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1 Summary 

1.1 Overview of Presented Topics 

In this cumulative dissertation the following topics are presented:  

1. Diaminodicyanoaquinones (DADQs)  

a. A novel class of fluorescent dyes 

b. The aggregation behaviour of DADQs  

2. Highly fluorescent Benzothiadiazoles (BTDs) as redox switches 

3. Polycyclic aromatic hydrocarbons as fluorophores: 

a. Fluorescence of a chiral Pentaphene derivative derived from the Hexabenzocoronene motif 

b. Substitution-pattern controlled tuning of the fluorescence lifetime of Fluoranthene dyes 

1.2 Overview of Collaborations 

The research was conducted in collaboration with the groups of:  

• Dr. Ute Resch-Genger from the Federal Institute for Materials Research and Testing (German: 

Bundesanstalt für Materialforschung und -prüfung = BAM),  

• Prof. Dr. Beate Paulus from the Institute of Chemistry and Biochemistry at Freie Universität Berlin, 

• Prof. Dr. Biprajit Sarkar from the Institute of Inorganic Chemistry at the University of Stuttgart (formerly 

at Freie Universität Berlin),  

• Prof. Dr. Dieter Lentz from the Institute of Chemistry and Biochemistry at Freie Universität Berlin, 

• Dr. Alexey Popov from the Leibniz Institute for Solid State and Materials Research in Dresden. 

The detailed results and experimental information are included in form of the attached publications in section 4 

and section 5. 

1.3 Summary of Results 

1.3.1 Diaminodicyanoquinones 

a) A novel class of fluorescent dyes 

Diaminodicyanoquinones (DADQs) have been widely researched due to their high dipole moment of roughly 

10-30 Debye.[1] However, fluorescence quantum yields (Φ) in solution were reported to be below 0.01.[2] 

In this work, a series of new DADQ derivatives was synthesized. The photophysical investigation revealed that 

benzene functionalized derivatives have fluorescence quantum yields (Φ) in solution exceeding 0.9. Through an 

experimental-theoretical approach (collaboration with Dr. Ute Resch-Genger and Prof. Dr. Beate Paulus), we 

successively investigated the fluorescence quenching processes of DADQs. Due to their bipolar structure, the 
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bonds between the diamino moiety and the benzene ring, as well as the dicyano moiety and the benzene ring, 

are susceptible to rotations. It was shown that the rotation around the dicyano-benzene bond is the main reason 

for fluorescence quenching in non-benzene functionalized derivatives. Due to low energetic barriers of rotation 

in the excited state S1, non-radiative relaxation through internal conversion (IC) and intersystem crossing (ISC) 

is possible. Crucial for this revelation was the comparison of differently substituted derivatives and their 

photophysical analysis in solvents of different polarity, proticity and viscosity, as well as at different 

temperatures.  

With the discovery of those properties, DADQs may now be considered as fluorescent dyes. Furthermore, the 

theoretical approach can be used to predict the emissive properties of novel derivatives. 

b) The aggregation behaviour of Diaminodicyanoquinones 

DADQs show two concentration dependent absorption bands in the UV/Vis spectrum. Beside the monomer 

band, a bathochromically (red-) shifted aggregate band is observed at high concentrations. In the well-

established framework of H- and J-aggregates, bathochromically shifted bands are typically highly emissive 

(J-aggregates), and hypsochromically (blue-) shifted bands are non-emissive (H-aggregates). However, the red 

shifted aggregate band of the investigated DADQs is non-emissive. Through a combined approach of experiment 

and theory (collaboration with Prof. Dr. Beate Paulus), we unravelled the untypical aggregation behaviour of 

DADQs and propose metastable dimeric J-aggregates as the reason. Thus, DADQs are a rare case of J-aggregates 

with non-fluorescent properties.  

Crucial for this discovery was the synthesis of two differently substituted series of DADQ compounds and the 

analysis of their absorption and emission spectra at different concentrations, in solvents of different polarity 

and proticity, with (polar) additives and at increasing temperatures. Those investigations revealed that hydrogen 

bonding is of major importance in the aggregation. The Paulus group took the coulomb term of the Kasha Model 

into account, and supplemented it by the consideration of charge transfer terms. Furthermore, the intensity of 

the electronic transition along a line of displacement was considered. 

1.3.2 Highly fluorescent Benzothiadiazoles as redox switches 

Changing the absorption or the emission properties of a material by redox processes is used in smart windows 

and rear-view mirrors,[3] and potentially applicable in light harvesting, sensors, and biomedicine. However, most 

of the known organic redox switches possess complex molecular structures.[4] 

A series of unsymmetrical push-pull benzothiadiazole (BTD) derivatives and a symmetric diphenylmethoxy BTD, 

which were proven suitable for absorption switching between ultraviolet (UV), visible (Vis) and near-infrared 

(NIR) by redox processes, were synthesized. Through the measurement of cyclic voltammetry (CV), coupled with 

UV/Vis/NIR-spectroscopy (collaboration with Prof. Dr. Biprajit Sarkar), we reveal that the processes, which are 

seemingly reversible in the CV, are partly irreversible. The alkyne motif, which the unsymmetrical compounds 

incorporate, is the likely cause for the complete irreversibility of the oxidative processes, as well as for the partial 

irreversibility of the reductive processes. Therefore, such alkyne functionalized compounds would have limited 
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use as switches. The symmetric BTD compound, however, features two reversible oxidations which can be used 

for absorption switching between UV (neutral form), Vis (2+) and NIR (1+). Coupling of CV with electron 

paramagnetic resonance (EPR) spectroscopy revealed a strong delocalization of the radical over the whole 

π-system after first oxidation. Our calculations indicate an increasing quinodial distortion upon oxidation that 

matches with the delocalization of the radical and the measured absorption spectra. Furthermore, 

measurements in collaboration with Dr. Alexey Popov revealed that the strong fluorescence in the neutral state 

is quenched upon oxidation. Therefore, fluorescence, instead of absorption could be used as the output signal 

for the redox switching process.  

In addition, the different effects of viscosity and polarity on the emissive properties of the BTD derivatives were 

separated. Whereas a polarity-induced reduction of fluorescence quantum yield in solution (ΦSol) and 

fluorescence lifetime (τ) was observed, the emissive properties are independent of the solvent viscosity. The 

first finding can be rationalized by intramolecular charge transfer (ICT) states, which are exclusively formed in 

polar, protic solvents. The latter finding suggests that a molecular motion, like a rotation in the excited state, is 

not involved in non-radiative deactivation of the excited states of the BTD dyes. The solid state emission is not 

drastically reduced by non-radiative relaxation, such as π-π stacking. The BTD dyes possess solid state 

fluorescence quantum yields (ΦSS) of 0.30-0.70 (collaboration with Dr. Ute Resch-Genger). These emissive 

properties could be used for polarity probes, dye lasers or in more sophisticated redox switches. For the latter, 

alkyne moieties should be avoided, and the quinoid motif, which is induced upon oxidation and enabled through 

the methoxy groups, should be utilized to yield reversible switching processes between the UV and the Vis/NIR 

region. 

1.3.3 Polycyclic aromatic hydrocarbons as fluorophores 

a) Fluorescence of a Chiral Pentaphene Derivative Derived from the Hexabenzocoronene Motif 

Pentaphenes, a sub-class of polycyclic aromatic hydrocarbons (PAHs), were investigated for their photophysical 

properties in the 1990s.[5] However, no fluorescence quantum yields, fluorescence lifetimes or solid state 

emissive properties were reported.  

In this work, an unprecedented Scholl oxidation reaction was used as the last step to synthesize an enantiomeric 

pentaphene derivative which bears a 4[helicene] motif and, compared to hexabenzocoronene (HBC), lacks one 

C-atom in its basal plane. The reproducibility of the ring closing reaction under Scholl oxidation conditions was 

confirmed by a test reaction on a phenanthrene derivative. The photophysical properties of the pentaphene 

were compared to a structurally closely related HBC derivative. In solution and the solid state, the pentaphene 

is about five times more fluorescent than the HBC derivative. The single crystal X-Ray diffraction (XRD) data 

revealed that π-π stacking with an interplanar distance of about 3.5 Å is the likely cause of fluorescence 

quenching for the HBC-derivative in the solid state. The pentaphene, however, has more than 9 Å interplanar 

distance, which makes non-radiative relaxation through π-π stacking unlikely. Density functional theory (DFT) 

calculations revealed a racemization barrier of about 10 kcal/mol for the 4[helicene] motif in the pentaphene, 

thus showing that the enantiomers are inseparable in solution at room temperature. To elucidate the role of the 
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higher flexibility of the pentaphene derivative, fluorescence lifetimes and emission spectra at elevated (50 °C) 

and lowered (-100 °C) temperatures were measured. The emissive properties of both, the pentaphene and the 

compared HBC, reveal the same percentage change. This finding suggests that the flexibility of the [4]helicene 

motif in the pentaphene does not lead to non-radiative relaxation in solution. 

b) Substitution-Pattern Controlled Tuning of the Fluorescence Lifetime of Fluoranthene Dyes 

For the application of fluorescent dyes in lifetime multiplexing, substitution and solvent independent absorption 

and emission wavelength, as well as a large relative difference (100-1000 %) of the fluorescence lifetime (τ) of 

the used dyes is crucial. Compared to small organic molecules, PAHs are typically less susceptible to 

solvatochromic effects. Even so, organic dyes are rarely considered for their applications in lifetime multiplexing.  

A series of fluoranthene derivatives (collaboration with Prof. Dr. Dieter Lentz) with substitution-pattern 

controlled lifetimes between 6 and 34 ns and substitution, as well as polarity independent absorption and 

emission wavelengths, were investigated. By measuring two component dye mixtures of different mixing ratios, 

the general suitability for lifetime multiplexing was proven (collaboration with Dr. Ute Resch-Genger). The solid 

state emissive properties, fluorescence quantum yields, emission spectra and emission-wavelength dependent 

fluorescence lifetimes were examined and the structure related differences were explained. Through the 

analysis of the single crystal XRD structures, it was revealed that the aggregation induced quenching through 

π-π stacking occurs exclusively in derivatives which feature a pyracene unit. Nevertheless, the dyes can be 

embedded in polystyrene particles (PSP) without loss of emissive properties due to aggregation. With these 

characteristics, fluoranthene compounds are promising candidates for their use in lifetime multiplexing, for 

barcoding or in flow setups. 

1.4 Zusammenfassung der Ergebnisse 

1.4.1 Diaminodicyanochinone 

a) Eine neue Klasse der Fluoreszenzfarbstoffe  

Diaminodicyanochinone (DADQs) wurden aufgrund ihres hohen Dipolmoments umfassend erforscht.[1] Die 

Fluoreszenzquantenausbeuten (Φ) in Lösung lagen jedoch unter 0.01.[2] 

In dieser Arbeit wurden Untersuchungen an einer Reihe von DADQ-Derivaten durchgeführt, die zeigten, dass 

Benzol-funktionalisierte Derivate in Lösung eine Fluoreszenzquantenausbeute (Φ) von über 0.9 haben. Durch 

einen experimentell-theoretischen Ansatz (Zusammenarbeit mit Dr. Ute Resch-Genger und Prof. Dr. Beate 

Paulus) untersuchten wir sukzessive die Fluoreszenzlöschungsprozesse von DADQs. Aufgrund ihrer bipolaren 

Struktur können die Bindungen zwischen dem Diaminorest und dem Benzolring, sowie dem Dicyanorest und 

dem Benzolring rotieren. Es konnte gezeigt werden, dass die Rotation um die Dicyano-Benzol-Bindung der 

Hauptgrund für die Fluoreszenzlöschung in nicht-benzol-funktionalisierten Derivaten ist. Aufgrund der 

energetisch niedrigen Rotationsbarrieren im angeregten Zustand S1 ist eine strahlungsfreie Relaxation durch 

interne Konversion (IC) und Intersystem-Crossing (ISC) möglich. Ausschlaggebend für diese Erkenntnis war der 
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Vergleich unterschiedlich substituierter Derivate und die photophysikalischen Messungen in Lösungsmitteln 

unterschiedlicher Polarität, Protizität und Viskosität sowie Untersuchungen bei unterschiedlichen 

Temperaturen.  

Mit der Entdeckung dieser Eigenschaften können DADQs nun als Fluoreszenzfarbstoffe betrachtet werden. 

Darüber hinaus kann der theoretische Ansatz zur Vorhersage der Emissionseigenschaften von neuartigen 

Derivaten verwendet werden. 

b) Das Aggregationsverhalten von Diaminodicyanochinonen  

DADQs zeigen zwei konzentrationsabhängige Absorptionsbanden im UV/Vis-Spektrum. Neben der 

Monomerbande wird bei höheren Konzentrationen eine bathochrom (rot-) verschobene Aggregatbande 

beobachtet. Im Rahmen der etablierten Modelle von H- und J-Aggregaten sind bathochrom verschobene Banden 

typischerweise stark emittierend (J-Aggregate), während hypsochrom (blau-) verschobene Banden nicht 

emittieren (H-Aggregate). Die rotverschobene Aggregatbande von DADQs ist jedoch nicht emittierend. Durch 

einen kombinierten Ansatz aus Experiment und Theorie (Zusammenarbeit mit Prof. Dr. Beate Paulus) haben wir 

das untypische Aggregationsverhalten von DADQs untersucht und vermuten metastabile dimere J-Aggregate als 

Ursache. Somit sind DADQs ein seltener Fall von J-Aggregaten mit nicht-fluoreszierenden Eigenschaften.  

Ausschlaggebend für diese Entdeckung war die Synthese und Analyse von zwei unterschiedlich substituierten 

Reihen von DADQ-Verbindungen in unterschiedlichen Konzentrationen, in Lösungsmitteln unterschiedlicher 

Polarität und Protizität, mit (polaren) Additiven und bei steigenden Temperaturen. Diese Untersuchungen 

ergaben, dass Wasserstoffbrückenbindungen bei der Aggregation eine wichtige Rolle spielen. Die Paulus-Gruppe 

berücksichtigte den Coulomb-Term des Kasha-Modells und ergänzte ihn durch die Berücksichtigung von 

Ladungstransfertermen. Weiterhin wurde die Intensität des elektronischen Übergangs entlang einer 

Verschiebungslinie berücksichtigt. 

1.4.2 Stark emittierende Benzothiadiazole als Redoxschalter 

Die Veränderung der Absorptions- oder Emissionseigenschaften eines Materials durch Redoxprozesse wird in 

Smart Windows und Rückspiegeln verwendet.[3] Zudem sind solche Materialien von potenziellem Interesse für 

den Einsatz in Solarzellen, Sensoren und in der Biomedizin. Die meisten der bekannten organischen 

Redoxschalter sind jedoch komplexe molekulare Strukturen.[4] 

Es wurde eine Reihe von unsymmetrischen Push-Pull-Benzothiadiazol (BTD)-Derivaten sowie ein symmetrisches 

Diphenylmethoxy-BTD synthetisiert, die als Absorptionsschalter zwischen ultraviolettem (UV), sichtbarem (Vis) 

und nah-Infrarotem (NIR) Bereich durch Redox-Prozesse geeignet sind. Durch die Messung der zyklischen 

Voltammetrie (CV), gekoppelt mit UV/Vis/NIR-Spektroskopie (Zusammenarbeit mit Prof. Dr. Biprajit Sarkar), 

zeigen wir, dass die im CV scheinbar reversiblen Prozesse teilweise irreversibel sind. Die Alkin-Einheit der 

unsymmetrischen Verbindungen ist die wahrscheinlichste Ursache für die vollständige Irreversibilität der 

oxidativen Prozesse und die unvollständige Reversibilität der reduktiven Prozesse. Daher wären solche Alkin-

funktionalisierten Verbindungen als Schalter nur begrenzt einsetzbar. Die symmetrische BTD-Verbindung weist 
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jedoch zwei reversible Oxidationen auf, die für den Prozess der schaltbaren Lichtabsorption zwischen UV 

(neutrale Form), Vis (2+) und NIR (1+) verwendbar sind. Die Kopplung von CV mit der Elektronenspinresonanz 

Spektroskopie (engl. EPR) zeigte eine starke Delokalisierung des Radikals über das gesamte π-System nach der 

ersten Oxidation. DFT-Berechnungen deuten auf eine zunehmende chinodiale Verzerrung nach der Oxidation 

hin, die mit der Delokalisierung des Radikals und den gemessenen Absorptionsspektren übereinstimmt. Darüber 

hinaus zeigten Messungen in Zusammenarbeit mit Dr. Alexey Popov, dass die starke Fluoreszenz des Moleküls 

im neutralen Zustand nach der Oxidation nicht mehr zu beobachten ist. Somit könnte anstelle des 

Absorptionssignals auch das Fluoreszenzsignal für den Redox-Schaltprozess verwendet werden.  

Außerdem wurde der Einfluss von Viskosität und Polarität auf die Emissionseigenschaften von BTDs untersucht. 

Darüber hinaus konnte die polaritätsinduzierte Reduktion von ΦSol und τ sowie die Unabhängigkeit der 

Emissionseigenschaften von der Lösungsmittelviskosität gezeigt werden. Der erste Befund lässt sich durch 

intramolekulare Ladungstransferzustände (ICT) erklären, die bevorzugt in polaren, protischen Lösungsmitteln 

gebildet werden. Der zweite Befund legt nahe, dass eine molekulare Bewegung, zum Beispiel eine Rotation im 

angeregten Zustand, nicht an der strahlungslosen Deaktivierung der angeregten Zustände der BTD-Farbstoffe 

beteiligt ist. Im Festkörper wurden Fluoreszenzquantenausbeuten (ΦSS) von 0.30-0.70 gemessen 

(Zusammenarbeit mit Dr. Ute Resch-Genger). Dies lässt die Schlussfolgerung zu, dass es zu keiner drastischen 

Reduktion der Emission durch strahlungslose Relaxation, z.B. durch π-π Wechselwirkungen, kommt.  

Die genannten Emissionseigenschaften der BTDs können für Polaritätssonden, Farbstofflaser oder in 

anspruchsvolleren Redox-Schaltern genutzt werden. Bei Letzteren sollten Alkine vermieden, und das bei der 

Oxidation induzierte und zumindest teilweise durch die Methoxygruppen aktivierte Chinoid-Motiv genutzt 

werden, um reversible Schaltprozesse zwischen dem UV- und dem Vis/NIR-Bereich zu erhalten. 

1.4.3. Polyzyklische aromatische Kohlenwasserstoffe als Fluoreszenzfarbstoffe 

a) Fluoreszenz eines vom Hexabenzocoronen-Motiv abgeleiteten chiralen Pentaphenderivats 

Pentaphene, eine Unterklasse der polyzyklischen aromatischen Kohlenwasserstoffe (PAKs), wurden in den 

1990er Jahren photophysikalisch untersucht.[5] Es wurde jedoch nicht über Fluoreszenzquantenausbeuten, 

Fluoreszenzlebensdauern oder vorhandene Festkörperemission berichtet.  

In dieser Arbeit konnte über eine nicht publizierte Scholl-Oxidationsreaktion als letzten Schritt ein enantiomeres 

Pentaphenderivat mit einem 4[Helicen]-Motiv synthetisiert werden, dem im Vergleich zu Hexabenzocoronen 

(HBC) ein C-Atom in seiner Basalebene fehlt. Die Reproduzierbarkeit der Ringschlußreaktion unter Scholl-

Oxidationsbedingungen wurde durch eine Testreaktion an einem Phenanthren-Derivat nachgewiesen. Die 

photophysikalischen Eigenschaften des Pentaphens wurden mit einem strukturell eng verwandten HBC-Derivat 

verglichen. In Lösung und im festen Zustand ist das Pentaphen etwa fünfmal stärker fluoreszierend als das HBC-

Derivat. Die Einkristall-Röntgenbeugungsdaten (XRD) ergaben, dass π-π Wechselwirkungen (interplanare 

Distanz 3.5 Å) die wahrscheinliche Ursache der Fluoreszenzlöschung für das HBC-derivat im festen Zustand sind. 

Das Pentaphen hat jedoch einen interplanaren Abstand von mehr als 9 Å, was eine strahlungsfreie Relaxation 

durch π-π-Wechselwirkung weniger wahrscheinlich macht. Dichtefunktionaltheorie (DFT)-Berechnungen 
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ergaben für das 4[Helicen]-Motiv im Pentaphen eine Razemisierungsbarriere von etwa 10 kcal/mol. Dies zeigt, 

dass die Enantiomere in Lösung bei Raumtemperatur nicht separierbar sind. Um den Einfluss der höheren 

Flexibilität des Pentaphenderivats zu untersuchen, wurden Fluoreszenzlebensdauermessungen und 

Emissionsspektren bei erhöhten (50 °C) und erniedrigten (-100 °C) Temperaturen gemessen. Die 

Emissionseigenschaften des Pentaphens, als auch des HBC-derivats, zeigen die gleiche prozentuale 

Veränderung. Dieses Ergebnis legt nahe, dass die Flexibilität des [4]Helicen-Motivs im Pentaphen nicht zu einer 

strahlungsfreien Relaxation in Lösung beiträgt. 

b) Substitutionsmuster kontrollierte Einstellung der Fluoreszenzlebenszeit in Fluoranthenfarbstoffen 

Für die Anwendung von Fluoreszenzfarbstoffen im Lebensdauer-Multiplexing ist die Substitutions- und 

Lösungsmittel unabhängige Absorptions- und Emissionswellenlänge, sowie ein großer relativer Unterschied 

(100-1000 %) der Fluoreszenzlebensdauer (τ) der verwendeten Farbstoffe entscheidend. Im Vergleich zu kleinen 

organischen Molekülen sind PAK typischerweise weniger anfällig für solvatochrome Effekte. Trotzdem werden 

organische Farbstoffe selten für ihre Anwendungen im Lebensdauermultiplexing in Betracht gezogen.  

Eine Reihe von Fluoranthen-Derivaten (Zusammenarbeit mit Prof. Dr. Dieter Lentz) mit Substitutionsmuster-

kontrollierten Lebensdauern zwischen 6 und 34 ns und Substitutions- sowie Polaritäts-unabhängigen 

Absorptions- und Emissionswellenlängen wurden untersucht. Durch Messung von Zweikomponenten-

Farbstoffmischungen mit unterschiedlichen Mischungsverhältnissen wurde die generelle Eignung für 

Anwendungen im Lebensdauer-Multiplexing nachgewiesen (Zusammenarbeit mit Dr. Ute Resch-Genger). Die 

Festkörper-Emissionseigenschaften, Fluoreszenzquantenausbeuten, Emissionsspektren und 

Emissionswellenlängen-abhängigen Fluoreszenzlebensdauern wurden untersucht und durch die strukturellen 

Unterschiede der verschiedenen Derivate erklärt. Durch die Analyse der XRD-Strukturen konnte gezeigt werden, 

dass das Löschen der Fluoreszenz im Festkörper durch π-π Wechselwirkungen ausschließlich in Derivaten 

auftritt, die eine Pyraceneinheit aufweisen. Dennoch können die Farbstoffe in Polystyrolpartikel (PSP) 

eingebettet werden, ohne dass die Emissionseigenschaften durch Aggregation verloren gehen. Mit diesen 

Eigenschaften sind Fluoranthene eine vielversprechende Farbstoffklasse für den Einsatz im 

Lebensdauer-Multiplexing, im Bereich der Kodierung oder für die Durchflusszytometrie. 
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2 Introduction 

2.1 Prologue: History of the Emission of Light 

In 1565, Spanish physician Nicolas Monardes observed the blue emission of an infusion of Lignum Nephriticum, 

a traditional diuretic made from two species of wood. Today, we know an oxidized flavonoid was responsible 

for that emission.[6] Throughout the years, numerous bright people, 

among them Isaac Newton, investigated that phenomena but could not 

make sense of it. In the early 19th century, the emission of light from 

naturally occurring compounds was investigated further. Several 

scientists described the phenomenon of light emission, for example from 

chlorophyll and quinine (Figure 1[7]), as well as inorganic materials.[8] It 

was Sir George Gabriel Stokes who, in 1852, derived the word 

“fluorescence” from the mineral fluor-spar (Figure 2[9]), i.e. fluorite 

(calcium difluoride), which was found to emit blue light.[10]  

Even though a deeper understanding of the phenomenon and the 

underlying chemical structures was still to be found, first synthetic 

emissive organic compounds and first applications of fluorescence arose. In 1877, the geologist Adolf Knop 

proved the, controversially debated, connection between the Danube and 

the Rhine by pouring 10 kg of sodium fluorescein, first synthesized by Adolf 

von Baeyer in 1871, in the “Danube sinkhole” around Tuttlingen. 60 hours 

later, the green emission of light of fluorescein in the Aachtopf spring, 

which belongs to the Rhine river system, closed the debate.[11]  

In the 20th century and especially during World War II, the interest in 

antimalaria drugs, including quinine, increased and consequently led to the 

development of the first spectrofluorometers in the 1950s. Simultaneously, 

synthetic and analytical methods improved drastically, so that increasing 

numbers of fluorescent organic compounds could be synthesized.  

Today, the advances in technology have enabled fluorescence to be used 

even at the level of single-molecule detection, for example in cellular and 

molecular imaging.[12] This high resolution, together with the sensitivity to 

the microenvironment and the possibility to read spatial as well as temporal information has led to numerous 

applications of fluorescence. That includes lasers,[13] Organic Light-Emitting Diodes (OLEDs)[14], biomedical 

imaging,[15] data storage[16], anticounterfeiting[17] and DNA sequencing.[18] 

Figure 2: A crystalline probe of fluorite 
(calcium difluoride) under daylight (A) and 
under UV light (B).[9]  

Figure 1: Tonic water, containing 
fluorescent quinine sulfate, under 
daylight (left) an under UV light 
(right).[7] 
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2.2 Photophysical Fundamentals of Light Absorption and Emission 

Fluorescence is the emission of light from a substance, induced by the relaxation of an electronically excited 

singlet state. Thus, it is the pairing of an excited electron with a second, spin opposite, electron in the ground-

state and typically happens on the nanosecond time scale. The phenomenon of fluorescence, its concomitant 

features and competing processes are best described in the so-called Perrin-Jablonski diagram (Figure 3), named 

after the two physicists Aleksander Jablonski (1898-1980) and French Nobel prize winner Jean-Baptiste Perrin 

(1870-1942), who first used such a diagram in 1929 and received the Nobel prizes for physics in 1926 for his 

work on the sedimentation equilibrium.[19] 

2.2.1 Perrin-Jablonski diagram 

The absorption of light normally happens from the singlet ground state, S0, into higher electronic singlet states 

S1, S2, ..., Sn. In photophysical aspects, the terms HOMO (highest occupied molecular orbital) and LUMO (lowest 

unoccupied molecular orbital) are commonly used. In each of the electronic states, vibrational energy levels 

exist (Figure 3, grey lines). Light absorption occurs on the femtosecond timescale, around 10-15 s, and is therefore 

faster than the relocation of nuclei according to the Born-Oppenheimer approximation. The fact that excitation 

leads to an initially unchanged state (geometry) of all nuclei of the fluorophore and the surrounding molecules, 

is part of the Frank-Condon principle. This state is sometimes therefore referred to as the Frank-Condon state.  

 

Figure 3: Perrin-Jablonski diagram showing the process of light absorption and the multiple ways of relaxation. IC = internal 
conversion, horizontal solid curved arrow; ISC = intersystem crossing, dotted horizontal curved arrow. Vertical solid curved 
arrows are vibrational relaxations. The straight vertical arrows are absorption or emission (fluorescence or phosphorescence) 
processes. 

One direct consequence of the Frank-Condon principle is that absorption spectra can provide only limited 

information, as they describe a compound in its ground state exclusively. After excitation in the higher electronic 

states, mostly S1 and/or S2, and their higher vibrational states, vibrational relaxation, a rapid non-radiative 

relaxation to the lowest vibrational level of the respective electronic state, typically occurs on the picosecond 

timescale, in about 10-12 s (Table 1). From the vibrational ground state of an electronic state, 
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internal conversion (IC), a non-radiative conversion between two electronic states (Figure 3, horizontal solid 

curved arrows), can take place in around 10-10 s. Internal conversion between the S1 and a high vibrational level 

of S0, and subsequent vibrational relaxation to the vibrational ground state of S0 is one possible non-radiative 

relaxation pathway. One shiny alternative is fluorescence, which typically occurs from the vibrational ground 

state of the S1 state to different vibrational levels of the S0, according to the Kasha-Vavilov rule.[20] Typical 

fluorescence lifetimes are about 10-8 s. Even though the process of spontaneous emission is as fast as the process 

of absorption, around 10-15 s, fluorophores tend to stay in the excited state for time ranges between picoseconds 

and hundreds of nanoseconds. Therefore, the excited state is accessible to dynamic phenomena, e.g. solvent 

interactions, and nuclei relaxations, and in general to competing (non-radiative) relaxation processes.  

Table 1: Characteristic time ranges of the absorption, emission and competing processes taken from Reference.[19b] 

Another alternative is intersystem crossing (ISC) from the singlet state S1 to an isoenergetic vibrational level of 

a triplet state (e.g. T1). That involves an electron spin flip and is therefore a transition between states of different 

multiplicity. As such, it is a forbidden process with low transition probabilities (Figure 3, dashed horizontal curved 

arrow). From that triplet state T1, which has relatively long lifetimes of 10-6 to 1 s, the system might 

phosphoresce. As this process incorporates again a transition between states of different multiplicity, the 

emission rates are typically very low.  

Due to the long lifetime of the excited triplet state, phosphorescence is often quenched by competing faster, 

non-radiative processes, such as oxygen quenching. Nevertheless, the probability of phosphorescence can be 

increased through different effects, e.g. spin-orbit coupling. Thus, it can act as a pathway for fluorescence 

quenching. Fluorescence quenching mechanisms will be described in more detail in section 2.4. From the 

fundamental standpoint, fluorescence occurs if no (faster) alternative pathways for energetic relaxation are 

feasible, which every excited state “seeks for”.  

The energetic levels between vibrational levels in the S1 and S0 state are very similar.[20a] This, and the Kasha-

Vavilov rule, are the reasons why the absorption and emission spectra typically mirror each other. Furthermore, 

fluorescence is preceded by vibrational relaxation and is therefore red shifted (lower in energy) compared to 

absorption. That shift, the Stokes shift will be described in the next section. The same is true for 

phosphorescence in comparison to fluorescence, the T1 vibrational ground level is typically lower in energy than 

the S1 vibrational ground level. 

Absorption 10-15 s 

Vibrational relaxation 10-12 s 

Intersystem crossing (ISC) 10-10 - 10-8 s 

Internal Conversion (IC) 10-11 - 10-9 s 

Lifetime of the excited singlet state S1 10-10 - 10-7 s 

Lifetime of the excited singlet state T1 10-6 - 1 s 
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2.2.2 Stokes shift 

Besides coining the term fluorescence, Sir Professor Stokes (1819-1903) made a very fundamental observation 

concerning the nature of fluorescence. He used a blue glass filter, which selectively transmitted light below 

400 nm, UV light, to excite quinine sulfate in an aqueous solution. Using a yellow glass filter as an emission filter, 

allegedly a yellow-glass of wine, which transmitted light above 400 nm, he realized, that the emission occurs at 

lower energies (higher wavelength) compared to the excitation. Even though Sir William Herschel as well as 

Edmond Becquerel, father of Henri Becquerel, made similar observations before, it was Stokes who formulated 

the thesis that emission is always red shifted in comparison to the absorption. Today, we call that shift the Stokes 

shift and measure it from the maximum of the S0-S1 absorption band to the maximum of the S1-S0 emission band. 

The Stokes shift can be rationalized with the Perrin-Jablonski diagram (Figure 3). However, other effects, such 

as excited state reactions, solvent interactions or aggregation can drastically affect the Stokes shift.  

2.2.3 Fluorescence quantum yield and fluorescence lifetime 

The fluorescence quantum yield Φ and fluorescence lifetime τ are the most important characteristics of a 

fluorophore. Φ is the percentage of emitted photons relative to the absorbed photons. It is described through 

Equation 1, where the radiative rate kr is divided through the sum of the radiative rate kr and the non-radiative 

rate knr. The equation shows that fluorescence intensity is a direct competition of radiative and non-radiative 

rates, both depopulating the excited state. Fundamentally, control over Φ can be attained by affecting one or 

both rates.  

𝛷𝛷 =  
𝑘𝑘𝑟𝑟

𝑘𝑘𝑟𝑟 + 𝑘𝑘𝑛𝑛𝑛𝑛
 

Equation 1: The relation of fluorescence quantum yield (Φ), radiative rate kr and non-radiative rate knr. 

The fluorescence wavelength and the fluorescence quantum yield are for most compounds independent of the 

excitation wavelength, as fluorescence is typically the transition from vibrational ground-state of S1 to S0 (Kasha-

Vavilov rule). 

The fluorescence lifetime is the mean time a fluorophore remains in the excited state before the emission of 

light. During that time, dynamic phenomena like interactions with the microenvironment and structural 

relaxation occur. Therefore, the lifetime of the excited state is valuable to understand the fundamental 

properties of an emissive compound. In addition, fundamental processes, e.g. singlet fission, can be unravelled 

with the help of the lifetimes of different states.[21] Many applications, for instance the performance of organic 

solar cells, [22] are highly dependent on the evaluation and design of molecules with appropriate lifetimes. 

Besides, the fluorescence lifetime is used in multiplexed assays,[23] bioimaging[15], and DNA sequencing.[18] 

Therein, spectral multiplexing, with all its disadvantages (spectral cross talk, concentration dependence, 

intensity variations caused by fluorophore leaking and bleaching) was typically employed. However, the 

pioneering groups of Niessner[24], Wolfrum,[25] McGown,[26] and Soper[27] suggested the use of the fluorescence 

lifetime as observable, which was taken on by many groups and advanced, as one example, for the use in in vivo 

molecular imaging.[28]  
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Fluorescence is one type of spontaneous emission. Thus, after the excitation of a fluorophore with a short pulse 

of light, the number of molecules in the excited state will decrease exponentially. Since the fluorescence lifetime 

is a measure for the population duration of molecules in the excited state, the relaxation process can be 

described by Equation 2. In the equation, n(t) is the number of excited molecules at time t, n (0) the number of 

molecules excited right after the light pulse at time 0, kr is the radiative rate and knr the non-radiative rate. 

 

 

 

Equation 3: The relation between mean fluorescence lifetime, the radiative rate kr and the non-radiative rate knr. 

𝐼𝐼(𝑡𝑡) =  𝐼𝐼0 ⋅  𝑒𝑒
𝑡𝑡 𝜏𝜏�  

Equation 4: Formula describing the relation between the fluorescence intensity I at a time t, the initial intensity at t = 0 and 
the fluorescence lifetime τ. 

Making use of Equation 3 and the fact that the fluorescence intensity I is directly proportional to the number of 

excited molecules leads to Equation 4. That equation determines the average fluorescence lifetime through 

exponential approximation. The relation between quantum yield and fluorescence lifetime, expressed in 

Equation 5 and Equation 6, facilitate the calculation of the radiative and non-radiative rates if both values were 

measured under the same conditions.  

k𝑟𝑟  =  
𝛷𝛷
τ  

Equation 5: Relationship between radiative rate, quantum yield Φ and fluorescence lifetime τ.  

knr  =  
1
𝜏𝜏 − 𝑘𝑘𝑟𝑟 

Equation 6: Relationship between fluorescence lifetime τ, radiative rate kr and non-radiative rate knr. 

Dependent on the type of relaxation pathways which compete, a proportionality between Φ and τ might exist. 

In the case of dynamic quenching, e.g. variation of temperature, both values are proportional, in case of static 

quenching, e.g. ground-state complex formation, the lifetime remains stable but the quantum yield is reduced. 

Typical fluorescence lifetimes of organic fluorophores are between 1 and 10 ns. Non-radiative rates are about 

109 s-1.[20a] When interpreting fluorescence quantum yields and lifetimes, one should be aware of the many 

factors, such as temperature, solvent polarity, pH, viscosity, non-covalent interaction as well as a combination 

of those factors, which can influence both values.  

 

 

d𝑛𝑛(𝑡𝑡)
d𝑡𝑡 = (𝑘𝑘𝑟𝑟 + 𝑘𝑘𝑛𝑛𝑛𝑛) ⋅ n (0) 

𝜏𝜏 =
1

𝑘𝑘𝑟𝑟 + 𝑘𝑘𝑛𝑛𝑛𝑛
 

Equation 2: Formula describing the relation between the number of excited molecules n at a time t in relation to the radiative 
rate kr and the non-radiative rate knr. 
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2.2.4 Solvatochromism 

Solvatochromism is the effect of solvent polarity on the absorption and emission maxima of a solute. There are 

two forms of solvatochromism, negative and positive. It is rationalized by the change of charge distribution 

induced by the electronic excitation. That leads either to a reduced, or an increased dipole moment (see 

section 2.2.5) of a molecule upon excitation. As absorption is faster (1 x 10-15 s) than solvent relaxation 

(10-100 x 10-12 s), the ground and the Frank-Condon state are exposed to the same solvent environment. 

Therefore, the absorption spectrum is normally little affected by solvent polarity. As fluorescence lifetimes 

(1-10 ns) are long compared to the time required for solvent relaxation, the effect on the emission spectra can 

be immense, especially if the change of charge distribution is large. That is the case for many donor-acceptor 

dyes. If the charge distribution and therefore the dipole moment increases upon excitation, a positive 

solvatochromism is observed, whereas a decrease of charge distribution and therefore dipole moment upon 

excitation is called negative solvatochromism.[29] For dyes with negative solvatochromism, a hypsochromic shift 

(blue shift) is observed with increasing solvent polarity. A molecular example for negative solvatochromism are 

merocyanines.[30] Positive solvatochromism incorporates a bathochromic (red shift) and is observed for 

benzothiadiazoles (BTD) and coumarins.[31] 

 

Figure 4: Depiction of the positive solvatochromism of a benzothiadiazole (BTD) derivative. A) Schematic Perrin-Jablonski 
diagram showing the absorption from S0 into the S2 and S1 state, internal conversion (IC) from S2 to S1 and the subsequent 
solvent relaxation leading to solvent relaxed S1 states. Here, three exemplary states in n-hexane, dichloromethane (DCM) 
and dimethylsulfoxide (DMSO) are shown. For the sake of clarity, the three are put in one diagram. The inset shows solutions 
of the BTD in solvents of the same proticity (aprotic) but different polarity (left to right: hexane, DCM, DMSO) under 
illumination with 366 nm. Values for the normalized Dimroth-Reichardt Parameter ETN were taken from reference.[29] B) 
Absorption spectra (solid) and normalized fluorescence emission spectra (dashed, excitation at 410 nm) of the BTD shown in 
the inset. Hexane = blue, DCM = green, DMSO = red. Arrows indicate the respective Stokes shift. The dye concentrations 
used for these measurements were 10-5 M.  

In Figure 4, the positive solvatochromism of a BTD derivative is shown. In that case, the solvents of higher 

polarity, e.g. dimethylsulfoxide (DMSO), lead to an energetic lowering of the S1 state, and thus to a decreased 

S1-S0 gap. The emission is therefore red shifted in comparison to apolar n-hexane and less polar 

dichloromethane. The depiction of the three solutions under illumination with 366 nm exemplify the Stokes 

shift. In Figure 4B, the absorption and emission spectra are shown in the respective color code. For BTDs, the 

wavelengths of the absorption maxima are unaffected by the solvent. However, for other compounds, e.g. zinc 

porphyrins, the interaction with the solvent, for instance non-covalent interaction, can lead to a shift of the 
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absorption bands.[32] One possibility to describe solvatochromism in more detail, and extract information from 

the measurements in different solvents is the Lippert-Mataga model.[20a, 33] It uses the Stokes shift and two 

solvent parameters, the dielectric constant of the solvent and the refractive index, to calculate the change of 

dipole moment upon excitation. However, it should be noted that a dipole moment is not a necessity for the 

observation of solvatochromism. There are examples of symmetric compounds featuring strong 

solvatochromism due the change of quadrupole moment and/or intramolecular charge transfer upon excitation 

(Figure 16, structure 5).[34]  

An experimental parameter for the description of the polarity of the solvent is the Reichardt parameter ETN. It 

was introduced by Christian Reichardt in 1963, using 2,6-Diphenyl-4-(2,4,6-triphenyl-1-pyridinio)phenolate 

(Table 2, right side), today also called the Reichardt dye.[29, 35] Dependent on the solvent, its absorbance can be 

varied over the whole visible spectrum and was thus used by Reichardt to postulate a scale for solvent polarity, 

where tetramethylsilane has a value of 0 and water a value of 1. The ETN values for some common organic dyes 

are given in Table 2. Nevertheless, effects like hydrogen bonding, highly viscous solvents or solvents at very low 

temperature can have an extreme effect on solvatochromism and are known to even lead to completely inverted 

solvatochromism.[29]  

Table 2: Values of the Reichardt parameter ETN of some common solvents and structure of 2,6-Diphenyl-4-(2,4,6-triphenyl-
1-pyridinio)phenolate, the Reichardt dye. Values were taken from reference.[29] 

 

2.2.5 The electric dipole moment in molecules 

Separated electric charges of positive and negative sign induce an electric dipole moment in a molecule, which 

is also referred to as the polarity of the compound. The dipole moment is typically denoted in the unit Debye (D), 

which is defined as 3.33563x10-30 Coulomb-meters (Cm). The unit exemplifies that the amount of the two 

charges and the spatial separation of the two opposing charges determine the size of the dipole moment. For 

instance, the dipole moment of inorganic salts like KBr or LiBr are between 8 D and 11 D.[36] For organic 

compounds, ground state dipole moments range from 0 D up to 15 D, with some exceptions, e.g. merocyanines, 

which were found to have ground state dipole moments around 20 D.[37] As described above, electronic 

excitation typically leads to a displacement of charges. Fundamentally, absorption is the interaction of light, an 

oscillating electromagnetic field, with electrons in the respective molecule. The change of dipole moment that 

occurs upon excitation (transient dipole) is referred to as the transition moment.[19b] The excitation is most 

efficient if the electric vector of the incidental light is parallel to the transition moment of the molecule. The 

Solvent ETN 

NO

 

Tetramethylsilane 0.000 

n-Hexane 0.006 

DCM 0.309 

DMSO 0.444 

EtOH 0.654 

H2O 1.000 
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dipole moment before light absorption, induced or permanent, and the transition moment, can help to explain 

absorption and emission characteristics. Examples are induced charge transfer states, electrostatic interactions 

or energy transfers such as the Förster resonance energy transfer.[20a, 37c, 38] The dipole moment, or at least the 

change of dipole moment upon excitation, can be experimentally determined. Besides the Lippert-Mataga 

concept (section 2.2.4), electro-optical absorption (EOA) spectroscopy, which is based on the Stark effect, can 

be employed to derive the ground state dipole moment, as well as the change of dipole moment upon excitation, 

of a molecule.[39] In general, large dipole moments can be beneficial for applications in non-linear optics,[2a] 

sensing applications[40] or used for controlled aggregation.[41] 

2.2.6 Dimer formation in molecules with high dipole moments 

In the 1930s, E.E. Jelley and G. Scheibe discovered independently that the dye pseudoisocyanine chloride (Figure 

5A), which shows two absorption bands in ethanol, features a third, very sharp and, with regard to the other 

two bands, bathochromically shifted absorption band when it is dissolved in water.[42] Furthermore, the 

excitation of that sharp, red shifted band, leads to a strong emission with a small stokes shift. Today, we refer 

to these aggregates as J-aggregates (J denotes Jelley). Aggregates which feature a hypsochromically shifted band 

(again with regard to the monomer band) and exhibit very low or no emission were later termed H-aggregates 

(H denotes hypsochromic). 

 

Figure 5: A) Molecular structure of pseudoisocyanine chloride (1,1’-diethyl-2,2’-cyanine chloride), the first compound 
investigated for its formation of J-aggregates.[42] B) Depiction of a schematic energy diagram for the aggregation of two 
monomers (left side) to dimers with co-planar aligned transition dipoles. Allowed states are depicted in bold lines, forbidden 
states are depicted in dotted lines. The geometry of the monomers to each other, with the slip angle θ is depicted on the 
right side together with the formula postulated by Kasha et al.[43] μ denotes the transition dipole moment of each monomer, 
r12 the distance of the centres of the monomers and θ the angle of the monomers to each other as depicted below the 
formula. For geometries where θ < 54.7°, the transition to the lower energy state is allowed (bathochromically shifted 
absorption band, J-aggregates), for geometries with θ > 54.7°, the transition to the higher energy state is allowed 
(hypsochromically shifted absorption band, H-aggregates). ΔEvdW = difference in van der Waals interaction energies between 
ground and excited states. Figure redrawn based on reference.[43] 

Later, Kasha used the molecular exciton coupling theory, i.e. the coupling of the transition moments of two dye 

molecules, to rationalize these experimental findings (Figure 5B).[43] He differentiated between parallel aligned 

transition dipoles, in-line transition dipoles, co-planar transition dipoles, oblique transition dipoles and non-

planar transition dipoles. In these categories, J-aggregates would correspond to the in-line case, whereas 

H-aggregates would correspond to the parallel case. Both can be categorized as co-planar transition dipoles and 

are therefore interconnected by the slip angle θ according to the formula and the depiction given on the right 
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side of Figure 5B. Due to the exciton coupling interaction of two monomers, the energy level of the excited state 

is separated in two energetically states. One higher, and the other one lower in energy, compared to the energy 

level of the excited monomer. For geometries where θ < 54.7°, the transition to the lower energy state is allowed 

(bathochromically shifted absorption band, J-aggregates), for geometries with θ > 54.7°, the transition to the 

higher energy state is allowed (hypsochromically shifted absorption band, H-aggregates). 

However, fluorescence typically progresses from the lowest excited state according to the Kasha-Vavilov rule 

(see section 2.2.1). Therefore, the energetic state, which is higher in energy and exclusively populated in H-

aggregates, often relaxes non-radiatively through intersystem-crossing. That is why H-aggregates are usually 

non-emissive. The opposite case (excitation to the lower energetic dimer level) rationalizes the observed strong 

emission of J-aggregates. Numerous examples which fit into the H and J model are known.[44] Still, the model 

does not account for the vibronic fine structure present in many aggregates, and only considers “through space” 

coulomb interactions, thereby neglecting short-range wave function overlap and intermolecular charge 

transfer.[45] Therefore, it is not surprising that there are several publications of non-Kasha aggregates, e.g. 

fluorescent H-aggregates.[46] Refining Kasha’s theory by the consideration of both, long-range coulomb 

interaction and short-range wave function overlap, can rationalize these experimental findings.[45, 47].  

2.3 General Relations Between Molecular Structure and Emissive Properties 

2.3.1 The π-system: red shift of absorption and emission 

Applications of fluorophores, e.g. in OLEDs, sensors and in biomedicine, induce a steadily growing demand for 

new fluorophores in general, and red-emissive fluorophores particularly. Most of the common organic 

fluorophores possess a π-system. In orbital terms, absorption in the UV/Vis region is typically a π – π* transition 

or a n – π* transition. Therefore, one general strategy to induce a red shift of the absorption and emission bands 

is the extension of the π-system of a compound. This reduces the energetic difference of the π and π* orbital, 

and thereby the HOMO-LUMO gap.  

A high absorbance and a high fluorescence quantum yield are prerequisites for the application of fluorophores. 

Thus, it is beneficial that the molar absorption coefficient as well as the fluorescence quantum yield are typically 

increasing with the size of the π-system. One great example for that behaviour are α-oligothiophenes. 

Irrespective of the solvent, comparing the series of one to seven thiophene units, the absorption red shifts from 

about 230 nm to 441 nm, the extinction coefficient ε rises from around 8,000 M-1 cm-1 to 50,000 M-1 cm-1, Φ is 

increasing from 0 to about 0.32, and τ increases from <0.1 ns to about 0.9 ns.[48] Another example for that 

fundamental observation are linear aromatic hydrocarbons (Figure 6). Whereas benzene, naphthalene and 

anthracene absorb in the UV region, tetracene and pentacene absorb in the visible region. The fluorescence 

quantum yield increases from 0.05 for benzene to 0.27 for anthracene.[49] In 2009, the fluorescence quantum 

yield of a triisopropylsilylethynyl substituted pentacene molecule was measured to be 0.75.[50] The fact that 

triisopropylsilylethynyl substitution is necessary, exemplifies one of the major drawbacks of the extension of 

π-systems to induce a red shift of absorption and emission. The large planar π-system leads to low solubility and 
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those compounds are susceptible for π-π stacking, an efficient fluorescence quenching process (see 

section 2.4.3). Furthermore, these bulky structures can modify the affinity for targets or interfere with 

metabolite traffic in cells due to their size, which makes them inapplicable in biomedicine.[51]  

Of course, some of these problems can be circumvented by bulky substituents as shown for the pentacene 

derivative, hexacenes[52] or for perylenes.[53] However, the introduction of bulky substituents makes the 

sometimes complex synthesis and purification of those compounds even more tedious. That is a major drawback 

when it comes to the idea of quickly synthesizing a row of derivatives for the deeper understanding of their 

(photophysical) properties. 

 

Figure 6: With increasing size of the π-system, the absorption wavelength (λAbs), emission wavelength (λEm), fluorescence 
quantum yield (Φ) and the molar absorption coefficient (ε) of linear hydrocarbons increase. From left to right: benzene, 
naphthalene, anthracene, tetracene and pentacene. 

Therefore, small organic fluorophores with a few steps, simple synthesis and absorption and emission in the Vis 

region are in high demand. Instead of using the extension of the π-system for the red shift of the absorption and 

emission bands, donor-acceptor frameworks on small aromatic units can be employed. In recent years, 

numerous highly emissive fluorophores with a single benzene skeleton have been introduced.[54] The emissive 

properties of such compounds are due to their charge distributions responsive to the change of the 

microenvironment, e.g. solvent polarity, and are thus interesting for sensory applications.  

2.3.2 The effect of heteroatoms on the emissive properties of π-systems 

When one carbon atom in the aromatic system is replaced by a heteroatom, a n – π* transition might replace 

the π – π* transition as the lowest lying transition. That reduces the molar absorption coefficient and enlarges 

the natural fluorescent lifetime drastically. Therefore, competing non-radiative relaxation will reduce the 

emission. [19b] 

This effect can also be observed for heteroatom substituents on the aromatic system. In these cases, it depends 

if and how the lone pair of the heteroatom interacts with the aromatic system. If the substituents are heavy 

atoms, e.g. bromine or iodine, the fluorescence is reduced due to intersystem crossing (see section 2.4.2). It 

should be denoted that in general and especially with heteroatoms, even a minor change in polarity and/or 

hydrogen bonding capacity of the solvent is able to shift energy levels of the orbitals so 

that quenching might occur. One example for this effect are acridines (Figure 7). 

Acridines dissolved in methanol have a ten-fold higher fluorescence quantum yield 

compared to solutions of acridines in n-hexane.[55] However, the introduction of 

heteroatoms in and on an aromatic system can be used to alter the electronic structure 

in the ground and the excited state, and thus influence the fluorescence properties immensely. Numerous 

classes of fluorophores with one, two or more heteroatoms showcase that (see section 2.5). Nevertheless, some 

N
Figure 7: Molecular 
structure of acridine. 
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functional groups, e.g. -NO2, are generally known to alleviate intersystem crossing and thus enable 

phosphorescence instead of fluorescence.[19b] However, general statements which functional groups lead to 

increased or decreased fluorescence should be handled with caution. 

2.4 Fluorescence Quenching 

To design fluorescent compounds, one has to be aware of possible fluorescence quenching mechanisms. The 

absence of those will lead to strong fluorescence. When fluorescence quenching is discussed, a first separation 

between intermolecular and intramolecular quenching must be made. Intermolecular quenching can be a 

collision with other species, the formation of excited dimers (excimer) or an excited complex (exciplex). 

Furthermore, electron, proton, or energy transfer are intermolecular quenching mechanisms. Proton transfer 

will only work with a respective acid or base in close vicinity to the excited compound. Energy and electron 

transfer typically need an acceptor of the respective format of energy. These processes are concentration 

dependent and categorized furthermore into dynamic quenching, if the process is diffusion controlled, or static 

quenching. Therefore, fluorescence quenching is regularly used as the underlying principle of sensor applications 

with fluorophores. Furthermore, differentiation between types of quenching can yield information about the 

molecular system, for instance, the distance between compounds or molecular motifs. Regarding intermolecular 

quenching, the focus in this thesis will be on self-quenching of fluorophores described in 2.4.3.  

Intramolecular quenching typically progresses through a combination of internal rotations, internal 

conversion (IC) and intersystem crossing (ISC). Internal conversion is one fundamental way of fluorescence 

quenching. However, it is very inefficient for the S1-S0 transition, due to the large S1-S0 energy gap, at least 

compared to the S2-S1 transition.  

2.4.1 Fluorescence quenching by internal rotations 

Internal rotations are efficient non-radiative relaxation pathways, as the comparison of rhodamine B and 

rhodamine 101 shows (Figure 8). Fixing both amine moieties through julolidyl rings increases the quantum yield 

in ethanol from 0.65 for rhodamine B to 0.95 for rhodamine 101.[56] If the emissive unit is unaffected by the 

rotation, as it is for the benzocarboxylic acid group in rhodamines and fluoresceins, the fluorescence can be 

strong despite of internal rotations.  

 

Figure 8: Structures of rhodamine B (1) and rhodamine 101 (2). Blocking the rotations around the C-N bond (red arrows) by 
the fixation of both amine moieties in rhodamine 101 increases the fluorescence quantum yield in ethanol from 0.65 for 
rhodamine B to 0.95 for rhodamine 101.[56] 
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However, internal rotations can affect the emissive properties of fluorophores drastically and even lead to 

polarity dependent second emission bands. In Figure 9, examples for that phenomena are depicted. 

4-N,N-dimethylaminobenzonitrile (DMABN) was intensively studied as it shows two emission bands in polar 

solvents and has a simple structure.[37c, 57] In its ground state, DMABN is planar. Upon excitation, the dipole 

moment of DMABN is drastically increased due to its push-pull character. Therefore, the Frank-Condon state, 

sometimes referred to as the locally excited (LE) state, is not in equilibrium with the surrounding solvent 

molecules. As described in section 2.2.4, if the fluorescence lifetime of the excited state is sufficiently long, the 

solvent molecules will reorientate and stabilize another, energetically relaxed state, the so-called intramolecular 

charge transfer (ICT) state. This leads to a polarity dependent shift of emission, which can be used for polarity 

probes. If rotations are possible in that ICT state, as for DMABN, another state, the twisted intramolecular charge 

transfer (TICT) state can be reached and induce a second, red shifted emission band or shoulder to the LE band. 

That is proven by the absence of the TICT band in compound 2 (Figure 9), where the rotation of the amine is 

hindered, as was done in rhodamine 101 by a julolidyl moiety.  
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Figure 9: Structures of 4-N,N-dimethylaminobenzonitrile (1, DMABN) which shows two emissions bands in polar solvents. In 
molecule 2, which is closely related to DMABN, the rotation of the amine group is hindered by the julolidyl ring. The 
compound shows only one emission band. Structure 3 is the merocyanine 4-dicyanomethylene-2-methyl-6-(p-
dimethylamino-styryl)-4-pyran, where photoisomerization influences the emission properties. 

Due to the structural simplicity of DMABN, the interplay of LE and TICT state, is relatively easy to understand. In 

other commonly used dyes, for example the class of merocyanines, the influence of the TICT state is much harder 

to elucidate, as rotations around multiple bonds are possible. Furthermore, other effects, in the case of 

4-dicyanomethylene-2-methyl-6-(p-dimethylamino-styryl)-4-pyran (Figure 9, structure 3) photoisomerization, 

influences the emission properties.[19b]  

2.4.2 Intersystem crossing (ISC) 

If a vibronically relaxed, but electronically excited fluorophore in its S1 state undergoes a non-radiative transition 

to an isoenergetic vibrational level of a triplet state (T), that is called intersystem crossing. In principle, transitions 

between states of different multiplicity are spin-forbidden. Nevertheless, with times of about 10-8 s, ISC is fast 

enough to effectively depopulate the S1 state and thus quench fluorescence. Vibrational relaxation will then lead 

to the lowest vibrational level of T1. From there, the fluorophore will either phosphoresce or relax in a non-

radiative fashion.  

Typically, this non-radiative relaxation pathway is the interaction with the ubiquitous diradical dioxygen. That is 

the main reason why organic molecules in solution and at room temperature rarely phosphoresce. Degassed, 

oxygen free solutions of some fluorophores are known to show phosphorescence. Examples are the 
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phosphorescence of fluoranthenes at 77 K,[58] or thiocarbonyl heterocycles. The latter were found to be 

phosphorescent even at room temperature.[59] 

The efficiency of ISC is increased if any of the following conditions are fulfilled: 

• Spin-orbit coupling (coupling between the orbital magnetic moment and the spin magnetic moment). 

• The involved singlet and triplet states belong to different electronic configurations, e.g. 
1(n, π*)  3(π, π*), known as El-Sayed rule.[60] 

• The energy between the involved electronic states is low, sometimes referred to as the energy gap 

law.[19b] 

Spin orbit coupling is mostly observed in the presence of heavy atoms, e.g. Br or Pb. As an example, the 

fluorescence quantum yield of naphthalene in a rigid matrix is 0.55, the phosphorescence quantum yield is 

0.051. For 1-bromonapthalene in the same matrix, the fluorescence quantum yield is 0.0026, basically absent, 

but the phosphorescence quantum yield is 0.27.[61] 

Besides spin-orbit coupling, especially through the heavy atom effect, benzophenone, as one extensively studied 

example of low temperature (77 K) phosphorescence, exemplifies the other two conditions and helps to 

understand fluorescence quenching. As visible from its Perrin-Jablonski diagram (Figure 10), the energy gap S1-T2 

is relatively small. Furthermore, it is an 1(n, π*)  3(π, π*) transition which is allowed according to the El-Sayed 

rule. The fact that benzophenone encounters an internal conversion from T2 to T1, the latter being a (n, π*) state 

is the reason why benzophenone has both, a high phosphorescence quantum yield (= 0.90), and long lifetime 

(6x10-3 s) of its excited state.[61] 

 

Figure 10: Schematic Perrin-Jablonski diagram for benzophenone in a rigid matrix at 77 K. The solid straight lines show 
emissive processes, fluorescence (fl) or phosphorescence (ph). The, according to the El-Sayed rule allowed transition, an ISC 
with a quantum yield of 1, is marked green. IC = internal conversion, ISC = intersystem crossing. n and π denote the respective 
orbitals. All values were taken from reference.[61] 

Just as for benzophenone, the phosphorescence of other organic compounds, e.g. fluorescein[62] or 

fluoranthene,[58] in cooled solvents, reaching a rigid glassy state, has been shown. The cooling is shifting energy 

orbital levels to a favourable state for ISC. As bright phosphorescence with a long lifetime or dual emission 
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(fluorescence and phosphorescence) are desired for applications like OLEDs, numerous other ways have been 

found to fulfil the above-mentioned conditions. Examples are crystallization[63], polymer matrices containing 

donor-acceptor compounds[64], aggregation[65] and of course the heavy atom effect, for instance in tungsten 

complexes.[66] 

At the same time, these investigations shed light on the relationship between molecular structure and undesired 

fluorescence quenching via ISC. Therefore, intersection of singlet and triplet states, their orbital states and 

relative energies must be considered when strong (or weak) fluorescence is desired or rationalized. 

2.4.3 Fluorescence quenching caused by aggregation 

In 1955, Förster and Kasper, investigated the concentration dependence of the absorption and emission spectra 

of pyrene and coined the term “excimer” for excited state dimer.[67] By the variation of the pyrene concentration 

between 10-4 mol/L and 10-2 mol/L, they observed that: a) the absorbance is concentration independent, b) the 

intensity of emission at about 380 nm is decreasing with increasing concentration and c) a new emission band 

at 470 nm arises with increasing concentration.[20a] Through measurements in solvents of different viscosity, 

they clarified that the formation of the excimer is a dynamic process. For instance, the half value concentration 

(concentration where ΦMonomer = ΦExcimer) is increasing from 0.3x10-3 mol/L in non-viscous pentane (0.23 cP) to 

1.2x10-2 mol/L in viscous paraffin oil (12.8 cP). The excimer formation in pyrene leads to a new emissive band, 

as such an early example of aggregation induced emission (AIE). Today, excimer formation (of pyrene) found its 

way into numerous applications.[68] However, it remains as a persistent and efficient pathway of fluorescence 

quenching in molecular compounds with a large planar system, e.g. poly aromatic hydrocarbons (PAH), as well 

as polymers.[19b, 69] 

The principle of excimer formation can be formulated in the following way:  

1M* + 1M 1(MM)*  1(M*M)  (1MM*) 1(M-M+) 1(M+M-) 

In short, an excited molecule 1M* forms a complex with an unexcited molecule 1M which leads to an excited 

dimer 1(MM)*. That excited dimer can be expressed in different forms due to electron resonance. Just as 

multiple mesomeric structures are an indication for high molecular stability, the excimer is stabilized through 

that resonance. Stabilization of an excited state is, as outlined before, often disadvantageous for the emissive 

properties. The reason are non-radiative processes which lead to non-radiative relaxation. For an excimer, three 

non-radiative pathways are imaginable: 

1(MM)*  M + M + heat 

1(MM)*  photodimer (real or transient) 

1(MM)*  3D*  3M* + M 

It requires extensive experimental and/or theoretical work to figure out which of the three pathways are the 

main cause of fluorescence quenching. Nevertheless, a real photodimer could probably be spotted as a new 

species through mass spectrometry or even NMR spectroscopy. ISC, leading to a triplet state (3D*) would be 

more likely with heavy atoms, like bromine or iodine as substituents and could be spotted by delayed 
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fluorescence or phosphorescence bands. As one example of such procedure, Dempster and Chandross 

investigated the excimer formation of naphthalene compounds extensively.[70] They were able to isolate a real 

photodimer and used temperature dependent measurements to calculate the activation barrier for the 

quenching of the different naphthalene dimers. As excimer formation requires contact of two molecules in form 

of their electronic structure, it is a short range interaction. Typical distance are 3 Å to maximal 6-7 Å.[20a, 69b-d] 

However, at such distances and parallel molecular orientation, repulsion (Pauli exchange repulsion) of the filled 

π-orbitals should be strong. Theoretical studies using experimental data showed by the comparison of saturated 

and unsaturated hydrocarbons of the same size, that the strength of the dispersion forces become significant at 

10-15 carbon atoms.[71] Furthermore, the attractive forces will overcome the repulsive ones, only in a stacked 

arrangement with a parallel displacement, to minimize unfavourable electrostatic effects. Today, fluorescence 

quenching through excimer formation, sometimes also referred to as π-π quenching, is overcome synthetically 

by bulky substituents or in some cases even used to induce another emissive band, which stems from emissive 

aggregates.[53, 72]  

2.5 Classes of Fluorophores: Classic Examples and Recent Approaches 

As outlined in the introduction, the targeted synthesis of fluorescent organic compounds has started in the 

19th century. Since then, numerous classes of compounds were found to be fluorescent and to possess 

interesting photophysical properties of which some recent examples will be presented in the following section. 

Those are separated in poly aromatic hydrocarbon (PAH) based compounds and small organic compounds, with 

mainly a single substituted benzene ring in the fluorescent motif. Beside those organic fluorophores, inorganic 

compounds, organometallic complexes, stained glasses, quantum dots and many more fluorescent materials 

exist.  

2.5.1 Coumarins and Rhodamines – established fluorophores 

Coumarin (Figure 11, structure 1) was first isolated in 1820 from the tonka bean and synthesized by William 

Henry Perkin in 1868.[73] Today, coumarins are, together with rhodamines, the most commonly used dyes in dye 

lasers.[74] Coumarin itself is poorly fluorescent, but introducing a hydroxy group yields Umbelliferone (Figure 11, 

structure 2), which has, compared to coumarin, a drastically increased quantum yield and is pH-sensitive.[75] 

Replacing the hydroxy group by an amine group yields coumarins which can undergo a photoinduced charge-

transfer (Figure 11, structures 3 - 3’) due to their conjugation between an electron donating (amine) and an 

electron withdrawing group (carbonyl). These compounds are even more sensitive to changes in the 

microenvironment, e.g. solvent polarity, due to their push-pull system.[76] 

Two common classes of fluorophores with long-standing history and numerous applications, rhodamines and 

fluoresceins, are both derivatives of oxa-anthracene, also called xanthene (Figure 11, structure 4). Rhodamines 

are cationic compounds with two amines on the xanthene core and typically emit between 500 and 700 nm. 

Rhodamine 6G (Figure 11, structure 5) for example has a high photostability and high fluorescence quantum 

yield of 0.95 and is thus used in numerous applications.[56b] Fluorescein (Figure 11, structure 6), first synthesized 
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by Adolf von Baeyer in 1871,[77] and its derivatives, e.g. the regularly used Eosin Y (Figure 11, structure 7), show 

a pH-dependent emission.[78] The highly emissive state of fluorescein is generally reached after twofold 

deprotonation of the carboxylic acid and the hydroxyl group respectively.  
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Figure 11: Chemical structures of coumarin (1), coumarin derivative umbelliferone (2), the mesomeric structures of an amine-
substituted coumarin (3), xanthene (4), rhodamine 6G (5), fluorescein (6) and eosin Y (7). 

2.5.2 Polycyclic Aromatic Hydrocarbons (PAHs) as fluorophores  

PAHs are co-products of all kind of natural and men-made thermal decompositions, wildfires, fuel engines, and 

burning cigarettes, but they are also found in natural resources like coal and oil.[79] As they are relatively toxic 

and highly carcinogenic[80] they are labelled as waste products, environmental pollutants and health threats. In 

research, the perception of these versatile compounds is quite the opposite. PAH and their properties, which 

result from their large aromatic system, are investigated for their use in optical and electronic applications,[81] 

self-assembly,[81b, 82] surface functionalisation,[83] the bottom-up synthesis of graphene,[84] polymer electrolyte 

membrane fuel cells (PEMFC),[85] as active components in OLEDs[14a, 14b, 86] and as chemosensors.[87] Some of the 

manifold subclasses of PAHs are presented in Figure 12.  

1 2 3 4 5 6  

Figure 12: Subclasses of polycyclic hydrocarbons. Pyrene (1), perylene (2), fluoranthene (3), helicene (4), coronene (5) and 
hexabenzocoronene (6). 

It is difficult to summarize the synthesis of these subclasses briefly, as most of the synthetic routes use a plethora 

of C-C bond forming reactions, e.g. metal catalysed coupling reactions like the Suzuki- or Sonogashira-coupling, 

Diels-Alder reaction, oxidations/dehydrogenations under harsh conditions or cycloadditions. The synthesis of a 

hexabenzocoronene (HBC) derivative, depicted in Figure 13, illustrates that fact. 
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Figure 13: Different synthetic routes to a hexabenzocoronene derivative. a) Diels-Alder reaction of a cyclopentadienone 1 
and a diphenyl alkyne 2 in diphenylether, yield = 50 % b) Cyclotrimerization of diphenylalkyne 2 with Co2(CO)8 as catalyst in 
dioxane, yield = 90 %.[88] c) Scholl oxidation of hexaphenylbenzene derivative 3 with FeCl3 in dichloromethane and 
nitromethane to yield hexabenzocoronene 4, yield = 75 %[89] 

The typical final step towards HBCs is a Scholl oxidation which leads to the formation of six C-C bonds. In that 

case, treatment of hexaphenylbenzene (HPB) 3 with ferric chloride in dichloromethane and nitromethane 

yielded the well soluble HBC derivative 4 (Figure 13) in a yield of 75 %.[89] HPB 3 can be synthesized in different 

ways. Route “a” in Figure 13 is a Diels-Alder reaction between cyclopentadienone 1 and diphenyl alkyne 2 with 

a yield of 50 %. Diphenyl alkyne 2 can also be used in a cyclotrimerization reaction to obtain 3 with a yield of 

90 %, using Co2(CO)8 as catalyst.[88] Whereas the cyclotrimerization reaction is the efficient way to symmetrically 

substituted HBCs, route “a” gives the possibility to synthesizes unsymmetrically substituted HPBs and HBCs.[90] 

Metal-catalyzed C-C couplings are employed to yield complex, unsymmetrical HPB and HBC compounds.[91] 

 

Figure 14: A) Diels-Alder reaction of a disubstituted cyclopentadienone with an unsymmetrical alkyne to substituted 
fluoranthene-derivative. B) Structure of benzo(k)fluoranthene which has a fluorescence quantum yield reaching unity in 
n-heptane.[92] 

One synthetic route to the fluoranthene motif employs the Diels-Alder reaction as the key step (Figure 14A). By 

the use of unsymmetrical cyclopentadienones and unsymmetrical alkynes, the substitution pattern on the 

fluoranthene can be varied. The class of fluoranthene hosts one example of a highly fluorescent, unsubstituted 

PAH: Benzo(k)fluoranthene (Figure 14B), which is reported with a fluorescence quantum yield reaching unity in 

n-heptane.[92] However, most unsubstituted PAHs, especially bigger ones, face solubility and aggregation issues, 

which often lead to fluorescence quenching.  

Therefore, tedious, synthetic strategies have been employed over the past decades to yield highly fluorescent 

PAHs.[53, 93] It should be noted that many of these compounds are in a strict sense no longer PAHs, as they 
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incorporate heteroatoms. Nevertheless, the PAH core unit is most of the time preserved. Two recent exemplary 

PAHs with impressive photophysical properties are depicted in Figure 15.  
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Figure 15: Two highly fluorescent PAH derivatives. Left side: Substituted perylene derivative with a fluorescence quantum 
yield of 0.99 in the solid state.[53] Right side: “Super-helicene” connecting two hexabenzocoronene (HBC) moieties with a 
[7]oxahelicene. The fluorescence quantum yield exceeds 0.80.[93a] 

The perylene derivative on the left side (Figure 15), published by Würthner et al. in 2012,[53] was equipped with 

bulky triphenyl groups on the perylene core to prevent π-π stacking in the solid state. The impressive 

fluorescence quantum yield of 0.99 in the solid state shows how efficient perylenes fluoresce, once the main 

relaxation pathway is blocked. On the right side, a “super-helicene”, published by Jux et al. in 2018, is depicted. 
[93a] Two flat HBC moieties are substituted with tert-butyl groups and connected via a [7]oxahelicene. In that 

way, π-π stacking is prevented by increased solubility through the tert-butyl groups and immense space 

requirement of the rigid structure. The compound absorbs light from 300 nm to 540 nm and shows an emission 

band with two maxima between 490 and 670 nm. The fluorescence quantum yield exceeds 0.80.  

In conclusion, strong fluorescence of PAHs can be achieved by different strategies. Preventing π-π stacking by 

bulky substituents or non-planarity, or the introduction of heteroatoms, such as oxygen, nitrogen, phosphorus 

or sulfur, are some examples.[53, 93a, 94] However, these measures are often synthetically demanding, and it is 

furthermore hard to predict photophysical properties of the compounds before synthesis by theoretical 

means.[95] That is why the demand for synthetically, easy accessible fluorophores is constantly rising. Some 

recent examples for such compounds will be presented in the next section. 

2.5.3 Small organic fluorophores with one benzene unit 

Organic donor-acceptor compounds have been researched for their use in nonlinear optics,[2a, 96] solar cells,[97] 

light switches,[98] sensors,[54b, 99] and bioimaging.[54a] Some recent examples and their photophysical properties 

are summarized in Table 3. One striking similarity in all of these publications is that all of them synthesized a row 

of similar molecules, with only minor changes in substitution, to gain a deeper understanding of the fluorescence 

phenomena. That is possible due to the mostly short synthesis and simple purification procedure of those 

compounds. Thus, familiar compounds can easily be designed and fit to applications.  
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Table 3: Overview of recently published small organic donor-acceptor fluorophores and their photophysical data. The 
absorption, emission, fluorescence quantum yield Φ and fluorescence lifetime τ are given in ranges because all compounds, 
except entry 3, where investigated in different solvents and exhibit solvatochromism. The table was adapted from reference 
[34] and extended. 

Entry Structure λAbsRange [nm] λEmRange [nm] Φ τ [ns] Reference 

1 
P

O Ph

N

Ph
Ph

Ph

 

403-420 528-601 0.58-0.94 5.2-7.3 Angew. Chem. 

Int. Ed., 2015, 

54, 4539-4543. 

2 NH2

NH2

S

S

O

O

O

O

 

377-394 490(477)a-

517 

0.47-0.70 n.a. Angew. Chem. 

Int. Ed., 2015, 

54, 7332-7335. 

3 

NC

NC CN

CN

HN NH

 

380 445 0.41 n.a. Angew. Chem. 

Int. Ed., 2016, 

55, 3220-3223. 

4 NH2

CN

N

N
O

 

397-430 522-612 0.00-0.33 n.a. J. Org. Chem., 

2017, 82, 8842-

8847 

5 O
O

O
O

NHHN

 

479-488 585-601 

(620)a 

0.25-0.33 7.6-8.2 Angew. Chem. 

Int. Ed., 2017, 

56, 12543-

12547. 

6 O
O

O
O

NN

 

398-412 542-610 0.21-0.95 5.01-

17.72 

Chem. Eur. J., 

2019, 25, 

16732-16739. 

 

For instance, the benzophosphole oxide derivative in entry 1[54a] of Table 3 was prepared in a two-step process 

and compared to four closely related derivatives with varied donor-acceptor moieties. The depicted 

benzophosphole oxide has high quantum yields of 0.58 in polar ethanol to 0.94 in apolar toluene. In addition, 

the benzophosphole shows positive solvatochromism following the Lippert-Mataga model. Varying the donor 

and acceptor moieties, and in combination with time dependent-density functional theory (TD-DFT) calculations, 
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the authors unravel why the other synthesized derivatives are less fluorescent or show weaker solvatochromism. 

For instance, the S0-S1 transition in the depicted compound has ICT character, whereas the S0-S1 transition in a 

related compound (-OMe instead of -NPh2 as electron donor) features a π-π transition with a drastically reduced 

(1.87x10-4 M-1cm-1 vs. 1.03x10-4 M-1cm-1) molar extinction coefficient. The benzophosphole, with its 

advantageous characteristics, was then tested for its application in cell imaging.  

Just as the benzophosphole, the emission of the sulfonylaniline-based compound[54b] (Table 3, entry 2) is 

environment/polarity sensitive and furthermore, as it is, well soluble in water, pH-sensitive. It was synthesized 

in four steps with an overall yield of 62 % and no column chromatography was required for the purification of 

any intermediate or the product. Besides its water-solubility, it is also soluble in polar organic solvents, with THF 

being the least polar. Featuring a positive solvatochromism, it has a maximal stokes shift of 140 nm in water. It 

has high (0.51-0.70) fluorescence quantum yields in solution and a fluorescence quantum yield of 0.69 in the 

solid state, owing to intra- and intermolecular hydrogen bonding, which prevent π-π stacking. 

The tetracyanated dihydrobenzimidazoles (Table 3, entry 3) published by the group of Klaus Müllen in 2016,[37b] 

has an dipole moment of over 10 D and a fluorescence quantum yield of 0.41. Even though the focus was on the 

measurement and calculation of the dipole moment, it is very likely that the compound would show 

solvatochromism as well as other solvent dependent effects.  

Benzo(heteroatom)diazoles are a class of known fluorophores, with benzothiadiazoles and benzooxadiazoles 

being sub-classes. In entry 4, a small push-pull benzooxadiazole is depicted.[40] It exhibits solvent dependent 

fluorescence quantum yields of basically 0 in water and over 0.30 in apolar hexane. Moreover, the compound 

shows positive solvatochromism, with a large stokes shift of 182 nm in water. Thus, at least two measures, the 

fluorescence quantum yield and the emission wavelength, can be valuable in a potential polarity probe using 

that compound. The quenching of fluorescence of benzo(heteroatom)diazoles in polar solvents is attributed to 

the formation of a non-emissive ICT state in polar solvents. In apolar solvents, the emission stems from a locally 

excited (LE) state.[20a, 31a, 100]  

The 2,5-bis(alkylamino)terephthalate (entry 5) is prepared from commercially available 1,4-cyclohexandione-

2,5-dicarboxylate.[101] A condensation with methylamine and subsequent oxidation with Br2 afforded the target 

compound in an overall yield of 48 % and without use of any column chromatography. It shows almost no 

sensitivity of fluorescence quantum yield (0.33 in toluene, 0.25 in DMSO) or fluorescence lifetime to solvent 

polarity and a very small positive solvatochromic effect with large stoke shifts (Abs/Em in toluene: 

488 nm/585 nm, Abs/Em in DMSO: 486 nm/601 nm). It must be mentioned that no protic solvents, which could 

form hydrogen bonds, were tested. The fact that absorption and emission are both in the visible region is 

remarkable for a compound with such a small π-system. In the solid state, the emission is red shifted, with a 

maximum at 620 nm, and the fluorescence quantum yield of 0.40. The fluorescence lifetime in the solid state is 

12.3 ns. From the calculation of the radiative and non-radiative rates, the authors conclude that the suppression 

of the non-radiative rate is responsible for the increased values in the solid state, compared to the ones in 

solution. Again, a combined experimental-theoretical approach was used to understand these advantageous 

characteristics. The di-methylated compound, unable to form hydrogen bonds, was synthesized and crystallized. 
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Both in solution and the solid state, its emission is blue shifted compared to the non-methylated compound. The 

comparison of the crystal structures of these two compounds reveal improved planarization and negligible π-π 

interaction, due to the strong intramolecular bonds, in the depicted compound. TD-DFT calculations revealed 

that the intramolecular hydrogen bonds lead to a higher HOMO level and thus a smaller band gap in the 

hydrogen bond forming compound. With this understanding and analysis, the authors were able to test the 

compounds’ suitability for amplified spontaneous emission, a prerequisite for its use in organic lasers. 

Last but not least, a structurally related compound to entry 5 is shown in entry 6. It is a symmetric single benzene 

based compound with two azetidine and two ethoxycarbonyl moieties as electron donating and electron 

accepting groups.[34] Both, the high fluorescence quantum yield as well as the fluorescence lifetime are solvent 

dependent but show no proportionality to solvent polarity. The values are maximal in DMSO, with a fluorescence 

quantum yield of 0.95 and 17.72 ns fluorescence lifetime, which is relatively long for small organic fluorophores. 

The compound has large Stokes shift, between 132 nm (n-hexane) to 207 nm (water), and exhibits a positive 

solvatochromism.  

 

Figure 16: The five push-pull derivatives with varying substitution pattern of both electron-donating and accepting groups 
investigated by Ding et al.[34] The absorption wavelength (λAbs), the emission wavelength (λEm), the stokes shift(ΔλStokes), the 
quantum yield in solution (ΦSol) and solid state (ΦSS) as well as the fluorescence lifetime in solution and solid state(τSol/SS) are 
increasing with increasing numbers of substituents on the benzene ring. 

However, the major finding is the correlation of the photophysical properties with the substitution pattern of 

both, electron-donating and -accepting groups. Ding et al. compared the five compounds depicted in Figure 16. 

From compound 1, featuring a linear push-pull system, to compound 5, the absorption shifts from the UV at 

305 nm to the visible region at 406 nm. The emission shifts from 350 nm (compound 1) to 566 nm (compound 5). 

That clearly illustrates a decreasing HOMO-LUMO gap with the increase of electron donor and accepting 

moieties on the benzene core unit. With TD-DFT calculations the authors show, that the change of dipole 

moment for compound 5 upon excitation is zero (for compound 1 it is 2.26 D). Therefore, they assessed the 

quadrupole moment. That can be expressed as two opposite dipoles separated by a distance d. For compound 5, 

the value of the change of quadrupole moment upon excitation was calculated to be 32 D Å. The change of 

dipole moment on one push-pull branch of the compound was estimated to be 5.0 D. Therefore, the strong 

solvent dependency is explained by the induced ICT state between each donor-acceptor pair. Besides, the solid 

state fluorescence quantum yield was found to reach unity for compound 5, indicating that non-radiative 
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relaxation pathways are completely blocked in the crystal material. This finding is explained by the ordered 

crystal structure, directed by O-H interactions between the aromatic hydrogens and the ethoxy group, as well 

as the π-π distance of 5.35 Å.  

That comparison of those recently published small fluorophores exemplifies how donor-acceptor substitution is 

used to yield compounds with desired photophysical characteristics. Polarity probes, cell imaging, amplified 

spontaneous emission, OLED materials or non-linear optics are applications where such molecules are needed. 

The combined experimental-theoretical approaches, which complement each other and thus lead to a deeper 

understanding, are possible because the size of such compounds makes theoretical calculations, and synthesis 

of slightly different substituted molecules feasible.  
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3 Synopsis of Results 

3.1 Diaminodicyanoquinones 

3.1.1 A novel class of fluorescent dyes  

P. Rietsch, F. Witte, S. Sobottka, G. Germer, A. Becker, A. Guttler, B. Sarkar, B. Paulus, U. Resch-
Genger, and S. Eigler;  

Diaminodicyanoquinones: Fluorescent Dyes with High Dipole Moments and Electron‐Acceptor 
Properties. 

Angew. Chem. Int. Ed. 2019, 58, 8235-8239. 

4.1 

 

Compounds with high dipole moments are of general interest and can be applied in non-linear optics or 

controlled aggregation.[2a, 37b, 41b, 102] The class of diaminodicyanoquinones (DADQ), which possesses a strong 

electron push-pull system and therefore a high dipole moment, was first mentioned in 1962 by Acker et al.[1] 

Throughout the years, those compounds were investigated for their large dipole moment, as well as their 

photophysical properties.[2, 102-103] However, most derivatives have fluorescence quantum yield in solution (ΦSol) 

below 0.01, due to non-radiative relaxations of the excited state,[2b] and are only fluorescent in the solid state, 

with ΦSS of about 0.45.[2c]  

A series of DADQ derivatives (Figure 17) was synthesized and revealed that benzene functionalized DADQs have 

high ΦSol exceeding 0.90 (collaboration with Dr. Ute Resch-Genger). Through a combined experimental-

theoretical approach (collaboration with Prof. Dr. Beate Paulus), we explain the strong fluorescence of benzene 

functionalized DADQs and investigate the processes which lead to fluorescence quenching in the non-

fluorescent compounds. Internal conversion (IC) and intersystem crossing (ISC) are inhibited by relatively high 

rotational barriers in benzene-functionalized derivatives. Of particular importance to unravel the difference in 

fluorescence was the comparison of the highly fluorescent benzene functionalized compound 4 with: the 

ethylene-functionalized compound 1, the cyclohexane functionalized compound 3 and the dimethylated 

benzene functionalized compound 7, which all show only weak fluorescence. 

 

Figure 17: Structures of the investigated diaminodicyanoquinone (DADQ) derivatives 1-7 and their respective fluorescence 
quantum yields in dimethylsulfoxide. 
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The compounds were synthesized in a three-step procedure, starting by the activation of 

7,7,8,8-tetracyanoquinodimethane with pyrrolidine to yield 7-pyrrolidino-7,8,8-tricyanoquinomethane 

(PTCNQ), a deep purple crystalline solid with no detectable fluorescence. The reaction of PTCNQ with the 

respective diamine yields compounds 1-7 in yields of 40-80 %. The photophysical properties were investigated 

in seven solvents of varying polarity, THF being the least polar and MeOH the most polar. Due to their high dipole 

ground state moment of about 30 D, the compounds are highly polar and thus face solubility issues. To 

circumvent aggregation effects, all measurements were done in concentrations of about 5x10-6 M or even less. 

The position of the S0-S1 absorption band depends on substitution and solvent and is located between 300 and 

400 nm with molar extinction coefficients between 20,000 M-1 cm-1 and 60,000 M-1 cm-1. The emission band is 

shifted by 40-90 nm, so that a blue emission can be seen by the naked eye. The solvatochromism (see section 

2.2.4) of those compounds is interfered by non-covalent interactions, namely hydrogen bonding. In contrast to 

the benzothiadiazole derivatives described in section 3.2, which show a neat bathochromic shift, only of the 

emission spectra upon increasing solvent polarity, the absorption and the emission spectra of DADQ compounds 

show a hypsochromic shift upon increasing solvent polarity. As both, absorption and emission are blue shifting, 

the stokes shift has no clear trend. However, the blue shift indicates that the DADQs exhibit negative 

solvatochromism and our theoretical investigations confirm that the dipole moment decreases from about 30 D 

to about 22 D upon excitation. The ΦSol are highly solvent dependent, with maximum values in DMSO of 0.92 

for compound 4. The fluorescence lifetimes of the emissive derivatives are maximal about 6 ns (4 in acetonitrile) 

with most values around 2-3 ns. The radiative (kr) and non-radiative (knr) rates of 4, derived from the measured 

ΦSol and τ values (see section 2.2.3), shed light on the differences in emission, e.g. in MeOH (ΦSol = 0.35) vs. 

DMSO (ΦSol = 0.92). In MeOH, kr is 9.18 s-1 and knr is 17.1 s-1, giving a kr/knr ratio of 0.54, whereas the ratio is 12 

(kr = 5.16 s-1 and knr = 0.43 s-1) in DMSO (all values x 108). 

 

Figure 18: Mesomeric forms of benzene functionalized diaminodicyanoquinone derivative 4 and the definition of the 
dihedral angles Dα and Dβ. 

The role of rotations was investigated experimentally by fluorescence measurements in solvent mixtures of 

varying viscosity (EtOH-PEG). The benzene functionalized compound 4 shows no increase of ΦSol and τ upon 

increasing viscosity. ΦSol of the non-benzene functionalized compounds 1-3, however, increases by a factor of 

three to seven, and τ increases as well by a factor of 2 (compound 3) to 6 (compound 2), upon increasing 

viscosity. The same trend was observed for cooling between 0 °C to -100 °C. The ΦSol of 1-3 increases by about 

20 times, whereas ΦSol of 4 increases about seven times. The fluorescence lifetimes are generally following the 

trend of ΦSol. Elevated temperature, 40 °C to 110 °C, leads to decreased emission in all compounds. These results 
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indicate that rotations around the two dihedral angles Dα and Dβ (Figure 18) play a major role to control the Φ 

in DADQs. 

The Paulus group used TD-DFT calculations at the CAM-B3LYP level with implicit and explicit solvent 

molecules.[104] Multireference states were accounted for by the DFT/MRCI (multi-reference configuration 

interaction) method with the orbital basis generated at the CPCM/BHLYP/def2-TZVP level.[105] The two dihedral 

angles Dα and Dβ were treated separately, as first calculations revealed their independence. Rotations are 

hindered in the ground state S0, with rotational barriers about 60 kJ/mol. However, in the excited state S1, 

rotational barriers around Dβ of 12 kJ/mol for 1-3 to 25 kJ/mol for 4 and 7 were found. Vice versa, the opposite 

was found for Dα. The orbital overlaps in the respective state, S0 and S1, explain the difference in rotational 

barrier around Dα and Dβ. For instance, the orbital overlap of the π-orbitals of the phenyl ring and those at the 

nitrile groups in the HOMO induce the large rotational barrier around Dβ in the ground state. One likely non-

radiative relaxation pathway is through the low rotational barrier around Dβ in the excited state and subsequent 

IC or ISC events. However, the rotational barrier of 4 is only about twice the size (25 kJ/mol) compared to the 

one of 1-3. Using the Arrhenius equation to define the reciprocal rate constant for the rotation around Dβ, 4 is 

about 480 more likely to fluoresce than 1, giving a more appropriate relation. The other non-radiative relaxation 

pathway most likely occurs through ISC events. ISC around Dα is the likely cause of quenching in dimethylated 

benzene functionalized derivative 7 but of only minor importance for 1-4. However, at a dihedral angle Dβ of 

90°, S1 and T0 states are very close. Thus, quenching through ISC is directly linked to the rotational barrier around 

Dβ, which is much larger in benzene functionalized compounds.  

Furthermore, a complex redox behaviour of DADQ derivatives 1-4 with partly reversible oxidations and 

irreversible reductions was revealed (collaboration with Prof. Dr. Biprajit Sarkar). The latter is most likely induced 

by the proton of the secondary amines and might be a hint for an electrochemical follow-up reaction. Compared 

to TCNQ, which features two reversible reductions at -0.16 V and -0.77 V, the compounds are more electron rich 

and the reduction processes are shifted to about -2.3 V and -3.0 V.  

3.1.2 Aggregation behaviour of Diaminodicyanoquinones  

F. Witte, P. Rietsch, S. Sinha, A. Krappe, J. O. Joswig, J. P. Götze, N. Nirmalananthan-Budau, U. 
Resch-Genger, S. Eigler and B. Paulus;  

Unraveling diaminodicyanoquinone aggregation behavior in solution: Complex photophysical 
properties induced by metastable dimers. 

submitted 

5.1 

 

Our investigations about DADQs described in section 3.1.1 revealed that those compounds possess a dipole 

moment of about 30 D in their ground state. Together with intermolecular hydrogen bonding, this leads to 

anomalous photophysical effects, such as the described negative solvatochromism with shifts of the emission 

and the absorption spectra. In addition, UV/Vis and fluorescence dilution studies revealed substitution 

dependent aggregation behaviour. However, our observations do not fit into the model of J- and H-aggregates, 

as our red shifted aggregate band (J-aggregate) is non-emissive (H-aggregate). Through a combination of 
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experiment and theory (collaboration with Prof. Dr. Beate Paulus), we investigated this complex aggregation 

behaviour. Figure 19 illustrates the investigated six DADQ derivatives. Those can be separated in two series, one 

with an ethane bridge (1, 1Me, 1Me2) and the other one with benzene functionality (2, 2Me, 2Me2). In each 

series, the compounds differ in the methylation of the secondary amine moieties. Non-methylated, on one side 

methylated and both sides methylated compounds were compared. Below each structure, a dilution row 

(absorbance/concentration) of its UV/Vis absorption spectra in ACN is depicted, with concentrations between 

1x10-4 M and 5x10-7 M. 

 

Figure 19: Molecular structures of diaminodicyanoquinone derivatives 1-2Me2 and their concentration dependent UV/Vis 
absorption spectra in acetonitrile. The different amine substitution patterns are highlighted. Depicted below each compound 
is the absorbance divided by the concentration of each respective curve. Arrows point in the direction of decreasing 
concentration. 

1Me2 and 2Me2, both with two tertiary amines and thus unable to form hydrogen bonds, show only one 

concentration independent absorption maximum. 1Me and 2Me, both with one tertiary amine, show isosbestic 

points and a red shifted absorption band, which is decreasing upon decreasing concentration. 1 shows no 

isosbestic point but two absorption bands, whereas 2 shows just one absorption in ACN. Its solubility in ACN and 

the sensitivity of the apparatus are too low to investigate its aggregation behaviour. However, dilution series in 

DMSO and MeOH revealed that the aggregation of 2 is comparable to the one of compound 1. Increasing the 

temperature from 25 °C to 75 °C reduced the intensity of the red shifted absorption peak, which is most likely 

induced by dimer formation. The addition of polar additives (H2O, DMSO, PEG) to the high concentrated ACN 

solutions have a comparable effect, a decrease of the red shifted absorption band. In accordance with the study 

described in section 3.1.1, the ΦSol of the benzene functionalized compounds are generally higher than for the 

ethane bridged compounds. Just as 2Me2, 1Me2 has ΦSol smaller than 0.01. The methylated compound 1Me is 

also non-emissive, with one exception of ΦSol = 0.04 in dimethylformamide (DMF). However, 2Me has solvent 

dependent high ΦSol of 0.90 in DMF and 0.79 in ACN. According to Kasha’s fundamental work (see section 2.2.6) 

about molecular aggregates, red shifted absorption bands (with respect to the monomer band) are a strong 

indication for the formation of J-aggregates, which are typically highly emissive.[43] However, very low emission 

upon excitation of that red shifted dimer band was observed. Non-emissive dimer bands are typically 
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categorized as H-aggregates. However, the dimer band of H-aggregates is typically blue shifted with regard to 

the monomer band. 

Therefore, Felix Witte from the Paulus group investigated this unusual behaviour by dispersion-corrected DFT 

based methods, DFT/MRCI and Spano's extended HJ-aggregate theory.[45, 105a, 105b] Due to their high dipole 

moment, the DADQs compounds tend to stabilize themselves by the formation of anti-dimers. That cancels out 

the dipole moments and is responsible for about 50 to 75 % of the stabilization between the monomers. Through 

relaxed potential energy surface (PES) scans along the displacement coordinate of the monomers, the evaluation 

of charge transfer influence beside the coulomb coupling, and the evaluation of Laporte’s rule (electronic 

transitions are only allowed between states of different inversion symmetry), it was possible to rationalize the 

red shifted absorption band by antiparallel displaced, transient dimers. The quenched emission of the red shifted 

band is explained by an excited state optimisation of a π-stacked dimer. The excited dimer relaxes along the 

displacement coordinate in a non-emissive state, where the oscillator strength is neglectable due to symmetry 

reasons. 

In conclusion, the contradictory experimental findings of a red shifted, but non-emissive absorption band was 

explained by the formation of displaced, metastable dimers, which could be described as a rare case of non-

emissive J-aggregates. 

3.2 Highly Fluorescent Benzothiadiazoles as Redox Switches 

P. Rietsch, S. Sobottka, K. Hoffmann, P. Hildebrandt, B. Sarkar, U. Resch-Genger, and S. Eigler;  

Identification of the Irreversible Redox Behaviour of Highly Fluorescent Benzothiadiazoles 

ChemPhotoChem. 2020, 4, 1-7. 

4.3 

P. Rietsch, S. Sobottka, K. Hoffmann, P. Hildebrandt, B. Sarkar, U. Resch-Genger, and S. Eigler;  

Between Aromatic and Quinoid Structure: A symmetric UV to Vis/NIR Benzothiadiazole Redox-
Switch 

submitted to Chem. Eur. J., under minor Revision 

5.2 

 

Changing the absorption or the emission properties of a material by redox processes is used in smart windows 

and rear-view mirrors[3] and potentially applicable in light harvesting, sensors, and biomedicine. However, beside 

viologens, most of the known organic redox switches are complex molecular structures which employ 

tetrathiafulvalene or quinone motifs as redox active systems.[4] The benzothiadiazole (BTD) core is an apolar, 

aromatic fluorophore, accessible from o-phenylenediamines and synthetically versatile using coupling reactions, 

such as the Sonogashira or the Suzuki coupling.[106] BTD derivatives have been applied in OLED materials,[107] 

polymers with defined electronic and optical properties,[108] in sensory metal-organic frameworks,[109] solar 

cells[110] or in field-effect transistors (FET).[111] Recently, strong electrochemiluminescence of symmetric dithienyl 

BTDs and triphenylamine BTDs, in solution and solid films, has been demonstrated, and even used as a sensor 

for dopamine.[112] However, BTDs have not been considered as absorption switches through redox processes.  
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Starting from o-phenylenediamine, a series of unsymmetrical push-pull BTD derivatives, bearing an alkyne-

phenylmethoxy moiety as electron donor, and a variation of electron acceptors, namely -H (1), -Br (2), a phenyl 

group (3), and a para-cyanophenyl group (4, Figure 20), were synthesized. Building on these results, the 

symmetric diphenylmethoxy BTD was synthesized, which will here be numbered compound 5. The analysis of 

the photophysical properties of 1-5 was done in solvents of varying polarity and proticity (n-hexane, DCM, 

DMSO, EtOH). BTDs typically feature two absorption bands, one π-π* transition at 280 nm to 320 nm and the 

HOMO-LUMO transition at about 400 nm.[100, 113] The molar extinction coefficient of asymmetric 1-4 is maximal 

at about 300 nm with values up to 35,000 M-1 cm-1 and 10,000 M-1 cm-1 at about 400 nm. Compared to that, the 

symmetric derivative 5 has blue shifted absorption maxima, at 280 nm and 350 nm, with lower extinction 

coefficients (20,000 and 8500 M-1 cm-1). An excitation emission matrix (EEM) of 3 in hexane revealed that 

excitation at both absorption maxima induce an emission at 473 nm. Further investigations were thus focused 

on the HOMO-LUMO absorption band at higher wavelength (lower energy), as it is more likely to be the S0-S1 

transition.  

 

Figure 20: Structures of benzothiadiazole derivatives investigated for their photophysical, electrochemical and absorption 
switching properties in the publications found in section 4.3 (1-4) and section 5.2 (5). Below each structure, the fluorescence 
quantum yield (Φ) and the fluorescence lifetime (τ) in DCM are given. 

Whereas the absorption bands are independent of the solvent polarity, all compounds feature a strong 

fluorosolvatochromism (see section 2.2.4). The fluorescence maxima are bathochromically shifted by 70-80 nm, 

from around 470 nm in n-hexane, to about 550 nm in DMSO. The fluorescence quantum yields are maximal in 

DCM for all compounds, almost reaching unity, 0.98, for 3 and 4. The symmetric BTD 5 has a maximum Φ of 0.93 

in DCM and, compared to 1-4, long fluorescent lifetimes of about 10 ns in all solvents. τ of 1-4 vary around 4-7 

ns for 3 and 4, and between 2.42 ns (2 in EtOH) up to 10.02 ns (2 in DCM), showing a strong solvent effect. 

Overall, a strong solvent effect on the stokes shift (positive solvatochromism), Φ and τ is observed. Φ and τ are 

particularly reduced in polar, protic EtOH. All five compounds are fluorescent in the crystalline solid state, with 

solid state fluorescence quantum yields (ΦSS) of 0.33 (1) to 0.72 (3). The solid state emission spectra of 1-4 are 

shifted bathochromically compared to the spectra in n-hexane, with maxima at around their DCM emission 
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spectra (500-520 nm). For 5, the solid state emission spectrum resembles the one in n-hexane. The change of 

dipole moment upon excitation was investigated through the Lippert-Mataga model.[33] The dipole change upon 

excitation is lowest for 1 and 5 (12.26 and 12.38 D) and highest for 4 (18 D).  

To separate the effect of proticity, polarity and viscosity, the fluorosolvatochromism of 4 and 5 in primary 

alcohols of different chain length, from EtOH to 1-decanol (1-dec), and in mixtures of EtOH and PEG containing 

increasing percentages of PEG400, was compared. In the EtOH-PEG mixtures, there is almost no difference of 

the Dimroth-Reichardt polarity parameter ETN (PEG400 = 0.66; EtOH = 0.65), but a strong increase of viscosity 

upon increasing amount of PEG.[29, 114] In the primary alcohols, the viscosity is increasing with increasing chain 

length (1-dec is about 12 times more viscous than EtOH) while the polarity is decreasing with increasing chain 

length, from EtOH (ETN = 0.654) to 1-dec (ETN = 0.525). 

For the EtOH-PEG mixtures, no shift in the absorption maximum and a small bathochromic shift of approximately 

4 nm for the fluorescence maximum with increasing viscosity of the dye microenvironment was observed. 

Furthermore, Φ and τ are increasing only slightly from the 100/0 EtOH-PEG mixture to the 25/75 EtOH-PEG 

mixture (changes in % for 4: Φ = 7.8 %, τ = 1.2 %; for 5: Φ = 12.6 % and τ = 12.3 %). Increases of Φ and τ with 

increasing viscosity are well known phenomena.[115] However, for the primary alcohols, Φ and τ of the push-pull 

derivative 4 are increasing from EtOH to 1-dec by 47 % and 12.5 %, respectively. In contrast, Φ and τ of the 

symmetric compound 5 are only increasing by 9.4 % and 1.5 %. The Lippert-Mataga plot of 5 derived from the 

three aprotic solvents, n-hexane, DCM and DMSO yields a change of dipole moment upon excitation of 18 D. In 

the series of primary alcohols, the change of dipole moment derived from the Lippert-Mataga plot is 19 D. 

In conclusion, the polarity and the proticity, not the viscosity, of the primary alcohols seem to be responsible for 

the observed difference in the Lippert-Mataga plot and the decreased Φ and τ values. The latter finding can be 

rationalized by the difference in the ground state and excited state dipole moments of symmetrical 5 and the 

unsymmetrical push-pull BTD 4. That is directly linked to the accessibility and separation of the ICT and LE state 

(see section 2.4.1). The commonly less emissive ICT state is more accessible in structures which enable strong 

charge separation, e.g. push-pull systems, and in polar protic, solvents.[20a, 31a, 37c] 

The cyclic voltammograms (CV) of 1-4 feature one irreversible oxidation and one, seemingly reversible reduction 

around -1.75 V (collaboration with Prof. Dr. Biprajit Sarkar). Compounds 2 and 4 feature a second reduction 

around -2.15 V. The irreversible oxidation processes around +1 V most likely induce a chemical reaction involving 

the alkyne moiety. This chemical reaction might be a ring-closure with the nitrogen atoms, as this seems to be a 

common feature in electrochemical reactions of similar compounds.[116] Using optically transparent thin layer 

electrochemical cells (OTTLE),[117] we measured UV/Vis/NIR-spectroelectrochemistry of 3 and 4 (the CVs of 1 and 

2 already indicated irreversible processes).The absorption bands of the radical anions 3- and 4- formed upon 

reduction of 3 and 4 cover the whole visible spectrum and extend to the NIR. The respective maxima are located 

at 503 nm and 544 nm for 3- and 4- and have molar extinction coefficients of 12,000 and 14,000 M-1 cm-1, 

respectively. Both radical anions feature two absorption maxima on the red edge of the Vis region, 3- at about 

800 nm (ε = 3,000 M-1 cm-1), 4- red shifted at around 900 nm (ε = 3,000 M-1 cm-1). After re-oxidation of 3- and 4-, 

the absorption spectra are reduced in intensity, relative to the initial spectrum of the neutral compounds, by 
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about 25 % and 35 % for 3 and 4, respectively. Furthermore, polymerization seems to reduce the reversibility of 

the process for 4. Exemplarily, the oxidation of 3 was investigated, which leads to a decreased and slightly shifted 

absorption in the UV region at 307 nm with a molar extinction coefficient of about 18,000 M-1 cm-1 and a broad 

absorption covering the complete Vis region extending up to 1,000 nm with molar extinction coefficients around 

4,000 M-1 cm-1 and a weak maximum at 566 nm. Re-reduction does not regain the initial spectrum of 3, thus 

proving the irreversibility, which was for the oxidative process already suspected from the CV. However, 

switching the absorbance from UV to Vis/NIR through redox processes, seems to be generally feasible with BTD 

compounds.  

The electrochemical properties of symmetric BTDs were investigated before, showing two reversible oxidation 

and one reversible reduction process in the CV.[112a, 112b] However, the UV/Vis/NIR-spectroelectrochemical 

properties were not investigated. The symmetric compound 5 was synthesized, which lacks the alkyne moiety 

1-4 feature. In the CV, the compound shows one reversible reduction process at -1.96 V and two 

electrochemically reversible one-electron oxidation processes at +0.87 V and +1.09 V. This proves the 

hypothesis, that the alkyne moiety in 1-4 leads to the irreversibility of the oxidation process. Oxidation of 5 to 

5+ shifts the absorption from the UV in the Vis/NIR-region, with four distinct bands at 531, 666, 832 and 1124 nm 

and high extinction coefficients (10,000- 20,000 M-1 cm-1).  

Similar spectra have been observed for related semiquinone anion radicals, which are isolobal to diamino radical 

cations and our BTD derivatives.[118] In accordance, our structure optimization (D3-BP86/def2-TZVP) for 5, 5+ and 

52+ predict an increasing quinoidal distortion of the aromatic system upon oxidation. The second oxidation to 

52+ leads to a strong absorption band at 654 nm with e = 50,000 M-1 cm-1. Whereas the initial absorption bands 

of 5 are attributed to a π-π* transition from the π-systems of the electron-rich methoxy-phenylene moieties to 

the central electron-poor BTD π-system, the transition of 52+ most likely involves a charge transfer from the BTD 

π-system to the adjacent methoxy-phenyl rings, which are very electron-deficient after double oxidation. The 

reduction of 5 yields an absorption spectrum with very broad bands in the Vis and NIR region. However, the 

initial spectrum of 5 is not regained after re-oxidation, which might be due to electro-polymerization occurring 

on the electrode. The investigation of the radical cation 5+ by CV, coupled with electron paramagnetic resonance 

(EPR), showed an isotropic signal at room temperature and a rich hyperfine structure, which suggests strong 

delocalization of the radical over the whole π-system. The EPR spectrum could be simulated by coupling to two 

nitrogen nuclei (I = 1) and 10 hydrogen nuclei (I = ½). 

We furthermore measured the fluorescence intensity during the oxidation processes (collaboration with Dr. 

Alexey Popov). The strong emission of the neutral compound (excitation at 405 nm) is reduced upon oxidation 

and restored upon re-reduction. The excitation at the absorption maximum of 52+ (638 nm) yields no 

fluorescence signal at all. The compound could thus be used as a fluorescence ON/OFF switch with an excitation 

wavelength of 405 nm. 

In conclusion, it was shown that the reversibility of redox processes in the cyclic voltammogram can be 

deceptive. More sophisticated methods, such as spectroelectrochemistry, are necessary to evaluate the 

(ir-)reversibility of the seemingly reversible processes in the CV. Furthermore, BTDs were revealed as possible 
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absorption switches, both in the oxidative and the reductive direction. However, up to now only the oxidative 

direction was found to be close to reversible. For the oxidative side, it was shown that fluorescence ON/OFF 

switching is possible. Structurally, alkyne moieties should be avoided, and the quinoid motif, which is induced 

upon oxidation and at least partly enabled through the methoxy groups, should be utilized to yield reversible 

switching processes between UV and the Vis/NIR region. 

3.3 Polycyclic Aromatic Hydrocarbons as Fluorophores 

3.3.1 Fluorescence of a chiral pentaphene derivative derived from the hexabenzocoronene 

motif 

P. Rietsch, J. Soyka, S. Brülls, J. Er, K. Hoffmann, J. Beerhues, B. Sarkar, U. Resch-Genger, and S. 
Eigler; Fluorescence of a Chiral Pentaphene Derivative Derived from the Hexabenzocoronene 
Motif. 

Chem. Commun. 2019, 55, 10515-10518. 

4.2 

 

Polyaromatic hydrocarbons (PAH) are known to be fluorescent if aggregation, i.e. low solubility and thus π-π 

stacking (their main non-radiative relaxation pathway), is hindered. Among them, hexabenzocoronenes (HBCs), 

helicenes and hybrids of both were found to be highly emissive.[93a, 93f, 119] Pentaphene, another sub-class of 

PAHs, was also investigated for its photophysical properties in the 1990s by Fetzer et al.[5]. However, no 

fluorescence quantum yields, fluorescence lifetimes or solid state emissive properties were reported. 

We synthesized a chiral, enantiomeric pentaphene derivative (Figure 21) by an unprecedented Scholl oxidation 

of a hexaphenylbenzene (HPB) with one alkyne moiety. The HPB was 

synthesized by a Diels-Alder reaction between a buta-1,3-diyne derivative and 

a cyclopenta-2,4-dien-1-one derivative, the latter being a standard 

intermediate in the synthesis of HBCs.[89] The ring-closing reaction between the 

alkyne moiety and the benzene ring proceeds in analogy to the synthesis of, e.g. 

corannulenes, HBCs or naphthalenes.[120] The reproducibility of the ring-closure 

through a Scholl oxidation was proven on a phenanthrene derivative, a smaller 

PAH system. 

Due to the close similarity of the pentaphene to the HBC motif, it lacks only one 

carbon atom in its basal plane, its photophysical properties were compared 

with a hexa-tert-butyl substituted HBC. The absorption spectra of both 

compounds feature two absorption maxima, one at about 220 nm and the 

other around 350 nm. The broad maximum of the pentaphene around 350 nm 

has multiple local maxima and shoulders, owing to its asymmetry. The emission maximum of both compounds 

is located around 500 nm. Again, the pentaphene features shoulders on the blue as well as the red edge, which 

are in accordance with the literature on pentaphenes.[5] The compounds exhibit no solvent dependent effects. 

Figure 21: Chemical structure of 
the Pentaphene derivative with 
the pentaphene core marked in 
orange and the benzene rings 
forming the [4]helicene unit 
labelled A-D. 
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However, the fluorescence quantum yield, in solution and the solid state, is about 5 times higher for the 

pentaphene derivative (ΦSol = 0.16 vs. 0.03, ΦSS = 0.11 vs. 0.02). The solid state emission band of the pentaphene 

is bathochromically shifted by 35 nm with regard to the emission in DCM and slightly broadened. The HBC solid 

state emission band on the other hand is barely shifted (4 nm) but drastically broadened by about 100 nm. 

Inhomogeneous broadening and the packing motifs, which will be discussed later, might be the reason for that 

difference. The fluorescence lifetimes of both compounds are maximal in DCM, with 21.4 ns for the pentaphene 

and 14.2 ns for the HBC analogue. As the pentaphene derivative features a [4]helicene motif (Figure 21), it has 

a higher flexibility than the HBC. By density functional theory (DFT) at the B3LYP/6-31G(d) level of theory the 

racemisation barrier of the pentaphene was calculated.[121] The racemisation barrier is about 10 kcal/mol, which 

explains why the enantiomers of the pentaphene cannot be separated at room temperature. An increase in 

fluorescence lifetime upon cooling has been observed for many dye classes (see section 3.1) [115a, 122] and typically 

suggests that at least one non-radiative decay channel involves a rotation that is slowed down or even 

completely hindered at low temperatures.[19b] Therefore, the fluorescence decay kinetics upon cooling from 

50 °C to -100 °C were investigated. Surprisingly, the mean fluorescence lifetime increases for both compounds 

by about a factor of 3.5. This finding suggests that the flexibility of the [4]helicene motif in the pentaphene does 

not interfere with its photophysical properties in solution. In contrast, the difference of ΦSS of both compounds 

can be indirectly linked to the helicene motif. Single crystal XRD data reveal a herringbone structure with a 

interplanar π-π distance of 3.52 Å for the HBC. That most likely leads to an aggregation induced quenching of 

the fluorescence. The pentaphene however, shows a separation of its graphitic planes of 9.24 Å, a distance too 

large for excimer formation (see section 2.4.3). That is induced by a twist of 32.46° from phenyl ring A to phenyl 

ring D in the helicene motif.  

In conclusion, an unprecedented Scholl oxidation was discovered that yielded a novel pentaphene derivative 

which exhibits strong fluorescence in solution and solid state compared to a closely related HBC derivative. It 

circumvents fluorescence quenching through π-π stacking by the twist induced by its [4]helicene motif, which 

also leads to enantiomeric pairs found in the single crystal XRD structure. Increasing that twist and/or the 

racemisation barrier might increase fluorescence quantum yields and yield separable enantiomers. 

3.3.2 Substitution-pattern controlled tuning of the fluorescence lifetime of fluoranthene 

dyes 

P. Rietsch, M. Zeyat, K. Hoffmann, M. Kutter, A. Paskin, J. Uhlig, D. Lentz, U. Resch-Genger, and 
S. Eigler; Substitution-pattern Controlled Tuning of the Fluorescence Lifetime of Fluoranthene 
Dyes 

submitted 

4.4 

 

Spectral multiplexing or encoding utilizes sets of fluorophores that are commonly excited at the same 

wavelength but emit light at distinguishable wavelength. However, spectral multiplexing is limited due to 

spectral cross talk, i.e. the overlap of absorption and emission bands of the dyes, and changes in intensity caused 

by fluorophore leaking and bleaching. Therefore, the discrimination of fluorophores by their, concentration 
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independent, fluorescence lifetime was investigated in the 1990s. [24-27, 123] However, these approaches were 

mostly a combination of separation methods (high-performance liquid chromatography, electrophoresis) and 

fluorescence detection in the low nanosecond range. In recent years, lifetime multiplexing has been 

demonstrated using quantum dots together with fluorophores, or copper complexes.[15a, 124] However, the use 

of organic dyes for lifetime multiplexing remains a challenge, as the relative difference of the fluorescence 

lifetimes needs to be 100-1000 % and the dyes have to absorb and emit at a common wavelength. 

A series of fluoranthene derivatives (Figure 22) with substitution-pattern controlled lifetimes between 6 and 

34 ns, and substitution, as well as polarity independent absorption and emission wavelengths was investigated 

(collaboration with Prof. Dr. Dieter Lentz and Dr. Ute Resch-Genger). Furthermore, their suitability for lifetime 

multiplexing by measuring dye mixtures was proven and it was shown that these dyes can be embedded in 

polystyrene particles (PSP), a way to circumvent toxicity and to yield selective accumulation at specific sites in 

bioimaging.[125] The synthesis of the fluoranthene dyes was accomplished by a Diels-Alder cycloaddition between 

an acetylene derivative and cyclopentadienone as the final step (see section 2.5.2). A Sonogashira coupling or a 

Knoevenagel condensation were used to synthesize the respective educts.  

 

Figure 22: Molecular structures of the fluoranthene dyes investigated for their use in lifetime multiplexing. The ethane bridge 
forming the pyracene subunit in 2 and 3 are marked in bold bonds. 

All dyes feature three absorption maxima between 200 nm to 410 nm, with maximal molar extinction 

coefficients around 240 nm (ε = 30,000-50,000 M-1 cm-1) and about 10,000 M-1 cm-1 around 375 nm, the 

wavelength which was commonly used for excitation. However, irrespective of the excitation wavelength, a 

slightly structured emission from about 390-600 nm is observed for all dyes. The photophysical properties were 

investigated in four solvents of different polarity and proticity, cyclohexane (CH), tetrahydrofuran (THF), DCM 

and methanol (MeOH), as well as in PSP and solid state by means of absorption, emission and excitation spectra, 
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excitation-emission matrices (EEM), time-correlated single photon counting (TCSPC) and confocal laser scanning 

microscopy (CLSM). In contrast to DADQs (section 3.1) and BTDs (section 3.2), and just like the pentaphene 

derivative (section 3.3.1), both the absorption and emission are barely affected by substitution pattern, solvent 

polarity or dye microenvironment. The insensitivity to the excitation wavelength, the polarity and the 

microenvironment can be rationalized by the complete lack of charge transfer character, leading to a S1-S0 

transition from a locally excited singlet state.[58] The fluorescence quantum yield in solution (ΦSol), PSP (ΦPSP) 

and solid state (ΦSS) are between 12 % and 55 %, with two exceptions. ΦSS of two derivatives, 2 and 3, which 

both feature a pyracene unit (Figure 22, bold bonds), is drastically reduced to 5 % and 2 %, respectively. 

Furthermore, the biexponential lifetime decays in the solid state reveal fluorescence lifetimes for both 

compounds that are strongly emission wavelength dependent, with a relative increase of τ from the blue edge 

to the red edge of the emission band of about 60 % (2) and 500 % (3). To investigate the structure-emission 

relationship, we synthesized compound 2b, which lacks the ethane bridge at the bottom of the fluoranthene 

core that completes the pyracene subunit. Compound 2b has emission wavelength independent 

monoexponential lifetime decays and ΦSS of 10 %. 

The single crystal XRD structures suggest that the pyracene unit influences the crystallization motif so that π-π 

stacking is possible. The interplanar distances are less than 4 Å, and thus, as observed for the HBC derivative in 

section 3.3.1, the likely cause for fluorescence quenching is π-π stacking (see section 2.4.3). The emission 

wavelength dependence can be rationalized by the formation of different, weakly emissive species through the 

π-π interaction. The single crystal XRD structures of 1, 2b, 4 and 5 show that their π-systems are shifted or 

twisted, relative to neighbouring molecules.  

To test their suitability for lifetime multiplexing, THF solutions of the two derivatives 2 (τ = 6.52 ns) and 

4 (τ = 31.07 ns) were mixed in different, ΦSol weighted ratios, and the fluorescence lifetime decays were 

measured. From the respective biexponential fit, the fluorescence lifetime of each single dye could be 

reproduced, and the mean fluorescence lifetime could be adjusted through the mixing ratios. For instance, a 2/4 

ratio of 0.7/0.3 yielded a relative short mean τ of 12.94 ns, whereas a 0.2/0.8 ratio yielded a relative long lifetime 

of 24.95 ns. 

The dyes were embedded in PSP using a standard protocol.[126] The excitation spectra of these PSP in water 

resemble the absorption spectra of the dyes in THF, and the emission spectra of the PSP are comparable to the 

ones in all other solvents. Compared to the solid state, ΦPSP of all compounds remain reasonably high (> 10 %). 

The fluorescence lifetimes are slightly shortened for 2 and 3 (about 15 %), elongated for 1 (25 %) and 5 (14 %) 

and constant for 4.  

In conclusion, the possibility to use differently substituted fluoranthene dyes for lifetime multiplexing or 

encoding applications was demonstrated. Furthermore, the fundamental effect of the pyracene sub-unit on the 

solid state emissive properties was rationalized. The embedded dyes can furthermore be used for follow-up 

experiments in flow cytometers.  
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Diaminodicyanoquinones: Fluorescent Dyes with High Dipole
Moments and Electron-Acceptor Properties

Philipp Rietsch+, Felix Witte+, Sebastian Sobottka, Gregor Germer, Alexander Becker,

Arne Ggttler, Biprajit Sarkar, Beate Paulus,* Ute Resch-Genger,* and Siegfried Eigler*

Dedicated to Professor Hans-Ulrich Reißig on the occasion of his 70th birthday

Abstract: Fluorescent dyes are applied in various fields of

research, including solar cells and light-emitting devices, and as

reporters for assays and bioimaging studies. Fluorescent dyes

with an added high dipole moment pave the way to nonlinear

optics and polarity sensitivity. Redox activity makes it possible

to switch the moleculeQs photophysical properties. Diamino-

dicyanoquinone derivatives possess high dipole moments, yet

only low fluorescence quantum yields, and have therefore been

neglected as fluorescent dyes. Here we investigate the fluores-

cence properties of diaminodicyanoquinones using a combined

theoretical and experimental approach and derive molecules

with a fluorescence quantum yield exceeding 90%. The

diaminodicyanoquinone core moiety provides chemical versa-

tility and can be integrated into novel molecular architectures

with unique photophysical features.

Applications of fluorescent dyes range from light harvesting

in solar cells,[1] in light-emitting devices,[2] as reporters for the

life sciences,[3] as molecular switches,[4] and in nonlinear

optics.[4–5] 7,7,8,8-Tetracyanoquinodimethane (TCNQ) is

a strong electron acceptor used in conductive donor–acceptor

systems like TCNQ–tetrathiafulvalene compounds.[6] An

interesting subclass are diamino-substituted TCNQ deriva-

tives, namely diaminodicyanoquinones (DADQs), which

possess electron-donating and -accepting moieties linked by

a p-system, resulting in high dipole moments of 10–

20 Debye.[7] DADQ derivatives have been discussed as

novel materials, for example, for applications in nonlinear

optics.[7a] However, their fluorescence quantum yields (QYs)

in solution are generally below 0.5% due to nonradiative

relaxations of the excited state on the ps timescale.[8] Only in

the solid state are DADQs moderately emissive with QYs of

up to 45%.[9] Consequently, DADQ derivatives are not

considered as fluorescent dyes. Conformational relaxations

can have a high impact on fluorescence,[10] as exploited, for

example, for aggregation-induced emission,[11] where blocking

these pathways is used to generate a signal amplification or

used as sensing principle for viscosity[12] and temperature-

responsive molecules.[10b,13]

Here we demonstrate that QYs in DADQs can be

finetuned by adjusting the substitution pattern, such that

QYs exceeding 90% is possible (see Figure 1). Theoretical

calculations reveal that benzene-functionalized DADQs show

high QYs as their molecular structures remain close to the

ground state conformation after photoexcitation and are not

submitted to internal conversion (IC) or intersystem crossing

(ISC). Accordingly, DADQ derivatives may now be consid-

ered as fluorescent dyes and thus applications, such as optical

switches or nonlinear optics, are within reach.

First TCNQ was reacted with pyrrolidine to activate the

substitution of the geminal cyano groups of TCNQ in the 7,7

position.[14] This 7-pyrrolidino-7,8,8-tricyanoquinomethane

(PTCNQ) reacts with the respective amine to give com-

pounds 1–4 (Figure 1A) in 40–80% yields. The compounds

were characterized by 1H and 13C NMR spectroscopy, FTIR

spectroscopy, elemental analysis (EA), and mass spectrome-

try (MS). In addition, the absorption and fluorescence

properties were investigated in selected solvents.

The molar absorption coefficients are solvent dependent

and reach values of up to 58000 Lmol@1cm@1 in acetonitrile

(ACN) as depicted in Figure 2 for 4. While the unstructured

absorption band lies between 300 and 400 nm, the fluores-

cence is shifted bathochromically by 40–90 nm (25 X 104–

11.1 X 104 cm@1).

The difference densities between the ground state and the

excited state (inset Figure 2) illustrate the shift in electron

density from the dicyanomethane group to the amine groups

upon photoexcitation. This transition leads to a notable

reduction of the dipole moment in the excited state from

approximately 30 D to 22 D (Table S9). This transition is well

known for DADQs, and is the reason for the observed

negative solvatochromism (Figure S2 and Table S2).[15] In

addition, the S0–S1 transition in 4 is extended across the
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enlarged p-system, including the phenyl ring. The absolute

QY values are summarized in Table 1. Compound 4 shows

very high QYs in all solvents, with values of 92% in dimethyl

sulfoxide (Figure 1C), around 70% in tetrahydrofuran,

dimethylformamide, and acetonitrile, and 56% and 35% in

ethanol and methanol, respectively. In contrast, 1 and 3 show

QYs in the range of 0–12% and 2 QYs of < 1%. The

fluorescence lifetimes of 1–4 and the calculated radiative and

nonradiative rate constants (Tables S3 and S4) do not show

a straightforward correlation with the QY data. QY measure-

ments in solvents of varying viscosity confirm the assumption

that rotations around the dihedral angles Da and Db play

a significant role for the nonradiative excited-state deactiva-

tion of 1–3. By increasing the fraction of polyethylene glycol

(PEG) in ethanol (PEG–EtOH) from 0% to 75%, we

observe a 3–7-fold increase in fluorescence intensity for 1–3

(Figure 3 and Figure S7), resulting in an increase of QY of 2

from 0.4% to 2.9%. In contrast, the fluorescence of 4 is barely

affected by an increase in solvent viscosity (Figure S7D).

For compounds 1–4 the fluorescence intensity decreases

by more than 30% with increasing temperature in the

temperature range of 40 88C to 110 88C (Figure S9). Upon

decreasing the temperature (273–173 K), the fluorescence

Figure 1. A) Synthetic route starting with the activation of TCNQ by

reaction with pyrrolidine and subsequent reaction with the respective

diamine (ethylene diamine is shown) to yield compounds 1–7.

B) Chemical structures of 1–4. C) Photographs of 3 (left) and 4 (right)

under illumination with 366 nm light with the respective fluorescence

quantum yields in DMSO. Right side: Mesomeric forms of 4 and the

definition of the dihedral angles Da and Db.

Figure 2. Absorption (black) and fluorescence spectra (blue) of 3

(dashed) and 4 (solid) in acetonitrile (normalized with respect to the

fluorescence of 4). The vertical orange bars represent transitions of

compound 3 (349 nm, oscillator strength: 1.02 a.u.) and 4 (363 nm,

oscillator strength: 1.30 a.u.) calculated using TD-DFT at the CAM-

B3LYP level. Insets: Difference densities between ground state and

excited state of 4 (left) and 3 (right) to visualize the electron flow

during the electronic excitation. Blue and red areas correspond to

areas of electron enhancement and depletion, respectively. Isova-

lue=0.005 b@3.

Table 1: Fluorescence quantum yields of compounds 1–7 in solvents of

different polarity. Values for the normalized Dimroth–Reichardt param-

eter EN
T were taken from Ref. [16].

E
N
T Solvent 1 2 3 4 5 6 7

F [%] F [%] F [%] F [%] F [%] F [%] F [%]

0.207 THF 7 <1 7 73 34 69 <1

0.386 DMF 7 <1 10 72 62 81 3

0.444 DMSO 10 <1 7 92 39 90 <1

0.460 ACN 7 <1 12 71 18 53 <1

0.654 EtOH <1 <1 <1 56 63 70 <1

0.762 MeOH <1 <1 <1 35 20 30 <1

Figure 3. Absorption spectrum and emission spectra of 3 in EtOH–

PEG mixtures ranging from 0 to 75% PEG in steps of 25%, depicted

by the red arrow. Solid line 0%, dashed line 25%, dotted line 50%,

dashed–dotted line 75%. With an increasing ratio of PEG and hence

increasing viscosity, the fluorescence intensity increases by a factor of

3.3.
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intensity increases qualitatively for 1–4 (Figure S11). A closer

look at the shape of the fluorescence signals indicates that

various fluorescent states are populated (Figure S12). As we

did not thoroughly study the viscosity effects and aggregation

upon these temperature changes, the observed trends are

qualitative.

The experimental results indicate that rotations play

a major role in controlling the QY. In particular, the N-

substituted derivatives 2 and 7 (Figures 1 and 4), twisted in

their ground-state structure at Da (Figure S17C), are non-

fluorescent. In analogy to 4, compounds 5 (Br derivative) and

6 (CN derivative), both with a benzene unit, are highly

fluorescent (Figure 4 and Table 1).

To gain more insight into the optical properties of our

DADQ derivatives and to elucidate the remarkable QY of 4,

we performed time-dependent density functional theory (TD-

DFT) calculations at the CAM-B3LYP[17] level for 1–4 and 7

using ACN as the solvent with CPCM (e= 37.5).[18] A

prerequisite for a high QY is a close similarity between the

relaxed structures of the excited state and the ground state

without IC or ISC events influencing the photoexcitation

process.

The fluorescence deactivation of the DADQ species may

be controlled by two photoinduced intramolecular torsions at

dihedral angles Da and Db (Figure 5). To our surprise, the

ground (S0) and excited state (S1) structures of all compounds

hardly differ (Figure S16) and the oscillator strengths remain

rather constant (Table S8). As this would imply all com-

pounds show similar QYs, a more detailed look at the

potential energy surfaces (PES) of the intramolecular rota-

tions is needed. To account for the influence of multireference

states we opted for the DFT/MRCI method originally

proposed by Grimme and Waletzke[19] and revised by

Marian et al.[20] with a Kohn–Sham orbital basis generated

at the CPCM/BHLYP/def2-TZVP[21] level to obtain accurate

energies. Test calculations showed that the rotational barriers

at Da and Db do not critically influence each other (Fig-

ure S17A,B), which is why we will treatDa andDb separately.

In the ground state S0, rotation around Db at the Franck–

Condon point is hindered by large barriers of around

60 kJmol@1 for all compounds, but a rotation around Da is

possible except for 2 and 7 where the N substituents block the

way (Figures S17C and S18A). In contrast, in the excited

state S1, rotation around Da is prevented with barriers of 60–

100 kJmol@1, but rotation aroundDb shows barriers of around

12 kJmol@1 (1–3) to 25 kJmol@1 (4, 7) (Figures S17D and

S18B). Large barriers arise as a rotation around Db dimin-

ishes the basis function overlap between the p-orbitals

centered at the phenyl ring and those at the nitrile groups in

the HOMO, while a rotation aroundDa decreases the overlap

between the phenyl ringQs p-orbitals and the p-orbitals of the

amino groups in the LUMO. Low barriers are explained by

nodes present in the HOMO at Da and in the LUMO at Db,

where an intramolecular torsion would not impede any

orbital overlap (Figure 6).

The PES at Da is less important for 2, 3, and 4, where an

electronic excitation starting from S0 on the S1 PES will just

recover the S0 minimum structure. However, this torsion may

account for fluorescence quenching by IC or ISC in 7 and

slightly in 1. For 1–4, QY loss is expected to mainly occur due

to the relatively small rotational barrier in the S1 at Db

(Figure 7). As expected, the respective rotational barrier is

highest for 4 and lowest for 1. This can be attributed to the

stabilization of the ground state geometry of 4 through the

extended p-system. Using the ArrheniusQ equation at T=

Figure 4. Chemical structures of compounds 4–7 with photographs

showing their fluorescence (excitation wavelength 366 nm).

Figure 5. Two kinds of torsion angles (shown for 1) that affect the

fluorescence deactivation mechanism in DADQs: Da (left) and Db

(right).

Figure 6. HOMO (left) and LUMO (right) obtained at the BHLYP/

def2-TZVP level. Rotations (indicated by arrows) are favored due to

nodal planes in the orbitals, while orbital overlap keeps the structures

rigid at Db in the HOMO (left) and at Da in the LUMO (right),

isovalue=0.003 b@3.

Angewandte
ChemieCommunications

8237Angew. Chem. Int. Ed. 2019, 58, 8235 –8239 T 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

45 



300 K, we define krot
@1 (the reciprocal rate constant for the

rotation aroundDb ; see Equation S5) as a relative measure to

compare rotational barriers. Relating krot
@1 for 1–4 illustrates

that 4 is up to 480 times more likely than 1–3 to fluoresce after

photoexcitation into the S1.

krot
@1ð1Þ : krot

@1ð2Þ : krot
@1ð3Þ : krot

@1ð4Þ ¼ 1 : 3 : 12 : 481

ISC events between singlet and triplet surfaces contribute

to fluorescence quenching in all compounds. For 7 the most

likely deactivation mechanism is via an ISC of the S1 with T1

and T2 along Da (Figure S19A). This mechanism may play

a role for 1 as well; however, it is assumed to have a smaller

impact (Figure S19B). At Db all compounds show a singlet/

triplet separation energy of around 0.7 eV at the Franck–

Condon point, which should be just large enough to prevent

ISC events. However, as the S1 and the T0 eventually come

very close at an angle of around 9088 (Figure S20) in all

molecules, the rotational barrier presented by krot
@1 and the

nonradiative relaxation through ISC events are directly

linked. Since 1–3 are much more likely to overcome the

rotational barrier at Db than 4, their QYs are significantly

lower.

While this qualitatively accounts for the drastic differ-

ences in QY, it does not fully explain the large QY of 4 by

itself. As solvent effects have only been included in an implicit

way, an explicit solvent environment of ACN was set up

(Figure S21A) and the rotational barrier at Db was recalcu-

lated for 1 and 4 with the smaller def2-SVP basis set and fixed

solvent molecules to save computational resources (Fig-

ure S21B). While the total barrier hardly changed for 1, the

barrier height for 4 increased by roughly 30%. Thus, the

solvent shell may play a significant role at least in the case of

4, where it likely contributes to its large QY.

To further characterize 1–4, we performed cyclic voltam-

metry (CV) experiments in a 0.1m Bu4NPF6 solution of DMF

(Figure S14). The molecules show a complex redox behavior,

with mostly reversible oxidations (for 4) and irreversible

reductions (quasi reversible for 2), which likely involve the

proton of the secondary amine and provide a hint for an

electron transfer followed by a chemical reaction (EC

mechanism).[22] As expected, the replacement of the cyano

moieties with secondary and tertiary amines favors oxidation

processes, which are not observed for TCNQ (Figure S15).

This also renders the molecules more electron-rich and causes

a cathodic shift of the reduction potentials. (see Table S7 for

more details). The HOMO–LUMO gaps were calculated at

the CPCM/BHLYP/MRCI level. The trends between experi-

ment and theory show overall agreement (Table 2). The

electrochemically measured gaps differ slightly in absolute

values, as the solvent model neglects bulk effects at the

electrode.[23]

In conclusion, we synthesized highly fluorescent diamino-

dicyanoquinones showing quantum yields of over 90% when

benzene-substituted. We attribute the high fluorescence

quantum yields mainly to restricted internal rotations, while

quenching occurs through the intersection of singlet and

triplet states. However, other effects, such as molecular

aggregation, may contribute as well. The electrochemical

characterization of these molecules reveals complex redox

activity. In summary, we could show that diaminodicyanoqui-

none derivatives are a novel class of fluorescent dyes custom-

izable for photophysical applications, the potential of which

needs to be studied in more detail.
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Figure 7. PES scan of the S1 state around dihedral angle Db for 1–4

computed at the CPCM/BHLYP/def2-TZVP/MRCI level. 7 is omitted as

its fluorescence deactivation mechanism is different.

Table 2: Electrochemical, theoretical, and optical data of compounds 1–

4 with the resulting orbital energies and HOMO–LUMO gaps (Eg) [eV].

CV data[a] Optical data[b) Theory[c)

EHOMO [eV] ELUMO [eV] E
el
g [eV] E

opt
g [eV] E

theo
g [eV]

1 @2.37 0.16 2.53 3.31 3.24

2 @2.42 0.12 2.54 2.87 3.49

3 @2.27 @0.14 2.13 3.16 3.17

4 @2.22 @0.21 2.01 2.94 2.98

[a] Orbital energies calculated from the first reduction or oxidation half-

wave potentials referenced to FcH/FcH+(@4.80 eV): e= (@(E1/2@4.80)

eV [b] The optical HOMO–LUMO gap was determined from the onset at

the red edge of the absorption band [c] CPCM/BHLYP/def2-TZVP/MRCI.
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1. General Information 

All reagents were purchased from commercial sources and used without further purification. Dry solvents 

were purchased from Acres Organics. ALUGRAM Xtra SIL G/UV254 plates by Macherey-Nagel \/Vere used 

for thin-layer chromatography. Isolation of products by chromatography was performed with silica from 

Macherey-Nagel Silica 60 M (0 .04-0.063 mm) . 

NMR spectra \/Vere recorded on a JOEL ECX 400 (1 H 400 MHz, 13C 101 MHz), JEOL Eclipse+ 500 (1H 

500 MHz, 13C 126 MHz) and BRUKER AVANCE 700 (1H 700 MHz, 13C 176 MHz) spectrometer at 25 °C. 

The chemical shifts i5 are calibrated on the respective solvent peak as internal standard. All shifts are 

reported in ppm and NMR multiplicities are abbreviated ass (singlet), d (duplet), t (triplet), m (multiplet) . 

Coupling constants J are reported in Hz. UV/Vis spectra \/Vere recorded on a Cary 50 Bio photo 

spectrometer (Varian). Fluorescence spectra were recorded on a LS 50 B luminescence spectrometer 

from PerkinElmer. UV/Vis and Fluorescence spectra \/Vere measured in quartz glass cuvettes with 1 cm 

path length. IR Spectra \/Vere recorded on a FT/IR 4100 spectrometer from JASCO. Elemental analysis 

was performed on an VARIO EL from Elementar. 
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2. Synthetic Procedures 

The synthetic procedure was employed from Ref. 111 and used with only minor modifications. 

2-(4-(cyano(pyrrol idi n-1-yl)methylene)cyclohexa-2,5-dien-1-ylidene)malononitri le (8) 

9 Nc l)a g7 

3' 

2' ~ 
6 

NC CN 
10 11 

To a stirred warm solution of TCNQ (250.0 mg, 1.22 mmol, 1 eq.) in acetonitrile (20 

ml), pyrrolidine (69.7 mg, 0.98 mmol, 0.8 eq.) was added in one shot. The solution 

turned green and then purple. After stirring for 4 hours at 70 °C the solution was cooled 

to room temperature and then stored in the fridge for 3 days. The precipitate was filtered 

and washed with cooled acetonitrile (3x 5 ml) to yield the product as fine purple crystal 

needles (232.4 mg, 0.93 mmol, 76.5%). 

1H NMR (400 MHz, DMSO-d6 , RT) : o (ppm)= 7.73 (dt, 4J = 0.7Hz, 3J = ?Hz, 2H, 3), 7.81 (dt, 
4J = 0.7Hz, 3J= ?Hz, 2H, 2), 4.11 (bs, 4H, 7), 2.08 (m, 4H, 8) 

13C NMR (100 MHz, DMSO-d6 , RT): o (ppm) = 153.95 (1 C, 6), 137.76 (1 C, 4), 134.32 (2C, 2), 120.11 
(2C, 3), 118.92 (1 C, 10), 116.78 (1C, 11), 113.09 (1 C, 9), 57.40(1 C, 6), 50.92 (2C, 7), 25.60 (2C, 8) 

FT-IR (ATR) v (cm1): 2190 (m), 2164 (s), 1611 (s), 1536 (m), 1474 (w), 1381 (s), 
1341 (m), 1207, (s), 861 (s), 823 (s), 727 (m), 650 (s) 

UVNis (ACN) Amax nm (E [lmo1-1 cm 1]): 275 (6300), 480 (13000) 

MS (El): m/z = 249.1 (20); 248.0 (100)[MHJ•; 221 .1 (15); 179.1 (17); 154.1 (20) 

EA: C15H12N4; calc.: C, 72.56; N, 22.57, H, 4.87; meas.: C, 72.74; N, 21.57; H, 4.89 

N1 ,N2-dineopentylethane-1,2-diamine (9) 

2 Ethylenediamine (180.0 mg, 3.0 mmol, 1.0 eq.) and Pivalaldehyde (593.3 

5 
_§NLJH\___ mg, 6.9 mmol, 2.3 eq .) were stirred in dry MeOH (20 ml) under argon 

A 1 f\.: atmosphere for 12 hours. Na8H4 (453.2 mg, 12.0 mmol, 4 eq .) was added 

stepwise and the reaction mixture was refluxed for 2 hours. The reaction was quenched with water (10 

ml), and the aqueous phase was extracted with hexane (3x 15 ml). The combined organic phases were 

dried over MgSO4 filtrated and evaporated under reduced pressure. The crude product was purified by 

column chromatography (Ethyl acetate / MeOH 90 / 10 with 1 %v/v 7M NH3 in MeOH) to yield a white 

solid (520 mg, 2.6 mmol, 86.7%, RF= 0.2). 

1H NMR (400 MHz, DMSO-ds, RT): o (ppm)= 2.68 (s, 4H, 1), 2.30 (s, 4H, 3),0.90 (s, 18H, 5) 

13C NMR (100 MHz, DMSO-d6 , RT): o (ppm) =62.32 (2C, 1), 49.91 (2C, 3), 31.58 (2C, 4), 27.77 (6C, 5) 

FT-IR (ATR) v (cm1): 2962 (s), 2866 (w), 2811 (w), 1541 (m), 1478 (s), 1456 (s), 1364 (m), 910 (s), 760 
(m), 733 (s) 
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2-(4-(imidazolidin-2-ylidene)cyclohexa-2,5-dien-1-yl idene)malononitrile ( 1) 

Ethylenediamine (26.6 mg, 0.44 mmol, 1 eq.) was added to a 40 °C \Narm solution of 8 

(110 mg, 0.44 mmol, 1 eq.) in acetonitrile (10 ml). The solution turned deep green 

immediately and to yellow in the next minutes. The solution was stirred at 70 °C for 4 

hours and then cooled to room temperature. The precipitate was filtered off and \Nashed 

with cooled acetonitrile (3x 5 ml) to yield the product as a yellow fine-grain powder (73.4 

mg, 0.35 mmol, 78.8%). 

1H NMR (500 MHz, DMSO-ds, RT) : o (ppm)= 9.76 (s, 2H, 8) , 7.57 (d, 3J= 5.0 Hz, 2H, 4), 6.82 (d, 3J = 
5.0 Hz, 2H, 5), 3.87 (bs, 4H, 9) 

13C NMR (125 MHz, DMSO-ds, RT): o (ppm)= 164.73 (1C, 7), 150.53 (2C, 1), 129.48 (1C, 3), 124.40 
(2C, 4), 117.90 (2C, 5), 108.73 (2C, 6), 44.36 (2C, 9), 35.42 (2C, 2) 

FT-IR (ATR) v (cm1): 3084 (w), 3022 (vw), 3009 (vw), 2183 (s), 2144 (vs), 1594 (s), 1580 (s), 1507 (s), 
1332 (s), 1282 (s), 1236 (w), 1199 (m), 952 (w), 873 (s), 7 47 (m) 

UVNis (DMSO) Amax nm (E [lmo1-1 cm·1]): 405 (22800) 

UVNis (ACN) Amax nm (E [lmo1-1 cm 1]): 357 (4000), 409 (4000) 

UVNis (DMF) Amax nm (E [lmo1-1 cm1]): 363 (13000), 410 (18000) 

UVNis (Methanol) Amax nm (E [lmo1-1 cm 1]): 395 (36875) 

MS (El): m/z = 210.1 (100)[MH]+; 209.1 (50); 182.1 (40); 181.1 (100); 155.1 (15); 141 .0 (15); 114 (15) 

EA: C1sH12N4; calc.: C, 68.56; N, 26.65; H, 4.79 meas.: C, 68.22; N, 25.76; H, 5.03 

"' t-c 
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2-( 4-( 1, 3-dineopentyl imidazo I idi n-2-ylidene )cyclohexa-2,5-d ien-1-ylidene) malononit rile (2) 

Compound 9 (95 mg, 0.47 mmol, 1 eq .), dissolved in acetonitrile (5 ml) , was 

added to a 40 °C warm solution of compound 8 (117.7 mg, 0.47 mmol, 1 eq.) 

in acetonitrile (7 ml). After 4 hours at 75 °C the solution was deep yellow and 

allowed to cool to room temperature over night. The precipitate, a yellow 

powder, was filtered off, washed with cooled acetonitrile (3x 3 ml) and 

recrystallized in acetonitrile to form neat orange crystals (113.9 mg, 0.32 mmol, 

65.4%). 

1H NMR (500 MHz, DMSO-ds, RT) : o (ppm)= 7.11 (d, 2H, 3J= 10.0 Hz, 4), 6.86 (d, 2H, 3J= 10.0 Hz, 
5), 4.03 (s, 4H, 7), 3.11 (s, 4H, 8), 0.78 (s, 18H, 10) 

13C NMR (125 MHz, DMSO-ds, RT): o (ppm) =168.87 (1C, 7), 146.96 (2C, 1), 129.73 (1C, 3), 124.57 
(2C, 4), 118.08 (2C, 5), 109.05 (2C, 6), 58.77 (2C, 8), 50.86 (2C, 9), 33.10 (1 C, 2), 31 .86 (2C, 10), 
28.33 (SC, 11) 

FT-IR (ATR) v (cm1): 2975 (s), 2891 (m), 1648 (m), 1455 (w), 1418 (m), 1378 (m), 1318 (vw), 1085 
(vs), 1045 (s), 879 (s) 

UVNis (Ethanol) hmax nm (e [lmo1·1 cm 1]): 363 (16218) 

UVNis (Methanol) hmax nm (e [lmo1·1 cm 1]): 354 (16800) 

UVNis (THF) hmax nm (e [lmo1·1 cm 1]): 334 (6250), 410 (22750) 

UVNis (ACN) hmax nm (e [lmo1·1 cm 1]): 362 (11500) 

UVNis (DMSO) hmax nm (e [lmol·1 cm·1]): 363 (19000) 

UVNis (DMF) hmax nm (e [lmol· 1 cm1]): 366 (12000) 

MS (ESI): m/z = 389.21 (10) [M-K+], 373.24 (25) [M-Na+], 351.25 (100) [M+], 281.18 (8), 211.10 (5) 

EA: C22H30N4; calc.: C, 75.39; N, 15.98; H, 8.63 meas.: C, 75.39; N, 16.04; H, 8.77 

N 0,-... ll') 

"'": "'": ~ ~ 
,.._ I"-- <D <D 

::r:r 

"' 9 
0 

0 (/) 
a ::. 

' a 
- □ . r: U? 
[') N 

"'l'--r-- r--
c:ici 

0 
q 
CX) 

~ 

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 
ppm 

COC"ll"--CQO 
0) I"-- I.[) 0 Li) 

,.._ co ai "' co 0) 
00 "f N N ....-- 0 

CX) 

"' 

"' a 
6 
C/J 
::. 
a 

1"-COl"- CO OCOM 

r--: CC! r: "'1 r: CC!~ 
c:ooo cn M""""CD 
LOLn'V C'? MMC\I 
~------.... __.,,,,d---' 

rt F 1· $1 

5 

220 200 180 160 140 120 100 80 60 40 20 0 
ppm 



 
53 

 

WILE Y -VCH 

SUPPORTING INFORMATION 

2-( 4-( octahyd ro-2 H-benzo [ d]i midazo I-2-yl i dene )cyclohexa-2 ,5-di en-1-yl idene)mal ononitrile (3) 

1i 

11 

10 

I I 5 
4 

I~ 
~ 1~ N 

Under argon atmosphere (1 R,2R)-(-)-1,2-Diaminocyclohexane (32.2 mg, 0.28 mmol , 1 

eq.), dissolved in acetonitrile (8 ml), was added to a 40 °C warm solution of 8 (70 mg, 

0.28 mmol, 1 eq.) in acetonitrile (12 ml). The solution turned yellow after 2 hours at 70 °C. 

After cooling to room temperature , the solution stood for 2 days in the fridge. Filtration 

then yielded a fine grain greenish pollVder which was washed with cooled acetonitrile (3x 

3 ml). The product was recrystallized from acetonitrile to yield fine yellow crystals (50.1 

mg, 0.19 mmol, 67.2%). 

1H NMR (700 MHz, DMSO-d6 , RT) : o (ppm)= 10.01 (bs, 2H, 8), 7.61 (d, 3J= 7.0 Hz, 2H, 4), 6.83 (d, 3J 
= 7.0 Hz, 2H, 5), 3.43 (m, 2H, 9), 2.16 (d , 2H, 10a), 1.81 (d, 2H, 10b), 1.56 (quint., 2H, 11 a), 1.36 
(quint., 2H, 11 b), 

13C NMR (176 MHz, DMSO-d6 , RT): o (ppm)= 166.43 (1C, 7), 151.04 (1C, 1), 129.44 (1C, 3), 123.01 
(2C, 4), 117.90 (2C, 5) , 108.73 (2C, 6), 64.19 (2C, 9), 36.27 (1 C, 2), 28.24 (2C, 10), 23.85 (2C, 11) 

FT-IR (ATR) v (cm1): 3182 (w), 2939 (vw), 2182 (w) , 2139 (s), 1588 (vs), 1496 (vs), 1456 (m), 1331 
(s), 1299 (vs), 1196 (vs) , 1141 (m), 1106 (m), 832 (vs), 734 (s), 718 (m) 

All Coefficients calculated from 1 E-5 M Solutions 

UVNis (Acetone) Amax nm (E [lmol·1 cm·1]): 366 (22600) , 432 (17900) 

UVNis (DMF) Amax nm (E [lmol·1 cm1]): 367 (15800), 419 (31700) 

UVNis (Ethanol) Amax nm (e [lmo1-1 cm 1]): 416 (54100) 

UVNis (Methanol) Amax nm (E [lmo1·1 cm 1]): 407 (44000) 

UVNis (Benzonitrile) Amax nm (E [lmo1·1 cm1]): 438 (41500) 

UVNis (THF) Amax nm (E [lmo1-1 cm 1]): 451 (46600) 

UVNis (DMSO) Amax nm (E [lmol·1 cm1]): 418 (45500) 

UVNis (Acetonitrile) Amax nm (E [lmol·1 cm·1]): 361 (13900) , 424 (14900) 

MS (El): m/z = 264 [MH]• (35), 235 (20), 221 (100), 222 (25) , 209 (22), 168 (15), 68 (32) 

EA: C1sH1sN4; calc. : C, 72.70; N, 21 .20; H, 6.10; meas. : C, 72.91; N, 21.11; H, 6.12 
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2-( 4-( 1, 3-dihyd ro-2 H-benzo[ d] i midazol-2-ylidene )cyclohexa-2,5-d i en-1-ylidene) mal ono nitril e (4) 

11 

Q 10 
H1Nl fH8 

I I 5 
4 

I~ 
rP 1~N 

Under argon atmosphere, ortho-Phenylendiamine (70.0 mg, 0.64 mmol, 1 eq .), dissolved 

in acetonitrile (15 ml), was added to a 40 °C warm solution of compound 8 (160.0 mg, 

0.64 mmol, 1 eq.) in acetonitrile (20 ml). The solution turned red after 20 hours at 70 °C. 

After cooling to room temperature, the solution stood for 4 days in the fridge. Filtration 

then yielded a fine grain greenish pollVder which was washed with cooled acetonitrile (3x 

5 ml). The product was recrystallized from acetonitrile to yield fine yellow crystals (70.2 

mg, 0.27 mmol, 42.5%). 

1H NMR (700 MHz, DMSO-d6 , RT): o (ppm)= 14.35 (bs, 2H, 8), 7.86 (d, 3J= 8.7 Hz, 2H, 4), 7.69 (q, 3J 
= 8.7 Hz, 2H, 11), 7.47 (q, 3J = 8.6 Hz, 2H, 10), 6.95 (d, 3J = 8.7 Hz, 2H, 5) 

13C NMR (176 MHz, DMSO-d6 , RT): o (ppm)= 150.27 (1C, 1), 149.31 (1C, 7), 132.26 (1C, 3), 128.54 
(1C, 4), 125.48 (2C, 10), 123.51 (2C, 9), 118.49 (2C, 5), 113.47 (2C, 11), 79.63 (1C, 6), 35.11 (1C, 2) 

FT-IR (ATR) v (cm1): 2952 (w), 2877 (w), 2849 (w), 2761 (w), 2190 (s), 2140 (s), 1637 (w), 1612 (m), 
1503 (m), 1459 (m), 1387 (m), 1336 (m), 1230 (m), 1201 (m), 819 (s), 742 (s) 

UVNis (DMF) Amax nm (t [lmo1· 1 cm1]): 391 (56500) 

UVNis (ACN) Amax nm (t [lmo1·1 cm 1]): 385 (86800) 

UVNis (DMSO) Amax nm (t [lmo1·1 cm1]): 392 (42200) 

UVNis (THF) Amax nm (t [lmol·1 cm 1]): 388 (7000) 

UVNis (MeOH) Amax nm (t [lmo1·1 cm 1]): 424 (20000) 

MS (El): m/z = 259.10 (15), 258.09 [MH]+ (100), 257.10 (5), 232 (5) 

EA: C1BH1BN4; calc.: C, 74.40; N, 21 .69; H, 3.90; meas.: C, 74.31; N, 21 .78; H, 4.07; 

'I I 

N (l) If> 0, <(> r-. (1)<0 If) 1() 

er, c::i«im '°" ...i rn rn i-. 

CO r-:_~~ ~ ,_; r-,:U)_~ IO 

Q 
HfN NH 

I I 

N-t., ,,._N 

5.6 15.3 15.0 14.7 14 .4 14 .1 13 .8 13.5 13.2 12.9 12.6 
m 

7 

~~ ;;;;~~-
r-"~' _ ___,__,_,uJ~-- -~ 

I 
I 

Cl(! 120 11,J 100 go SO 

"""' 

160 140 120 100 80 60 40 20 0 

I 
I 

~)g:g:g O'IC'><Di:81--c,:,,-..,-..,-..<DW :g:§:~~ 

~1~ "-"" ""; ~ - ~ f ~ 
g T ~ ~ 
N 1'.. N .,.,; 

7.90 7.80 7.70 7.60 7.50 7.40 7.30 7.20 7 10 7.00 6.9 



 
55 

 

WILEY-VCH 

SUPPORTING INFORMATION 

2-( 4-(5-bromo-1 ,3-di hydro-2 H-benzo[d] i midazol-2-yl idene)cyclohexa-2, 5-dien-1-
yl i dene )malo non itri le (5) 

1:~~o 
14}-(g 

~· 
~ 1~ N 

Under argon atmosphere 1,2-Diamino-4-Bromobenzene (494.0 mg, 2.640 mmol, 1 eq .) 

was added to a solution of compound 8 (637.0 mg, 2.570 mmol, 1 eq.) in ethanol (30 ml). 

After 12 hours under reflux conditions the solution turned red and a yellow powder 

precipitated. It was filtrated and washed with cooled ethanol (3x 5 ml) to yield a yellow 

powder (298.7 mg, 0.885 mmol, 34.0%). 

1H NMR (700 MHz, DMSO-d6, RT): c5 (ppm)= 14.32 (bs, 2H, 8), 7.83 (d, 1 H, 3J = 14.0 Hz, 4), 7.81 (s, 
1H, 13), 7.58 (multiplet, 2H, 3J = 14.0 Hz, 10+11), 6.93 (d, 2H, 3J = 7.0 Hz, 5) 

13C NMR (176 MHz, DMSO-d6, RT): c5 (ppm)= 151 .29 (2C, 1), 149.48 (1C, 7), 134.03 (1C, 3), 131 .88 
(2C, 4), 128.67 (1C, 13), 128.14 (1C, 10), 123.80 (1C, 14), 118.48 (1C, 9), 117.23 (2C, 5), 116.05 (1C, 
11), 115.21 (1C, 6), 109.53 (1C, 12), 35.56 (1C, 2) 

FT-IR (ATR) v (cm·1): 819.63 (s), 856.28 (w), 1051 .07 (m), 1504.28 (s), 1575.63 (w), 1604.56 (s), 

2138.78 & 2192.78 (s), 2235.20 (w) 

UVNis (DMF) Amax nm (E [lmo1-1 cm1]): 398 (34470) 

UVNis (ACN) Amax nm (E [lmo1-1 cm1]): 392 (46170) (2.5E-6 mol/l Solution) 

UVNis (DMSO) Amax nm (E [lmo1-1 cm-11): 398 (108600) 

UVNis (THF) Amax nm (E [lmol·1 cm1]): 398 (53670) 

UVNis (MeOH) Amax nm (E [lmo1-1 cm1]): 317 (87490) 

MS (ESI"): m/z = 334.99, 335.97, 336.99, 337.99 [MH]· 334.99, 335.99, 336.99, 337.995 

EA: C1sH98rN4; calc.: C, 57.00; N, 16.62; H, 2.69; Br, 23.70; meas.: C, 57.05; N, 16.64; H, 3.61; other, 

23.15; 
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.._,.N..-OCOlO.._,-.._,.M 
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ppm 

8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 7 .1 7.0 6.9 6.8 6.7 6.6 
ppm 

2-( 4-(5-cyano-1 ,3-d i hydro-2 H-benzo[d] i midazo I-2-yl idene )cyclohexa-2, 5-dien-1-

yl i dene )malo non itri le (6) 

N~~13 12 11 

14 ~ ,1 10 
15 9 
H1N NHS 

I ~ 

I I~ 

12 
~ 1~N 

Under argon atmosphere 3,4-Diaminobenzonitrile (39.8 mg, 0.30 mmol, 1 eq.) was added 

to a solution of 8 (75.0 mg, 0.30 mmol, 1 eq.) in ethanol (8 ml). After 3 days at 65 °C the 

solution turned red and yellow powder precipitated. It was filtrated and washed with 

cooled ethanol (3x 5 ml) to yield a yellow powder (16.0 mg, 0.056 mmol, 18.0%). 

1H NMR (700 MHz, DMSO-d6, RT): o (ppm)= 16.00 (bs, 2H, 8), 8.18 (s, 1 H, 14), 7.88 
(d, 3J = 7.0 Hz, 2H, 4), 7.83 (d, 1 H, 3J = 7.0 Hz, 11), 7.80 (d, 1 H, 3J = 7.0 Hz, 10), 6.95 
(d, 3J = 7.0 Hz, 2H, 5) 

13C NMR (176 MHz, DMSO-d6, RT): o (ppm)= 153.02 (2C, 1), 149.92 (1C, 13), 136.17 
(1 C, 7), 133.00 (1 C, 3), 128.93 (2C, 4), 128.92 (2C, 10), 123.26 (1 C, 15), 119.37 (1 C, 9), 

118.53 (2C, 5), 118.05 (1C,14), 114.61 (1C, 11), 109.59 (1C, 6), 106.96 (1C, 12), 36.03 (1C, 2) 
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FT-IR (ATR) v (cm-1): 817.67 (s) , 949.77 (m), 1204.33 (m), 1340.28 (m), 1604.48 (s) , 2146.38 (vs), 

2196.52 (m), 2229.31 (w), 2852.2 (w) 

UVNis (DMF) Amax nm (t [Lmol-1 cm-1]): 318 (32460) 

UVNis (ACN) Amax nm (t [Lmol-1 cm-1 ]) : 335 (19600) 

UVNis (DMSO) Amax nm (t [Lmol-1 cm-11) : 360 (24750) 

UVNis (THF) Amax nm (t [Lmol-1 cm-11): 319 (40710) 

UVNis (MeOH) Amax nm (t [Lmol-1 cm-11): 316 (30310) 

MS (ES!->: m/z = 282.07, 283.07, 284.07, 284.09 [M]· 282.079, 283.076, 283.082, 284.085 

EA: C20H12N4; calc.: C, 72.08; N, 24.72; H, 3.20; meas.: C, 67.34; N, 21.11; H, 3.23; 
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2-(4-(1,3-Dimethyl-1,3-di hydro-2H-benzo[dj imidazol-2-yliden)cyclohexa-2,5-dien-1-
yl iden)malononitrile (7) 

_ 11 

~ /2 10 

43.5 µl N,N'-Dimethyl-1 ,2-phenylendiamin (0.054 g, 0.4 mmol) was added to a warm 

l l 
I I! 

solution of 8 (0.1 g, 0.4 mmol) in acetonitrile (13 ml). The solution was stirred for 20 

hours at 70 °C. After cooling to room temperature filtration yielded a fine grain yellow 

powder which was washed with cooled acetonitrile (3x 5 ml). Yield: 28.3 mg, 0.1 mmol, 

25%. 

I~ 
~ 1~ N 

1H NMR (700 MHz, DMSO-dG, RT): o (ppm)= 8.01 (dd, J = 6.0, 3.0 Hz, 2H, 11), 7.67 (dd, J = 6.0, 2.9 Hz, 
2H, 10), 7.49 (d, J= 8.5 Hz, 2H , 4), 6.98 (d, J= 8.2 Hz, 2H, 5), 3.92 (s, 6H, 8) 

13C NMR (176 MHz, DMSO-d 6, RT): o (ppm)= 151.89 (1C, 1), 148.15 (1C, 7), 132.18 (1C, 3), 131.36 
(2C, 5), 126.40 (2C, 9), 123.82 (2C, 11), 118.04 (2C, 4), 113.26 (1 C, 10), 109.87 (2C, 8) , 106.88 (2C, 6), 
32 .92 (2C, 2) 

FT-IR (ATR) v (cm1): 151.54 (1C, 1), 147.79 (1C, 7), 131.82 (1C, 3), 131.00 (2C, 5) , 126.04 (2C, 9) , 
123.46 (2C, 11), 117.68 (2C, 4), 112.90 (1 C, 10), 109.51 (2C, 8), 106.52 (2C, 6), 32.92 (2C, 2) 

UVNis (DMF) Amax nm (t [lmo1-1 cm1]): 415 (24100) 

UVNis (ACN) Amax nm (t [lmo1-1 cm1]): 409 (22200) 

UVNis (DMSO) Amax nm (e [lmo1-1 cm·1]): 410 (20950) 

UVNis (THF) Amax nm (t [lmo1-1 cm1]): 454 (11600) 

UVNis (MeOH) Amax nm (t [lmo1-1 cm1]) : 396 (16500) 

MS (El): m/z = 881.34 (23) [3 M-Na]', 611.20 (26) [2 M-K]', 595.22 (55) [2 M-Na]+, 325.08 (90) [M-K]+, 
309.10 (100) [M-Na]', 287.12 (55) [MH]' 

EA: C10H14N4; calc.: C, 75.50; N, 19.57; H, 4.93; meas.: C, 71.13; N, 17.76; H, 5.11 ; 
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3. Crystal Structures 

Table S1: Crystallographic data and structure refinement details of 1-3. •! Data taken from r11 

1' 2 3 

Empirical formula C15 H17 N5 0 C22 H30 N4 C16 H16 N4 
Weiqht 28434 350.50 264.33 

Temperature of 
100 K 100 K 101 K 

measurement 
Crystal System N/A monoclinic monoclinic 
Space Group P-1 P 21/c P21 

a = 5.6328(5) a= 9.3411(2) a= 9.4240(2) 
b= 11 .2617(10) b = 19.6042(3) b = 11 .9409(2) 

Unit Cell Dimensions and C = 11 .2686(10) C = 11.8719(2) C = 12.0647(2) 
volume a= 86.4430(10) a= 90 a= 90 

13 = 77.4390 (10) 13 = 109.8547(7) 13 = 91.446(2) 
V = 85.4860(10) V = 90 V = 90 

VolumefA31 69481 (11) 204481 (6) 1357 22(4) 
No. of units in unit cell (Z) 2 4 4 

Peale f q/cm-3] 1.354 1.139 1.294 
urmm-11 0.090 0.068 0.605 
F(000) 300.0 760.0 560.0 

Crystal size [mm-3] 0.5x0.34x0.1 
0.560 X 0.480 X 0.370 X 0.060 X 

0.180 0.020 

Radiation and wavelength 
MoKa (A= MoKa (A= MoKa (A= 
0 71073) 0.71073) 1.54178) 

28 range for data collection 
3.7 to 52.76 4.636 to 51.464 7.33 to 133.602 

f0 l 

-7,;;h,;;7,-14,;;k 
-11 ,;; h ,;; 11, -23 

-11,;;h,;;11 , -12,;; 
Index ranges 

,;; 14, -14 ,;; I ,;; 14 
,;; k ,;; 23, -14 ,;; I 

k,;;14, -14,;;1,;;14 
,;; 14 

No. of Refl 7425 19722 11121 

2813 [Rint = 3889 [Rini= 4200 [Rini= 
Independent Refl. 0.0360, Rsigma = 0.0310, Rsigma = 0.1331, Rsigma = 

N/Al 0.02281 0.12301 
Data/restraints/parameters 2813/0/258 3889/0/242 4200/1/356 

Goodness-of-fit on F2 1.047 1.037 1 032 

Final R indexes [1>=2o (I)] 
R1 = 0.0360, wR2 R1 = 0.0384, R1 = 0.0704, wR2 
= 0.1000 wR2 = 0.0918 = 0.1415 

Final R indexes [all data] 
R1 = 0.0375, wR2 R1 = 0.0444, R1 = 0.1221 , wR2 
= 0.1016 wR2 = 0.0954 = 0.1636 

Largest diff. peak/hole [e A-3] 0.24/-0 .23 0.30/-0.21 0.34/-0.27 

Despite multiple efforts to crystalize compound 4 from different solvents and solvents mixtures it was not 

possible to get a measurable single crystal of the molecule . 

12 
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A) B) C) 

Figure S1: Crystal structures of compound 1 (A}, taken from 111 crystallized with one molecule of dimethylformamide per unit cell, 

compound 2 (B) and compound 3 (C). 
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4. UVNis and Fluorescence measurements 

The absorption and fluorescence spectra are recorded at concentrations of 1 o-6 M to avoid association 

phenomena. 
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Figure S2. Normalized absorption spectra of compounds AJ ethyl-bridged (1J BJ Neopentyl-ethyl-bridged (2J CJ cyclohexyl-bridged (3J 
DJ benzene-bridged (4J in six solvents of increasing polarity: tetrahydrofuran, dimethylformamide, dimethyl su/foxide, acetonitrile, 

ethanol, methanol. 

Table S2: Absorption- and fluorescence-maxima with calculated stokes shift for compound 1-4 

1 2 3 4 

Er" Solvent Abs Emma Stoke Absma Em ma< Stoke Absma Em ma< Stoke Absma Emmax Stoke 

M ' 
s Shift 

' 
s Shift 

' 
s Shift 

" 
s Shift 

[nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm] 

0.207 tetra hydrofu ran 436 478 42 410 489 79 450 490 40 389 431 42 

0.386 dimethylformamide 363 405 42 366 490 124 364 408 44 393 430 37 

0.444 dimethyl sulfoxide 359 435 76 362 441 79 418 465 47 389 436 47 

0.460 acetonitrile 355 417 62 361 500 139 360 413 53 385 439 54 

0.654 ethanol 402 456 54 362 450 88 417 462 45 314 404 90 

0.762 methanol 394 450 56 354 486 132 408 461 53 425 486 61 
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5. Quantum Yield and Fluorescence Lifetimes measurements 

Photoluminescence quantum yields ('1>) were determined absolutely with an integrating sphere setup 

from Hamamatsu (Quantaurus-QY C11347-11). All '1> measurements were performed at 25 °C using 

special 10 mm x 10 mm long neck quartz cuvettes from Hamamatsu. Values below 1 % quantum yield 

are not reliable in the measurement setup and are therefore given as < 1 %. The uncertainty of ,:P 

measurements over 10% absolute value is about 5%.121 

The fluorescence lifetime (t), the average time in which the fluorophore is in an excited state before it 

relaxes to the ground state, was recorded on a fluorometer FLS 920 (Edinburgh Instruments) equipped 

with a Hamamatsu R3809U-50 (range 200-850 nm, response width <25 ps), Multi-Channel Plate (MCP) 

detector, Czerny-Turner double monochromators and either a supercontinuum laser (Fianium SC400-2-

PP) or a Edinburgh Instrument EPLED-375 (picosecond pulsed light emitting diode) for excitation at 

375 nm, or a Edinburgh Instrument EPL-330 (picosecond pulsed diode laser) for excitation at 330 nm. 

All the measurements were performed at T = 298 K using 10 mm x 10 mm quartz cuvettes from Hellma 

GmbH always filled with 2 ml of solvent or dye solution . Before each measurement, the instrument 

response function (IRF) was measured, which is important for the correct fit of the then measured data . 

The lifetime measurements were analysed with Edinburgh Instruments FAST Software and fitted with a 

reconvolution fit. All the lifetimes could be evaluated mono, bi- or tri-exponentially with a reduced X2 

between 0.8 and 3.0. An exemplary formular for a multi exponential decay is given in Equations S1. 

From the multi-exponential decays, the intensity-weighted average lifetimes were calculated using 

Equation S2 and the fit parameter given by the FAST Software (see Figure S6 and Figure S8 / Figure 

S9) 

-t 

I (t)= 10 x IBi e~ 

Equation S1: Formula for a multi-exponential decay B, is the pre-exponential factor. B,1 is the amplitude of the 

first exponential term, B,2 that of the second one and so on . r, is the fluorescence lifetime. 

2 

IB· T 
T = ------1......._ 

IBi Ti 

Equation S2: Equation used for the evaluation of the fit parameters B, and r,given by by the reconvolution fit 

of the multi-exponential decays to the measured fluorescence decays (see Figure SB). 
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❖ Exponential Components Ana lysis (Reconvolut ion ) 

Fitting range [679; 2000] channels 
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t 
Figure S3: Exemplary fit parameters given by the reconvolution fit of the mufti-exponential decays using the Edinburgh Instruments 
FAST Soft.Nare. The fit parameters B, and 1,are used according to equation S2 to calculate the average lifetime of the excited state. B, 
is the pre-exponential factor. LlB, Is the standard deviation of the associated B value. f, is the "fraction of fluorescence intensity" in %. It 

is calculated from B, and 1,. f; characterises the brightness of the fluorescence component (which scales with the pre-exponential factor 
and the lifetime). Llf; is the associated error oft,_ Llr, standard deviation of the calculated lifetime. A shift parameter is fitted alongside 

the lifetime parameters. This shift characterises the delay of the decay process in respect to the /RF measurement. The fluorescence 

decay might be superimposed by a constant background. This background often originates from dark count rates of the detector, but 

might also be caused by fight leaks to ambient light. /RF Background is the analogue to the decay background. Both should be close 
to zero. A constant background of hundreds or even thousands of counts in average is not unusual. 

A) 104 

--IRF 
B) 

-- C1 104 -- IRF 

-- C2 
--C1 

103 
-- C3 

--C2 

-- C4 
103 --C3 

"' "' 
--C4 

"E 102 "E 

" " 10' 0 0 
u u 

10' 10' 

10° 10° 
10 20 30 40 5 10 15 20 25 30 35 

Time (ns) Time (ns) 

C) D) 

104 --IRF 104 -- IRF 
--C1 --C1 

--C2 --C2 

103 --C3 103 --C3 

~ 
--C4 

~ 
--C4 

" 102 " 102 0 0 
u u 

10' 10' 

10° 10° 
10 15 20 25 0 5 10 15 20 

Time (ns) Time (ns) 

Figure S4: Fluorescence lifetime decays of compound 1-4 (1 red, 2 blue, 3 pink, 4 green) in dimethylformamide (A}, DMSO (BJ, 
methanol (CJ and tetrahydrofuran (DJ. 
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A) 

B) 

C) 
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Figure S5: Exemplary Fit parameters given by the reconvolution fit of the multi-exponential decays using the Edinburgh 
Instruments FAST Software for compound 4 in A) DMF, BJ DMSO and CJ MeOH. The decays in DMF and DMSO were fitted with 
a two-exponential function, the decay in MeOH with a three-exponential function . D denotes Ll (see Figure S3 for details on all 
given values). 
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A) 

v Exponential Components Analysis (Re convolution) 
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Figure S6: Fit parameters given by the reconvolution fit of the multi-exponential decays using the Edinburgh Instruments FAST 
Software for compound 4 in A) EtOH B) THF and C) CAN. The decays in DMF and DMSO were fitted with a two-exponential 

function, the decay in MeOH with a three-expcnential function. D denotes LI (see Figure S3 for details on all given values). 
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Table S3: Fluorescence Quantum Yields, Fluorescence lifetimes and calculated radiative I non-radiative rates of Compounds 1-4 in 
Solvents of different Polarity. Values for the normalized Dimroth-Reichardt parameter Er' were taken from reff3J 

1 2 3 4 

Er" Solvent cp [%] 1 [ns] cp [%] 1 [ns] cp [%] 1 [ns] cp [%] 1 [ns] 

0.207 THF 7.0 < 0.2 < 1 0.42 7.1 < 0.2 730 2.40 

0.386 DMF 6.8 2 .14 < 1 < 0.2 9.8 3.06 71.9 1.84 

0.444 DMSO 10.1 0 .75 < 1 0.43 7.1 2.79 92.4 1.79 

0.460 ACN 7.3 < 0.2 < 1 2.40 12.2 6.74 71.3 6.33 

0.654 EtOH < 1 < 0.2 < 1 < 0.2 < 1 < 0.2 55.7 1.82 

0.762 MeOH < 1 < 0.2 < 1 3.18 < 1 < 0.2 34 .9 0 .38 

Values below 0.2 ns are not reliable in this measurement setup and are therefore given as "< 0.2'' ns. 

Radiative and non-radiative rates were calculated using the following formula 141: 

Equation S3: Relationship between radiative rate, quantum yield (/) and fluorescence lifetime r (left side). 
Equation S4: Relationship between fluorescence lifetime r, radiative rate k, and non-radiative rate kw. 

Table S4: Radiative and non-radiative decay rates calculated from measured quantum yields and fluorescence lifetimes of compound 
1-4. Values where determined from the equations given in reference {5] a) (108 s·1). Values are omitted where the measurement of 

either quantum yield or fluorescence lifetime were below the measurement limit. 

1 2 3 4 

E," Solvent k, (108 s·1) koc (108 s· 1) k, (108 s· 1) k~(10 8 s· 1) k, (108 s· 1) koc (108 s·1) k, (108 s·1) koc (108 s·1) 

0.207 THF -- -- -- -- -- -- 3 04 1.13 

0.386 DMF 0.32 4.36 -- -- 0.32 2.95 3.19 1.53 

0.444 DMSO 1.35 0.12 0.05 23.21 0.25 3.33 5.16 0.43 

0.460 ACN -- -- -- -- 0.18 1.30 1.13 0.45 

0.654 EtOH -- -- -- -- -- -- 3 06 2.43 

0.762 MeOH -- -- -- -- -- -- 9.18 17.1 
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6. Fluorescence measurement in solvent mixtures of differing viscosity and polarity 

To study the fluorescence behaviour in solvents of different viscosity ethanol-poly ethylene glycol 

mixtures of the same concentration were prepared and measured at constant parameters, i.e. slid width, 

excitation wavelengths etc., for each molecule respectively. From the absolute determined quantum yield 

in pure ethanol, we have then calculated the relative quantum yields in the EtOH-PEG mixtures by 

literature known procedures. [51 Solvent viscosities for all solvents used are listed in table S5. Since the 

difference in solvent viscosity is small and dimethylformamide, as one example, shows relatively high 

quantum yields for all molecules, but has a lower viscosity than dimethyl sulfoxide and methanol, the 

fluctuation of solvent viscosity without addition of an extremely viscous solvent like PEG can be neglected . 

With addition of 50% PEG to ethanol, the viscosity increases to 8.3 mPa s, in a mixture of 80% PEG the 

viscosity is 34.1 mPa s. 

Table S5: Viscosity of the used solvents, ordered in increasing polarity. aJ Values taken from reference 161 

ETN Solvent Viscosity [25 °C, mPa s]•l 

0.207 tetrahydrofuran 0.55 

0.386 dimethylformamide 0.82 

0.444 dimethyl sulfoxide 2.00 

0.460 acetonitrile 0.37 

0.654 ethanol 1.08 

0.762 methanol 0.60 

-- PEG400/EIOH (80/20) 34.1 
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Figure S7: Normalized absorption spectrum and four emission spectra, respectively, of EtOH-PEG mixtures ranging from O to 75% 

PEG. AJ Compound 1 Exe. Wavelength: 400 nm; Slid width 5 nm, Fluorescence Increase from 0% to 75% PEG by factor 3.8 BJ 
Compound 2, Exe. Wavelength: 360 nm; Slid width 10 nm, Fluorescence Increase from 0% to 75% PEG by factor 7. 6 CJ Compound 3, 

Exe. Wavelength: 415 nm; Slid width 5 nm, Fluorescence Increase from 0% to 75% PEG by factor 3.3 DJ Compound 4, Exe. 
Wavelength : 315 nm; Slid width 3 nm, Fluorescence Increase from 0% to 25% PEG by factor 1.03, decrease from 0% to 50 and 
75% PEG. 
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Figure SB: Fluorescence Lifetime (square) and Fluorescence Quantum Yield (cycle) of EtOH-PEG mixtures ranging from Oto 75% 

PEG for compound 1-4 (A-DJ. 
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7. Fluorescence Measurements at elevated and reduced Temperatures 
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Figure S9: normalized Absorption spectrum (black) and fluorescence spectra (blue) at increasing temperature (red arrow, 40 
to 110 "C in 10 "C steps) of 1-4 (A-DJ in DMSO. The fluorescence decreases from 40 "C to 110 "C by 31% per for compound 

1, 32% per for compound 2, 47% per for compound 3 and 33% for compound 4 . 
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Figure S10: Relative Quantum Yields (normalized to the spectra at 40 °C) and Fluorescence lifetimes of Compound 1-4 (A-D) upon 

heating in DMSO in 10 °C (QY) and 20 °C (Fluorescence lifetime) steps. Whereas the QY decreases for all compounds, the lifetime 
increases for 1-2 and 4 but decreases for 3. The change of fluorescence lifetime is relatively sma/1 for compound 4 (1. 77 ns (40 °C) to 

1.89 ns (100 °C)) compared to 1-3. For example, compound 2 changes from 0.59 ns (40 °C) to 1.26 (100 °C), more than 100% 
change. 
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Figure S11: normalized Absorption spectra (black) and fluorescence spectra at decreasing temperature (red arrow, from O 'C to -
100 ·c in 25 ·c steps) of compound 1-4 (A-DJ in EtOH. The fluorescence was normalized to the value at O ·c respectively. The 

Fluorescence increases from 0 'C to -100 'C about 7 times for compound 4 (DJ, and over 20 times for compound 1-3 (25 for 

compound 3) 
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Figure St 2: Fluorescence spectra (black) and fitted spectra (blue) of compound 4 upon cooling in EtoH (depicted in Figure S11 D) A) 
173 KB) 198 KC) 223 K D) 248 KE) 273 K. Red and green are the two peaks fitted inside the main peak, indicating that two species 
might be responsible for the emission. The ratio of the peaks change with temperature. 
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8. Comparison of benzene functionalized derivatives 
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Figure S13: Molecular structures of compound 4-7 

WILEY-VCH 

7 

Table S6: Fluorescence Quantum Yields and Fluorescence lifetimes of Compounds ~7 in Solvents of different Polarity. Values for 
the normalized Dimroth-Reichardt parameter E,N were taken from ref. m 

4 5 6 7 

E," Solvent (!)[%] 1 [ns] (!)[%] 1 [ns] (!)[%] 1 [ns] (!)[%] 1 [ns] 

0.207 THF 73.0 2.4 33.9 0.5 68.5 1.4 < 1 --

0.386 DMF 71.9 1.8 61 .6 1.8 81.3 2.0 3.3 0.5 

0.444 DMSO 92.4 1.8 38.5 1.4 90.1 2.1 < 1 0.5 

0.460 ACN 71.3 6.3 17.9 2.0 53.1 2.1 < 1 1.1 

0.654 EIOH 55.7 1.8 62.8 1.4 70.3 1.8 < 1 --

0.762 MeOH 34.9 0.4 19.8 0.5 30.5 1.4 < 1 < 0.2 

9. Cyclic voltammetry measurements 

Cyclic voltammetry was carried out in dry and degassed dimethylformamide (DMF) solutions with 

tetrabutylammonium hexafluorophosphate (0.1 M) using a three-electrode configuration (glassy carbon, 

Pt counter electrode, Ag wire as pseudoreference) and a PAR VersaSTAT 4 (Princeton Applied 

Research) potentiostat. The S3 decamethylferrocene/decamethylferrocenium ([FeCp2*] +JO) was used 

as the internal reference and referred to the ferrocene/ferrocenium (FcW/0) couple _171 The second and 

third cycle are always depicted and were taken for all evaluation of the data. 
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Figure S14: Voltammograms of compound 1-4 (A-DJ measured in dimethylformamide solutions with tetrabutylammonium 

hexafluorophosphate (0.1M) . Decamethylferroceneldecamethylferrocenium ([FeCp2'J +/0) was used as the internal reference and 
referred to the ferrocenelferrocenium (FcH+/0) couple. The molecular concentrations were~ 10-3_ * second scan wave. 

Compounds 2-4 show two distinct reduction processes between -2 and -3.5 V (All values vs. FcH/FcW). 

Compound 1 shows only one irreversible reduction process at -2.37 V. There might be another reduction 

at lower potentials undetected because of the limited solvent window. Compounds 3 and 4 show two 

oxidations in close proximity, e.g. 4 at -0.21 and -0.07 V. Compounds 1 and 2 show only one oxidation 

process. Whereas the oxidations seem to be at least partly reversible for all molecules, the reduction 

processes differ. Compounds 3 and 4 show two irreversible processes indicating follow-up reactions (EC 

mechanism)_[BJ Compound 2 shows a reversible reduction process at -2.42 V and an irreversible one at 

-2 .75. The single reduction of 1 seems to be irreversible and lies at -2.37 V. The differences between 1 

and 2 are probably induced by the substitution at the N atoms (2) and the size of the N-bridging moieties 

(3, 4). 
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Table S7: Redox potentials E vs FcH/FcH+ measured in DMF 10.1 NBu4PF6 at 100 mvs·1 at room temperature. 

E1 (1 st Red) / V fa (2nd Red) / V fa (1 st Ox) / V E4 (2nd Ox) / V 

1 -2.37 --- 0.16 ---

21dJ -2.42 -2.751•] 0.12 [c] ---

3 -2.271•] -3.361•] -0.14I•.•l 0.12I•.•l 

4 -2.221•] -3.03 -0.21 -0.07Ib] 

TCNQ -0.16 -0.77 --- ---

All values given were measured with GCWE at 100 mvs-1 given in Volts. 

(a] Peak current (b] Due to overlap with 1 st oxidation, potential was determined by DPV 
(c] Rereduction at -0.93 V (d] Reoxidation at -0.16 V from 1 st Red. and at -0.04 V and 0.74 V from 2nd 

Red. [el Rereduction peaks poorly defined 

Comparison to TCNQ 

TCNQ shows two reversible reduction potentials around -0.06 V and -0.6 V in acetonitrile against a 

Ag/Ag+ electrode.191 Since a comparison to our measurements would lack 100% identical measurement 

conditions (electrode and solvent) we have measured TCNQ in DMF under the same conditions as 

compound 1-4. The voltammogram shows two reversible reduction processes with potentials at -0.16 V 

and -0.77 V. 
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Figure S15: Voltammogram of TCNQ. measured in dimethylformamide solution with tetrabutylammonium hexafluorophosphate (0 .1 M). 
Decamethylferroceneldecamethylferrocenium ([FeCp2*] +tV) was used as the internal reference and referred to the 
ferrocenelferrocenium (FcH+/0) couple. The molecular concentration was 1.37 mmol/L. 
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10. Computational Details 

Quantum chemical calculations have been conducted to study the cause of the drastic fluorescence 

enhancement in 4 as compared to the other investigated substances. Geometry optimizations and 

potential energy surface (PES) scans were performed using the program package ORCA (4.0.0)1101 and 

the stand-alone program DFT/MRC1,1111 respectively. Ground state geometry optimizations were carried 

out at the RIJCOSX-CAM-B3LYP-D3(BJ)/def2-TZVPl121 level of density functional theory (DFT). Since 

hydrogen bonding-induced fluorescence quenching in protic solvents (MeOH, EtOH) and fluorescence 

enhancement by solvents with a high viscosity (DMSO) are well known phenomena for charge transfer-

operated dyes and for molecules where the nonradiative excited state involves intramolecular rotations 

of functional moieties.1131 We opted for acetonitrile (e = 37.5 at 20 °C)161 as the solvent which was 

incorporated in the calculations with the implicit solvent model CPCM.1141 ORCA's default thresholds (e.g., 

5 µHartree for energy change) were used for the calculations. 

CAM-B3L YP was used as it has been shown to perform accurately for excited states and species 

displaying a strong charge-transfer character.1151 The structures were confirmed to be genuine minima 

on the PES by showing no negative (imaginary) frequencies. Excited state geometry optimizations were 

performed using time-dependent DFT (TD-DFT)l16J at the same level. Note that the implicit solvation 

cavity here is the one obtained for the ground state electronic structure. No separation of slow and fast 

term contributions was performed.1171 While the reduced dipole moment of the excited state (Table S8) 

may introduce some error for the optimization of the excited state geometry, the inclusion of state-specific 

solvent effects would have required the use of a different program which was not deemed necessary for 

our purposes. 

Table SB: Osciffator strengths (length representation) for the S<>-'S1 excitation and dipole moments (given in Debye) of So and S1 for 

a// compounds optimized in their respective electronic state at the CPCMICAM-B3L YP-D3(BJ)ldef2-TZVP level. 

Structure optimized for 1 2 3 4 7 

fosc(So-+S1) So 1.06 0.74 1.18 1.57 1.33 

S1 0.99 0.84 1.04 1.50 1.30 

D So 30.82 31 .01 30.91 29.34 29.85 

S1 25.08 24.40 24.61 23.74 22.57 
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SUPPORTING INFORMATION 

Ground state vs excited state structures 

The differences between excited state and ground state geometries are almost negligible and are only 

expressed in the fact that the dihedral angle Da opens up a little (Figure S16). Test calculations showed 

that the inclusion of explicit solvent molecules may cause more significant changes in the structures 

(structures not shown). However, this is only the case if the implicit solvent model is excluded. 

Figure S16: Comparison of the ground state (blue) and excited state (red) structures calculated at the CPCMICAM-B3L YP-03(BJ) 

level of OFT and TD-OFT, respectively. 

PES scan 

Obviously, the slight structural changes upon excitation do not account for the drastic differences in 

fluorescence QY. Therefore, we took a closer look at the PES of the intramolecular rotations around 

dihedral angles Da and D~ (main text) that are likely responsible for the fluorescence deactivation. The 

DFT/MRCI scheme was utilized with orbitals generated at the CPCM/BHLYP/def2-TZVPl18J level as the 

basis to construct the configuration space. Table S9 shows the recalculated oscillator strengths (in length 

representation) and dipole moments of the So and S1 state evaluated at the Franck-Condon point. 

Table S9: Oscillator strengths (length representation) for the S0-S1 coupling and dipole moments (given in Oebye) of So and S1 for 

all compounds at the Franck-Condon point computed at the CPCMIBHL YP/def2-TZVPIMRCI level. 

I 1 2 3 4 7 

fosc(So--->S1) 0.95 0.74 0.96 1.26 1.20 

D I So 31 .85 35.00 33.52 32 .78 33.59 

I S1 22.88 23.91 23.72 22.15 21.76 
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Figure St 7: A) PES scan for the SO state around dihedral angle Da and D/3 while the respective other angle is fixed at a certain angle 
(see legend} for 4 computed at the CPCMIBHL YP/def2-TZVPIMRCI level. B) PES scan for the S1 state around dihedral angle Da and 

D/3 while the respective other angle is fixed at a certain angle (see legend) for 4 computed at the CPCMIBHL YP/def2-TZVPIMRCI level. 
CJ PES scan for the SO state around dihedral angle Da for all compounds computed at the CPCMIBHL YP/def2-TZVPIMRCI level. 

DJ PES scan for the St state around dihedral angle Da for all compounds computed at the CPCMIBHL YP/def2-TZVPIMRCI level. 

Initial test calculations showed that both angles can be assumed to be decoupled (Figure S17A and B). 

If one angle is changed, e.g ., from O O to 90 °, this has a small effect on the shape of the PES of the other 

rotation but does almost not change the rotational barrier at all. 
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configuration space and converged toward an unreasonable energy. B) PES scan for the S1 state around dihedral angle D~ for all 
compounds computed at the CPCMIBHL YP/def2-TZVPIMRCI level. Note that for 1 and 2 values at 40 ° and 30 °, respectively, were 
masked as these calculations had trouble with the configuration space and converged toward an unreasonable energy. 

Fluorescence deactivation through rotation around Do in 1 and 7 

QY loss by rotation around Da in the S1 can be achieved in 1 by ISC to the T1 at an angle of 60 ° by ISC 

and IC events at an angle of 90 ° with the S2, T2 and T3 (Figure S19 B).As it is quite unlikely for 1 to 

reach these displacements along Da, this mechanism will contribute only to a small extent to the overall 

QY loss. However, for 7 this rotation is the most likely deactivation mechanism since it can access 

another local minimum on the So PES of D0 at ea. 80 ° (Figure S17 C) . At this point the substance may 

be directly photoexcited into an ISC of the S1 with the T1 and T 2 (Figure S19 A) drastically diminishing its 

chance to fluoresce. 
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Figure S19.· A) PES scan along dihedral angle Da for 7 computed at the CPCMIBHL YP/def2-TZVPIMRCI level to estimate 

fluorescence quenching through JC and /SC events. BJ PES scan along dihedral angle D. for 1 computed at the CPCMIBHL YP/def2-
TZVPIMRCI level to estimate fluorescence quenching through IC and /SC events. 

33 



 
81 

 

WILEY-VCH 

SUPPORTING INFORMATION 

Fluorescence deactivation through rotation around Dp in 1, 2, 3, and 4 

To relate the probabilities of the substances to overcome a rotational barrier, we introduce the reciprocal 

rate constant, (Equation S5): 

Erot 

krot-1 = A-1 e R'r 
(Equation S5) 

where R is the ideal gas constant, and T is the temperature (here constant at 300 K) . E,ot is the rotational 

barrier height. A is the frequency factor which is approximated by the zero-point vibrational energy Ea, 

(Equation S6), of the harmonic potential fitted to the rotational energy profile E(<p) with <p being the angle 

of rotation, (Equation S7). 

A ~ Eo = ½ nuJO 

E((f)) ""aqj! + b 

(Equation S6) 

(Equation S7) 

The potential's second derivative gives its curvature, (Equation S8), which is related to the force constant 

of the potential, (Equation S9). 

(Equation S8) 

(Equation S9) 

It follows that the frequency factor is proportional to the square root of the curvature at the minimum of 

the rotational potential (Equation S10), 

(Equation S10) 

The reader is referred to standard quantum chemistry and physical chemistry textbooks for a more 

profound derivation of the underlying mathematical principles. 
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Figure S20: PES scan for the S1 and To states around dihedral angle 0 ~ for all compounds computed at the CPCM/BHL YP/def2-

TZVPIMRCI level to assess possible /SC events. 

Incorporating explicit solvent effects 

While the PES scans may account for the differences in QY, they do not fully explain the large QY of 4 

by itself. As solvent effects have only been included in an implicit way by the continuum model CPCM, 

an explicit solvent cavity consisting of six ACN molecules (two near Da and four near D~. respectively) 

was set-up and the rotational barrier at D~ was recalculated for 1 and 4 with the smaller def2-SVP basis 

set and fixed solvent molecules to save computational resources (Figure S21A and B). The explicit 

solvent cavity was prepared by manually placing the solvent molecules at the desired positions and 

optimizing the solvent molecules with a distance constraint to the solute so that the dicyano moiety can 

still rotate rather freely at the CAM-B3L YP/def2-SVP level with ORCA's "loose" geometry optimization 

criteria. While in both cases the smooth shape of the PES naturally deteriorated, surprisingly, for 1 the 

total barrier hardly changed at all by less than 1 kJ/mol. 4 on the other hand shows a slight increase in 

barrier height by ea. 5 kJ/mol, which amounts to roughly a third of the barrier from the calculation using 

only an implicit solvent cavity. While these numbers are more prone to errors due to the smaller basis 

set, it can be deduced that the solvent shell around the molecules may play a significant role at least in 

the case of 4, where it likely contributes to its large QY. 
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D~. B) PES scan for the S1 state around dihedral angle D~ for 1 and 4 with (solid) and without (dashed) six explicit ACN molecules 
computed at the CPCM/BHL YP/def2-SVPIMRCI level to assess the influence of solvent effects on the potential barrier. 
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A new fluorescent pentaphene derivative is presented that differs 

from hexabenzocoronene {HBC) by one carbon atom in the basal 

plane skeleton. A 500% increased fluorescence quantum yield 

is measured compared to the HBC derivative. The pentaphene 

compound, obtained by a modified Scholl oxidation, is also emissive 

in the solid-state, due to the packing motif in the crystal 

Hexabenzocoronenes (HBCs], a subgroup of polyaromatic 

hydrocarbons (PAHs], have 42 sp2-carbon atoms assembled by 

linking seven benzene rings, The resulting properties make 

them interesting for optical and electronic applications,1-5 self-

assembly,2'6 surface functionalisation7 and the bottom-up 

synthesis of graphene, s-lo The HBC scaffold has D6 symmetry, 

Through the variation and arrangement of the substituents, a 

plethora of derivatives with a wide range of different chemical 

properties and of well-defined symmetry (C3 , C2 and C1) was 

synthesized. 7 ' 11 '12 

Pentaphenes, another interesting subgroup of PAHs, have 

been synthesized since the 1940s, mostly by cycloaddition 

reactions and subsequent oxidation.13- 1 7 The fluorescence 

properties of pentaphene derivatives, which emit light between 

400 and 500 nm, were studied by Fetzer et al, 18'19 However, 

neither the fluorescence quantum yields ( <PF1) nor an emission 

in the solid-state were reported,18'19 The pentaphene motif can 

also be found in HBCs, which show a red-shifted fluorescence 

with a similarvibronic fine structure at about 500 nm, 5 '7 Another 

dye class related to HBCs are hexapyrrolohexaazacoronenes or 
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hybrids with HBC as reported by Mullen et al in 2013,20 In 2017, 

Jux et al prepared a racemic [5]helicene, structurally closely 

related to HBCs, that contains one pyrrole moiety.21 Recently, 

high <!>FI values exceeding 80% were found for oxa(7]superhelicenes, 

realized by ether-bridging two hexaphenylbenzene moieties, 

followed by oxidation, This yielded a chiral fluorescent 

oxa[7]superhelicene, Another strategy that can lead to a high 

fluorescence are push- pull systems. This was as e,g, reported 

for HBCs substituted by B-, N-containing moieties and diamino-

dicyanoquinone-derivati ves. 22,23 

Herein, we present the synthesis and optical-spectroscopic 

characterization of an enantiomeric pentaphene derivative 4, 

with 41 sp2-carbon atoms, Compound 4 could be prepared by 

implementing an unprecedented Scholl oxidation step (Fig, 4].24 

First, a Diels-Alder reaction25·26 between 1,4-bis( 4-(tert-butyl]phenyl)-

buta-1,3-diyne 2 and 1 was performed to yield hexaaiylbenzene 3, 

Under Scholl oxidation oonditions compound 3 ( oonditions: 

CH3 NO2 , 12 eq. FeCl,, room temperature (RT), 15 h) was trans-

formed into compound 4 in 80% yield, due to an unprecedented 

ring-closing reaction, The ring-closing reaction between the alkyne 

moiety and the benzene ring (Fig, 1A step iii] proceeds in analogy to 

the synthesis of, e,g. corannulenes, HBCs or naphthalenes.27- 30 

The analytical characterization of 4 including single-crystal 

X-ray analysis, is given in the ESI.t We tested the reproducibility 

of this reaction by synthesizing the phenanthrene derivative, 

9-(4-methoxyphenyl)phenanthrene, starting from 2-((4-methoxy-

phenyl]ethynyl)-1,1 '-biphenyl (ESit). This reaction was performed 

in dry dichloromethane with 0.9 eq. FeC13 with a yield of 69%, In 

addition, for our photophysical property studies, HBC 5 was 

synthesized as reference compound by a reported one pot reaction 

of hexaphenylbenzene and /ert-BuCl with FeCl3 acting as oxidant 

and Lewis acid catalyst. 31 

Compared to the HBC core with 42 sp2-carbon atoms, the 

missing carbon atom in compound 4 induces chirality as 

shown by the structural analysis. Moreover, 4 reveals a strong 

fluorescence, both in solution, as well as in the solid-state. 

To gain first insights into the photophysics of these 

compounds, we analyzed the photophysical characteristics of 

Chem Comm un, 2019, SS, 10515- 10518 I 10515 
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II 

II 

:1 

2' 

<D, = 16% <l>, =3% 

~· Fig. 1 (A) Synthetic route to the pentaphene de rivative 4 and hexaben-

z:ocoronene (HBC) 5. A Die ls - Alder reaction betw een 1 and dialkyne 2 

leading to hexap henylbenzene 3 was used. Trimerization of alkyne 2' leads 

to hexaphenylbenz:ene 3' . Cyan: pentaphene moiety; green: pyrene 

moiety. (i i 24 h, 250 "C in d iphenylether; (i i) Co(CO)8, dioxane, 24 h, reflux; 

(iii ) and (iv) CH 3N02, 12 eq. FeCl3, 15 h, RT. The inset shows solutions of the 

respect ive compound in dichloromethane under irradiat ion at 366 nm 

The respective g;Fl is given below each compound. (B) Single-crystal X- ray 

structures of 4 and 5. Ellipsoids are drawn at 50% probabili ty. 

4 in comparison to 5 in three solvents of varying polarity and 

proticity, here cyclohexane (CH; apolar and aprotic), dichloro-

methane (DCM; medium polarity, aprotic) and ethanol (EtOH; 

polar and protic). The absorption spectra and normalized 

fluorescence spectra of both compounds in CH are shown in 

Fig. 2. Whereas the molar absorption coefficients reach values 

of about 60 000 L mol 1 cm 1 at 360 nm for both compounds, 

the PF1 of 4 is about five times higher than that of compound 5 

(Table 1 and Fig. 2). 

In addition, we measured fluorescence maps ( excitation 

emission matrices (EEM); see Fig. S11 and s12, ESit ). For both 

10516 I Chem Commun. 2019. 55. 10515- 10518 
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Fig. 2 Absorption spectra (b lack) and fluorescence spectra (b lue, normal-

ized and mult iplied by the correspondingly measured WFl) of compound 4 

(solid) and 5 (dashed) in cyclohexane. The fluorescence quantum yield of 4 

(W R = 11%) in cyclohexane is about five t imes higher than that of HBC 5 

(W R= 2%) in th is so lvent. Both compounds were measured at a concen-

trat ion of 4 x 10- 6 mol L - t and excited at 375 nm. 

Table 1 WF1 and amplitude-we ighted mean fluorescence li fet imes -r of 4 

and 5 in solvents of diffe rent polarity. Values fo r the norma lized Dimroth-

Reichardt pa rameter £~ were taken from ref. 34 

4 

Ii'; Solvent <jjFI [%] r [ns] <jjF1 [%] , [ns] 

0.207 CH 11 17 .2 2 12.4 

0.386 DCM 16 21.4 3 14,2 

0.654 EtOH 11 17.8 2 11.0 

Solid 11 2 

compounds, excitation at 370 nm leads to the highest fluores-

cence (Fig. s12, ESit ) with the fluorescence maxima being 

located between 470 and 500 nm. The emission spectrum 

of 4 reveals a more pronounced vibrational fine structure 

compared to 5 and resembles, with its two main peaks and 

shoulders, the emission spectra of the pentaphene derivatives 

investigated by Fetzer et a/. 18•19 

An overview of the absorption and emission maxima 

together with the Stokes shift, which is between 100-130 nm 

for both compounds, is given in Table S2 (ESit ).:j: The PFI and 

the mean fluorescence lifetimes , (derived from the multi-

exponential decay kinetics) of 4 and 5 in the three solvents 

used are summarized in Table 1 (ESit). Obviously, PF1 of 4 

always exceeds that of 5, reaching a maximum of 16% in DCM 

compared to 3% obtained for 5. The mean fluorescence life-

times of 4 are also always longer than those of 5 with values of 

17.2 ns (CH) and 21.4 ns (DCM) compared to 11.0 ns (CH) and 

14.2 ns (DCM), respectively. Temperature-dependent studies of 

the decay kinetics of both compounds in the temperature range 

of -100 °c to 50 °c (see ESI,t Fig. S14) reveal an increase in 

mean fluorescence lifetime by about a factor of 3.5 when 

comparing mean lifetimes recorded at 50 °c (4: 18.02 ns, 

5: 7.93 ns) and - 100 °C (4: 63.23 ns, 5: 27.67 ns) , respectively. 

An increase in fluorescence lifetime upon cooling has been 

observed for many dye classes including rhodamines 3 2 and 

This joorna l is © Tee Royal Society of C remistry 2019 



 
87 

 

 

 

 

ChemComm 

7 

6 

~ 5 
>< 

4 
E 

" 3 

~ 
d 2 

"' 

473 1 1508 1.0 ~ 
'iii 
C 

~ 
<!) 

" o.d 
l'! 
0 
::, 

u:: 
g 

0 
0 

-'L.------"-'"=1------+0.0 C 

200 300 400 500 600 700 
Wavelength (nm) 

Fig. 3 Comparison of the solution (b lue, in DCM) and solid-state fluores -

ce nce (gree n) of 4. The absorption spectra in solution (DCM) is show n in 

black. The excitation wave length was 355 nm, respect ively. The solid-state 

fluorescence, recorded w ith a spectra l scanning laser scanning micro-

scope (CLSM), is bathochromically shifted by about 35 nm. The insets 

show the fluorescence in solution (left, blue frame) and in the solid-state 

(ri ght, green frame) . 

the recently analyzed diaminodicyanoquinones. 22 It typically 

suggests that at least one non-radiative decay channel involves 

a rotation that is slowed down or even completely hindered at 

very low temperatures. 33 

Surprisingly, 4 shows an intense solid-state fluorescence 

with <PFI = 11 % (Fig. 3 and Fig. S15-S17 in the ESit), while 

<PF1 of 5 is only 2% (Table 1 and Fig. S15, ESit). The solid-state 

fluorescence of 4 is bathochromically shifted by about 35 nm 

compared to the emission in DCM although the spectral shape 

and vibronic fine structure of the emission band is only slightly 

altered and broadened. 

The latter is often observed for solid-state emission (inhomo-

geneous broadening). The Stokes shift is thus increased from 

130 nm in solution to 165 nm in solid-state. Whether this shift 

originates from polarity and/or crystal packing effects or a 

combination of both remains to be shown. For 5, this shift 

amounts only to 4 nm. In addition, the solid-state emission-

band of 5 is broadened by about 100 nm and thereby extended 

from 600 nm in solution to 700 nm (Fig. S15 and S17, ESit). 

To correlate the solid-state fluorescence of 4 (see Fig. 3) with 

the molecular structure and the crystalline packing motif,35 we 

studied the crystal structure of 4 and 5. The pentaphene 4 

crystallizes in a triclinic lattice with the space group PI, similar 

to the previously mentioned helicene-HBC hybrid.21 As discussed 

by Mullen et al. the rr-system of 5 is slightly bent due to the 

sterically demanding tert-butyl groups.3 6 According to the four 

basic packing types of aromatic systems,37' 38 the structure of 

compound 5 is classified as a sandwich herringbone structure 

with an inter-planar distance of 3 .44 A. 
The re-re interactions as well as C-H-rc interactions determine 

this packing motif. This dense packing in the crystal might 

induce an aggregation induced quenching of the fluorescence. 

In contrast, the pentaphene 4 presents a p-system with graphitic 

planes (Fig. 4) separated by 9.24 A. The space between the 

rr-planes is filled by the bulky tert-butyl groups (Fig. 4). 
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B) 

Fig. 4 Arra ngement of the molecules of 4 in the crysta l. (AJ tert-Butyl 

groups in gree n and the helical moieties in red. The interplanar distance is 

9.24 A. (B) Enantiomeric pair of 4. Blue M(-l and turquoise P( +) . 

The pentaphene derivatives published by Kakiuchi et al. have a 

distance of the re-planes of about 3.52 A..17 As the inter-planar 

distance in 4 is induced by the helicene motif (Fig. SA], which is 

absent for s, we compared the angles between the planes A-D of 

4 with those of[ 4]helicene (Fig. 5 and Table 2).39 The A- Dangle 

of 32.46° of 4 compared to 26.68° ([4]helicene) indicates a 

stronger curvature of 4, which is mainly induced by ring D, with 

20% (A-DJ up to almost 100% (C-D) increased angles compared 

to [ 4]helicene. 

The reasons for this is probably the sterically demanding 

phenyl ring, which is twisted around the dihedral angle D, by 

67 .58° (Fig. SA) , and the three hydrogen atoms (Fig. SC). In 

addition, the helical chirality is visible in the c1ystal structure 

as enantiomeric pairs (Fig. 4B). The enantiomers of[4]helicenes 

cannot be separated at RT as the racemisation barrier is below 

25 kcal mol 1 •40 •4 1 Nevertheless, we used density functional 

theory (DFT) at the B3LYP/6-31G(d) level of theory to calculate 

A) B) 

Fig. 5 (A) Schematic presentation of the 4[he licene) moiety in compound 

4 with the crucial benze ne ri ngs defined A-D. (B) 4(He licene). (Cl Steri c 

hindrance between hydrogen atoms in an extract of com pound 4. 

Chem Commun. 2019. 55. 10515- 10518 I 10517 



 
88 

 

 
 

 

 

 

 

Communication 

Table 2 Angles between planes A-D (Fig SA) of 4 and [4Jhe li cene39 

derived from crystallog ra phic data 

A-B A-C A-D B-C B-D C-D 

4 5.24(> 16.76(> 32.46(> 11.86(> 27.23(> 16.54(> 

[4]Helicene 10.26<> 18.12<> 26.68<> 7.8 7<> 16.55<> 8.83<> 

the racemisation barrier of 4/2 •43 which is about 10 kcal mol 1 

(Fig. S18, ESit). 

In conclusion, we reported a novel pentaphene derivative, 

which is closely related to HBCs, however, with only 41 sp2-carbon 

atoms, instead of 42. Consequently, the pentaphene 4 is chiral and 

crystallizes as enantiomeric pair with a distance of the re-planes of 

ahnost 1 nm. This substitution pattern results in an enhanced 

fluorescence in solution and the solid state compared to the 

HBC motif. The presented synthetic strategy to pentaphenes 

could lead to more advanced derivatives with improved photo-

physical properties. 
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1. General Information 

All reagents were purchased from commercial sources and used without further purification. Dry solvents were purchased from 

Acros Organics. ALUGRAM Xtra SIL G/UV254 plates by Macherey-Nagel were used for thin-layer chromatography. Isolation of 

products by chromatography was performed with silica from Macherey-Nagel Silica 60 M (0.04-0.063 mm). NMR spectra were 

recorded on a JOEL ECX 400 (1H 400 MHz, 13C 101 MHz), JEOL Eclipse+ 500 (1H 500 MHz, 13C 126 MHz) and BRUKER AVANCE 700 

(1H 700 MHz, 13C 176 MHz) spectrometer at 25 °C. The chemical shifts o are calibrated on the respective solvent peak as internal 

standard. All shifts are reported in ppm and NMR multiplicities are abbreviated as s (singlet), d (duplet), t (triplet), m (multiplet). 

Coupling constants J are reported in Hz. UV/Vis spectra were recorded on a Cary 50 Bio photospectrometer (Varian). Fluorescence 

spectra were recorded on a LS SO B luminescence spectrometer from PerkinElmer. UV/Vis and Fluorescence spectra were 

measured in quartz glass cuvettes with 1 cm path length. IR Spectra were recorded on a FT/IR 4100 spectrometer from JASCO. 

Elemental analysis was performed on an VARIO EL from Elementar. 

Single crystals suitable for X-ray diffraction analysis were grown by slow evaporation from chloroform and methanol (9:1). 

X-ray data were collected on a Bruker 08 Venture system at 100(2) K using graphite-monochromated Mo,a radiation (;\a = 0.71073 

A). The strategy for the data collection was evaluated using APEX3 software and the data were collected by the omega+ phi scan 

techniques. The data were scaled and reduced using SAINT+ and SADABS software. The structure was solved by intrinsic phasing 

using SHELXT-2014/7. It was refined by full matrix least-squares using SHELXL-2014/7 and was refined on F'. Non-hydrogen atoms 

were refined anisotropically.I1·71 CCDC (1923092) contains the supplementary crystallographic data for this paper. 

Photoluminescence quantum yields (CO) were determined absolutely with an integrating sphere setup from Hamamatsu 

(Quantaurus-QY C11347-11). All(/) measurements were performed at 25 °C using special 10 mm x 10 mm long neck quartz cuvettes 

from Hamamatsu. The fluorescence lifetime (t), the average time in which the fluorophore is in an excited state before it relaxe s 

to the ground state, was recorded on a fluorometer FLS 920 (Edinburgh Instruments) equipped with a Hamamatsu R3809U-50 

(range 200-850 nm, response width <25 ps), Multi-Channel Plate (MCP) detector, Czerny-Turner double monochromators and 

either a supercontinuum laser (Fianium SC400-2-PP) or a Edinburgh Instrument EPLED-330 (picosecond pulsed light emitting diode) 

for excitation at 375 nm, or a Edinburgh Instrument EPL-375 (picosecond pulsed diode laser) for excitation at 330 nm. All the 

measurements were performed at T = 298 K using 10 mm x 10 mm quartz cuvettes from Hell ma GmbH always filled with 2 ml of 

solvent or dye solution. Before each measurement, the instrument response function (IRF) was measured. The lifetime 

measurements were analysed with Edinburgh Instruments FAST Software and fitted with a deconvolution fit. All the lifetimes could 

be evaluated mono, bi- or tri-exponentially with a reduced X' between 0.8 and 3.0. 

The fluorescence spectra of the crystals in the solid state and microscopic images were recorded with an Olympus FluoView FVlO00 

(Olympus GmbH, Hamburg, Germany). For UV excitation, a DPSS Cobalt Zouk~ (355 nm; 10 mW), and for transmission imaging an 

additional multiline argon ion laser (30 mW, 488 nm) were used as excitation sources, which were reflected by a beamsplitter 

(BS 20/80) and focused onto the sample through an Olympus objective UPLSAPO lOX (numerical aperture N.A. 0.40) . The emitted 

photons were recollected with the same objective and focused onto a PMT. Emission signals were detected in a wavelength range 

between 460 nm and 700 nm with spectral resolution of 5 nm and a step width of 2 nm. The spatial resolved fluorescence spectra 

are raw spectra, not specifically corrected for the wavelength-dependent spectral responsivity of the detection system of the 

microscope. 
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2. Synthetic procedure 

Synthesis of 1-( 1-(terl-Butyl)-4-ethinylbenzen )-2,3,4,5,6-(penta-( 4-lerl-phenyl)benzene (3) 

The synthesis of 3 was done as depicted in Figure 51. All procedures and analytic results of compounds 1, 2 and 8-12 were in 

accordance with the literature.18•91 The reaction description below is for the Diels-Alder reaction leading to compound 3. 
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Figure S1: Synthetic route towards hexaarylbenzene derivative 3. 
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2,3,4,5-Tetrakis(4-(tert-butyl)phenyl)cyclopenta-2,4-dien-1-one (0.249 g, 0.41 mmol, 0.95 eq.) 1 and 1,4-Bis(4-(tert-

butyl)phenyl)buta-1,3-diyne (0.121 g, 0.38 mmol,1.0 eq) 2 were dissolved in diphenyl ether (2 ml) under argon atmosphere. The 

solution was stirred at 250 °C for 24 hours. The red solution was cooled to RT, DCM (5 ml) and subsequently methanol (75 ml) 

were added. A colorless precipitate formed which was filtered and washed with cold methanol (3x 5 ml). The raw product was 

purified by column chromatography (SiO2, hexane/DCM, 7:1). After drying, 1-(1-(tert-butyl)-4-ethinylbenzen)-2,3,4,5,6-(penta-(4-

tert-phenyl)benzene was yielded as a colorless solid (0.24 mmol, 0.216 g, 59%) 

1H-NMR (700 MHz, CDCI,): 6 [ppm]= 1.09 (s, 9H, t-Bu), 1.11 (s, 18H, t-Bu), 1.22 (s, 9H, t-Bu), 1.29 (s, 18H, t-Bu), 6.62 -6.64 (d, JH,H 

= 8.4 Hz, 2H, Ar), 6.66 - 6.68 (d, J H.H = 8.4 Hz, 2H, Ar), 6.72 - 6 .74 (d, JH.H = 8.0 Hz, 4H, Ar), 6.80 - 6.82 (d, J H.H = 8.4 Hz, 2H, Ar), 6.84 

- 6.86 (d, J"·" = 8.0 Hz, 4H, Ar), 7.07 - 7.09 (d, J"·" = 8.4 Hz, 2H, Ar), 7.16 - 7.20 (m, 17H, Ar) 

13C-NMR (175 MHz, CDCI,): 6 [ppm] = 31.26 (t-Bu), 31.31 (t-Bu), 31.33 (t-Bu), 31.54 (t-Bu), 34.20 (Ar-QMe),), 34.23 (Ar-!;;(Me),), 

34.53 (Ar-QMe),), 34.74 (Ar-!;;(Me),), 96.60 (Ar-C= C-Ar), 89.79 (Ar-C= C-Ar),), 121.14 (Ar), 122.80 (Ar), 123.23 (Ar), 123.33 (Ar), 

123.73 (Ar), 124.84 (Ar), 130.74 (Ar), 130.98 (Ar), 131.02 (Ar) 131.11 (Ar), 137.33 (Ar), 137.57 (Ar), 137.95 (Ar), 140.44 (Ar), 137.57 

(C Ar), 137.95 (Ar), 140.44 (Ar), 141.48 (Ar), 143.14 (Ar), 147.77 (Ar), 147.88 (Ar), 148.72 (Ar), 150.76 (Ar). 

MS (El): m/z = 894.53 [M•] (calc. 894.61). 

EA[%] : C: 89.99 (calc. 91.22), H: 8.86 (calc. 8.78). 

Synthesis of 2,5,8, 11 , 14-penta-tert-butyl-18-(4-(tert-butyl)phenyl)dibenzo[fg,ij]pyreno[5,4,3,2, 1-pqrst]pentaphene (4) 

4 

Under argon atmosphere compound 3 (0.1004 g, 0.112 mmol, 1.0 eq.) was 

dissolved in DCM (SO ml) and cooled to 0 0 C. A solution of pre-dried iron (Ill) 

chloride (0.218 g, 1.344 mmol, 12.0 eq.) in freshly distilled nitromethane (5 

ml) was added dropwise. The solution was then stirred for 1 hour at 0 °C and 

subsequent stirring for 15 hours at RT. The red solution was then quenched 

with methanol (50 ml) which gave a yellow suspension. Water (SO ml) was 

added and extracted with DCM (3x 50 ml). The organic phases were combined, 

dried, evaporated, and dried. The resulting crude product was purified by 

column chromatography (SiO2, hexane/DCM, 8:1) to yield a yellow solid (0.079 

g, 0.090 mmol, 80%). 

1H-NMR (700 MHz, CDCI , ): 6 [ppm] = 1.51 (s, 9H, t-Bu), 1.64 (s, 9H, t-Bu), 1.66 

(s, 9H, t-Bu), 1.78 (s, 9H, t-Bu), 1.81(s, 9H, t-Bu), 1.82 (s, 9H, t-Bu), 7.68 - 7.69 

(d, JH.H = 8.4 Hz, 2H, Ar), 7.81- 7.85 (d, J H,H = 8.4 Hz, 2H, Ar), 7.86-7.87 (m, lH, 

Ar), 8.51 (s, lH, Ar), 8.93 (s, lH, Ar), 9.08 (s, lH, Ar), 9.16 - 9.20 (m, 3H, Ar), 9.26- 9.29 (m, 4H, Ar), 9.37 (s, lH, Ar). 

13C-NMR (175 MHz, CDCl3): 6 [ppm] = 150.49, 149. 76, 149.33, 149.19, 149.11, 148.87, 138.87, 138.15, 131.37, 130.87, 130.75, 

130.65, 130.58, 130.47, 130.29, 130.27, 130.16, 128.45, 128.40, 125.58, 124.60, 124.48, 124.34, 124.25, 123.98, 123.72, 123.58, 

122.46, 122.10, 122.07, 121.00, 120.15, 119.96, 119.25, 119.06, 118.97, 118.90, 118.38, 118.09, 35.87, 35.79, 35.37, 34.93, 32.16, 

32.14, 32.07, 31.76, 31.70 

MS (El): m/z = 886.52 [M•] (calc. 886.548). 

EA[%]: C: 92.04 (calc. 92.05), H: 7.98 (calc. 7.95). 

UV/Vis (cyclohexane) Ama. nm (e [lmol 1 cm 1]): 226 (122706), 316 (34272), 350 (64773), 365 (67839), 400 (29242), 424 (32072) 

UV/Vis (dichloromethane) Am« nm (E [lmol 1 cm·1]): 250 (55670), 319 (30149), 353 (56649), 367 (61120), 404 (26447), 427 (28945) 

UV/Vis (ethanol) Am., nm (E [lmol 1 cm 1]): 229 (42468), 316 (22190), 349 (37410), 364 (38458), 400 (18163), 423 

This journal is© The Roya l Soci ety of Chemistry 20xx J. Name ., 2013, 00 , 1-3 I 5 

Please do not adjust margins 



 
94 

 

Please do not adjust margins 

COMMUNICATION 

" °' co I.O co I.O co (") .... LI) 'St °' co 
M N N N ,..... ,..... 0 CJ'\ LI) CO CO 1.0 1.0 
c,; c,; c,; c,; c,; c,; c,; oo oo r--: r--: r--: r--: 
~,,1-a-..... ---~=-- ~~ 

.I 

O'IOO'll.0000'>1.0 
O'IOO'IOOOO'IO'I 

' c:;i Qi ,....; ,....; Qi ,....; c:;i c;:i 
93 ~1 8~ 8J as 83 &1 

o [ppm] 

12.5 11.5 10.5 9.5 8.5 

""-.I ' 
0 0 
0 0 

CJ ql 

7.9 7.7 

7.5 6.5 5.5 
o [ppm] 

NT"""ICO\.OVT"""I 

CX!CX!I'-:~~~ 
T"'"'I T"""I M T"""I M T"""I .___, .-, '-..,,--' '--... 

1.9 1.8 1.7 1.6 1.5 
o [ppm] 

4.5 3.5 2.5 

Figure S2 : 1 H-NMR spectrum of compound 4 recorded on BRUKER AVANCE 700 in CDC'3. 
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Hexa-tert-butylhexa-peri-hexabenzocoronene (5) 

Compound 5 was synthesized by a one pot reaction of hexaphenylbenzene and t-BuCI with 

FeCl3 acting as oxidant and Lewis acid catalyst. The reaction and analytical data were in 

accordance with the literature.[101 

UV/Vis (cyclohexane) Ama. nm (E [Lmol-1 cm-1]): 229 (64097), 243 (42147), 364 (50680), 389 

(17632) 

UV/Vis (dichloromethane) Ama, nm (E [Lmol 1 cm-1]): 231 (167666), 240 (128816), 343 (81265), 

360 (181660), 390 (58991) 

UV/Vis (ethanol) Ama. nm (E [Lmol·1 cm·1]) : 229 (48901), 242 (33511), 347 (20118), 363 (40746), 

395 (11160) 

2-( ( 4-melhoxyphenyl)ethynyl)-1 , 1 '-biphenyl (6) 

Under argon atmosphere, PdCl, (PPh,), (0.11 g, 0.15 mmol, 0.21 eq.), 2-iodobiphenyl (0.13 ml, 0.71 mmol, 

1.00 eq.) and Cul (0.04 g, 0.21 mmol, 0.30 eq.) were stirred in triethylamine (15 ml). 4-

Methoxyphenylacetylene (0.10 ml, 0.73 mmol, 1.03 eq.) was added dropwise. The black suspension was 

stirred for 24 hours at RT and for 5 hours at 55 °C. After cooling to RT, the suspension was filtered and 

purified by column chromatography (SiO,; pentane / ethylacetate, 30:1) to yield 0.05 g (0.18 mmol, 25% 

yield) of a colourless liquid. 

1H-NMR (500 MHz, CDCI,): o [ppm]= 7.70-7.63 (m, 3H, H-3, H-4, H-6), 7.49-7.31 (m, 6H, H-5, H-2', H-3', H-4' ), 7.28 (d, 3J = 8.7 Hz, 

2H, H-10), 6.83 (d, 3J = 8. 7 Hz, 2H, H-11), 3.80 (s, 3H, H-13). 

13C-NMR (125 MHz, CDC!,): o [ppm]= 159.66 (C-12), 143.77 (C-1), 140.83 (C-1'), 132.93 (C-10), 132.73 (C-3), 129.57 (C-3'), 128.29 

(C-5), 127.98 (C-2' ), 127.52 (C-4'), 127.16 (C-6), 122.07 (C-4), 120.04 (C-2), 115.76 (C-9), 114.06 (C-11), 92.41, (C-8), 88.23 (C-7), 

55.41 (C-13). 

MS (ESI) : m/z = 323.08 (100) [M-K] •, 307.10 (60) [M-N a]•, 285. 12 (35) [M-H] •. 

00\i'MO\i'NO\i'\O 
i'\0\0\0<1"<1"<1"NNN 

" " " " " " " " " " ....,._..---,.---, ....... ,,,, ,,,,.. ....__,._,,.,, 
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0 0 0\ 0 
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Figure 54: 1H-NMR spectrum of compound 6 recorded on BRUKER AVAN CE Ill 500 in CDCl3 . 
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Figure SS: 13C-NM R spect rum of compound 6 recorded on BRUKER AVA NCE Ill 500 in CDCh. 

9-(4-methoxyphenyl)phenanthrene (7) 

Under argon atmosphere, FeCI, (0.02 g, 0.14 mmol, 0.88 eq.) was stirred in dry DCM (50 ml). 2-((4-

methoxyphenyl)ethynyl)-1,1'-biphenyl (6) (0.045 g, 0.16 mmol, 1.00 eq.) was added dropwise to the black-

green solution and stirred at RT. Controlling the reaction procedure by TLC, the reaction was quenched by 

the addition of methanol (5 ml). The suspension was filtered and the raw solution was purified by column 

chromatography (SiO,; pentane ➔ ethylacetate) to yield 9-(4-methoxyphenyl)phenanthrene as a 

brownish solid (0.032 g, 0.11 mmol, 69%). 

1H-NMR (500 MHz, CDCl3): 6 [ppm]= 8.78 (d, 31 = 8.0 Hz, 1H, H-5), 8.73 (d, 31 = 8.0 Hz, 1H, H-4), 7.95 (d, 31 = 8.9 Hz, 1H, H-8), 7.89 

(d, 31 = 8.9 Hz, 1H, H-1), 7.67-7.60 (m, 4H, H-3, H-6, H-7, H-10), 7.55 (t, 31 = 7.5 Hz, 1H, H-2), 7.48 (d, 31 = 8.5 Hz, 2H, H-12), 7.07 (d, 

31 = 8.5 Hz, 2H, H-13), 3.92 (s, 3H, H-15). 

13C-NMR (125 MHz, CDCI , ): 6 [ppm] = 159.20 (C-14), 138.57 (C-11), 133.30 (C-10'), 131.81 (C-9), 131.57 (C-5'), 131.27 (C-4'), 

130.81 (C-12), 130.02 (C-8'), 128.72 (C-8), 127.65 (C-1), 127.59 (C-7), 127.10 (C-6), 126.96 (C-2) ., 126.59 (C-3), 126.53 (C-5), 123.04 

(C-4), 122.67 (C-10), 113.92 (C-13), 55.54 (C-15). 

MS (El): m/z = 284.12 [M] ', 285.12 [M-H]'. 
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Figure 56 : 1H-NMR spectr um of com pou nd 7 reco rded on BRUKER AVANCE 111500 in CDC l3. 
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3. Crystal structure 

Single crystals of 4 were grown in a mixture of chloroform and methanol (9:1) by slow evaporation. For the 

comparison of the structures, the crystallographic data of 5 were taken from literature. 1111 
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Ta b le 51: Crysta ll ographic data and st ru ctu re refinement details of-co mpound 5. 

Empi rica l formul a C34 H3s 

Formula weight 443.62 

Tempera ture/K 104(2) 

Crysta l system triclinic 

Space grou p P-1 

a/A 11.0477(12 ) 

b/A 16.493 (3 ) 

c/A 16.663 (3 ) 

a/" 109 .226 (4) 

~/" 102 .182 (4 ) 

vl" 108 .712(4) 

Volume/A3 2539.4(7) 

p ca1cg/cm3 1.160 

µ/mm ' 0.065 

F(OOO) 956.0 

Crystal s iz e/mm 3 0.32 x 0.29 x 0.02 

Radiation MoKa (A = 0.71073) 

20 range fo r data co ll ectio n/° 4.674 to 50.802 

Ind ex ranges -13 :5 h :5 12, -19 :5 k :s: 19, -20 :s: I :s: 20 

Reflectio ns colle cted 7290 2 

Independe nt refl ect ions 9328 [Rint = 0. 1009, R~i gma = 0.0490] 

Data/ restraints/parameters 9328/0/631 

Goodness-of-fit on F2 1.024 

Final R indexes [1>=2o (I )] R1 = 0 .05 16, wR2 = 0.1131 

Fina l R indexes [all data] R1 = 0 .0895, w R2 = 0.1302 

La rge st diff . pea k/hole/ e A-1 0 .27 /-0 .26 

Fi gu re 58 : Crystal st ruct ures of 4 (A) and S (B). The thermal el li psoids are show n in 50% probability . 
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Fi gu re 59 : Molecu lar planes in compou nd 4 (A ) and compound S (B) . For 5, the herri ngbone st ruct ure is clearly visible and the interplanar distance is be low 4 A. The i nte rplanar 

distance of4 is 9.24 A. The cryst allographic data of 5 was taken from reference[11 I . The unit cell is depicted t hrough t he red (directi on al, green (di rection b) and blue (d irect ion c) 

li nes forming a cube. The depicti on of 5 was 1 unit ce ll in a direction, 4 unit cells in b di rect ion and 3 unit ce lls in c directi on. 
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4. UVNis and fluorescence measurements 
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Figure S10: Absorpt ion spect ra (black) and f luorescence spectra {b lue) of compound 4 (left side) and compound 4 (right side) respecti vely in dich loromet hane (A and B), 

cyclohexane (C and D) and et hano l (E and F). The excitat ion wave lengt h was always chosen near t he absorbance maximum about 350 nm. The nu mbers in t he panels w it hout unit 

refer to t he re spect ive absorpt ion (blac k) and emi ssion maxim a (blue) o n a wavelengt h sca le . For a more detai le d info rm ati on on t he excita t ion wave lengt h-s de pe ndent 

fl uorescence see Fi gure S11 and Fi gurer S1 2 . 

This journal is © The Roya l Society of Chem istry 20xx J. Name .• 2013, OD. 1-3 I 13 

Please do not adjust margins 



 
102 

 

Please do not adJust margins 

COMMUNICATION Journal Name 

Table SZ: Absorption Maxima and emission maxima of 4 and 5 wit h the stokes shift calcu lated from the respective absorption maxima about 350 nm and emission maxima, both 

marked with -1' and written in italic. 

Absorption Maxima Emission Maxima Stokes Shift* 

4 5 4 5 4 5 

DCM 250 231 475• 490* 108 130 

319 240 505 520 

353 343 

367* 360* 

404 390 

427 

CH 226 229 472 487* 130 123 

316 243 495• 520 

350 364* 528 

365* 389 

400 

424 

EtOH 229 229 473• 486* 109 123 

316 242 502 

349 347 

364* 363* 

400 395 

423 
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Fi gu re 511: 3D f luorescence maps of 4 ( left side) and 5 (right side) respectively . Solvents were dichlorom ethane in A and B, cyclo hexane in C and D and etha nol in E and F. Re d 

areas represent the hi ghest fl uorescence (nor mali zed to 1), blu e areas no fluo rescence. The meas ure ment conditions (s li d widths, se nsitivity, concentration ) we re kept constant . 

The intensity rat io of excitation lamp peak (diagonal li nes) to the molecule peaks thus indicates the di ffe rence i n fl uorescence of 4 and 5. 
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Fi gu re 512 : 2D f luoresce nce ma ps and 30 fl uorescence maps (Inset s) of 4 (left side) and 5 (right side ) respectively. So lvents we re dichloromethane in A and B, cyc lohexane in C and 

D and et hanol in E and F. Red areas represent t he highest fl uorescence (no rmali zed tol l, blue areas no f luorescence. The intensity rati o of exci tation lamp peak (diagonal lines ) to 

the molecu le peaks thus ind icat es the differe nce in fl uoresce nce of 4 and 5. 
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5. Fluorescence lifetimes measurements 
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Fi gu re 513: Fl uoresce nce lifet imes of 4 (left side) and 5 (right side) in EtOH (red), DCM (blue) and cyc lo hexarie (pink) . Compound 4 was excited at 375 nm arid t he emission was 

meas ured at 490 nm. Compound S w as excited at 375 nm and t he emission was measured at 480 nm. 
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Figure S14: Fluoresce nce lifeti mes of4 (l eft side ) and 5 (ri ght side ) in Et OH at diffe rent te m pe rat ures fro m -100 °C to SO 0 c. The fl uo resce nce lifeti me ofS decreases from 173K = 27 .7 

ns to 293 K = 11.2 ns . The lifeti me of 4 decreases fro m 63.2 ns at 173 K t o 20 .39 at 293K (18.0 ns at 323 1< ). Com pound 4 w as excited at 375 nm and t he emissi on w as measu red at 490 

nm. Co mpou nd 5 was excited at 375 nm and the emission was mea sured at 480 nm. 

Ta ble S3 : Mean f luorescence li f et imes of 4 and 5 in EtOH measured at different t em peratu res from SO •c to -100 •c. 

Compound 4 Compound 5 

Temperature T [ns] T Ins] 

173K 63.23 27.67 

208K 44.09 23.62 

240K 36.20 18.07 

273K 24.00 11 .83 

293K 20.39 11.15 

323K 18.02 7.93 
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6. Solid state fluorescence measurements 
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Figure S1 5 : A) Comparison of t he q ualitative so li d-state fl uorescence of 4 (left side) and S (right si de) unde r radiat ion of t he UV lamp at 366 nm. The measu red sol id-state fl uoresce nce 

quantum yields are given below, res pectively.Band C) Comparison of the solution {b lue , in DCM) and solid-state f luorescence (green) of 4 (B) and 5 (C).The absorption spectra in 

solution ( DCM ) is show n in b lack. T he excitation wave length was 355 nm, re spe ctively. The soli d-state fluorescence of 4 is bathochromically shifted 35 nm. The solid-state 

fl uoresce nce of 5 bathochromica ll y is shifted 4 nm. The insets show the fl uorescence in sol ution (left, bl ue frame) and i n soli d-state (ri ght, green frame). 
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Fi gu re 516: Spatial resolved so lid state emission of 4 excited at 355 nm and at the respective reg ion of interest (ROI) shown in B. B) So li d st ate emission of 4 {Exe. 355 nm; 

Excit ati on DM B520/ 80; UPLSAPO lOX NA:0 .40 ). C) Transmiss ion image (Exe. 488 nm; lDx). 
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Fi gu re 517: Spatial resolved solid state emission of 4 excited at 355 nm and at the respective ROI show n in B. B) So lid stat e emissi on of4 (Exe. 355 nm; Excitation DM B520/80; 

UPLSAPO lOX NA:0.40 ). C) Transmission image (Exe. 488 nm; lOx). 
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7. Computational Study of the racemization barrier 

All calculations we re performed using density functional theory (DFT) at the B3LYP/6-31G(d) level of theory in 

gaussian 09_112- 131 To elucidate the racemization barrier of compound 4 we took the initial dihedral angle of 34.45° 

between carbon atoms Cl, C7, C22 and C38 (Figure ) from the crystal structure. The dihedra l angle was then 

changed in steps of about 1 ° and the relaxed geometry was calculated at each dihedral angle using the Coordinate 

Scan within Gaussian with the keyword "Add redundant" . The relative energies were calculated with respect to the 

energy of the crystal structure and are shown in Figure 513. 
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Fi gure 51 8 : A ) Crystal struct ure of 4 with t he carbon at om s us ed for t he eva luation of the racemizat io n bar ri er marked in red. The dihedral angle is 34.45°. B) Cal cu lat ion of the 

rotati o nal bar ri er aro und t he marked di hed ral ang le (A ). The Cal cul ation was done 1 ° ste ps fro m -3 5° t o 0°usi ng density functi onal theory (DFT) at t he B3LYP/6-31G(d ) leve l of t heo ry . 

To judge the accuracy of our calculations we calculated the rotational barrier of [4]helicene using our procedure. 

As visible in Figure 514 the rotational barrier is slightly above 4 kcal/mol and thus in accordance with the literature 

values_ll•-151 
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Figure 519: Calcu lations of t he rotatio nal barr ier of (4] helicene density f unctional t heory {DFT) at the B3LYP/6-31G(d ) lev el of t heory. The ba rrie r is slightly above 4 kca lfmol and 

thus in accordance with literature values.[14I 
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Identification of the Irreversible Redox Behavior of Highly 
Fluorescent Benzothiadiazoles 
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Biprajit Sarkar,lb, di Ute Resch-Genger,*1c1 and Siegfried Eigler*1a1 

Redox switches are applied in various fields of research, 

including molecular lifts, electronic devices and sensors. Switch-

ing the absorbance between UV and Vis/NIR by redox processes 

is of interest for applications in light harvesting or biomedicine. 

Here, we present a series of push-pull benzothiadiazole 

derivatives with high fluorescence quantum yields in solution 

and in the crystalline solid state. Spectroelectrochemical 

analysis reveals the switching of UV-absorption in the neutral 

state to Vis/NIR absorption in the reduced state. We identify the 

partial irreversibility of the switching process, which appears to 

be reversible on the cyclic voltammetry timescale. 

The class of benzothiadiazoles (BTD) bears tunable absorption 

and emission features. Hence, their bandgap and orbital 

energies can be adjusted making those fluorophores attractive 

for fundamental photophysical research. BTDs are synthetically 

accessible from o-phenylenediamine derivatives as starting 

materials. Subsequent coupling reactions like Sonogashira, 

Suzuki, and Buchwald-Hartwig coupling give access to a 

plethora of symmetrical and unsymmetrical derivatives_:,-,i 

BTDs can be applied in organic light-emitting diode (OLED) 

materials,"·71 polymers with defined electronic and optical 

propert ies /13- 101 in sensory metal-organic frameworks,11 11 solar 

cells'" ' or in field -effect transistors (FET).'131 Furthermore, BTDs 
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can act as ortho-diamine protecting groups and can thus be 

used as precursors for other molecular compounds, e. g. 

diaminodicyanoquinones and quinoxalines.114'751 Although, 

those applications involve redox processes, there are few 

publications where the BTD unit was considered as a redox 

switch.1" l In this regard, most currently used redox switches are 

based on, e. g. organometallic motives or complex organic 

structures such as perylenediimide-dithienylethene dyads.11 ' - 201 

Up to now, spectroelectrochemical properties of BTDs have 

been investigated in studies on p- and n-doping effects in 

deposited thin films.121 ·" 1 However, there are no examples 

reported which focus on establishing potentially electrochromic 

switches using the BTD molecular unit. In t his regard, cyclo-

voltammetry (CV)-experiments give evidence for the electro-

chemical reversibility of redox processes. However, here we 

show that spectroelectrochemical investigations give a more 

reliable proof of the chemical (ir)reversibility of redox processes. 

Accordingly, herein we present a series of push-pull BTD 

derivatives with an identical electron-donat ing alkyne-methoxy 

group on one side and a variation of (electron-withdrawing) 

groups on the other side (Figure 1 ). We furthermore analyzed 

the fluorosolvatochromism of these compounds and measured 

fluorescence decay kinetics/fluorescence lifetimes (t,) and 

fluorescence quantum yields in solution (<!>,,) and solid state 

(<I>," ). We investigated the non-radiative relaxation through 

measurements in primary alcohols of different chain length and 

in mixtures of ethanol and polyethylene glycol 400 (EtOH/PEG), 

thereby separating the effect of viscosity and polarity on BTD 

emission. 

We started the synthesis of the presented BTD derivatives 

from o-diaminobenzene and followed the published procedure 

(Figure 1).111 Compounds 1-4 were synthesized according to 

procedures of Park et al.1231 Compounds 2 and 4 were isolated 

from the same reaction mixture in respective yields of 12 % and 

54%. 

The photophysical characterization was subsequently done 

in four solvents of varying polarity and proticity, namely n-

hexane (apolar and aprotic), dichloromethane (DCM; medium 

polarity, aprotic), dimethylsulfoxide (DMSO; polar and aprotic), 

and ethanol (EtOH; polar and protic). The absorption and 

fluorescence spectra of 1-4 in DCM are shown in Figure 1 B. The 

molar extinction coefficients (€) of 1- 4 reach a maximum at 

about 300 nm with values up to 35,000 M- ' cm- 1 and show a 

second absorption maximum around 400 nm with smaller E 

values of about 10,000 M 'cm 1• The smaller € values in n-

hexane and EtOH might arise either from solubility/aggregation 

issues, possibly in conjunction with the hydrogen bonding to 

fo;l 2020 The Authors, Published by Wiley-VCH Verlag GmbH & Co. KGaA 

Check for 
updates 1-



 
113 

 

ChemPhotoChem 
Communica tions 

doi.org/10.1002/cptc.20200 0050 

r.l. Chemistry 
"II Europe 

ELlropeanChamlcal 
Societ;e., Publishing 

A) Q i 

H,N NH2 

iii 

·r~ 1~ 1.0 
3.0 

<t 2E] 
0 

, , ' '(I 

<1) 

2.5 
, , ' \ft 3BJJ 0.8 1, \ 1" u 

X 

: •I \ ~\ 
C 

'f""' 
<1) 

2.0 I 11 ' 1'1 

4 ~ 

u 
E 0.6 

.,, 
u I :: \ ':~, ~ 

a 
~o 1.5 ' r, 1 1,, :::, '! "'' 0.4 u:: E I 1 111 

::!.. 1.0 
I \ \\ \ E I 1 ,11 

0 
"' 

J \ ,, , 

0.2 
0.5 'J~ C 

0.0 
'~~l\~ 

0.0 
200 300 400 500 600 700 800 

Wavelength (nm) 

Figure 1. A) Synthetic route to benzothiadiazole derivatives 1- 4. i) 50(11, 

dichloromethane (DCM), 5 h, reflux; ii) HBr, Br1; ii i) THF, TEA, 1-ethynyl-4-

methoxybenzene, Pd(PPh3hCl2, Cul; iv) THF/H 2O, 1.2 eq. of the respective 

boronic acid, K2C0 3' Pd(PPh3)~- Compounds 2 and 4 were isolated from the 

same reaction mixture in yields of 12% and 54%. v) THF/HJO, 1.2 eq. pheny l 

boronic acid, K,CO"' Pd {PPh.~)..., yield: 96%. The fluorescence quantum yields 

{4>nl of 1--4 in DCM are given in %. B) Absorption spectra and normalized 

fluorescence spectra of 1-4 in DCM. The dye concentration was 1 Od,.~ >5M. 

the nitrogen atom in the BTD core unit in case of EtOH. The 

high energy absorption band around 300 nm was attributed to 

rr-rr• t ransit ions and the low energy absorption band to the 

HOMO-LUMO trans ition involving an intramolecular cha rge 

transfer (ICTJ state.1"·"1 To elucidate the role of the two 

absorption bands on dye emission, we measured an excitation 

emission matrix (EEM) of 3 in hexane (Fi gure 52), thereby 

demonstrating that excitat ion at both absorption maxima 

induce the same emission loa, ted at 473 nm. 

Subsequently, we assessed the influence of solvent pola rity 

and proticity on the emission properties of 1-4. The red shift of 

the f luorescence maximum (Figure 2A) from 473 nm in hexa ne 

to 522 nm in DCM and 550 nm in DMSO of 4 is visible by the 

naked eye (Figure 28). 

The emission spectra in the polar aprotic and protic 

solvents DMSO and EtOH closely match. An increase in solvent 

polarity results also in a broaden ing of the emission band of 4, 

Cl1emPhoroChem 2020, 4, 1- 7 www.chemphotochem.org 2 
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Figure 2. A) Absorption spectra (solid) and normalized fluorescence emission 

spectra {di:!shed, excitation at 410 nm) of 4 in solvents of different polarity. 

Hexane = blue, DCM = green, DMSO = red, EtOH = black. Arrows indicate the 

respective stokes shift. BJ Solutions of 4 in solvents of the same proticity 

(aprotic) but different polarity {left to right: hexane, DCM, DMSO) under 

illumination with 366 nm. Values for the normalized Dimroth -Reichardt 

Parameter E1N were taken from Ref. [24]. The dye concentrations used for 

these measur.i?ments were 10 '"'->5M. 

the full width at half maximum (FWHM) of the gaussian fits of 

the fluoresce nce spectra decrease from 15 x 104 cm ' in hexane 

to 0.9x 104 cm - 1 in ethanol (Table 52). Exemplary spectroscopic 

resu lts of fluorosolvatochromism are shown in Figure 3, where 

4 was analyzed in primary alcohols of different chain length, 

from EtOH (Er"- 0.654) to 1-decanol (E/ - 0.525). As the 

po larity of these alcoho ls changes on ly slightly compared to 

the other so lvent s (hexane, DCM, DMSO, EtOH), the solvato-

chromic sh ifts are sma ller. The absorption band is red shifted 

with increasing polarity whereas the fluorescence maxima are 

blue shifted. The S1-S0 energy gap is thus decreasing. This effect 

is furthermore enhanced by the increasing refractive index of 

the alcohols with increasing chain length.1271 Solvent depend-

ency of absorption and emission was investigated by Lippert 

and Mataga separately in the 1950s and later merged in the 

Lippert-Mataga equation [Eq. (51)]. 

Although this model is bu"ilt on simplified solvent-chromo-

phore interactions and the assumption of a spheria,I chromo-

phore (Onsager rad ius), it is widely used to describe solvato-

chromism and was used for BTDs before _l27-'01 In Figure S7 the 

Lippert-Mataga plot of 1-4 is shown. The dipole change upon 

excitation is lowest for 1 (12.26 Debye) and highest for 4 (18 

Debye). In addit ion, 4 also bears the highest ground state 

dipole moment as revea led by DFT calculations (Table 53). Both 

effects are ascribed to the cyano-group substi tuent. An 

increasing dipole moment upon excitation was found fo r BTDs 

before and is a well -known phenomenon."" 0' To explain the 

0 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA 
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Figure 3. A) Photograph of solutions (1 o-s M) of 4 in the alcohols ethanol 

(black), 1-butanol (red), 1-hexanol (green), 1-octanol (blue) and 1-decanol 

(purple) under illumination wi th 366 nm light. The respecti ve quantum yields 

are indicated below in %. B) Normalized absorption spectra (so lid lines.} and 

emission spectra (dashed lines) of 4 (color code as in A). The Stokes shift 

decreases wi th increi.'lsing length of the alcohol chain and hence decreasing 
polarity. The red shift of the absorption and emission are marked by red and 

blue arrows. respectively. C) FluoreS<:en,e lifetime (black; right axis) and 

fluorescence quantum yield (blue; left axis) values in primary alcohols of 

decreasing chain length, revea ling the polarity-induced changes of both 

features and their correlation. The concentrations of the measurements were 
10 .::i.i.. :, sM. 

small difference in the change of the dipole moment for 4 in 

the two plots (aprotic solvents vs. series of primary alcohols in 

Figure 57), we measured 4 in EtOH-PEG mixtures containing 

increasing percentages of PEG400. There is almost no differ-

ence of the Dimroth-Reichardt polarity para meter E/ between 

PEG400 (0.66) and EtOH (0.65).1"·" 1 Thus, addition of PEG 

increases the viscosity drastically but changes the polarity on ly 

slightly (Figure 511).13" We observe no shift in the absorption 

maximum and a small bathochromic shift of approx. 4 nm for 

the fluorescence maximum with increasing viscosity of the dye 

microenvironment. Thu s, the polarity and the proticity of the 

alcohols seem to be responsible fo r the observed difference in 

the Lippert-Mataga plot. 

Cl1emPhoroChem 2020, 4, 1- 7 www.chemphotochem.org 

We measured the <1> 11 and the fluo rescence decay kinetics 

and therefore 1 of the BDT dyes 1-4 in a series of so lvents of 

increasing polarity and viscosity as wel l as in the solid state. 

The <I>, are consistent ly maximal in DCM, with values of 98 % 

for 3 and 4, thus reaching almost unity (Table 1 }. All 

compounds show the lowest <t>, in EtOH, the solvent with the 

highest po larity and hig hest hydrogen bonding strength."31 

Compounds 1 and 2 show a remarkably strong reduction of <l>fi 

in EtOH (15% and 16%) and reduced 1 of 4.12 ns (1) and 

2.42 ns (2). This effect is ascribed to hydrogen bonding to the 

nitrogen atom of the BTD core, which is rather unprotected in 

1 and 2 but sterically sh ielded by the phenyl substituents in 3 

and 4. 

Furthermore, the formation of an ICT state in solvents of 

high polarity and emission from a locally excited (LE} state in 

solvents of low polarity, which was found to be dependent on 

the distance of the donor and acceptor moieties in push-pull 

systems, could explain the trend of the generally lower <J>fi and 

t in polar ethanol.1" ·"·'0·'41 The highest~ va lues (Table SS) are 

found for 2 in DCM (10.02 ns) and DMSO (9.05 ns). 

With increasing chain length of the solvent alcohol, and 

thus decreasing polarity, decreasing hydrogen bond ing 

strength and increasing viscosity, 1 and the <I>fi of 4 increase 

(Figure 3C and Table 56). Accordingly, from ethanol to 1-

decanol ,; increases by 12.5% and<!•" by 47%. Since <1>11 and,; 

increa se with increa si ng viscosity are well known 

phenomena,11 ' ·' '·" 1 we compared our resu lts wi th solutions of 4 

in mixtu res of EtOH-PEG with increasing viscosity but only 

slightly chang ing pola ri ty (Fig ure 511) . Here, both values 

increase as wel l, 1.2% for 1 and 7.8% for <1>11 (Table 57). As the 

vi scosity in the EtOH/PEG mixtures and the series of alcohols is 

increasing, we conclude t hat the drastic reduction of solvent 

po larity from ethano l to 1-decanol is the reason for the 47% 

change of et>". This is in accordance with results published in 

2014 by VanVeller et a/.1' 1 and for other fluoropho res with ICT 

character.D11 

Next, we measured the solid-state emission spectra (Fig-

ure 4 and Figure 514/515) and ct>fiss (Table 1, last row}. As the 

mechanochromic nature of BTDs was shown before, all samples 

were ground before the spectroscopic measurements.1" 1 The 

solid state fluorescence spect ra of our BDT dyes {Figure 4 and 

Figure 514/51 S) close ly match with the respect ive fluorescence 

spectra in DCM. The et>"" are between 33 % (1) and 72% (3) 

and are thus lower compared to the values determined in n-

Table 1. Fluorescence quantum yields of compounds 1-4 in solvents of 

different polarity. The values for the normalized Dimroth-Reichardt 

Parameter E1 N were taken from Ref. (38]. The va lues for the orientation 

polarization Af were calculated as described in detail in the Supporting 

Informa tion. 

2 3 4 

Er" M Solvent <!> [% ] <I> [%] <I>[%] <!>[%] 

0.006 0.00 n-hexane 77 SS 78 79 

0.309 0.22 DCM 88 94 98 98 

0.444 0.30 DMSO 58 83 78 87 

0.654 0.29 EtOH 15 16 58 64 

Solid state 33 41 72 58 

0 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA 
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Figure 4. Norma li zed emission spectra of 1-4 in DCM (to p, ,o<",,.> 5M) and in 

the sol id-state (botto m). The insets show the mo lecu lar structure (top) with a 

color code used for the spectra and photographs of the crysta l powders 

(bottom) under illumination with 366 nm light as well as the fl uorescence 

quantum yields measured in the solid state (l'f>/ 5). 

hexane, DCM or DM5O, but higher compared to EtOH 

(exception: 4 with 64 % vs. 58%) ·, n the solid state. 

Overa ll , 1 is the least emissive compound and 3 and 4 are 

the more fluorescent ones of this series in soluti on, particularly 

in polar solvents, as well as in the solid-state. Moreover, the 

<t>,'' values observed in t his study for solid 1-4 (Table 1) 

considerably exceed the <1>11" values published for BTDs so far, 

that are below 25 %, even though these val ues were measured 

in spin-coated thin film s.121 

To gain more ·,nsights into t he redox behavior of our BTD 

dyes we performed cyclic voltammetry (CV) as well as 

spectroelectrochemica l (UVNis/ NIR) measurements for 1- 4 in a 

0.1 M Bu4NPF, solution of DCM (Fi gure 5 and 516-518). The 

values of the electrochemical potentia ls are given relative to 

the ferrocene/fe rrocenium couple (Fe/Fe+). All compounds 

show at least one reduction process, whi ch is electrochemica lly 

reversible for 2-4 with potentia ls around - 1.7 5 V (Table 58). 

The reduction of compound 1 is only partial ly reversible. 

Compounds 2 and 4 show another irreversible reductive 

process at -2.1 1 V and -2.23 V, respectively (Table 58). This is 

rather surprising, since BTDs are well known to expel t he sulfur 

atom upon reduct ion_l'4•391 However, the reduction of com-

pound 1 most likely results in partial dehalogenation. All 

compounds show irreversible oxidation processes around 

Cl1emPhoroChem 2020, 4, 1- 7 www.chemphotochem.org 4 
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Figure 5. Cyclic voltammogram of 1--4 measun?d at 100 mV/s in OJ M 

Bu4 NPFr, soluti on of DCM. 

+ 1 V, which most likely induce a chemica l reaction involving 

the alkyne moiety. Th is chemica l reaction might be a ri ng-

closure with the nitrogen atoms, as this seems to be a common 

feature in electrochemica l reactions of similar compounds.'401 

The res ulting species show re-reduct ion processes at around 

0 V for 1-4. Scan direction-dependent measu rements of 4 

(starting with either oxidation or reduction first) indicate that 

these peaks are linked to the oxidaf,on (Figure 518). The same 

observation holds t rue for 1-3, if an appropriate starting 

potential is chosen. For compound 4, the inset in Fi gure 6 

confirms that the oxidation is crucial for the redox process at 
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Figure 6. Absorptio r1 spectra of 4 (black), resulting species upon reduction 

(red) and after re-oxidation (green) of a 10<M· >"M solut ion of DCM. The ini ti al 

spectrum is not completely regained, indica ting the irreversibility of the 

process. Inset Cycl ic voltammogrnm of 4 measured from 1.4 V to - 2.0 V in 

both directions, oxidative direction (red) and reductive direction first (g reen). 

The follow up process observed at O Vis visible after running through the 

oxidation at 1.11 V indicat ing that the react ing species is generated on the 

oxidati ve side. 
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The double peak at around O V only appears after the fi rst 

oxidation (Figure 6, inset, red line) and it does not appear 

sta rting from 0.3 V to the reductive side (Figure 6, inset, green 

line). The peaks also appear, if one cycles firs t through 

reduction and then oxidation, so these peaks are clea rly caused 

by a product that forms after oxidation (Figure 518B and CJ. 

In order to probe the chemica l reversibility of the redox 

processes and the fo llow-up reactions, UVNis/NIR-spectroelec-

trochemistry was employed for 3 and 4 (Figure 7 and Fig-

ure 519-520). This was done using optical ly transparent thin 

layer electrochemica l cells (OffiE) with defi ned starting 

concentrations of about 1 x 10-4 M of the respective 

compound.1411 The absorption bands of the radica l anions r 
and 4- formed upon reduction of 3 and 4 cover the whole 

visible spectrum and extend to the NIR. The respective maxima 

are located at 503 nm and 544 nm for 3 and 4 and have 

molar extinction coefficients of 12,000 and 14,000 M- 1 cm-', 

respectively (Figure 7 and Table 59). Species 3- features two 

absorption bands at about 800 nm with a molar extinction 

coeffi cient of about 3,000 M- 1 cm- 1 (Figure 7A). 
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Figure 7. Absorption spectra of 3 (A) and 4 (B) before (red) and after first 

reduction (blue). Both show one pronounced maximum around 500 nm and 

a broad band absorption around 800-900 nm. The concentration was 

10- 4 M in DCM. 
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These absorption maxima are red-shifted to around 900 nm 

for species 4- and have comparable molar extinction coef-

ficien t s. The absorption spectra of the re-oxidized compounds 

revea l that the reduction process is not comp letely reve rsible 

(Figure 6 and Fi gure 519/520), since the absorption spectra of 

the respective neutra l species after redu ction are reduced 

re lative to the initial spectra by about 25 % and 35 % for 3 and 

4, respect ively. For 4, the absorption spectrum may provide a 

hint for a possible polymerization (Figure 6). The oxidation of 3 

leads to a decreased and slightly shifted absorption in the UV 

reg ion at 307 nm with a molar extinction coefficient of about 

18,000 M- 1 cm- 1. Species 3+ shows a broad absorption covering 

the complete Vis region extend ing up to 1,000 nm wi th molar 

extinction coefficients around 4,000 M- 1 cm- 1 and a weak 

maximum at 566 nm. The irreversibility of this oxidat ion 

process is shown by the purple line and further proven by the 

absorpt ion behavior after re-red uction highlighting a fo llow-u p 

chemica l reacti on or decomposition of the compound (Fig-

ure S19). Since the oxidation processes of compounds 1-4 are 

very similar, on ly compound 3 was investigated exemplari ly. As 

our spectroelectrochemical analysis of 3 and 4 showed 

irreversibili ty of the, seemingly revers ible CV experiments, the 

characte rization of 1 and 2 was omitted, owing to the higher 

reactivity already apparent in the cyclic voltammograms. 

We presented a series of push-pull benzothiadiazole 

derivatives with photophysical properties governed by LE and 

ICT states that revea l fluorescence quantum yields (<l>.J of up to 

98% in aprotic organic so lvents of medium polarity and up to 

60% in the polar protic ethanol. We succeeded in separat ing 

the effect of microenvironment polarity and viscosity on the 

optical properties of these dyes, thereby demonstrating a 

polarity-induced reduction in <I>, and fluorescence lifetime. The 

fact that the viscosity barely affects <I>n and the fluorescence 

decay kinetics suggests that a molecu lar motion like a rotation 

in the excited state is not involved in radia tion-less deactivation 

of the excited states of the BOT dyes. Fluorescence stud ies of 

BOT crystals revea led stil l re latively high <I>,r of 30 %-70%. 

Spectroelectrochemica l investigations showed broad absorp-

tion bands in the Vis/NIR for the redu ced species. As 

demonstrated by CV experiments the first reduction step is at 

least partly reversible, in contrast to the second reduction step 

and the oxidation process. Although highly fluorescent BTDs 

with reversib le electrochemical behavior are an attractive class 

of molecules for use as electrochemica l switches, further 

research and more complex architectu res wil l be necessary to 

stabilize charged BTD species. 
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1. General Information 

All reagents were purchased from commercial sources and used without further purification. Dry solvents were purchased from 

Acros Organics. ALUGRAM Xtra SIL G/UV254 plates by Macherey-Nagel were used for thin-layer chromatography. Isolation of 

products by chromatography was performed with silica from Macherey-Nagel Silica 60 M (0.04-0.063 mm). NMR spectra were 

recorded on a JOEL ECX 400 (1H 400 MHz, 13C 101 MHz), JEOL Eclipse+ 500 (1H 500 MHz, 13C 126 MHz) and BRUKER AVANCE 700 

( 1H 700 MHz, 13C 176 MHz) spectrometer at 25 °C. The chemical shifts 6 are calibrated on the respective solvent peak as internal 

standard. All shifts are reported in ppm and NMR multiplicities are abbreviated ass (singlet), d (duplet), t (triplet), m (multiplet). 

Coupling constants J are reported in Hz. UV/Vis spectra were recorded on a Cary 50 Bio photospectrometer (Varian). Fluorescence 

spectra were recorded on a LS 50 B luminescence spectrometer from PerkinElmer. UV/Vis and Fluorescence spectra were 

measured in quartz glass cuvettes with 1 cm path length. IR Spectra were recorded on a FT/IR 4100 spectrometer from JASCO. 

Elemental analysis was performed on an VARIO EL from Elementar. 

Photoluminescence quantum yields (<Dn) were determined absolutely with an integrating sphere setup from Hamamatsu 

(Quantaurus-QY C11347-11). All <Dn measurements were performed at 25°C using special 10 mm x 10 mm long neck quartz cuvettes 

from Hamamatsu. Values below 1% quantum yield are not reliable in the measurement setup and are therefore given as< 1%. 

The fluorescence lifetime ("r), the average time in which the fluorophore is in an excited state before it relaxes to the ground state, 

was recorded on a fluorometer FLS 920 (Edinburgh Instruments) equipped with a Hamamatsu R3809U-50 (range 200-850 nm, 

response width <25 ps), Multi-Channel Plate (MCP) detector, Czerny-Turner double monochromators and either a supercontinuum 

laser (Fianium SC400-2-PP) or a Edinburgh Instrument EPLED-330 (picosecond pulsed light emitting diode) for excitation at 375 

nm, or a Edinburgh Instrument EPL-375 (picosecond pulsed diode laser) for excitation at 330 nm. All the measurements were 

performed at T = 298 K using 10 mm _ 10 mm quartz cuvettes from Hellma GmbH always filled with 2 ml of solvent or dye solution. 

Before each measurement, the instrument response function (IRF) was measured. The lifetime measurements were analysed with 

Edinburgh Instruments FAST Software and fitted with a reconvolution fit. All the lifetimes could be evaluated mono, bi- or tri-

exponentially with a reduced X2 between 0.8 and 3.0. 

The fluorescence spectra of the crystals in the solid-state and microscopic images were recorded with an Olympus FluoView 

FVlO00 (Olympus GmbH, Hamburg, Germany). For UV excitation, a DPSS Cobalt Zouk® (355 nm; 10 mW), and for transmission 

imaging an additional multiline argon ion laser (30 mW, 488 nm) were used as excitation sources, which were reflected by a 

beamsplitter (BS 20/80) and focused onto the sample through an Olympus objective UPLSAPO lOX (numerical aperture N.A. 0.40). 

The emitted photons were recollected with the same objective and focused onto a PMT. Emission signals were detected in a 

wavelength range between 460 nm and 700 nm with spectral resolution of 5 nm and a step width of 2 nm. The spatial resolved 

fluorescence spectra are raw spectra, not specifically corrected for the wavelength-dependent spectral responsivity of the 

detection system of the microscope. 

Electrochemistry 

Cyclic voltammograms were recorded with a PAR VersaStat 4 potentiostat (Ametek) or a VersaStat 4 by working in anhydrous and 

degassed dichloromethane (99.8 % extra dry) distilled from CaH2 with 0.1 M NBu4PF, (dried,> 99.0 %, electrochemical grade) as 

electrolyte. A three-electrode setup was used with a glassy carbon, gold or platinum working electrode, a coiled platinum wire as 

counter electrode, and a coiled silver wire as a pseudoreference electrode. The ferrocene/ferrocenium couple was used as internal 

reference. 

UV/Vis/NIR spectroscopy and spectroelectrochemistry 

UV/Vis/NIR spectra were recorded with an Avantes spectrometer consisting of a light source (Avalight-DH-S-Bal), a UV/Vis detector 

(AvaSpec-ULS2048), and an NIR detector (AvaSpec-NIR256-TEC). Spectroelectrochemical measurements were carried out in an 

optically transparent thin-layer electrochemical (OTTLE) cell (CaF2 windows) with a platinum-mesh or a gold-mesh working 

electrode, a platinum-mesh counter electrode, and a silver-foil pseudoreference electrode. The OTTLE cell with the gold working 

electrode was build analogous to the one with the platinum working electrode (100 mesh woven from 0.064 mm diameter wire; 

99.99% (metals basis)). The molar extinction coefficients of the electrochemically produced oxidized (radical cations) and reduced 

(radical anions) intermediates were derived for samples containing a known concentration of the BDTs 1-4 which was about lxl0-

4 M. 
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2. Synthetic procedure 

The synthesis of 1-4 was done as depicted in Figure S 1. The synthesis of compounds 6 and 7 was done according to literature and 

the spectroscopic results were in accordance with literature.[11 Taking compound 7 the reaction conditions of Park et al. were used 

to synthesize compounds 1-4.t2l Compound 2 and 4 were isolated from the same reaction. The numbers of the compounds were 

chosen for an easier understanding in the paper. The NMR spectra of 1-4 are given at the end of this document. 

f""\ ~ Q ~ Br~ Br >=< I\ w~ 
H2N NH2 N,s , N N,s , N 

6 7 

Fig ure S 1: Synthetic ro ute to wa rds ben zothiadi azo le de rivatives 1-4. 

4-(7-(4-methoxyphenyl)ethynyl)benzo[c][1,2,5]thiadiazol-4-yl) benzonitrile (1) 

Under argon atmosphere, 4,7-Dibromobenzo[c][1,2,5]thiadiazole 

(1.92 g, 6.52 mmol, 1.5 eq.), 1-Ethynyl-4-methoxybenzene (57 4.40 mg, 

4.35 mmol, 1.0 eq.), Pd(PPh3)4 (93.70 mg, 0.08 mmol, 0.1 eq.) and Cul 

(22.00 mg , 0.12 mmol, 0.15 eq.) were stirred at 70°C in a degassed 

mixture of tetrahydrofuran (17.5 ml) and trieethylamine (17.5 ml) for 24 hours. The mixture was cooled to 

room temperature, diluted with water (30 ml). The suspension was extracted with dichloromethane (3x 

30 ml). The united organic phases were dried over MgSO4, filtered and the solvent was removed under 

reduced pressure. The crude product was purified by column chromatography with 

dichloromethane/hexane (1/1) to afford 4-bromo-7-((4-methoxyphenyl)ethynyl)benzo[c][1,2,5]thiadiazole 

(768.90 mg, 2.23 mmol, 51%) as an orange-yellow solid. 

1H NMR (500 MHz, CDCb, RT): o (ppm)= 7.85- 7.80 (m, 1 H), 7.66 - 7.57 (m, 3H), 6.94 - 6.88 (m, 2H), 

3.85 (s, 3H). 

13C NMR (126 MHz, CDCb, RT) : o (ppm)= 160.41, 154.29, 153.20, 133.62, 132.46, 132.10, 117.20, 

114.52, 114.21, 114.16, 97.31, 83.61, 55.43. 
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FT -IR (ATR) v ( cm·1) 3076 (w), 3048 (w), 3002 (w), 2957 (w), 2930 (w), 2830 (w), 2204 (m ), 1601 (m ), 

1574 (m), 1525 (m), 1507 (s), 1480 (m), 1435 (m), 1297 (m), 1248 (s), 1167 (s), 1024 (s), 886 (s), 845 

(s), 828 (vs) 

UVNis (DCM) /Im"' nm (E [lmo1·1 cm·1]) 284 (30000), 402 ( 15000) 

Fluorescence (DCM) lvnax nm(©,,) 529 (93) 

MS (El) m/z = 343 .969 [M]' ( 100), 344.972 ( 16), 345 .960 ( 100 ), 346 .967 (16) 

EA' C1sHgBrN2OS, calc. C, 52.19: N, 8 11: H, 2.63: S, 9.29 meas C, 50.90: N, 7.98: H, 2.75: S, 10 09 

*sma II amounts of dichlo rometha ne and water may be re spo nsi ble forth e deviations of calculated and measured values 

4-( (4-m ethoxyp henyl )ethynyl )ben zo[ c ][1,2,5 ]thi ad i azole (2) 

Under argon aim os ph ere, 4-bromo-7-((4-

methoxyphenyl )ethynyl )benzo[c][1,2,5]thiadiazole (350 00 mg, 1.01 m mol, 

1 eq ), (4-cyanophenyl)boronic acid (178 80 mg, 1.22 mmol, 1.2 eq ), 

K2CO3 ( 140 g, 10 .14 mmol, 10 eq ) and Pd(PPh3)4 (93 70 mg, 0.08 mmol, 

0 1 eq ) were stirred at 70°C in a degassed mixture of tetrahydrofuran (15 ml) and water (5 ml) for 24 

hours. The mixture was cooled to room tern perature, diluted with water (10 ml) . The suspension was 

extracted with dichloromethane (3x 15 ml) The united organic phases were dried over MgSO4, filtered 

and the solvent was removed under reduced pressure The crude product was purified by column 

chromatography with dichloromethane/hexane (1/1) to afford 4-((4-

methoxyphenyl)elhynyl)benzo[c][1,2,5]1hiadiazole (33 10 mg, 0.012 mmol, 12%) as a bright yellow solid. 

1H NMR (500 MHz, CDCb, RT) o (ppm)= 7.97 (dd, J= 8.9, 1.0 Hz, 1H), 7.77 (dd, J= 7.0, 1.0 Hz, 1H), 

7.62 - 7.55 (m, 3H), 6 .93- 6 .89 (m, 2H), 3.84 (s, 3H) 

13C NMR ( 126 MHz, CDCl3, RT) o (ppm)= 160.24, 154.74, 133 .60, 132 .33, 129.36, 12144, 117 .65, 

114.79, 114.15, 96.13, 84 03, 5541 . 

FT-IR (ATR) v (cm·1) 3058 (vw), 3036 (vw), 2953 (m), 2922 (m), 2837 (m ), 2212 (s), 1605 (m), 1582 (w), 

1538 (m ), 1502 (s), 1439 (w), 1303 (m), 1288 (m ), 1244 (s), 1169 (s), 1105 (w), 1025 (s), 910 (m ), 843 

(s), 811 (s). 755 (s) 

UVNis (DCM) /Im"' nm (E [lmol·1 cm·1]) 280 (25000), 382 ( 12000) 

Fluorescence (DCM) li.nax nm (©,, ) 500 (94) 

MS (El) m/z = 267 .052 (22 ), 266.052 [M]' (100 ), 251 .052 (50), 223 030 ( 18) 

EA' C22H13N3OS, calc. C, 67 .65: N, 10.52: H, 3 .78: S, 12.05 m eas. C, 64 .00: N, 9 .86: H, 3 97: S, 10 .85 

*sma II amounts of dichl orometh ane and water may be re spo nsi ble forth e deviations of calculated and measured values 
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4-((4-

m ethoxyph eny l)ethynyl)-7 -phenylbenzo [c][1,2,5]thi adi azole (3) 

\ 
0 

Under argon atmosphere, 4-bro mo-7-((4-

methoxyphenyl)ethynyl)b enzo[ c][ 1 ,2 ,5]thia diazole ( 10 0 0 0 mg, 

0.29 mmol, 1 eq.), Phenylboronic acid (42.38 mg, 0.35 mmol, 

1 .2 eq.), K,,CO3(400.34 mg, 290 mmol, 10 eq.) and Pd(PPh3)4 

(33 47 mg, 0.029 mmol, 0.1 eq) were refluxed in a degassed mixture of tetrahydrofuran (5 ml) and water 

(3 ml) for 24 hours. The mixture was cooled to room temperature, diluted with water (10 ml). The 

suspension was extracted with dichloromethane (3x 15 ml). The united organic phases were dried over 

MgSQ4, filtered and the solvent was removed under reduced pressure . The crude product was purified by 

column chromatography with dichlo romethan e/h exane (1 /1 .5) to afford 4-((4-methoxyph enyl)ethynyl)-7-

phenylb enzo[ c][ 1 ,2 ,5]thiadiazole (95.00 mg, 0.28 mmol, 96%) as a bright yellow solid. 

1H NMR (500 MHz, CDC'3, RT) o (ppm) = 7.99 - 7.93 (m, 2H), 7.86 (d, 3 J = 7 .3 Hz, 1 HJ, 770 (d, 3J = 

7.3 Hz, 1H), 7.65- 7.61 (m, 2H), 7.57- 7.52 (m, 2H), 749 - 744 (m, 1H), 6 .95 - 6.90 (m, 2H), 3 .86 (s, 

3H) 

13C NMR (125 MHz, CDCb, RT) o (ppm)= 160.23, 155.39, 137 .13, 134.33, 133.61, 132 .63, 129.31, 

128 .73, 127 .79, 114.92, 114.16, 96.34, 84 .38, 55.42 _ 

FT-IR (ATR) v (cm 1) 3059 (w), 3028 (w), 3013 (w), 2960 (w), 2923 (m), 2853 (w), 2205 (w), 1606 (m), 

1564 (w), 1546 (w), 1511 (m), 144 7 (w), 1290 (m), 1250 (s), 1177 (m), 1157 (m), 1104 (m), 1033 (m), 

1019 (s), 884 (m), 833 (s), 761 (s), 695 (s) 

UVNis (DCM) Amax nm (E [lmoI·1 cm·1]) 293 (32000), 406 ( 16000) 

Fluorescence (DCM) Amax nm (CD,1) 520 (98) 

MS (El) m/z = 343.084 (40), 342.081 [Ml+ (100), 327.053 (35) 

EA* C21H14f\J2OS, calc.: C, 73.66; N, 8.18; H, 4.12; S, 9.36 meas. C, 71.96; N, 7.50; H, 3.92; S, 8.38 

*small amounts of dichloromethane and water may be responsible for the deviations of calculated and measured values 

4-(7-(4-m eth oxyphenyl)ethynyl)b enzo[c] [1,2 ,5]thi adiazol-4-yl)b enzonitri le (4) 

Under argon atmosphere, 4-bromo-7-((4-

methoxyphenyl)ethynyl)benzo[c][1,2,5]thiadiazole (350.00 mg, 

1.01 mmol, 1 eq.), (4-cyanophenyl)boronic acid (178 .80 mg, 

1.22 mmol, 1.2 eq.), K,,CO3(140 g, 10.14 mmol, 10 eq.) and 

Pd(PPh3)4 (93.70 mg, 0.08 mmol, 0.1 eq.) were stirred at 70°C in a degassed mixture oftetrahydrofuran 

(15 ml) and water (5 ml) for 24 hours. The mixture was cooled to room temperature, diluted with water 

(10 ml). The suspension was extracted with dichloromethane (3x 15 ml). The united organic phases were 

dried over MgSO4, filtered and the solvent was removed under reduced pressure. The crude product was 

purified by column chromatography with dichloromethane/hexane (1/1) to afford 4-(7-(4-
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methoxyphenyl)ethynyl)benzo(c][1,2,5]thiadiazol-4-yl)benzonitrile (201.20 mg , 0.55 mmol, 54%) as a 

bright yellow solid . 

1H NMR (500 MHz, CDCb, RT): o (ppm)= 8.12-8.09 (m, 2H), 7.87 (d, 3J = 7.4 Hz, 1 H), 7.84- 7.81 (m, 

2H), 7.74 (d, 3J = 7.4 Hz, 1 H), 7.65 - 7.60 (m, 2H), 6.96- 6.91 (m, 2H), 3.86 (s, 3H). 

13C NMR (126 MHz, CDCb, RT) : o (ppm)= 160.44, 141.45, 133.70, 132.46, 132.24, 131.81, 129.87, 

128.51, 120.66, 114.23, 112.12, 84.18, 55.44. 

FT-IR (ATR) v (cm-1): 3091 (w), 3052 (w), 2965 (m), 2939 (w), 2844 (m), 2364 (w), 2226 (m), 2200 (m), 

1607 (s), 1547 (s) , 1506 (s), 1446 (m) , 1408 (m) , 1295 (m) , 1250 (s), 1159 (m) , 1106 (w) , 1026 (m) , 888 

(m) ; 835 (s) , 821 (s) 

UVNis (DCM) Am ax nm (e [Lmo1-1 cm-1]): 301 (28000) , 409 (17000) 

Fluorescence (DCM) Amax nm (CD,1): 524 (98) 

MS (El): m/z = 368.076 (24), 367.075 [Mj+ (100), 352.051 (20) 

EA: C22H13N3OS, calc.: C, 71.92; N, 11.44; H, 3.57; S, 8.73 meas.: C, 71.99; N, 11 .50; H, 3.60; S, 8.75 

3. Excitation Emission Matrix (EEM) of Compound 3 
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Figure S 2: 2D de pict ion (A) and 3D depiction (B) of Excitation Emission matrices of benzothiadiazo le derivative 3 in hexa ne. The concent ration wa s lE-5 mol/L. Inde pendent of t he 

excitat ion wavelengths, th e maxi mum of the emiss ion is observed at 473 nm, as visibl e fro m both depictions. 
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4. UVNis and fluorescence measurements in solvents of different polarity - Lippert-Mataga Plot 

f:..V - -X 
~ 2 ( er - 1 

AE - he 2er + 1 

rJ2 - 1 ) (µE - µG)2 
2 x 3 + constant 

277 + 1 a 

Equ ation S 1: Lippert-Mataga Equ ation, de ta ils a nd the me aning of ea ch vari abl e are described below. 

As the energy difference between ground (G) and excited state (El is directly linked to the interplay of the 

fluorophore with the solvent, it can be correlated with the refractive index and the polarity of the solvent. Shown 

above is the Lippert-Mataga equation which describes the solvent-dependent spectral shift of absorption and 

emission.1351 The shift between the absorption and the emission maxima /'J.VA-!'J.v, is directly linked to the change of 

dipole moment (µE - µG ). a is the cavity of the fluorophore (most of the times the Onsager Radius is used), h is 

Planck's constant, c is the speed of light, er is the dielectric constant of the solvent and n is the refractive index of 

the solvent. As the assumption of spherical molecules is a harsh simplification of the model, we assumed Onsager 

Radii of our molecule between 5-7 A, which are in line with values taken in other publications and our DFT 

calculations. 161 

n2 -1 

2n2 + 1 

Equation S 2: Formula used to calculate th e orientation polarization (polarizability) of th e solvent t,. f from the die le ctric constant Er and the refractive index: n.131 

Orientation polarization M derived from the dielectric constant E, and the refractive index n. "The first term 

accounts for the spectral shift due to both the reorientation of the solvent dipoles and to redistribution of the 

electrons in the solvent molecules. The second term only accounts for the redistribution of the electrons."131 

Table S 1: Va lue s of the d ie lectr ic constant Er, the re fractive index n and the result ing orientation polarizabili ty ta ken from referen cel3l. 

Er n M 

Hexane 1.874 1.372 -0.001111783 

DCM 8.93 1.42 0.218511422 

DMSO 46.68 1.36 0.303306702 

EtOH 24.3 1.35 0.292685944 
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El Solvent 

I I [nm] [cm·'] [nm] [cm·'] [nm] [cm·11 

0.009 hexane 400 2.50E+04 466 2. 15E+04 66 3.54E+03 

0.309 DCM 400 2.50E+04 528 1.89E+04 128 6.06E+03 

0.444 DMSO 400 2.50E+04 564 1.77E+04 164 7.27E+03 

0.654 ethanol 400 2.50E+04 577 1.73E+04 177 7.67E+03 

Figure S 3: A) Abso rpti on spect ra (so lid) and normalized fl uorescence spect ra (dashed) of 1 in solvents of different polarity. Hexane = blue, DCM = green, DMSO = red , EtOH = black 

wit h t he molecu lar structu re in t he inset . B) Lippe rt •Mataga plot of 1 w ith the solvent et hanol left out due to it s proticity . The fi t data is given in the inset table. C) Absorption maxima, 

fl uorescence maxima and stokes shift in wave lengt h arid energy un its fo r all fo ur solvents ordered accord ing to t he no rma li zed Dimrot h•Reicha rdt Parameter ErN taken f rom Ref PI 
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Figure S 4: A) Absorpti on spect ra (solid) and normali2ed fl uorescence spect ra (dashed) of 2 in solvents of diffe rent polarity . Hexane = blue, DCM = green, DMSO = red , EtOH = black 

with the molec ular structure in the inset. B) Lip pert-Mataga plot of 2 w ith the solvent ethano l left o ut du e to it s proticity. The fi t data is give n in the inset tabl e. C)Absorpt ion maxi ma, 

f luorescence maxima and stokes shift in wave length ar.d energy units fo r all fou r solvent s ordered according t o the normaliied Dimroth-Reichardt Paramet er ErN taken from Ref.[71 
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0.009 hexane 407 2.46E+04 474 2. 11 E+04 67 3.47E+03 

0.309 DCM 407 2.46E+04 520 1.92E+04 113 5.34E+03 

0.444 DMSO 407 2.46E+04 544 1.84E+04 137 6.19E+03 

0.654 ethanol 407 2.46E+04 550 1.82E+04 143 6.39E+03 

Fi gure SS : A) Absorption spect ra (s ol id) and normaliied fl uorescence spect ra (d as hed ) of 3 in solvents of diffe rent polarity. Hexane= blue , DCM= gree n, DM SO = red , EtOH = black 

wit h t he mol ec ular stru cture in the inset. B) Lippert-M ataga pl ot of3 w ith the solve nt ethanol left out du e to its p roticity . The fi t data is given in the inset tabl e . C) Absorption maxima, 

flu o rescence maxima and stokes shift in w ave length and energy un its fo r al l fo ur solvents ordered acco rding t o the no rmaliied Dimroth-Reichardt Para meter ErN taken from Ref_[7l 
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Figure S 6: A) Absorption spect ra (sol id) and normalized fl uorescence spect ra (dashed) of 4 in solvents of diffe rent polarity. Hexane= blue, DCM= green, DM SO = red , EtOH = black 

with the molecular structure in the inset. B) Lippe rt-Mataga plot of 4 with the solve nt ethanol left out due to its p roticity. The fit data is give n in the inset t ab le. C) Absorption maxima, 

flu orescence maxima and stokes shift in w avelength and energy un its fo r al l fo ur solvents ordered according t o the no rmali zed Dimroth-Reichardt Parameter E TN taken from Ref.PI 

Table S 2: Fu ll width at half maximum {FWHM ) in nanometers {nm) and ene rgy scale (cm-1 ) and area of the gaussian f its of the f luorescence spect ra of 4 in so lvents of different 

po larity . The FWHM inc re ase s w ith increasing polarity of t he so lvent . 

FWHM [nm] FWHM [cm-1] Area [a.u .] 

Hexane 66.40 150609.21 68.49 

DCM 88.14 113457.15 92 .12 

DMSO 99.07 100941.79 102.19 

EtOH 103.64 96484 .12 106.47 
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Fig ure S 7: Li ppe rt-Mataga plot with linear fit of 1-4 wit h data poi nts hexane (M = 0.00), DCM (M = 0.22 ) and DMSO (M = 0.30). We omitted the so lvent e thano l in the p lots of 1-4 in 

the differe nt organic solvents d ue to its p rot icity . In black, th e pl ot for 4 in pri mary alcohols is show n. 1 = red, 2 = blue, 3 = petro le, 4 = o live and 4 in d iffere nt primary alcoho ls= 

black. The M val ues of the alcohols are in bet we en 0. 21 (1-d ec. ) to 0.29 (EtOH). The fit data (s lopes, inte rce pts) are su mmarized in Table S3 and are in line (slope v al ues aro und 

10000) wit h so far pu bli shed investigations of BTDs. [81 W e calcu lated the gro und state dipole moments by DFT-B3LYP; 6-311++G(d,p ) and calcu lated t he excited state dipo le mo me nt 

w ith t he valu es of the chan ge of dipo le moment (insets) derived from the Li p pe rt -M ataga Eq uation.19, 1ot 

Ta ble S 3: Va lu es of t he plots buitt on the Lippert-Mataga equatio n fo r 1-4 and for4 in pri mary alcohols of different chain length . The ground-state dipole moments (GS-DM ) of 1-4 

in De by e w ere ca lcu lated at DFT-B3LYP; 6-31 l++G(d, p) level of th eo ry . The diffe rence of dipole mo ment (6D) upon excitation was calc ulated from the Lip pert -M ataga eq uation as 

descri bed above . The excited state di pole mo ment s (ES DM ) are sum of the cal cu lated GS DM and 6 D. Al l dipole moments are given in De bye . 

Compound Slope from fit Intercept Onsager Rad. llD [Debye] GSDM ES DM 

from fit [Ang] [Debye] [Debye] 

1 12093 .689 3524.541 5 12.26 3 .95 16.21 

2 12144.355 3803.454 6 16.15 2.32 18.47 

3 8833.658 3466.72 6.5 15.53 1.76 17.29 

4 9506.6 3373.678 7 18.00 8.1 26.10 

4prim.Alcohols 10711 3098.82 7 19.11 8.1 27.21 
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5. Calculation of Dipole Moments 

2 3 4 

Figure S 8: Depiction of the OFT calcu lated st ructure of 1-4 f rom left to right . The blue arrows indicate t he relat ive height and t he direction of t he dipo le moment given in Table 52. 

Leve l of t heo ry : DFT-B3 LYP; 6-311 ++G(d,p)[9, 101 
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6. UVNis and Fluorescence Measurements in Primary Alcohols of different Chain Length 
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Figure S 9: Absorption spectra (A), zo omed Absorption spectra (B ), Fluorescence spect ra (C) and zoomed fl uorescence spect ra (D) of 4 in ethanol (black), 1-butanol (red), 1-hexano l 

(green) and 1-octano l (blue) and 1-decanol (purp le ). As the po la rity of t he alcohol increases fro m 1-decanole to 1-butanole th e sto kes shift decreases . Th e red shift of absorption 

and the blue shift of the fl uorescence is marked by the res pectively co lo ured hori zo ntal arrows. 

Table S 4: Va lues of t he viscosity, di el ectr ic constant e,, th e refractive in de x n and t he res ulti ng o rientation pol a rii a bi lity of t he five use d prima ry a lcohols taken fro m refe ren ce[3, 11, 

12]_ 

Viscosity [mPa s] e, n llf 

1-Decanol 11 .9 8.1 1.437 0.205191892 

1-Octanol 7.5 10.3 1.427 0.226258518 

1-Hexanol 4.5 13.3 1.418 0.244370791 

1-Butanol 3.0 17.85 1.399 0.264353401 

Ethanol 1.1 24.3 1.35 0.292685944 
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0.559 1-hexanol 416.017 2.40E+04 545 1.83E+04 69 5.69E+03 

0.586 1-butanol 412.023 2.43E+04 549 1.82E+04 70 6.06E+03 

0.654 ethanol 411.05 2.43E+04 550.5 1.82E+04 71 6.16E+03 

Figure S 10: A) Li ppert-Mataga plot of 4 in primary alcohols of different chain lengt h wit h fi t va lu es give n in t he inset. B) Absorption and Emission maxima and re su lti ng stokes shift 

of 4 in primary alcoho ls of diffe rent chain lengt h in w ave lengt h and energy unit s. Va lues for t he normalized Di mro t h-Reichardt Parameter ErN were taken from Ref.[71 
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COMMUNICATION 

7. Measurements in Mixtures of Ethanol and Polyethylene Glycol (PEG) 
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Figure S 11: Absorption spect ra (A and B- Bis zo omed in) ) and fl uorescence spect ra (C and D - D is zoomed in) of 4 in mixtures of ethanol / polyethylene glyco l (PEG) : 100/0 

(b lack), 75/2 5 (red ), 50/ 50 (b lue), 25/75 (pink) . 

8. Fluorescence Lifetime Measurements 
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Fi gu re S 12: Fluorescence lifetime of 1-4 in hexane (left side) an d ethanol (right side) . Instru ment res ponse fun ction= black, 1 = red, 2 = bl ue , 3 = pi nk, 4 = ol ive. 
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Table SS : Mean fluo rescence li fet imes of 1-4 in solvents of different polarity . Values for t he normal ized Di mroth-Reichardt Parameter ETN were taken from Ref.[71 

1 2 3 4 

El Solvent 1 [ns] 1 [ns] 1 [ns] T [ns] 

0.006 n-hexane 5.77 4.20 4.64 3.79 

0.309 DCM 8.73 10.02 7.70 5.71 

0.444 DMSO 6.14 9.05 7.46 5.42 

0.654 EtOH 4.12 2.42 6.41 5.06 
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Figure S 13: A) Fluorescence lifeti me of 4 in in primary alcohols of diffe rent chain length. Colou r code as give n in the inset. B) mean flu o rescence lifeti me values and fl uorescence 

quantum yie ld vs. t he normal ized Dimrot h-Reicha rdt Parameter ETN taken from Ref.PI With increas ing cha in length of the alcoho l, and thus dec reasing polarity and increa sing 

viscos ity, th e mean f luoresce nce lif etime and the fl uores cence quantum yield increase (values see Tab le SS) . 

Table S 6: Mea n fl uorescence lifet imes and flu orescence quantu m yi el ds of 4 in pri mary alcohols of d ifferent chain length. The % change was calculated with reference to ethano l. 

Va lues for the normalized Dim roth-Re ichardt Parameter ETN w ere ta ken fro m Ref.[71 

4 

Er" Solvent 1 [ns] % change (!)[%] % change 

0.654 ethanol 5.06 0% 64 0% 

0.586 1-butanol 5.63 11 .3% 74 16.0% 

0.559 1-hexanol 5.64 11.5% 83 30.0% 

0.537 1-octanol 5.77 14.0% 89 39.1% 

0.525 1-decanol 5.69 12.5% 94 47.0% 

Table S 7: Mea n fluo resce nce lifet imes and f luorescence quantum yields of 4 different Et OH/PEG rations. The % change was ca lcu lated with ref erence to ethano l. 

4 
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Er" 
Solvent 

r [ns] % change <ll[%1 % change 
EtOH/PEG 

100/0 506 0% 64 0% 

75/25 5.10 0.8% 60 0% 

50/50 5.20 2.8% 65 1.6% 

25/75 5.12 1.2% 69 7.8% 

18 I J. Name. , 2012, 00, 1 -3 
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List of Abbreviations 
1-dec 1-Decanol 

  

Abs Absorption 

ACN  Acetonitrile 

AIE Aggregation induced Emission 

  

BTD Benzothiadiazole 

  

CH Cyclohexane 

CLSM Confocal laser scanning microscope  

CV Cyclic voltammetry 

  

DADQ Diaminodicyanoquinone 

DCM Dichloromethane 

DFT Density functional theory 

DMABN 4-N,N-dimethylaminobenzonitrile 

DMSO Dimethyl sulfoxide 

DMF N,N-Dimethylformamide 

D Debye 

  

EA Elemental analysis 

EEM Excitation-Emission matrix 

Em Emission 

EOA Electro-optical absorption 

EPR Electron paramagnetic resonance 

EtOH Ethanol 

ε Molar absorption coefficient 
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HBC Hexabenzocoronene 

HOMO Highest occupied molecular orbital 

HPB Hexaphenylbenzene 

  

ICT state Inter charge transfer state 

IR Infrared spectroscopy 

ISC Intersystem crossing 

  

LE state Locally excited state 

LUMO Lowest unoccupied molecular orbital 

  

MeOH Methanol 

MRCI Multi-reference configuration interaction 

MS Mass spectrometry 

M Monomer 

  

NIR Near infrared region (780-3000 nm) 

NMR Nuclear magnetic resonance  

  

OLED Organic Light-Emitting Diode 

OTTLE Optically transparent thin layer electrochemical cells 

  

PAH/PAK Polycyclic aromatic hydrocarbons 

PEG Poly ethylene glycol 

PES Potential Energy Surface 

PSP Polystyrene particles 

PTCNQ 7-pyrrolidino-7,8,8-tricyanoquinomethane 
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S Singlet (state) 

  

TCSPC Time-correlated single photon counting 

TD-DFT Time dependent-density functional theory 

TICT Twisted intramolecular charge transfer 

THF Tetrahydrofuran 

T Triplet (state) 

  

UV Ultraviolet 

  

Vis Wavelength region of visible light (380-780 nm) 

  

XRD X-ray diffraction 

  

Φ Fluorescence quantum yield 

ΦSol Fluorescence quantum yield in solution 

ΦSS Fluorescence quantum yield in the solid state 

ΦPSP Fluorescence quantum yield in polystyrene particle 

  

τ Fluorescence lifetime 
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