revealed an astonishing variety of emission colors. 
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Nitrile-substituted ESIPT-based Fluorophores 

In another project, nitrile-substituted 2-(oxazolinyl) phenols 

were examined comprehensively towards their emission 

properties. The previously developed aerobic C(sp2)–H 

hydroxylation was applied for the synthesis and all possible 

regioisomers were isolated in excellent yields. Despite its 

minimalistic benzene-based structure, extremely high 

fluorescence quantum yields (ΦF) of up to 87.3 % were 

determined for 1-CN in the solid state. By careful analysis of the 

single crystal structure, perfect intramolecular conformational 

properties were observed for 1-CN, whose outperforming 

properties could be explained by these facts. A unique feature of 1-CN was also the non-linear 

nitrile bond with an angle of 173°. This rare observation could be explained by an interaction of a 

non-bonding orbital of the oxazoline oxygen with a π*-orbital of the nitrile bond. In addition, the 

unexpectedly strong π-π-interactions in the crystal lattice, which led to the formation of 

H-aggregates in the solid, represent another special feature of this class of luminophores. 

 

 

 

 

 

 

 

Substitution Effect on 2-(Oxazolinyl)-phenols 

Within a further project the influence of electron-donating and -withdrawing substituents on the 

emission properties of 2-(oxazolinyl)-phenols was investigated. It was possible to benefit from the 

initially developed hydroxylation method. The late-stage introduction of the phenolic hydroxyl 

group was successful for all structures described with the only exception of the nitro derivative, 

which was isolated after exploration of another synthetic route. As a so far undescribed 

phenomenon, 1,2,5-chalcogenadiazoles were found to preferentially exist in the non-full aromatic 

keto form. Emission characteristics of these compounds depend on the nature and the position of 

substituent attachment. Electron-neutral and -rich phenols exhibited higher quantum yields in the 

solid state than in solution, which is why they were attributed to the class of AIE-luminophores. 

Electron-poor derivatives on the other hand showed bright emission in solution as well as the solid 

ΦF up to 87.3 % 
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state (ΦF = up to 74.0 %), thus representing AIEE or DSE emitters. Incorporation of very strong 

electron-withdrawing groups like nitro and 1,2,5-chalcogenadiazoles provided ESIPT-

luminophores exhibiting ACQ characteristics. However, by variation of substituents on the 

2-(oxazolinyl)-phenol scaffold full-color emission was successfully achieved. Analysis of the 

crystal lattice unveiled J-type packing features for highly efficient fluorophores, whereas H-type 

packing characteristics were determined for derivatives showing diminished emission potency. 

 

 

 

 

 

 

 

 

Oxazol(in)yl-substituted ESIPT-based Luminophores 

With the successful establishment of oxazoline as a proton acceptor in ESIPT-based luminophores, 

a comparison was made with other well-established proton acceptors. The modular synthesis 

provided oxazolinyl- and arylchalcogenazolyl-substituted hydroxyfluorenes, which differed in the 

degree of π-expansion of the proton acceptor. Through the targeted incorporation of different 

chalcogen atoms, the emission color in solution as well as in the solid could be tuned from blue-

cyan to yellow. Single crystal structure analysis revealed well-ordered crystal lattices and planar 

molecular structures for arylchalcogenazolylfluorenes, whereas oxazolinyl-substituted fluorenes 

exhibited disordered crystal lattices and twisted π-frameworks. Despite the different packing 

features in the crystal lattice, oxazolinyl-, benzoxazolyl- and benzothiazolyl-substituted fluorenes 

showed identical quantum yields. This emphasizes the efficiency of oxazoline as an efficient proton 

acceptor in ESIPT-based luminophores. 
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Regioselective ortho-Functionalization of Fluorenes 

Based on the findings in the mild ortho-hydroxylation of 2-aryloxazolines, this knowledge was 

applied to the regioselective functionalization of fluorenes. The fluorene framework was selected 

for modification on the one hand because of its frequent use as a luminophore or as a moiety of 

such and on the other hand because of the lack of efficient synthetic methods. Mild conditions led 

to a directed deprotonative metalation of the fluorene framework using TMPMgCl·LiCl and 

subsequent reaction with a wide range of electrophiles provided highly functionalized fluorenes. 

 

 

 

 

 

 

Clickable Azide-Functionalized Bromoarylaldehydes 

In a final project, azide-functionalized ortho- and para-bromobenzaldehydes and fluorene 

derivatives were synthesized using the method for regioselective ortho-functionalization of 

fluorenes. To demonstrate the use of these clickable azides, linkage to sterically demanding alkynes 

using a copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) was performed. Photophysical 

investigations of selected free azides and triazoles showed comparatively short fluorescence 

lifetimes in relation to representatives of this class of compounds. These observations were 

reasoned by the azide functionality and the triazole heterocycle itself. 
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5 ZUSAMMENFASSUNG 

ie der Titel dieser Arbeit „Neuartige ESIPT-basierte Luminophore – Synthese und 

Charakterisierung“ verdeutlicht, stand einerseits die Synthese und insbesondere die 

Entwicklung von effizienten Methoden zur Darstellung solcher Molekülstrukturen 

als auch die Charakterisierung jener hergestellten Luminophore hinsichtlich ihrer 

Emissionseigenschaften im Fokus. 

Aerobe C(sp2)–H Hydroxylierung von 2-Aryloxazolinen 

Mit der Absicht eine leicht durchführbare und leistungsstarke 

Methode zur Synthese von „Excited-State Intramolecular 

Proton Transfer“ (ESIPT)-basierten Luminophoren zu 

entwickeln wurde in einem initialen Projekt die späte 

Einführung der essentiellen phenolischen Hydroxygruppe an 

einfachen Arylsystemen untersucht. Es stellte sich heraus, dass 

bewährte dirigierende Gruppen unter den präferierten 

deprotonativen Metallierungsbedingungen keine ausreichende 

Umsetzung aufwiesen. Dem entgegen stellte sich die Oxazolin-

basierte dirigierende Gruppe als äußerst effizient heraus. Nicht 

nur der erste Schritt einer Metallierung unter dem Einsatz einer LiCl-aktivierten, sterisch 

gehinderten Magnesiumamidbase (TMPMgCl·LiCl) verlief ausgezeichnet, sondern auch die 

nachfolgende Oxidation des intermediären Grignardreagenz mit molekularem Sauerstoff oder Luft.  

Nach erfolgreicher Optimierung der Reaktionsbedingungen wurde eine beachtliche Vielfalt an 

Substraten einerseits mit molekularem Sauerstoff und andererseits mit Luft als Sauerstoffquelle zu 

den korrespondierenden Phenolen umgesetzt. Eine um etwa 10 % geringere Ausbeute für 

Oxidationen mit Luft konnte auf den verringerten Sauerstoffpartialdruck in Luft und nicht etwa auf 

die Hydrolyse der Grignardspezies durch Luftfeuchtigkeit zurückgeführt werden. Diese effiziente 

aerobe C(sp2)–H Hydroxylierung weist eine hohe Regio- und Chemoselektivität auf. Unter den 

milden Reaktionsbedingungen werden zahlreiche funktionelle Gruppen toleriert. 
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Der Einsatz von nachhaltigen Sauerstoffquellen und die Durchführung bei Umgebungstemperatur 

unterstreicht die hervorragende Effizienz dieser Methode. Initiale Untersuchungen der 

photophysikalischen Eigenschaften offenbarten eine erstaunliche Emissionsbandbreite. 

Nitril-substituierte ESIPT-basierte Fluorophore 

In einem weiteren Projekt wurden Nitril-substituierte 

2-(Oxazolinyl)-phenole eingehend auf ihre Emissions-

eigenschaften hin untersucht. Zur Synthese wurde die zuvor 

entwickelte aerobe C(sp2)–H Hydroxylierung angewandt und 

alle potentiellen Regioisomere in hervorragenden Ausbeuten 

isoliert. Trotz ihrer minimalistischen, auf dem Benzolgerüst 

basierenden, Struktur brachten die Lumineszenzuntersuchungen 

extrem hohe Fluoreszenzquantenausbeuten (ΦF) von bis zu 

87.3 % für 1-CN im Festkörper hervor. Durch eingehende 

Analyse der Einkristallstruktur wurden insbesondere für 

Luminophor 1-CN perfekte intramolekulare Konformationseigenschaften beobachtet, womit die 

leistungsstarke Emission bestens begründet werden konnte. Ein Alleinstellungsmerkmal von 1-CN 

war zudem die abgeknickte, nicht-lineare Bindung des Nitrils mit einem Winkel von 173°. Als 

Erklärung konnte hierfür eine Wechselwirkung eines nicht-bindenden Orbitals des 

Oxazolinsauerstoffs mit einem π*-Orbital der Nitrilbindung herangezogen werden. Zudem stellen 

die unerwartet starken π-π-Interaktionen im Kristallgitter, welche zur Ausbildung von 

H-Aggregaten im Festkörper führten eine weitere Besonderheit dieser Klasse an Luminophoren 

dar. 

 

 

 

 

 

 

Substitutionseffekt an 2-(Oxazolinyl)-phenolen 

Im nächsten Projekt wurde der Einfluss von elektronenschiebenden und -ziehenden Substituenten 

am 2-(Oxazolinyl)-phenolgerüst auf die Emissionseigenschaften untersucht. Auch hier konnte 

abermals von der initial entwickelten Hydroxylierungsmethode profitiert werden. Die späte 

Einführung der phenolischen Hydroxygruppe war bei allen beschriebenen Strukturen mit 

Ausnahme des Nitroderivates erfolgreich. Trotz der misslungenen Hydroxylierung des Nitro-

ΦF bis zu 87.3 % 



 

  ZUSAMMENFASSUNG 

  97 

substituierten Systems konnte jenes auf anderem Wege erfolgreich isoliert werden. Eine bislang 

unbeschriebene Beobachtung wurde bei näherer Betrachtung der 1,2,5-Chalkogenadiazole 

erkennbar, welche bevorzugt in der nicht vollaromatischen Keto Form vorliegen. Im Allgemeinen 

stehen die Emissionseigenschaften in direkter Korrelation zu der Natur des Substituenten sowie zur 

Position am Arylgerüst. Elektronenreiche und neutrale Phenole zeigten höhere Quantenausbeuten 

im Festkörper als in Lösung, weshalb sie zur Klasse der AIE-Luminophore gezählt werden. 

Elektronenarme Derivate wiesen starke Emission in Lösung als auch im Festkörper 

(ΦF = bis zu 74.0 %) auf, sodass diese als AIEE bzw. DSE Emitter bezeichnet werden können. Der 

Einbau von sehr stark elektronenziehenden Substituten wie der Nitrogruppe und 

Chalkogenadiazolen führte zu drastisch reduzierter Lumineszenz, weshalb jene Strukturen der ACQ 

Kategorie zugeordnet werden. Durch die Variation der Substituten am Phenolgerüst konnten die 

Emissionsfarben über den gesamten sichtbaren Bereich des sichtbaren Spektrums geregelt werden. 

Die eingehende Analyse der Kristallstruktur offenbarte Kristallpackungsmotive des J-Typs für die 

effizienten Luminophore und Packungsmotive des H-Typs für niederemissive Derivate. 

 

 

 

 

 

 

 

 

Oxazol(in)yl-substituierte ESIPT-basierte Luminophore 

Mit der erfolgreichen Etablierung des Oxazolins als Protonenakzeptor in ESIPT-basierten 

Luminophoren wurde in einem weiteren Projekt ein Vergleich zu anderen bereits etablierten 

Protonenakzeptoren gezogen. Die modulare Synthese erbrachte Oxazolinyl- und 

Arylchalcogenazolyl-substituierten Hydroxyfluorene, welche sich im Maß der π-Expansion des 

Protonenakzeptors unterschieden. Durch zielgerichtete Inkorporation von unterschiedlichen 

Chalkogenatomen konnte die Emissionsfarbe in Lösung als auch im Festkörper von blau-cyan bis 

gelb adjustiert werden. Einkristallstrukturanalyse offenbarte wohl geordnete Kristallgitter und 

planare molekulare Strukturen für Arylchalcogenazolylfluorene, wohingegen Oxazolinyl-

substituierte Fluorene ungeordnete Kristallgitter und verdrehte π-Gerüste aufwiesen. Trotz der 

unterschiedlichen Anordnungen im Kristallgitter zeigten Oxazolinyl-, Benzoxazolyl- und 

Benzothiazolyl-substituierte Emitter identische Quantenausbeuten auf. Dies unterstreicht die 

Effizienz des Oxazolins als effizienten Protonenakzeptor in ESIPT-basierten Luminophoren. 
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Regioselektive ortho-Funktionalisierung von Fluorenen 

Ausgehend von den Errungenschaften in der milden ortho-Hydroxylierung von 2-Aryloxazolinen 

wurden diese Kenntnisse auf die regioselektive Funktionalisierung von Fluorenen angewandt. Das 

Fluorengerüst wurde einerseits wegen seiner häufigen Nutzung als Luminophor oder als Segment 

eines solchen und andererseits aufgrund des Fehlens von effizienten Synthesemethoden zur 

Modifizierung ausgewählt. Auch hier führten milde Bedingungen über eine dirigierende, 

deprotonative Metallierung des Fluorengerüsts mittels TMPMgCl·LiCl und anschließender 

Reaktion mit einer breiten Anzahl an Elektrophilen zu hochfunktionalisierten Fluorenen. 

 

 

 

 

 

Klickbare Azid-funktionalisierte Bromarylaldehyde 

In einem abschließenden Projekt wurden Azid-funktionalisierte ortho- und para-

Brombenzaldehyde und Fluorenderivate unter Anwendung der Methode zur regioselektiven ortho-

Funktionalisierung von Fluorenen synthetisiert. Um die Verwendung dieser freien Azide zu 

demonstrieren wurden jene Benzaldehyde mit sterisch anspruchsvollen Alkinen durch Kupfer(I)-

katalysierte Azid-Alkin Cycloaddition (CuAAC) verknüpft. Photophysikalische Untersuchungen 

ausgewählter freier Azide und Triazole ergaben vergleichsweise kurze Fluoreszenzlebensdauern in 

Relation zu Vertretern dieser Verbindungsklasse. Begründet wurden diese Beobachtungen durch 

die Azid-Funktionalität bzw. den Triazol-Heterozyklus selbst. 
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6 OUTLOOK 

espite the extensive investigations towards the synthesis and design of novel ESIPT-

based luminophores, numerous parameters for improvements can still be addressed. The 

reaction control of established procedures can be refined to achieve higher yields or, 

based on the knowledge gained from structure-property relationships, higher emission efficiencies 

can be obtained through the incorporation of judicious substituents. 

Firstly, the C(sp2)–H hydroxylation of 2-aryloxazolines suffers from long reaction times (24 h for 

O2; 48 h for air), which is on the one hand caused by the reduced gas pressure of only 1 atm inside 

the reaction vessel and on the other hand due to the small contact area between organometal species 

in solution and the gas atmosphere on top. In addition, to achieve complete conversion of the 

starting materials an excess of metalation reagent was required. Performing the reaction under 

continuous flow conditions can shorten the reaction time by far and significantly improve product 

yields (Scheme 14). A significant reduction of the metalation base equivalents may also be possible. 

Similar approaches of metalation reactions under continuous flow conditions have already been 

published by Jamison and Knochel.[47] 

 

 

 

 

 

 

Scheme 14: Continuous flow metalation of 2-aryloxazolines using TMPMgCl‧LiCl and subsequent reaction 

with molecular oxygen or air yielding 2-(oxazolinyl)-phenols. 

With the knowledge gained from the investigations of minimalistic benzene-based ESIPT 

fluorophores, further refinements can be made to improve and tune the photoluminescence 

properties. On the one hand, the alkyl spacer length on the oxazoline can be varied to tune 

interplanar distances in the crystal lattice and therefore emission behavior (Figure 8a). For this 

purpose, the most efficient substitution pattern should be used initially, including non-substituted 

derivate as well as cyano and ester groups in position 1 and 3, respectively. 

1-CN has proven to be one of the most powerful ESIPT luminophores known up to date. Hence, 

further tuning of emission efficiency and color might be of interest. Precise substitution of the 

remaining positions on the benzene ring with electron-donating or -withdrawing groups could boost 

the luminescence properties (Figure 8b). 

D
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Luminophores bearing methyl esters have been found to be highly emissive. The possibility of 

modifying the esters′ alkyl residues should be used to tune the emission properties in the simplest 

possible way. Alkyl groups should not only differ in length but also in their degree of branching 

(Figure 8c). 

 

 

 

Figure 8: Precise modifications on established minimalistic ESIPT-based luminophores, including 

a) variation of alkyl spacer length on the oxazoline; b) incorporation of electron-donating or -withdrawing 

groups on the 1-CN scaffold; c) varying the length and degree of branching of alkyl residues on ester bearing 

fluorophores. 

Regarding the efficiency of N–H-type ESIPT emitters, a practical modular synthetic approach 

should be developed. Late-stage incorporation of the amino functionality would improve the 

diversification of the substitution patterns. Based on the work of Uchiyama and Wang, an oxazoline 

directed ortho C(sp2)–H amination using various hydroxylamines as the amino source might be 

promising.[48] Initial deprotonative magnesiation using TMPMgCl‧LiCl would be followed by 

transmetalation to the corresponding cuprate, which can react smoothly with hydroxylamines 

(Scheme 15). While strong electron-withdrawing substituents (e.g., tosyl or trifluorocarbonyl) on 

the aniline have proven to be highly efficient, the nature of the leaving group on the amino reagent 

has to be investigated. With N-substituted anilines in hand, their photophysical properties should 

be investigated in diluted solution as well as in the solid state. Finally, a general statement about 

the differences between O–H- and N–H-type ESIPT luminophores with oxazolines as proton 

acceptor should be possible. 

 

 

 

 

Scheme 15: Directed ortho C(sp2)–H amination of 2-aryloxazolines via metalation approach. 
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