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 Chapter 1 – Introduction and Aim of Thesis 

 

“In the case of all things which have several parts and in which the totality is not, as it 

were, a mere heap, but the whole is something beside the parts, there is a cause; for even 

in bodies’ contact is the cause of unity in some cases, and in others viscosity or some other 

such quality.” Aristotle, 350 BC[1] 

 

This section cited from Aristotle’s famous philosophical opus “metaphysics” is commonly shortened as 

“the whole is greater than the sum of its parts”, however this simplification may not convey the greater 

meaning. In this regard, Aristotle’s conclusion can be understood as unique properties developing out of 

the totality of the assembled components and the force that binds them together. And just as the Greek 

syllable “bi” means more than just the second and ninth letter in the alphabet added mathematically but 

“twice” or “twofold”, so do biradicals offer much more than simply two radical entities put together. 

Instead, the two electrons – the unpaired state of a covalent bond – can interact with each other and 

therefore endow biradicals with remarkable stability and make them the archetype of a ferro- or 

antiferromagnetic coupler.      

Apart from their theoretical relevance, biradicals are important reaction intermediates and increasingly 

spark interest as open-shell materials.[2] (Bi-)radical generation and recombination (i. e. bond formation) 

or saturation are crucial steps in numerous important thermolytical or photochemical processes like the 

Norrish-type-II reaction[3–6] or the Masamune Bergman cyclisation[7–11] as well as in combustion[12, 13] 

and atmospheric[14, 15] chemistry. Despite their long history, biradicals have been discovered late as a 

material class due to their highly reactive behaviour. Nevertheless, this did not prevent biradicals to raise 

continuous attention over the past decades as promising candidates for non-linear optics,[16, 17] energy 

storage,[18, 19] singlet fission[20] and spintronic materials[21]. However, until today, it is rather challenging 

to advance these highly reactive compounds towards stable materials. Accordingly, the (ambient) 

stability of biradicals is one of the most important determinants for any open-shell organic material and 

stabilization is a fundamental challenge to meet. Nevertheless, the chemistry of biradicals led to a 

plethora of molecules based on numerous different design principles and hence resulting in a broad 

variety of stabilities and properties. Thus, it is the intention of Chapter 2 to give a brief overview on the 

development of structural classes and molecular properties.  

1 



Chapter 1 – Introduction and Aim of Thesis 

 2    

 

It will also be pointed out in Chapter 2 that electron deficient π-scaffolds are capable of stabilizing 

(bi)radicals via efficient spin delocalization. However, whereas larger π-systems gain stability with half-

life times up to several days, smaller but evenly electron deficient π-systems decompose within hours.[22–

24] Furthermore, less electron poor but larger open-shell PAHs tremendously gain stability.[25] Hence, it 

is reasonable to conclude that an extraordinarily high degree of electron deficiency is not always 

necessary for spin delocalization, but rather harmful regarding stability and causing increased reactivity. 

Accordingly, the question arises, whether or not it is possible to maintain the stability of biradicals for at 

least several days, with a moderately electron deficient and small sized π-core.  

Therefore, the first aim of this thesis was to design a balanced small π-system with moderate electron 

deficiency but still significant spin delocalization at the same time. For this purpose, the isoindigo (IIn) 

scaffold was considered to be ideal. Accordingly, it is the aim of Chapter 3 to describe the synthesis and 

characterization of open-shell OS-2•• and draw a comparison between the biradical and the respective 

monoradical 1• (Chart 1.1).  

 

 

Chart 1.1 | Structural formula of isoindigo phenoxyl (bi)radicals OS-2•• and 1• discussed in Chapter 3.  

 

Like shown for OS-2•• in Chapter 3, Kekulé-type (singlet) biradicals are in resonance with closed-shell 

quinoidal mesomeric structures, which often leads to a significant gain in persistence. However, there is 

a smooth transition from distinctly interacting but still unpaired electron spins to a dominating closed-

shell quinoidal structure. Whether an open-shell biradical or a closed-shell quinoidal structure prevails, 

is determined by several factors like the π-system’s size,[26–31] constitutional isomerism[25, 32–36] or 

substituent effects[37]. Additionally, already starting in the 1950s Clar highlighted the importance of 

benzenoid sextets[38–40] for the stabilization of polycyclic aromatic hydrocarbons. Thus, it is all the more 

remarkable that the impact of a systematic variation of aromaticity within a biradicaloid framework was 

so far not investigated.  



Chapter 1 – Introduction and Aim of Thesis 

 3    

 

Therefore, the linker-aromaticity in a series of diketopyrrolopyrrole (DPP) bridged phenoxyl 

biradical(oid)s DPP1••, DPP2q and DPP3q was tuned by incorporation of phenyl, thiophene and furane 

spacers (Chart 1.2). Presenting the synthesis and characterisation as well as gaining deeper insights into 

the electronic factors, individually stabilizing open-shell biradicals or closed-shell quinoidal states in 

DPP bridged phenoxyl biradicals and quinones is the intention of Chapter 4.  

 

 

Chart 1.2 | Structural formula of DPP bridged phenoxyl biradical DPP1•• and heteroaromatic quinones DPP2q 

and DPP3q. 

 

Phenoxyl radical decoration of pigment chromophores is on the one hand a convenient approach in order 

to achieve spin functionalization, but on the other hand increases decomposition rates – in particular in 

a non-inert environment.[41] Thus, further kinetic and thermodynamic stabilization is necessary in order 

to advance these inherently unstable compounds into useful materials or applications. Furthermore, 

pronounced electronic coupling of phenoxyl spin centres with the chromophore cores leads to 

tremendous changes of absorption spectral properties like large shifts of absorption maxima wavelengths 

or even rise of completely new spectral signatures. In order to enable a better predictability of optical 

properties, maintaining the unique magnetic characteristics of biradicals (i. e. twofold spin decoration) 

while electronically decoupling the spin centres would be desirable. Promising candidates for this 

purpose are nitronyl nitroxide (NN) biradicals, as they feature spin delocalization limited to an O-N-C-

N-O pentad, covalent attachments and strong intramolecular magnetic coupling.  

Thus, in Chapter 5 the synthesis and investigation of twofold NN decorated perylene bisimide (PBI), 

isoindigo and diketopyrrolopyrrole derivatives PBI-NN, IIn-NN, PhDPP-NN, ThDPP-NN and 

FuDPP-NN was tackled (Chart 1.3). In addition, the optical and magnetic properties of these interesting 

compounds as well as challenges during the synthesis of this electron deficient biradicals will be 

discussed.  
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Chart 1.3 | Structural formula of pigment chromophore bridged nitronyl nitroxide biradicals PBI-NN, IIn-NN, 

PhDPP-NN, ThDPP-NN and FuDPP-NN. 

 

Finally, a conclusive summary will be drawn in Chapters 6 and 7 in German and English language.  

 

 



 Chapter 2 – State of knowledge 

 

2.1 Nomenclature, terminology and key properties 

Radicals are paramagnetic molecules with an odd total number of electrons. Besides their electrical 

charge, free electrons bear a spin information and a magnetic momentum. Thus, additionally to charge 

related phenomena, magnetic exchange interactions have to be considered in radical chemistry. 

Structures functionalised with two spin centres are denominated biradical(oid)s or diradical(oid)s 

(Scheme 2.1).[2]  

 

 

Scheme 2.1 | Suggested diradical classification according to Abe.[2] However, it does not strictly follow the IUPAC 

recommendations. Adapted with permission from ref. [2]. Copyright 2013 American Chemical Society. 

 

The chemical as well as physical properties of these compounds are determined significantly by the 

interaction between both radical centres.[42] Accordingly, molecules are called biradicals, if the distance 

between both spin centres is very large, and thus spin-spin interactions are only weak, but still 

measurable. In contrast, diradicals are characterised by a large energy value for the electron exchange 

integral J (Scheme 2.1).[43] In both cases, but more easily detectable among diradicals, singlet (spin 

multiplicity = 1) and triplet (spin multiplicity = 3) spin states can be distinguished. The two spins in 

singlet biradicals are oriented antiparallel (e.g. ), leading to a total spin S = 0, and thus no resonance 

signals can be detected by EPR spectroscopy (Scheme 2.2). Accordingly, in triplet diradicals with 

5 
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parallel spin orientation (e.g. ) the total spin amounts to S = 1, leading to well detectable resonance 

signals in the respective EPR spectra.[2] In general, for triplet biradicals ferromagnetic coupling is 

observed, whereas singlet biradicals feature anti-ferromagnetic coupling.[44] Finally, structures in which 

the singly occupied molecular orbitals (SOMO) are energetically not degenerated, but in very close 

proximity, are called diradicaloids (Scheme 2.2b).[45] In this case, the only minor energetic difference 

between both orbitals results in an almost equal orbital occupation. However, with an increasing energy 

difference, there is a smooth transition from SOMO to HOMO and LUMO and accordingly form 

diradicaloid to non-radicaloid. 

 

 

Scheme 2.2 | Selected electronic configurations of bi-/diradicals (a), bi-/diradicaloids (b) and non-radicaloids (c). 

 

In recent literature, the terms “biradical”, “diradical” and “bi-/diradicaloid” are often mixed up or used 

synonymously, although formal definitions for each of these terms were recommended in a “Gold Book” 

by the International Union of Pure and Applied Chemistry (IUPAC): The term “biradical” is defined as 

a molecular entity with two radical centres, which interact nearly independently of each other.[46] The 

exact meaning of “nearly” remained vague in this context but is slightly specified, as the spin interaction 

should be judged with respect to kBT. Thus, it is appropriate to apply the term “biradical” in particular 

for molecules, where room temperature caused (de-)population effects of spin states can be observed. 

Diradicals are more generally defined by the IUPAC as molecules bearing two spin sites with at least 

two different multiplicity states (e.g. singlet and triplet).[47] It is obvious that both definitions do not 

exclude each other (Figure 2.1), but the term “biradical” refers to a more specific and measurable 

temperature-dependent magnetic effect. However, already in 1995 IUPAC stated, that the term 

“diradical” is preferably used for exactly this kind of molecules (“biradicals”) as well.[47] According to 

the 2007 IUPAC recommendation, both terms “biradicaloid” and “diradicaloid” are synonyms and 

describe molecules with significant radical-radical interaction.[48] 
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Figure 2.1 | Suggested diradical classification for this thesis in accordance with IUPAC recommendations (left) as 

well as schematic illustration of the singlet-triplet energy gap (right).  

 

The singlet-triplet energy gap ΔEST is the energy difference between the lowest energy singlet and 

triplet state (Figure 2.1). It can be estimated experimentally via variable temperature (VT) EPR 

spectroscopy or super conducting quantum interference device (SQUID) magnetisation measurements 

(see the methods part for details). In literature, different units were used for this energy, and 

unfortunately, SI units are not the most common ones. As the IUPAC recommends benchmarking ΔEST 

with respect to 𝑘𝐵𝑇 (vide supra), the energy amount of 𝑘𝐵𝑇 at room temperature is informative, which 

equals 25.69 meV (= 2.479 kJ mol–1 = 0.592 kcal mol–1 = 207 cm–1). Due to the advantage of a per 

molecule unit, ΔEST will mainly be given in (milli) electron volts and in kilojoule per mole in this work. 

In summary, the denomination “diradical” is the more general description for molecules with two 

interacting spin centres whereas the term biradical should be used in cases where the singlet-triplet 

energy gap (ΔEST) is small and thus changes in the occupation of spin sates is caused easily by moderate 

temperature variation. Therefore, and in accordance with the IUPAC recommendations, the term 

biradical will be used in this thesis for an open-shell ground state molecule bearing two spin sites with a 

singlet-triplet energy gap that can be thermally overcome at room temperature or in a moderate 

temperature range between –100 °C and +100 °C.  

Electron spins located along a conjugated chain of atoms are oriented antiparallel and thus alternate up 

and down.[49] For this reason, only biradicals in which both spin centers are linked by an even number of 

atoms like in 3 can undergo an intramolecular recombination and form a closed-shell mesomeric 
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resonance structure (Chart 2.1a). These compounds are called Kekulé-type molecules and commonly 

exhibit a singlet ground state multiplicity (terminal spins are oriented anti-parallel blue and red in 3, 

Chart 2.1a).[50–53] Well-known representatives of this class of molecules are quinodimethanes (QDM) 

ortho- or para- xylylene 5 and 6, which however, have a closed-shell ground state (Chart 2.1b). In 

contrast, triplet diradicals like polyene 4 or meta-xylylene 7 cannot be stabilized via intramolecular 

recombination and consequently are denominated non-Kekulé-type molecules (terminal spins are 

oriented parallel: blue and blue, Chart 2.1a, b).[54, 55] Due to their distinct paramagnetic character, non-

Kekulé-type diradicals are more reactive and tend to dimerise or decompose.[56–58]  

 

 

Chart 2.1 | Selected open and/or closed-shell resonance structures of polyenes 3 and 4 (a), of ortho-, para- and 

meta-xylylene 5, 6 and 7 (b) as well as of NHC-based diradicaloids 8, 9 and 10 (c).[59–61] Red and blue arrows 

indicate spin polarization and resulting ferro- and antiferromagnetic coupling. Blue hexagons highlight Clar sextets.  

 

Almost every conjugated molecule can be represented by more than one mesomeric structure like NHC-

based diradicaloids 8–10 (Chart 2.1c).[59–61] However, not all of these resonance structures are equal in 
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energy. A concept to identify favoured structures was developed by Clar, which is commonly known as 

Clar’s sextet rule.[38–40] According to Clar, structures with a higher number of benzenoid sextets are 

more stable. For instance, in a NHC-based terphenyl diradical, the open-shell state 10-α is more stable 

compared to closed-shell 10 due to three additional Clar sextets. Frequently – like e.g. in all xylylene 

isomers (Chart 2.1b) – the open-shell structures comprise a higher number of benzenoid hexagons 

compared to the closed-shell states and thus gain stability. Accordingly, Clar’s sextet rule is a powerful 

and fundamentally important principle in biradical chemistry, frequently serving as an explanation for 

the stabilisation of open-shell states.  

As Kekulé-type diradicals can be represented by open and closed-shell resonance structures, which – in 

addition – commonly both contribute to the ground state, the singlet biradical character y0 was 

introduced as a measure for the extent of the open-shell contribution. The biradical character ranges from 

zero for a completely closed-shell molecule to one for a fully open-shell material[2] and is usually 

accessed by quantum chemical analysis of the natural orbital occupation number (NOON)[52] or 

experimentally from the one and two-photon absorption energy as well as the singlet-triplet energy 

gap.[62] 

Finally, a central measure for the ambient stability of biradicals in solution is the minimum half-life in 

solution 𝝉𝟏/𝟐. In default of an established standard test, stability is most commonly determined by 

UV/vis/NIR absorption spectroscopy (see the methods part for details). 
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2.2 Important classes and design principles of diradicals 

In the following sections, important classes of (organic) diradicals will be presented, thereby illustrating 

common structural design principles and structure-property relationships. Thus, this part is not intended 

to be an enumeration, but to clarify the specific effects caused by steric factors and electronic 

modifications. As the number of known open-shell compounds is tremendous and several examples can 

be categorized into more than one substance class (e.g. carbon- vs. oxygen-centred radicals, zethrenes 

vs. acenes, etc.), not each individual biradical characteristic (y0, ΔEST, half-life in solution) will be 

discussed in this overview, but information of relevance for this thesis only. 

  

2.2.1 Towards carbon centred diradicals and open-shell PAHs 

2.2.1.1 Triphenylmethane-based biradicals 

Since their discovery more than one century ago by Thiele in 1904[63] and Tschitschibabin in 1907[64], 

biradicaloid organic molecules continuously raised attention among organic chemists and material 

scientists. Both hydrocarbons 11 and 12 are named after their discoverers and differ only in the number 

of bridging phenylene units (Scheme 2.3). They can be understood as conjugated triaryl methane dimers 

based on Gomberg’s radical 14[65–67] but – in contrast to 14 – do not show any dimerisation tendency. 

Although both 11 and 12 feature a closed-shell ground state, Tschitschibabin’s HC shows a particularly 

higher reactivity, which originates from significant biradical contributions in the ground state.[50, 68, 69]  

 

 

Scheme 2.3 | Open- and closed-shell resonance structures of Thiele’s,[63] Tschitschibabin’s[64] and Müller’s[70] 

hydrocarbon 11, 12 and 13 as well as Gomberg’s radical 14 in a dimerisation equilibrium. 

 

Upon insertion of an additional phenylene bridge, Müller’s HC 13 is obtained, which represents the first 

open-shell derivative out of this series.[70, 71] This can be rationalized by an increasing number of aromatic 

sextets stabilizing the open-shell configuration (Clar’s sextet rule).[39] Accordingly, a spin crossover from 
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closed-shell quinoidal to open-shell biradical was achieved in the hydrocarbon series presented by 

Thiele, Tschitschibabin and Müller, upon elongation of the para-phenylene oligomer unit. A similar spin 

crossover was observed recently for diamino carbene based analogues as well.[59–61] A certain 

improvement regarding ambient stability of triaryl methane radicals was later achieved upon per-

chlorination of the aryl units, which lowers the electron density, promotes spin delocalization and/or 

enables charge separation.[72, 73]  

Until today, structural motives based on Thiele’s and Tschitschibabin’s hydrocarbon have not lost 

attraction and led to largely extended π-systems like 15, 16 and 17 with bridging anthracene units instead 

of the phenylene-based historic counterpart (Figure 2.2).[74–76] The ground state of 15 is closed-shell 

quinoidal, but the open-shell singlet state is only 165 meV (= 15.9 kJ mol–1) higher in energy. 

Accordingly, even minor structural changes can invert the relative position of energy levels and result in 

a spin crossover, as demonstrated by formally biphenyl-fused analogous fluorenyl derivative 16, which 

is a triplet ground state biradical.  

 

 

     

 

Figure 2.2 | Biradicaloid systems 15,[74] 16[74] and 17
[75] based on Tschitschibabin’s and Thiele’s hydrocarbon (top, 

incorporated scaffolds of 12 and 11 are highlighted in bold). Additionally shown is the switching process of 17
[75] 

between a folded form 17-F and a twisted form 17-T as well as schematic representation of the energy profile for 

the switching cycle (bottom, from left to right). Adapted with permission from ref. [75]. Copyright 2020 American 

Chemical Society. 

17–F 17–T 17–F 

17–T 20.1 kJ mol–1 

96.2 kJ mol–1 
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The open-shell states of PAHs 15, 16 and 17 are characterized by a geometry with orthogonal π-surfaces: 

The bridging anthracene cores are oriented perpendicular to the neighbouring anthracene or terminal 

diphenylmethane units. In contrast, the quinoidal states feature much smaller dihedral twist angles but 

are highly contorted structures as well due to steric repulsion.[75] This overcrowding results in a huge 

energy barrier for the transition of the orthogonal open-shell state to the more planarised quinoidal one. 

Both conformations represent local minima resulting in a bistability of states as has been demonstrated 

in the case of thermally/photochemically switchable 17.[75] Tristicyclic aromatic ene (TAE) 17 features 

a closed-shell quinoidal ground state 17-F, which however is only 208 meV (= 20.1 kJ mol–1) lower in 

energy than the respective open-shell state 17-T (Figure 2.2, bottom). The activation barrier for the 

conformational isomerization at 300 K was found to be 997 meV (= 96.2 kJ mol–1) leading to a half-life 

of 2 h for the open-shell conformation and thus a remarkable persistence of this kinetic state. 

Nevertheless, steric overcrowding is not large enough to endow 17 with an open-shell ground state, but 

still enables a significant stabilization of the biradical conformation.  

An open-shell ground state was achieved in a related series of higher oligo(9,10-anthryl)n derivatives 18 

and 19 (Chart 2.2) with a total number of three and four 9,10-anthryl units.[77]  

 

 

 

Chart 2.2 | Open- and closed-shell valence isomers of oligo(9,10-anthryl)n derivatives 18 and 19.[77]    
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This is remarkable, since the stabilisation of the open-shell state in 18 and 19 cannot be explained by a 

larger number of Clar sextets, as there are more benzenoid hexagons in the closed-shell state (Chart 2.2, 

highlighted in blue). Thus, the authors concluded that increasing steric repulsion of the “wing-like” 

anthracene units overweighs the effect of Clar sextets and overcrowding is the main driving force 

towards the biradical character in this series.   

 

2.2.1.2 Acenes and (Di-)Indenoacenes 

As observed upon para-phenylene elongation, a spin crossover from closed-shell PAHs to open-shell 

biradicals can be imagined by a benzannulation approach in the (poly)acene series (Chart 2.3).[78, 79] 

Acenes, representing planar, conjugated molecules, formally match the Hückel criteria for aromaticity, 

which however only apply for monocyclic compounds.[80–82] Consequently, all closed-shell resonance 

structures of (linear) acenes can accomodate only one Clar sextet, as illustrated for anthracene 20 and 

pentacene 22 (Chart 2.3). Consequently, the number of benzenoid hexagons in acenes only increases in 

open-shell resonance structures like in diradicals 20-α and 22-α or in tetraradical 22-β, which, however, 

do not stabilise the molecule but enhances its reactivity. In contrast, the nonlinear arrangement of 

hexagons enables an increasing number of aromatic sextets in closed-shell structures, as can be seen by 

comparing isomeric anthracene 20 and phenanthrene 21.[83, 84] Despite the possible contribution of open-

shell states to the ground state, up to pentacene all acenes are quite stable materials and according to 

computational analysis mainly closed-shell molecules.[85, 98] Starting with hexacene, open-shell 

contributions to the electronic ground state increase and the singlet-triplet energy gap decreases with the 

length of linear extension reaching an almost constant plateau value of about 240 meV (= 23.2 kJ mol–

1) beyond octacene (n = 7, Chart 2.3).[2, 85] The synthesis of larger polyacenes is challenging due to their 

low solubility combined with high sensitivity, which steadily increases with the number of annulated 

rings. The generation of unsubstituted higher acenes is therefore limited to surface- or matrix-based 

approaches.[86–89] However, introduction of sterically demanding protecting groups shielding the reactive 

π-scaffold and/or rising oxidation potentials by extensive fluorine substitution like in nonacene 

derivative 23 (Chart 2.3) allowed a preparative isolation.[90–92] Magnetic spectroscopic investigations as 

well as the reduced stability of 23 hint towards an open-shell ground state, however, this aspect was not 

clarified in detail.  

Similar to the effect achieved by introduction of fluorine substituents, oxidation resistance of acenes can 

also be increased by incorporation of heteroatoms into the PAH scaffold. For instance, the group of Bunz 

demonstrated that the exchange of two or four CH-groups by nitrogen atoms leads to a significant 
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lowering of the LUMO levels resulting in highly oxidation resistant azaacenes.[93] Furthermore, these 

compounds frequently feature ambipolar properties making them promising candidates for both n- and 

p-type semiconductors. Thus, Zhang and co-workers determined for azaacene 24 balanced hole and 

electron mobility of µh = 0.11 and µe = 0.15 cm2/Vs.[94] Apart from more electron deficient designs, 

further stabilization was achieved as well by sulfur-doped acenes via an increasing number of Clar 

sextets[95, 96] like in 25 or with structural incorporation of benzothiophene units.[97] However, most of 

these (hetero-) acenes represent closed-shell (quinoidal) compounds. 

 

 

 

Chart 2.3 | General structure of acenes as well as open and/or closed-shell resonance structures of anthracene 20,[84] 

phenanthrene 21[84] and pentacene 22
[85] as well as nonacene derivative 23,[92] diazapentacene 24

[94] and sulfur-

doped 25.[96] 

 

A significant enhancement of the open-shell character in the polyacene series was predicted upon 

capping the terminal acene rings with cyclopentadienyl units, presumably due to a spin concentration 

effect (vide infra).[98] Already with four annulated benzene rings (Table 2.1, n = 3), a dominating 

biradical character of 60% is predicted, reaching 90% with seven hexagons (Table 2.1, n ≥ 6). 
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Table 2.1 | Size-dependent increase of singlet biradical character y0 in antiaromatic cyclopentadiene caped acenes. 

 

However, the cyclopentadiene termination leads to antiaromatic structures and “exposed” carbon sites 

with increased spin density and thus high reactivity. Steric shielding of these reactive positions while 

gaining additional π-surface was later achieved by further π-extension beyond the terminal five 

membered rings. Accordingly, Haley and co-workers presented diindeno-fused anthracene derivative 26 

(Figure 2.3a),[32] in which the authors considered spin concentration at the non-fused pentagon carbon 

atom within their molecular design and thus attached bulky mesithylgroups sterically protecting these 

sites (Figure 2.3b). Consequently, 26 is exceptionally stable with a half-life in solution of 64 days and 

features a pronounced biradical character of y0 = 0.62 due to aromatic stabilization of the open-shell state 

as evidenced by an XY-scan of the nucleus-independent chemical shifts (NICS, Figure 2.3c). This NICS-

scan revealed a high degree of aromaticity in the central as well as both terminal rings (D and A, 

Figure 2.3a, c). 

 

 

          

Figure 2.3 | Open- and closed-shell resonance structures of diindenofused anthracene derivative 26 (a),[32] as well 

as odd electron density plot of (simplified) 26 on the LC–UBLYP/6–311+G(d,p) level of theory (b) and NICS-XY 

scans of the open-shell singlet and triplet states of 26 (c). Capital letters A, B, C and D in (c) refer to the rings of 

26 in (a). Adapted with permission from ref. [32]. Copyright 2016 Springer Nature. 

n 1 2 3 4 5 6 7 8 9 10 11 

y0 0.21 0.39 0.60 0.74 0.84 0.90 0.93 0.95 0.96 0.96 0.97 

a) 

b) c) 



Chapter 2 – State of knowledge 

 16    

 

Apart from 26, a plethora of structures has been developed based on (di)indenofused acenes as well as 

larger π-systems.[34] Indenofluorenes are the smallest representatives of this class and comprise a fused 

indene and fluorene scaffold, but their properties strongly depend on the exact molecular constitution 

(Chart 2.4).[33, 99–101] Indeno[1,2-a]fluorene 27 and indeno[2,1-b]fluorene 28 are rare examples of meta-

substituted quinodimethanes (QDM), which are able to form a closed-shell Kekulé structure. However, 

the closed-shell resonance structures of 27 and 28 are energetically disfavoured, as the number of Clar 

sextets is tripled in the open-shell state (Chart 2.4, top). Accordingly, 27 and 28 feature significantly 

increased biradical characters of y0 = 0.65–0.80 compared to 0.25–0.29 for the derivatives 29, 30 and 31 

based on an ortho- and para-QDM substitution pattern (Chart 2.4, bottom). Additionally, by applying 

Ovchinnikov’s spin polarization rule[102] (spin orientation is alternating along a conjugated chain of 

atoms (vide supra), illustrated by red and blue arrows), a triplet open-shell state is correctly predicted for 

indeno[1,2-a]fluorene 27, which was confirmed with magnetic spectroscopy and is well in line with the 

observed enhanced reactivity.[33]  

 

 

Chart 2.4 | Different indenofluorene isomers[33, 99–101] and resonance structures of indeno[1,2-a]fluorene 27.[33]  Red 

and blue arrows indicate ferromagnetic coupling and QDM substructures are highlighted in bold.  

 

Like demonstrated with the remarkably stable open-shell diindenofused anthracene 26 (Figure 2.3) 

exhibiting a half-life time of more than two months in non-degassed CH2Cl2 solution[32] as well as with 

other indenofused PAHs[25], larger π-surfaces enable significant thermodynamic stabilization of 

biradicals, presumably by enhanced delocalization. Furthermore, structural isomerism, π-extension via 

benzannulation and sulfur doping allows a rational fine-tuning of biradical properties like the singlet-

triplet energy gap or the singlet biradical character in indenofluorene chemistry.[36, 103–105]  
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2.2.1.3 Bisphenalenes 

The non-linear arrangement of fused rings offers an additional approach for the design of open-shell 

compounds and can generate unique orbital symmetries like in phenalenyl radical 32 and bisphenalene 

based biradicals (Figure 2.4, top).[30, 106]  The free electron can be localised at seven positions in 32 

resulting in efficient delocalisation and thus enhanced stability. Accordingly, biradicals 33, 34 and 35 

(Figure 2.4, middle) are robust materials in the solid state.[107–110] The molecular packing of 33 is 

characterised by close intermolecular π–π-interactions (Figure 2.4, bottom) leading to hole mobilities up 

to µh = 0.72 cm2/Vs in a single crystal field effect transistors (SC-FET).[108] As in the case of acenes, the 

singlet biradical character of bisphenalene based biradicals increases with the size of the central core unit 

from y0 = 0.30 for the phenyl linked 33[109] over y0 = 0.50 for naphthalene bridged 34[107] to y0 = 0.68 for 

anthracene derivative 35[110], whereas the ΔEST decreases from of 312 meV (= 30.1 kJ mol–1) over 195 

meV (= 18.8 kJ mol–1) to 126 meV (= 12.1 kJ mol–1), respectively. 

 

 

 

 

Figure 2.4 | Selected resonance structures of the phenalenyl radical 32 (top) and bisphenalene based biradicals 

33,[109] 34[107] and 35[110] (middle) as well as solid state molecular packing of bisphenalene derivative 33 in top and 

side view (bottom, from left to right). Adapted with permission from ref. [109]. Copyright 2005 John Wiley and 

Sons Inc. 
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2.2.1.4 Zethrenes 

Terminal capping of acenes with two phenalene units formally leads to “Z-shaped acenes”, which are 

denominated as zethrenes. The simplest representative of this series is zethrene 36 itself (n = 1, 

Chart 2.5a) and was first synthesized by Clar[40] in 1955. However the synthesis remained low yielding 

until a drastic improvement was accomplished in 2010 by Wu.[111]  

Based on his zethrene research and taking further π-extended derivatives into account, Clar concluded 

his aforementioned famous theory about stabilization through aromaticity: PAH 37 features only two 

aromatic sextets (Chart 2.5a, highlighted in blue) and is much less stable than 38 which has four 

benzenoid sextets.[38] Accordingly, structures with a higher number of benzenoid hexagons are more 

stable than structures with a lower number. More generally speaking, the structure with the highest 

number of benzenoid sextets is according to Clar the most stable one. Clar’s rule has also been used in 

order to evaluate the stability of different mesomeric structures and serves as a common explanation for 

the ground state stabilization of open-shell compounds (vide supra).  

In recent years, several zethrene derivatives like bisimide 39 (Chart 2.5b) were synthesized by the group 

of Wu, which also achieved a certain advancement regarding photostability and solubility compared to 

unsubstituted 36, although the central butadiene unit remained a weak point due to the lack of aromatic 

stabilisation.[112] The higher homologue, heptazethrene 40 (Chart 2.5b) is one of the first representatives 

with an open-shell ground state and a small ΔEST of 73 meV (= 7.0 kJ mol–1).[22] Indeed, the open-shell 

valence isomer of heptazethrene bisimide 40 gains stability from an additional central Clar sextet 

compared to the quinoidal closed-shell structure. However, the total number of benzenoid sextets is not 

the only determinant for the spin configuration[113] of the ground state: Alkyne substituted heptazethrene 

derivative 41 (Chart 2.5b), which is analogous to 40, is mainly a closed-shell quinoidal compound with 

only 16% biradical contribution.[29] Accordingly, this example demonstrates that electron poor imide 

substituents are capable of additionally stabilizing the open-shell resonance structure in 

biradical(oid)s.[114] Further elongation of the “bridging acene” leads to a more pronounced biradical 

character of y0 = 0.43 in the octazethrene derivative 42.[29] 

So far it was demonstrated that the size of the π-system and in particular the length of the incorporated 

acene substructures significantly influences the spin configuration of the ground state. Additionally, 

electron-poor substituents stabilize open-shell states. However, as pointed out already in the section 

about indenofluorenes, the impact of the specific hexagon arrangement and thus the substitution pattern 

cannot be neglected in zethrene chemistry as well. 
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Chart 2.5 | Open- and/or closed-shell resonance structures of zethrene 36[38] and historic benzannulated derivatives 

37[38] and 38[38] investigated by Clar (a), of zethrene bisimide 39,[112] heptazethrene derivatives 40,[22] 41[29] and 

octazethrene 42[29] (b) as well as of isomeric octazethrenes 43[31] and 44[31] (c). Benzenoid sextets are highlighted 

in blue. 
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Based on octazethrenes 43 and 44 (Chart 2.5c)[31] and confirmed by recent investigations on 

dicyclopenta-naphthalenes,[115] Wu and co-workers further demonstrated that the substitution pattern 

itself crucially determines the electronic ground state composition and thus the stability of 

naphthoquinodimethane-bridged PAHs:  The “zig-zag”-shaped 1,5-substituted isomer 44 is highly labile 

with a pronounced biradical character of y0 = 0.58, whereas the 2,6-substituted naphthoquinodimethane 

43 is a stable compound with only 35% biradical character. Due to the equal number of Clar sextets in 

both isomers (two in the closed-shell state and three in the open-shell state), the destabilization of the 

1,5-isomer has to arise out of the substitution pattern itself. Upon taking a closer look, it becomes 

apparent that the “diagonal” 2,6-substitution pattern in 43 (Chart 2.5c, highlighted in red) can be 

understood as a “fused double para-quinodimethane”, whereas the “orthogonal” 1,5-isomer resembles a 

structure of two superimposed ortho-QDM moieties. Thus, the different stability of 43 and 44 follows 

the higher reactivity observed for ortho-quinodimethanes, compared to the para-derivatives, which is 

commonly explained by the much more diene-like conjugation in ortho-QDMs.[116, 117] A similar effect 

might additionally explain the higher stability of Clar’s 38 compared to 37 (Chart 2.5a, 

naphthoquinodimethane structures highlighted in bold).  

As already mentioned for the structural class of (extended) indenofluorenes (vide supra), incremental 

tuning of ΔEST, y0 and the compound’s stability is also possible with longitudinally and laterally 

expanded zethrenes.[118–120] 

 

2.2.1.5 Pristine quinodimethanes and their incorporation into macrocyclic structures 

Almost every biradical(oid) PAH presented so far comprises the quinodimethane (QDM) structural 

motif, which is the determining substructure of (oligo)acenes, zethrenes or diindenoacenes, and thus 

represents one of the most studied building block in biradical chemistry.[121] But despite their presence 

in this broad variety of open-shell PAHs, “pure”, i. e. unsubstituted quinodimethanes are rare. The most 

simple QDMs are the three xylylene isomers 5, 6 and 7, which were already mentioned in the beginning 

of this chapter (Chart 2.1).  

The pristine xylylenes exhibit high reactivity and are studied in regard of reactive intermediates.[116] As 

demonstrated by Fischer, Petersen, Mitrić, Rijs and co-workers they can be generated by flash vacuum 

pyrolysis of the respective lactone 45, dibromide 46 or cyclophane 47, (Scheme 2.4).[122] Respective 

monoradicals are accessible via pyrolysis of (methylphenyl)ethyl nitrites[123]. Closed-shell o-QDM 5 and 

triplet diradical 7 show an enhanced tendency towards isomerisation[122] under formation of  

benzocyclobutane 48 and styrene 49, respectively, or – like in the case of meta- and para-QDMs 7 and 
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6 – tend to undergo polymerization.[122, 124] It is hence not surprising, that substituted derivatives like the 

above-mentioned hydrocarbons of Thiele, Tschitschibabin and Müller or cyclic quinodimethanes are 

much more common and persistent. The reactivity of diradicals containing different quinodimethane 

substructures decreases in the order m-QDM > o-QDM > p-QDM as was observed in particular among 

zethrene and indenofluorene chemistry (vide supra). In this regard, McCarthy, Schmidt and co-workers 

computed the energy differences between 5, 6 and 7 using a G3SX composite model.[125] Indeed, the 

authors confirmed that o-QDM is 269 meV (= 26 kJ mol–1) higher in energy than p-QDM and meta-

substituted 7 is even 1.17 eV (= 113 kJ mol–1) higher than o-QDM. Accordingly, the sensitivity of larger 

structures can be traced back frequently to the high reactivity of small QDMs, which they are composed 

of.   

 

 

Scheme 2.4 | Generation of quinodimethanes 5, 6 and 7 by flash vacuum pyrolysis of 45, 46 and 47 as well as 

decomposition/isomerisation products 48 and 49.[122] Blue arrows indicate ferromagnetic coupling. 

 

Only recently, the group of Wu and co-workers synthesized and investigated several para- and meta-

xylylene derivatives incorporated into larger macrocyclic structures (Chart 2.6). Cyclo-para-

phenylmethin 50 can be described by a closed-shell resonance structure, but features several open-shell 

contributions as well.[126] The singlet biradical character of macrocycle 50 was determined to be 

y0 = 0.49, but also higher degree (poly-)radicals contribute to the ground state resulting in remarkably 
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large tetra- and hexa-radical characters of  y1 = 0.47 and y2 = 0.29, respectively. The pronounced 

polyradical character of 50 can be rationalized by an increasing number of Clar sextets for higher open-

shell structures.  

 

 

Chart 2.6 | Selected open- and closed-shell resonance structures of macrocyclic quinodimethane 50[126] (top) and 

51[127] (bottom). Red and green bonds highlight large anti-aromatic [32] and [24]annulene substructures. 

 

In addition, global aromaticity effects have to be taken into account for the proper description of meta-

fused macrocycle 51.[127] The closed-shell resonance structure can be understood as an [24]annulene 

(Chart 2.6, highlighted in green) within, but decoupled from an [32]annulene (Chart 2.6, highlighted in 

red). Following the 4n Baird’s aromaticity rule, this resonance structure can be considered as “anti-

Hückel”-aromatic and is thus energetically not favoured.[128–130] Consequently, and further stabilized by 

several Clar sextets in the open-shell state, macrocycle 51 features multiple high poly radical characters 

of y0 = 0.79, y1 = 0.56, y2 = 0.56 and y3 = 0.45.  
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2.2.1.6 Twofold dicyanomethylene functionalised compounds 

As pointed out in the section about zethrene bisimides, electron-withdrawing substituents are capable of 

stabilizing open-shell spin states. For this reason, di- and tetracyano-substituted quinodimethanes inter 

alia based on oligomeric heteroaromatics (which originally have been investigated as organic 

semiconductors) are of high interest as a design principle for biradicals as well. In addition, quinoidal 

oligothiophenes are easily accessible via nucleophilic substitution or transition metal catalysed cross 

coupling reaction of brominated thiophene derivatives with deprotonated malononitrile and subsequent 

dehydrogenation. Following this strategy, a series of bis(dicyanomethylene) substituted oligothiophenes 

with up to six thiophene units was synthesized by Otsubo and co-workers (Chart 2.7).[131]  

 

 

Chart 2.7 | Open- and closed-shell resonance structures of twofold dicyanomethylene-substituted oligothiophenes 

52–57 (top) and formula of quinoidal benzodithiophenes 58 and 58-Th as well as carbonyl-terminated 

oligothiophenes 59-D, 59-T and 59-Q (bottom).[131, 132, 134]   

 

Whereas the lower oligomers 52–55 with up to four thiophene units clearly show diamagnetic behaviour, 

the pentamer 56 as well as hexamer 57 exhibit pronounced EPR signals and are NMR silent. 

Accordingly, a spin crossover from closed-shell quinoidal to open-shell biradical was achieved upon 

insertion of one additional thiophene unit into the tetramer. The authors concluded the increasing 

aromaticity with every heteroaromatic ring added being crucial for the spin crossover from 55 → 56, 

like it was observed for the elongation of Tschitschibabin’s to Müller’s hydrocarbon before.[131] 

Consequently, the rather small thienoquinoidal systems 59-D, 59-T and 59-Q (Chart 2.7) investigated 

by Takimiya and co-workers with up to four thiophene units do not show any biradical contribution to 

the ground state.[132, 133] However, a spin crossover can be observed upon elongation of a 
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benzodithiophene system. The insertion of two additional thiophene units into twofold 

dicyanomethylene substituted benzodithiophene 58 leads to open-shell compound 58-Th (Chart 2.7) 

with a pronounced singlet biradical character of y0 = 0.59, whereas the ground state of the smaller 

derivative is closed-shell.[134]  

Conceptually related to the thiophene series is the sequence of perylene oligomers 60–65 (Figure 2.5), 

which can be understood as a π-extended congener of the para-phenylene oligomers presented earlier.[135, 

136] The ground state of bis(dicyanomethylene) perylene 60 is closed-shell quinoidal, whereas the dimer 

61 (y0 = 0.85), trimer 62 (y0 = 0.99) and tetramer 63 (y0 = 0.99) are singlet biradicals with spin density 

mainly located at the terminal perylene units (Figure 2.5, inset). Notably, pentamer 64 and hexamer 65 

are triplet biradicals reflecting the fact that in a widely separated two-spin system, the triplet state is 

lower in energy than the singlet state following Hund’s rule.[135] Furthermore, the open-shell states in 

61–65 are significantly favoured due to several degrees of rotational freedom along the bond connecting 

the perylene subunits leading to a significant reduction of steric strain. This becomes apparent, as the 

analogous fused tetrarylene 66 (Figure 2.5) is fully closed-shell and the open-shell character of 

hexarylene system 67 is marginally (y0 = 0.06).[137]  

 

Figure 2.5 | Structures of twofold dicyanomethylene substituted perylene oligomers 60–65,[135] as well as fused 

derivatives 66[137] and 67.[137] Inset: Calculated spin density of 61, 62 and 63 (from the top). Adapted with 

permission from ref. [135]. Copyright 2013 American Chemical Society. 
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In addition to the quinoidal and the biradical form, a zwitterionic mesomeric structure can be drawn in 

push-pull systems 68–70, which possibly contributes to the ground state as well (Figure 2.6). However, 

quantum chemical analysis on the LC–UBLYP (μ = 0.33)/6–311+G* level of theory revealed that the 

biradical characters remain almost unchanged with pronounced open-shell contributions of y0 = 0.899 

for dimer 69 (n = 2) and y0 = 0.995 for trimer 70 (n = 3).[138] Thus, the charge-separated state is widely 

suppressed by a biradical state due to decreasing spin and charge interaction upon chain elongation, 

which becomes apparent by decreasing Hirshfeld charges as well (Figure 2.6). 

 

 

 

Figure 2.6 | Selected resonance structures of donor-acceptor-substituted perylene oligomers 68–70[138] (top) and 

calculated Hirshfeld charges of 68, 69 and 70 (from the top). Adapted with permission from ref. [138]. Copyright 

2015 American Chemical Society. 
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In summary, quinoidal dicyanomethylene substituted oligomers frequently feature open-shell 

contributions in the ground state – in particular upon crossing a certain degree of π-extension, which 

however is specific to every substance class. As dicyanomethylene-substituted compounds are often 

considered as promising acceptor materials or as n-type semiconductors in organic electronic 

applications, more electron poor π-bridges might be beneficial in order to further increase the molecules 

electron accepting properties. In this regard, the electron poor chromophore core diketopyrrolopyrrole 

(DPP) was incorporated into a quinoidal framework of four cyano groups.[139] Resulting compound 71 

(Chart 2.8) shows excellent electron mobility up to µe = 0.55 cm2/Vs in OTFTs but is characterized by a 

closed-shell ground state, as has been evidenced by single crystal X-ray diffraction.[140]  

 

 

Chart 2.8 | Structures of quinoidal thiophene and thienothiophene containing DPPs 71[140]  and 72.[141] 

 

Similar to the benzodithiophene couple 58 and 58-Th (Chart 2.7), the interplay between open-shell 

biradical and closed-shell quinoidal form was investigated in detail with experimental and theoretical 

methods for the larger thienothiophene containing 72.[141] However, in contrast to 58-T, no spin crossover 

could be achieved and it was demonstrated that the ground state of 72 is closed-shell quinoidal as well. 

Accordingly, so far no open-shell DPP biradical is known.  
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2.2.2 Phenoxyl-based biradicals and quinones 

2.2.2.1 Introduction 

In addition to the rich chemistry of carbon centred biradical(oid)s based on quinodimethanes, another 

class of important structural architectures in this field are the oxygen analoga of QDMs – the structural 

class of quinones. All principles outlined so far influencing the relative energetical position of open and 

closed-shell resonance structures and thus determining the spin configuration of the electronic ground 

state apply for quinones as well. Accordingly, molecules can be dominated by open-shell resonance 

structures leading to (phen)oxyl biradicals or by closed-shell structures denominated as “real” quinones. 

Relevant developments in this field will be highlighted in the following section of this thesis. 

Phenols in general and phenolates in particular are well known to form (considerably stable) phenoxyl 

radicals upon (proton-coupled) oxidation (Scheme 2.5, top). Accordingly, numerous phenol derivatives 

can be found in nature as antioxidants[142] like α-tocopherol (vitamin E) 73,[143] quercetin 74[144] or 

tannin[145] and are intensively studied as redox agents like ubiquinole 75,[146] a reduced form of coenzyme 

Q10 (Scheme 2.5, bottom).[147] In addition, the extraordinary quenching capability of phenols for reactive 

oxygen species made them widely used industrially[148] as food or fuel preservatives like e.g. 4-methyl-

2,6-di-tert-butyl phenol 76 (butylated hydroxytoluene = BHT (= E321), Scheme 2.5, bottom).[149, 150]  

 

 

Scheme 2.5 | Formation of phenoxyl radicals upon concerted (blue arrow) or stepwise (red arrows) deprotonation/ 

oxidation (= proton coupled oxidation) of phenols (top) as well as selected natural and artificial phenol-based 

antioxidants: α-tocopherol 73,[143] quercetin 74,[144]  ubiquinole 75[146] and butylated hydroxytoluene 76 

(bottom).[149, 150] 
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For instance, in concentrations of approx. 20 mg per litre of fuel, BHT can effectively capture (free) 

radicals and thus stabilize diesel or jet fuels during storage and combustion, which is necessary in 

particular in the presence of high percentages of biodiesel.[151–153] Furthermore, the reversible redox 

chemistry of quinones is used technically in the anthraquinone process for the production of hydrogen 

peroxide with an anthrahydroquinone 77/anthraquinone 79 redox system via endoperoxide 78 

(Scheme 2.6).[154] 

 

 

Scheme 2.6 | Oxidation reaction of anthrahydroquinone 77 to form endoperoxide 78, which decomposes to 

anthraquinone 79 and hydrogen peroxide as well as the regeneration cycle via catalytic hydrogenation.[154] 

 

 

2.2.2.2 Heteroquinones and oligo(hetero)aromatic biradicals 

Quinones and phenoxyl (bi)radicals occur frequently in natural and artificial redox processes, but are an 

important material class as well. They sparked great interest in understanding the electronic structure of 

biradical(oid)s and the molecular determinants influencing their spin states. Twofold phenoxyl decorated 

π-systems can be drawn as open-shell biradicals or as closed-shell quinones (Chart 2.9). However, 

commonly both structures contribute to the electronic ground state. Which valence state is dominating 

and thus decisive for the molecular properties depends mainly on the π-core linking both phenoxyl 

moieties. Thus, the next section of this thesis will illustrate insights gained from research covering rather 

small as well as considerably large π-extended phenoxyl biradicals and quinones. 

 

 

Chart 2.9 | Open- and closed-shell resonance structures of Kekulé-type phenoxyl biradicals and quinones. 
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Heteroquinones (HQ) consist of two terminal phenoxyl units bridged by a small heteroaromatic 

oligomer. Due to the low aromatic stabilization of these rather small oligomeric systems, heteroquinones 

are commonly closed-shell. A comprehensive series of HQs was studied by Takahashi and co-workers 

already in 1996 comprising a bithiophene (80), bifurane (81), biselenophene (82) or (N-methylated) 

bipyrrol moiety (83) bridging the two terminal phenoxyl units (Chart 2.10, top).[155] Overall, the group’s 

results indicate the dominance of a closed-shell quinoidal ground state in all four investigated derivatives 

80–83. However, temperature-dependent proton NMR studies revealed a coalescence phenomenon, 

presumably resulting from rotation around the inner heteroaromatic double bond via a biradical state 

(Chart 2.10, top, highlighted in bold). In this regard, the authors concluded that compound 80 containing 

two thiophene units might best stabilize this open-shell transition state, as the coalescence temperature 

is the lowest in this series. However, the focus of this work lay on the investigation of electrochemical 

properties and thus implications risen by the potential biradicaloid nature of 80–83 were not targeted in 

detail. 

 

Chart 2.10 | Open- and closed-shell resonance structures of thiophene, selenophene, furane and pyrrole-based 

heteroquinones 80–83 investigated by Takahashi and co-workers,[155] (top) and structure variation of 

heteroquinones 80 and 84–88 investigated by Canesi and co-workers (bottom).[37] Note that 80 was investigated by 

both groups. 

 

A systematic combined experimental and theoretical study investigating the biradical properties of 

bithiophene-bridged heteroquinones was later presented by Canesi and co-workers.[37] The authors 

studied the effect of ortho-positioned alky chains by a variation from tert-butyl over iso-propyl and ethyl 

to unsubstituted phenones and calculated the singlet-triplet gap for each compound. In addition, the 
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impact of donor substituents attached to the bithiophene core was clarified using one fold methoxy or 

twofold pentoxy substitution (Chart 2.10, bottom). It is worth to mention that in this 2012 study, the 

authors re-investigated compound 80, which was studied by Takahashi already 16 years before.[155] 

Geometry optimizations using density functional theory (DFT) calculations on the B3LYP/6–31 level of 

theory with subsequent analysis of the wave function stability on the broken symmetry (BS) level 

revealed an open-shell singlet ground state for 80 (R1 = tBu, R2 = R3 = H) with a rather small ΔEST of 

41 meV  (= 4.0 kJ mol–1) and uncovered a further reduction of the singlet-triplet energy gap to 7.8 meV  

(= 0.75 kJ mol–1) for still open-shell 84 (R1 = tBu, R2 = OMe, R3 = H). Thus, it was concluded that donor 

substitution destabilises the open-shell state, which is in line with a closed-shell ground state calculated 

for the twofold pentoxy substituted heteroquinone 85. As pointed out by the authors themselves, 

conventional DFT is frequently insufficient to describe the electronic ground state of biradicals precisely. 

Results that are more accurate can be achieved by applying complete active space self-consistent field 

(CASSCF) calculations. However, in the study of Canesi and co-workers, only for dipentoxy derivative 

88 CASSCF(12,12) calculations were performed confirming the DFT results. Accordingly, in the case 

of 80 (R1 = tBu, R2 = R3 = H), there is an ongoing debate on whether the ground state of this molecule is 

open-shell or closed-shell[156–158] and recently, Bunz and co-workers computed a singlet biradical 

character of y0 = 0.18 by using conventional as well as spin-flip DFT.[159] In contrast to donor 

substitution, reducing the steric demand of ortho-positioned alkyl chains R1 from tert-butyl (85) over 

iso-propyl (86) and ethyl (87) to unsubstituted 88 does not influence the electronic ground state but only 

results in a drop of solubility (Chart 2.10, bottom).[37]    

Until today, heteroquinones continuously raise attention and new scaffolds with tailed heterocycles are 

synthesised. In this regard, phenoquinones with a thiaazulenic bridge (89)[160] or a  tetrathiafulvalene 

(TTF) “tail” (90)[161] were presented recently (Figure 2.7) and their redox chemistry and molecular 

structures was studied in detail.  

      

Figure 2.7 | Formula of “tailed” heteroquinones 89[160] based on thiaazulene  and 90[161]  containing 

tetrathiafulvalene  as well as X-ray crystal structure of 90 (from left to right). Reprinted with permission 

from ref. [161]. Copyright 2020 John Wiley and Sons Inc. 
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Despite a large dihedral angel of 38.9° between both phenoxyl units in the case of TTF tailed quinone 

95 (Figure 2.7, right), the ground state of both compounds 89 and 90 is closed-shell quinoidal. Thus, 

neither the tetrathiafulvalene nor the thiaazulene system shows enough aromaticity to stabilise the open-

shell structure. The group of Bunz recently took up the structural motif of bithiophene-linked 

heteroquinones and combined these with azaacene “tails” of different lengths.[159] Accordingly, Y-shaped 

heteroquinone 91 and a series of regioisomeric open-shell phenoxyl biradicals 92–94 were obtained 

(Figure 2.8).  

 

 

Figure 2.8 | Open- and closed-shell resonance structures of azaacenoquinones 91 (top) and regioisomeric biradicals 

92–94 (middle) as well as bond length alternation along the quinoid structure in 94 (bottom, left) and 91 (bottom, 

right).[159] The “ortho-S,S” (top) as well as “para-S,S” (middle) structural motif is highlighted in blue. Reprinted 

with permission from ref. [159]. Copyright 2020 John Wiley and Sons Inc. 
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All “para-S,S” derivatives (Figure 2.8, middle, highlighted in blue) exhibit pronounced biradical 

characters of y0 = 0.95 for 92 (n = 0), y0 = 0.99 for 93 (n = 1) and y0 = 0.98 for 94 (n = 2), whereas for 

the “ortho-S,S” regioisomer 91 only a minor biradical contribution of 26% was calculated (Figure 2.8, 

top, highlighted in blue) on the DFT/CAM–B3LYP/6–311G(d,p) level of theory. The authors were able 

to substantiate their conclusions drawn from quantum chemical calculations additionally by X-ray 

analysis of both azapentacene derivatives proofing a distinct bond length alternation in the case of 

quinoidal 91 and a “single bond broken” biradical structure for 94 (Figure 2.8, bottom). These opposite 

ground states result from different central quinodimethane isomers: In the hypothetic closed-shell 

quinoidal forms of 92–94, the heteroquinone is linked by an ortho-QDM unit (Figure 2.8, middle, left, 

highlighted in bold). In contrast, regioisomer 91 is bridged by a para-QDM. As discussed in the section 

about QDMs, ortho-quinodimethanes are energetically unfavoured conformations pushing these 

biradicaloid compounds towards an open-shell ground state. Contrarily, 91 is stabilised by a para-

quinodimethane substructure resulting in much higher quinoidal contributions. In addition, the authors 

clarified the impact of a stepwise expansion of the (aza)acene “tail” on the singlet biradical character 

(Scheme 2.7). Pyrazannulation (95 → 96) and further benzannulation (96 → 97) leads to a growing tail 

and stepwise increase of the singlet biradical character of approx. 20% points per additional ring reaching 

a plateau of y0 ≥ 0.95 for 97 and longer azaacenes. 

 

Scheme 2.7 | Increasing biradical character y0 upon (hetero)acene length elongation from compound 95 to 97.[159] 

 

2.2.2.3 Sterically hindered quinones  

Quinoidal compounds are commonly almost planar or feature rather low torsion angles, whereas 

geometries of biradicals are much more contorted. However, even highly distorted geometries do not in 

general prevent a closed-shell ground state. For instance, bisanthene 98[162] and in particular [6]-radialene 

99[113]  (Figure 2.9, top and middle) – both reported by Wu and co-workers – are closed-shell quinoidal 

compounds. This is remarkable, as 99 would gain seven additional Clar sextets in the open-shell 
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hexaradical form 99-α compared to the closed-shell radialene form 99. In addition, from a steric point of 

view, the hexaradical form 99-α should be favourable due to less steric strain caused by repulsion of the 

six di-tert-butyl phenyl units. Nevertheless, after selective oxidative generation of 99-α, a very slow 

transition to the thermodynamically preferred closed-shell state 99 occurs resulting in a half-life of the 

hexaradical of 156 min. Accordingly, an energy barrier of 990 meV (= 95.5 kJ mol–1) at 298 K was 

determined for this valence and conformational isomerisation.  

 

 

             

Figure 2.9 | Open- and closed-shell resonance structures of bisanthene 98
[162]

 (top) and [6]-radialene 99 

(middle)[113] as well as X-ray crystallographic structure of 99 in side view (bottom, left) with a twisted-boat 

conformation (bottom, right) of the central six-membered ring. Reprinted with permission from ref. [113]. 
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Single crystal X-ray analysis of 99 revealed a twisted boat conformation of the central six membered 

ring (Figure 2.9, bottom). This conformation leads to a highly symmetric displacement of the bulky di-

tert-butyl phenyl units and thus to a release of steric strain. In addition, dispersion interactions between 

the twelve tert-butyl groups might further stabilise this closed-shell conformation. 

 

2.2.2.4 π-Extended phenoxyl biradicals and quinones  

Based on bowl-shaped corannulene, in 2010 Morita and co-workers presented one of the first PAHs 

decorated with two phenoxyl radical centres.[163] The Kekulé type singlet biradical 101 can be 

represented by several open-shell resonance structures  and was obtained by dehydration of the respective 

bisphenol 100 using lead (IV) oxide (Figure 2.10). Biradical 101 remained unchanged over several weeks 

at reduced temperature (–30 °C) even under ambient conditions indicating a remarkably high stability. 

Due to the large π-surface, the spin density is significantly delocalized mainly over the top four rings (A, 

B, C and F, Figure 2.10, inset) of the corannulene moiety with highest densities located at the phenoxyl 

moieties as revealed by quantum chemical calculations on the UB3LYP/6–31G(d,p) level of theory.  

       

Figure 2.10 | Open- and closed-shell resonance structures of corannulene-based phenoxyl biradical 101[163] as well 

as its synthesis by oxidation of bisphenol 100.[163] Inset: Calculated spin-density distributions of 101 in the singlet 

state on the UB3LYP/6–31G(d,p) level of theory. Red colour indicates positive and blue negative spin densities. 

Reproduced with permission from ref. [163]. Copyright 2010 John Wiley and Sons Inc. 
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Due to the exceptional stability of 101, the authors were able to grow single crystals suitable for X-ray 

diffraction analysis, which revealed three crystallographically independent molecular structures of 101, 

which only marginally differ from each other with respect to bond lengths and angles in a stack-like 

arrangement (Figure 2.11c). In this rare example, it was possible, to investigate the bonding situation 

and identify relevant mesomeric structures contributing most to the electronic ground state of 101. In 

particular, bonds C10-C18 and C4-C13 between the corannulene and phenoxyl subunits (Figure 2.11b) 

show an average length of 1.455 Å, which is only slightly shorter than the respective bonds in bisphenole 

100 with 1.485 Å and thus indicates a dominating single bond character. In contrast, carbon oxygen 

bonds C1-O1 and C7-O2 have double-bond character and can be best described as C=O bonds. Based 

on this, the authors concluded that mainly mesomeric structure 101-β but also 101-α and 101-γ 

(Figure 2.10) contribute to the ground state. Accordingly, based on X-ray structure analysis and quantum 

chemical calculations, a singlet biradical character of y0 = 0.80–0.85 was determined for 101 along with 

a small ΔEST of 70 meV (= 6.7 kJ mol–1). The partial but only minor quinoidal contribution is reflected 

by the lower C9-C10-C18-C17 dihedral twist angles of 20–26° between the corannulene and phenoxyl 

units compared to 37.7° in bisphenole 100, whereas a more planar geometry would be expected for a 

closed-shell molecule (vide infra). 

 

 

Figure 2.11 | Molecular structure (a) and packing (c) of biradical 101[163] obtained by single crystal X-ray analysis 

as well as carbon atom numbering (b). Red bonds are shorter and blue bonds are longer than the corresponding 

bonds in precursor 100[163] (Figure 2.7). Reprinted with permission from ref. [163]. Copyright 2010 John Wiley 

and Sons Inc. 

 

Due to the two carboxylic acid ester functions, it is justified to classify corannulene biradical 101 as a 

slightly electron deficient system. As shown in the context of zethrene bisimides, the attachment of 
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acceptor substituents to π-systems increases spin delocalization and favours open-shell states. 

Accordingly, linker units between both phenoxyl radical centres with electron deficient character should 

lead to both enhanced spin delocalization and protection from oxidative degradation. For this purpose, 

imide decorated pigment chromophores seemed to be promising candidates. Therefore, in 2015 the 

groups of Würthner and Kim presented the first perylene bisimide-based phenoxyl biradical,[23] a concept 

which was later taken over by Wu and Kim and applied to naphthalene bisimides as well.[24] Perylene 

bisimide biradical 102 (Figure 2.12) was obtained by proton coupled oxidation of the respective 

bisphenol[164] with lead (IV) oxide.[23] Indeed, an analysis of the spin density distribution on the UCAM–

B3LYP/6–31G(d) level of theory revealed widespread spin delocalization over both phenoxyl subunits 

and the perylene core (Figure 2.12, right). In addition, a rather small singlet-triplet energy gap ΔEST of 

41 meV (= 4.0 kJ mol–1) and a large biradical character of y0 = 0.72 was determined. The authors further 

quantified the ambient stability of 102 in solution by kinetic analysis of time-dependent UV/vis/NIR 

absorption spectral data and obtained a minimum half-life of τ1/2 = 54 h. Due to the lack of a standardized 

stability test and detailed information in the Morita paper[163], any comparison between the stability of 

102 and 101 has to be treated with caution. Nevertheless, it is reasonable to assume that PBI biradical 

102 exhibits lower stability in solution than the respective derivative 101 (Figure 2.10) as isolation out 

of solution was successful in the case of corannulene but not for the perylene bisimide biradical. A 

plausible explanation for this might be an increased reactivity of the phenoxyl radical units caused by 

the highly electron poor PBI core compared to 101. Despite the similar π-surface size of perylene and 

corannulene, it can be concluded, that electron deficient systems like 102 are beneficial in regard of 

significant spin delocalization. However, this electron deficient character increases the radical’s 

sensitivity leading to overall lower stability compared to moderately e––poor systems like 101.  

 

 

Figure 2.12 Open- and closed-shell resonance structures (left and middle) as well as calculated spin density 

distribution on the UCAM–B3LYP/6–31G(d) level of theory (right) of perylene bisimide-based biradical 102.[23] 

Blue and green surface colours represent positive and negative spin densities, respectively. Reprinted with 

permission of ref. [23]. Copyright 2015 John Wiley and Sons Inc. 
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Kim and co-workers together with the group of Wu investigated an analogous naphthalene bisimide 

derivative 103 (Figure 2.13)[24] with a bisected π-surface compared to PBI biradical 102. The authors 

calculated for 103 a similar y0 of 0.69 but an almost doubled singlet-triplet energy gap ΔEST of 82 meV 

(= 7.9 kJ mol–1) and absorption spectral analysis revealed a reduced half-life of τ1/2 = 10 h. On first glance 

– despite the reduced size of the conjugated system in the NBI compared to PBI – the overall molecular 

structure and in particular, the acceptor substitution appears equal in both bisimides 102 and 103. 

However, upon a detailed look on the substitution pattern, remarkable differences become apparent: NBI 

103 comprises a 2,6-substitution pattern i. e. a “diagonal” arrangement of substituents. As pointed out 

above, the “diagonal” substitution of the naphthalene core is more stable and characterized by a lower 

biradical contribution than the respective “orthogonal” 1,5-substituted isomer (vide supra). In contrast, 

PBI biradical 102 shows an “orthogonal” substitution of the incorporated anthracene core. Although a 

direct comparison of the naphtho- and anthracene core is challenging and was not investigated 

experimentally so far, a 1,5-anthracene substitution pattern is known to feature a pronounced biradical 

character.[165] Thus, based on the substitution pattern, one would expect rather a reduction of stability in 

the case of “orthogonally” substituted PBI 102 compared to diagonal NBI 103. The fact that 103 is more 

stable than the respective NBI derivative thus can be explained by the larger π-surface, highlighting the 

importance of an electron deficient, but large conjugated π-core for effective spin delocalisation and thus 

stabilisation.  

 

      

Figure 2.13 | Calculated spin density distribution (left) as well as open- and closed-shell resonance structures 

(middle and right) of biradical 103 calculated on the UB3LYP/6‐31G(d,p) level of theory.[24] Green and blue surface 

colours indicate positive and negative spin densities, respectively. Reprinted with permission from ref. [24]. 

Copyright 2017 John Wiley and Sons Inc. 

 

Despite the rather small size of the naphthalene core, the aromatic stabilisation gained from three 

additional Clar sextets in the open-shell state is large enough to make NBI 103 a singlet biradical. Further 

reducing the number of benzenoid hexagons to the two phenoxyl groups themselves frequently leads to 
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closed-shell compounds like several heteroquinones (vide infra). Nevertheless, by exploiting specific 

polarity and geometry phenomena, even the ground state of “small” quinoidal systems can be tuned 

towards open-shell biradicals. In this regard, based on a the rather rigid and planar boron dipyrromethene 

(BODIPY) scaffold, Wu and co-workers presented a twofold phenoxyl decorated quinoidal system 104, 

which shows different ground states depending on the solvent polarity (Figure 2.14).[166]  

 

 

 

Figure 2.14 | Open- and closed-shell resonance structures of BODIPY bridged phenoxyl biradical(oid) 104[166] 

(top, arrows indicate rotational freedom) as well as X-ray crystallographic structure (a), selected bond lengths and 

dihedral angles (b) and top view (c) as well as side view (d) of the dimeric packing structure of 104 (bottom, 

hydrogen atoms are omitted for clarity). Reprinted from (open access) ref. [166].  
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In apolar benzene, sharp signals can be detected in the aromatic region of the 1H NMR spectrum of 104 

and the solution is EPR silent. In contrast, a DMF solution of 104 shows a pronounced EPR signal and 

aromatic resonance signals in the respective proton NMR are significantly broadened. Additionally, 

further VT-NMR and EPR experiments support the assumption of a dominating closed-shell quinoidal 

ground state in apolar solvents, but revealed large open-shell contributions in more polar environments. 

The authors rationalized this “solvato-magnetism” by the presence of a large dipole moment of 

9.9 Debye in 104, leading to dimer-like structures with a cancelled dipole moment as evidenced in the 

solid state by X-ray analysis (Figure 2.14c and d). Accordingly, only polar solvents like DMF are capable 

of stabilizing the “monomeric” structure. Notably, the quinoidal valence isomer of 104 is not completely 

planar, but small dihedral twist angles of 6.3-15.5° between the phenoxyl unit and the BODIPY bridge 

(C25-C24-C9-N2 and C15-C10-C1-N1, Figure 2.14a and b) were observed in the dimer structure due to 

steric demand. In addition, quantum chemical calculations on the UCAM–B3LYP/6–31G(d,p) level of 

theory revealed a strong dependence of the biradical character in 104 of the phenoxyl plane orientation: 

Upon increasing the dihedral angle from 17.6 to 77.6°, the biradical character rises from y0 = 0.27 to 

y0 = 0.84, respectively. Hence, the group of Wu successfully utilised the interplay of solvent polarity and 

geometry adjustment and thus obtained a solvato-magnetic switch. 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2 – State of knowledge 

 40    

 

2.2.2.5 Non-Kekulé phenoxyl diradicals 

So far, mainly Kekulé type biradicals were presented, which are commonly much more stable than the 

respective non-Kekulé-type biradicals and thus represent the majority of current biradical research. 

Nevertheless, several phenoxyl biradicals have been investigated as well, which cannot be represented 

by a closed-shell resonance structure. Seminal examples of this class are the Yang biradical 105,[167] 

bisgalvinoxyl 106[168] and para-phenylene bridged bisgalvinoxyl 107 (Chart 2.11).[169] In accordance 

with Ovchinnikov’s parity model,[102, 170] compound 105 is a triplet ground state diradical, which even 

resists recrystallization from boiling benzene. 

 

 

Chart 2.11 | Structures of stable galvinoxyl-based non-Kekulé-type diradicals 105,[167] 106[168] and 107.[169] 

 

Furthermore, polyradicals[171] and spin decorated porphyrins[172] have been synthesized based on the 

galvinoxyl structural motif and exhibit good stabilities. However, as these are only of minor importance 

in current diradical research, no further details will be provided in this overview. 
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2.2.2.6 Synthesis and optical properties of phenoxyl diradicals 

In this part, the synthesis and optical properties of known phenoxyl-based diradicals will be briefly 

discussed. In general, phenoxyl diradical(oid)s can be obtained in high yield by oxidation of the 

respective bisphenols using lead (IV) or iron (III) compounds like PbO2, Pb(OAc)4 or K3[Fe(CN)6]/KOH 

(Scheme 2.8, top).[23, 24, 159, 173]  

 

 

Scheme 2.8 | Generation of diradicals and quinones by dehydrogenation of bisphenols with high-valent metal ions 

(top) and synthetic strategies towards these π-extended bisphenols by using boronic acid derivatives 108–111 (A), 

via addition of Grignard reagents to quinone 112 (B)[174, 175] or direct CH-arylation of phenol 113 (C).[164, 176]  

 

The respective bisphenols can be synthesised via transition metal catalysed cross coupling reactions of 

arylhalides with the corresponding boronic acids, esters or anhydrides of 4-boron substituted 2,6-di-tert-

butyl phenols and O-protected derivatives 108–111 (A, Scheme 2.8).[24, 159, 163, 166, 177] Alternatively, the 

addition of metal organic compounds like Grignard reagents to quinone 112 with subsequent reduction 
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with LiAlH4 was used in order to introduce the 2,6-di-tert-butyl phenol substituent (B, Scheme 2.8).[174, 

175] Furthermore, in the case of a 1,7-dibromo substituted PBI and several other aryl halides, a direct CH-

arylation of phenol 113 was achieved under basic conditions (C, Scheme 2.8).[164, 176]  

 

Galvinoxyl-based (bi)radicals are commonly obtained via condensation reactions or reductive 

dimerisation and subsequent oxidation of the respective bis- and tetrakisphenols. Accordingly, the Yang 

diradical 105 (Chart 2.11) was first obtained by condensation of phenol 113 and methide 114 yielding 

bisphenol 115, which was further oxidized with ferricyanide leading to diradical 105 (Scheme 2.9, 

top).[167] 

 

Scheme 2.9 | Synthetic strategies towards galvinoxyl diradical precursors 115,[167] 118[168] and 120[178] via 

condensation or reductive homo coupling reactions. Subsequent oxidation of 115, 118 and 120 with ferricyanide 

yields biradicals 105,[167] 106[168] and 107, respectively.[169, 178]  
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Analogously, tetrakisphenols 118 and 120 were obtained by bromination of 116 and subsequent Ullmann 

homocoupling of 117 or by condensation of phenol 113 and terephthalaldehyde 119, respectively 

(Scheme 2.9, middle and bottom).[167–169, 178] 

 

Spectral signatures of phenoxyl biradicals and quinones 

The attachment of phenol-substituents and the oxidation to the respective phenoxyl radicals provides a 

simple possibility of spin functionalising small-sized π-systems or PAHs. In addition to the large changes 

regarding the magnetic properties, colour changes and complete transformations of absorption spectral 

profiles are observed frequently upon phenoxyl decoration. The following section is intended to provide 

an overview about the optical properties of biradicals and quinones – in particular in comparison to the 

respective bisphenols. 

Upon oxidation of bisphenol 100 (Figure 2.15, red line) to biradical 101, a rise of an additional absorption 

band at 652 nm can be detected (Figure 2.15, green line).[163] Notably, this new absorption band of 101 

shows a weak vibrational pattern and is significantly bathochromically shifted by more than 200 nm 

(Δ𝜈abs ≈ 6900 cm–1) with respect to the absorption edge of 100. Notably, the authors did not discuss 

optical properties in their original work; however a broad absorption band in the lower wavelength region 

is a common feature of π-extended phenoxyl biradicals and quinones.[177]   

 

      

Figure 2.15 | Synthesis of corannulene biradical 101 by oxidation of bisphenol 100 (left) and UV/vis/NIR 

absorption spectra (right) of 100 (red line) as well as biradical 101 (green line) in CH2Cl2.[163] In addition, selected 

wavelengths are given in the graph. Adapted with permission from ref. [163]. Copyright 2010 John Wiley and Sons 

Inc. 

100 
101 
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Similar effects were observed upon oxidation of PBI linked bisphenol 121 under formation of biradical 

102 (Figure 2.16, top) and upon generation of NBI biradical 103 via oxidation of bisphenol 122 

(Figure 2.16, middle).[23, 24] A sharp absorption maximum can be detected for 102 at 783 nm and for NBI 

103 at 677 nm. Both maxima are significantly redshifted compared to the respective bisphenols by 

4500 cm–1 and 5600 cm–1, respectively.            

         

 

                              

Figure 2.16 | UV/vis/NIR absorption spectra of PBI bisphenol 121[23] (top, violet line, in toluene) and biradical 

102[23] (top, beige line, in toluene), of NBI bisphenol 122[24] (middle, grey line, in CH2Cl2) and biradical 103[24] 

(middle, blue line, in CH2Cl2) and of bisanthene quinone 98 (bottom, in CH2Cl2). Adapted with permission from 

ref. [23] Copyright 2015 John Wiley and Sons Inc., ref. [24] Copyright 2017 John Wiley and Sons Inc. and ref. 

[162] Copyright 2009 American Chemical Society.  

 

In biradicals, the lowest energy absorption band is frequently ascribed to a SOMO-LUMO transition 

(Scheme 2.10a).[23, 173] However, in contrast to closed shell molecules, this lowest energy excitation is 

not accompanied by overcoming a (large) spin pairing energy, as the ground as well as the excited state 

are unpaired biradical states (Scheme 2.10b). In addition, the free electron spins of biradicals are 

103 

122 

A
b

s
o

rb
a
n

c
e
 (

n
o
rm

.)
 

121 102 

A
b

s
o

rb
a
n

c
e
 (

n
o
rm

.)
 

A
b

s
o

rb
a
n

c
e
 (

n
o
rm

.)
 

98 



Chapter 2 – State of knowledge 

 45    

 

frequently delocalised over significant parts of the conjugated π-systems resulting in rather widespread 

SOMO profiles. Quantum chemical calculations for the PBI biradical 102 revealed that this holds true 

for the LUMOs as well.[23] Therefore, it is reasonable to assume that the bonding situation and geometry 

in the ground as well as in the first excited state remains almost unchanged resulting in a rather vertical 

excitation. Consequently, the lowest energy absorption bands of biradicals appear quite sharp with a full 

width at half maximum (FWHM) of approx. 390 cm–1 PBI biradical 102.[23] 

 

                   

Scheme 2.10 | Schematic representation of the excitation process upon light absorption in non-radicals (a) and in 

biradicals (b). 

 

However, sharp absorption bands with slightly more pronounced vibrational progression are frequently 

observed for mainly closed-shell quinones like bisanthene 98 as well (Figure 2.16, bottom).[159, 162]A 

potential explanation for this might be the still reduced spin pairing energy in this systems compared to 

completely diamagnetic ground state compounds. Apparently, the difference in absorption spectral 

properties between closed shell quinones and open shell biradicals is rather small; in particular compared 

to the tremendous spectral changes observed upon the transition from bisphenols to biradicals/quinones 

(vide supra). The large bathochromic shifts up to 7000 cm–1 can be rationalised by increasing conjugation 

and thus rigidification in the dehydrogenated state.[162, 163] In summary, phenoxyl biradicals and quinones 

feature rather sharp, intense absorption bands with varying degrees of vibrational progression. These 

bands are red shifted compared to the respective bisphenols by an average of 200 nm. 
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2.2.3 Nitronyl nitroxide (bi)radicals – synthesis and properties  

Decoration of π-scaffolds with phenoxyl radicals is a convenient approach in order to achieve spin 

functionalization, but leads to a significant decrease of stability.[24, 41] In order to retain magnetic 

properties and increase kinetic stability, more stable radical centres have been developed. In this regard, 

an outstanding representative is the class of nitronyl nitroxides (NN), which are stabilised by pronounced 

spin delocalisation over an O-N-C-N-O pentad. Nitronyl nitroxides are robust molecules withstanding 

ambient oxygen and moisture. However, the synthesis can be challenging, in particular in the case of 

electron deficient substrates. Therefore, in the following section, the current state of synthetic methods 

for nitronyl nitroxides will be presented. 

 

2.2.3.1 Synthetic strategies towards nitronyl nitroxide radicals 

One of the most common methods for the synthesis of NNs is a two-step process starting with 

condensation of a respective aldehyde with bishydroxylamine derivative 123 yielding the corresponding 

N,N-dihydroxy imidazolidines (Scheme 2.11, top). Subsequent oxidation of the N,N-dihydroxy 

imidazolidines finally leads to the nitronyl nitroxide radicals. Following this strategy, NN biradicals 126 

and 129 containing a benzodithiophene[179] and pyrene[180] moiety have been synthesized from 

dialdehydes 124 and 127, respectively (Scheme 2.11, bottom). A drawback of this method is the required 

previous synthesis of the respective aldehydes from the corresponding arylhalides before, resulting in an 

overall yield of only 13% from the respective pyrene diiodide to biradical 129. In addition, the synthesis 

of bishydroxyl amine 123 by selective reduction of 2,3-dimethyl-2,3-dinitrobutane with zinc is less 

reliable due to a strong dependence of the yield from the individual metal batch and 123 is a highly 

unstable compound, which does not tolerate harsh reaction conditions.[181, 182] Nevertheless, the 

“aldehyde condensation route” is still widely applied and several nitronyl nitroxide (poly)radicals have 

been successfully synthesised with this approach.[183–186]  

In particular, due to frequently occurring limitations regarding stability, accessibility and solubility of 

the respective aldehydes, alternative routes have been developed. A great advancement was achieved 

upon introduction of metal organic reagents and transition metal catalysed synthetic protocols, which 

target the direct attachment of the nitronyl nitroxide moiety to halide functionalised π-systems.[187] In 

this regard, a phosphine stabilized gold-nitronyl nitroxide complex 130 was applied by Okada in 2014 

and later utilized for the twofold spin functionalisation of diiodoazulene 132 (route A, Scheme 2.12).[188]  
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Scheme 2.11 | General synthetic strategy towards nitronyl nitroxides via condensation of the respective aldehyde 

with bishydroxylamine 123 to afford N,N-dihydroxy imidazolidine, followed by subsequent oxidation to the 

nitronyl nitroxide (top). Also shown are applications of this procedure for the synthesis of biradicals 126[179] and 

129[180] from dialdehydes 124[179] and 127[180] (middle and bottom), containing a benzodithiophene and pyrene 

bridge, respectively.  

 

Despite the good yields of up to 92 %,[189] a huge drawback of this route is the stoichiometric use of a 

rather expensive gold complex 130. To overcome this limitation, alternative approaches based on zinc 

reagent 135[190] and copper complex 136[191] have been developed (route B, Scheme 2.12). Both reactions 

tolerate a broad scope of substrates including acyl-, nitro- or alkoxy-substituted derivatives and are 

widely applicable on aryl, biphenyl or heterocyclic compounds. Notably, yields over 80% can be 

achieved with both reactions, which in addition do not show any dependence on specific substituent 

effects. However, highly active iodine compounds are necessary for sufficient conversion and only traces 

of product are formed upon using the respective bromo compounds.  
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Only recently, Naota and co-workers presented a coupling approach utilizing a “non-transition metal 

nucleophile” (route C, Scheme 2.12).[192] As a key step, the C-H-acidic precursor 134 is in situ 

deprotonated with sodium tert-butoxide and subjected to a palladium(0) catalysed coupling reaction. The 

authors achieved high yields >80% for small nitro- and cyano-substituted compounds, but slightly lower 

ones of 60–64 % for unsubstituted naphthyl or triphenylene halides.[192] 

 

 

Scheme 2.12 | Synthesis of biradical 133[188] using gold reagent 130[188] (route A, top) and alternative approaches 

towards nitronyl nitroxides based on zinc or copper organic compounds 135[190] and 136[191] (route B, middle) as 

well as Naota’s “non-transition metal nucleophile” strategy of direct arylation of 134 (route C, bottom).[192]   



Chapter 2 – State of knowledge 

 49    

 

In case of highly activated and fluorine rich compounds like perfluorobenzonitrile 138 or 

perfluorophthalonitrile 140, organo-lithium compound 137 can be used directly in NN-aryl-coupling 

reactions (Scheme 2.13), which follow a nucleophilic fluoride substitution mechanism without the need 

of additional transition metal catalysts.[193, 194] However, this reaction investigated by Tretyakov and co-

workers provides nitronyl nitroxide biradicals 139 and 141 with only 10–34% yield and is limited to the 

very specific type of perfluorinated substrates. 

 

 

Scheme 2.13 | Synthesis of electron poor nitronyl nitroxides 139[194] and 141[193] by nucleophilic aromatic fluoride 

substitution of perfluorinated 138 and 140, respectively.  

 

All procedures for the synthesis of nitronyl nitroxides presented so far tackle the introduction of the 

radical moiety or the N,N-dihydroxy imidazolidine ring as a final step. A reason for this might be the 

sensitivity of nitronyl nitroxides and in particular of the respective N,N-dihydroxy imidazolidine 

precursors (Scheme 2.11, top) towards decomposition in the presence of strong acids or bases.[190, 193] 

Therefore, reaction designs based on O-silyl protected N,N-dihydroxy imidazolidines (NNSi) were 

developed, which allow chemical modifications and synthetic steps after their introduction 

(Scheme 2.14, top). In this regard, styrene derivatives 142[195] and 143[196] (Scheme 2.14) were 

polymerised via a poly-Heck reaction and chain-growth polymerisation with AIBN as radical initiator in 

boiling benzene, respectively.[195, 196] Furthermore, a whole sequence of reactions including highly basic 

reagents like NaOtBu and BuLi was conducted with 144[197] after silyl protection and TMS protected 145 

was subjected to Sonogashira coupling reactions showing the excellent stability of these silyl ethers.[198] 

Further O-silylated NN precursors like 146 were used in Negishi-type cross coupling reactions[199] or 

like 147 for the built-up of oligodesoxynucleotides (Scheme 2.14).[200, 201] A further step towards a 

convenient and generalisable approach for the synthesis of nitronyl nitroxides was finally achieved by 
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Baumgarten and co-workers, who developed boronic acid ester 148 that is suitable for Suzuki-Miyaura 

coupling.[202] 

 

 

Scheme 2.14 | General synthetic procedure towards O-silyl protected nitronyl nitroxide precursors NNSi (top) as 

well as selected representatives 142–147[195–201] of this class. Also shown is the synthesis of boronic acid pinacol 

ester 148 via borylation of 144.[202] 
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2.2.3.2 Magnetic properties of nitronyl nitroxide (bi-)radicals 

Nitronyl nitroxide radicals are known to feature remarkably high ambient and thermal stability. In this 

regard, Rajca and co-workers just recently presented a triplet ground state diradical with an onset of 

decomposition at ~160 °C under inert conditions.[203] In addition, NNs are stable in various media 

including most organic solvents, but water as well.[204] Many nitronyl nitroxide biradicals linked by 

(small) PAH cores do not show tremendous differences regarding their magnetic properties. For instance, 

they feature comparable giso values of 2.006–2.007, hyperfine splitting constants aN around 3.7 G and 

intramolecular exchange interactions |2J/gµB| in the 105 G order of magnitude.[179, 180, 188]   

With a systematic phenylene-ethynylene-based elongation approach, the group of Matsuda demonstrated 

that the spin-spin exchange interaction strength in conjugated NN biradicals strongly depends on the 

distance of both radical centres.[198] Starting with “four phenylene-three ethynylene” spacered NN 

diradical 149, a nine-line EPR spectrum was recorded revealing strong intramolecular magnetic coupling 

of |2J/gµB| = 1800 G i. e. |J| >> aN (Figure 2.18). Upon elongation of the spacer, a continuous decrease 

of spin coupling strength was observed: 120 G in the case of five phenyl spacered 150, 8.0 G for “six 

phenylene - five ethynylene” 151 and only 0.53 G for 152 bearing seven phenylene spacers. It is worth 

to mention that in the last case a five line hyperfine splitting pattern is dominating i. e. |J| ≈ aN, which is 

well known from non-conjugated NN biradicals or mono-radicals. Accordingly, the intramolecular spin-

spin exchange interaction becomes almost negligible compared to the hyperfine splitting constant even 

in conjugated NN biradicals, when the distance between both radical centres is large enough. 

 

 

Figure 2.18 | Correlation of the exchange interaction with the number of phenylene ethynylene moieties (left) and 

respective biradical structural formula of 149–152 (right).[198] Adapted with permission from ref. [198]. Copyright 

2013 American Chemical Society. 
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A similar transformation of the hyperfine splitting pattern was obtained by Baumgarten and co-workers 

with non-conjugatedly hexaethylene glycol bridged NN biradical 153 revealing a temperature 

dependence of the spin coupling strength (Figure 2.19a).[204] The authors identified two conformational 

states for 153, i. e. a stretched state A at lower temperatures of 210 K with weakly to non-interacting 

terminal nitronyl nitroxide moieties (|J| ≈ aN) and a bent state B at 300 K, which is characterised by close 

proximity of both NN caps leading to pronounced through space intramolecular spin-spin exchange 

interactions and |J| >> aN (Figure 2.19b). Both states can be distinguished by significantly different 

hyperfine splitting patterns in the respective EPR spectra (Figure 2.19c). If the electron spin only couples 

to two nitrogen atoms, five lines are observed in the EPR spectrum, as 14N is a S = 1 core and the total 

number of lines follows the “2S + 1” rule.[204] Spin coupling to four 14N nuclei – in contrast – results in 

the appearance of nine lines. Indeed, at 300 K, nine lines can be detected for 153 and thus “biradical 

behaviour” is dominating, whereas at 210 K only five lines occur in the respective EPR spectrum. This 

temperature effect was explained by increasing flexibility of the OEG chain.  

            

Figure 2.19 | Chemical structure of hexaethylene glycol linked NN biradical 153 (a), diagrammatic sketch of two-

conformational model (b) and relative intensity ratio of EPR spectral lines of a nitronyl nitroxide diradical with 

strong spin exchange coupling (c).[204] Adapted with permission from ref. [204]. Copyright 2018 American 

Chemical Society. 

a) 

b) 

c) 
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spin coupling 
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A gradual transition from nine to five lines was additionally illustrated by a simulation of EPR spectra 

with different proportions of spin coupling interactions (Figure 2.20).[204] According to this simulation, 

decreasing the spin-spin exchange interaction from 100% to 0% will result in vanishing of the second, 

fourth, sixth and eighth EPR line. Conversely, a hyperfine splitting pattern containing nine lines is a 

proof of strong magnetic coupling revealing the presence of a diradical.  

 

 

Figure 2.20 | Simulated EPR spectra of 153 in acetonitrile with different proportions of spin coupling interactions 

of diradicals from 0% to 100%.[204] Arrows indicate vanishing EPR lines with decreasing spin coupling. Reprinted 

with permission from ref. [204]. Copyright 2018 American Chemical Society. 

 

The group of Irie presented thiophene-spaced diaryl ethene (DAE)-based nitronyl nitroxide biradicals 

with no (154), two (155) or four (156) thiophene linkers, which are photoswitchable and enable the 

modulation of the magnetic coupling strength by changing the conjugation path (Figure 2.21).[205, 206] In 

all three biradicals, spin-spin exchange interactions are much larger in the closed form compared to the 

open form due to more efficient conjugation. In this regard, for DAE 156 (n = 2) bearing four thiophene 

spacers, the most drastic switching effect was observed with a 150-fold increase in magnetic coupling. 

The authors further illustrated the different spin coupling intensities with highly diverging EPR spectra, 

as for the open form of 156 five lines can be detected (Figure 2.21, top, right), whereas 156 in the closed 

form is characterised by a nine line spectrum (Figure 2.21, bottom, right). Accordingly, in the open form 

spin coupling to two equivalent nitrogen nuclei is observed, whereas the closed form represents a 
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diradical with spin coupling to all four equivalent 14N cores. Replacing the thiophene units in 156 by 

para-phenylene linkers results in photoswitchable DAE derivatives as well.[207] However, as para-

phenylene is a much weaker magnetic coupler than thiophene, only a 30-times increase in magnetic 

interaction can be measured upon “closing”.[207] 

  

Figure 2.21 | Photoswitchable biradicals 154–156[205, 206] in open (top, left) and closed form (bottom, left) as well 

as the respective EPR spectra of open 156 (top, right) and closed 156 (bottom, right) in benzene solution at room 

temperature (9.32 GHz). Reprinted with permission from ref. [206]. Copyright 2013 American Chemical Society. 

 

2.2.4 Further spin-bearing moieties 

Apart from the so far described inherently open shell PAHs as well as phenoxyl and nitronyl nitroxides, 

other radical centres are occasionally investigated in literature. In this context, verdazyl, imidazolyl, 

thiadiazolyl, iminonitroxide, nitroxide and TEMPO radicals (Chart 2.12, from left to right) have to be 

mentioned. They are of certain relevance, however their importance stands back behind phenoxyl and 

nitronyl nitroxide radicals – in particular in the context of this thesis. Therefore, they will not be further 

discussed in detail. 

 

Chart 2.12 | Structures of further radical centres occasionally investigated in literature.  
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2.3 Methods for the analysis of (bi)radicals  

Radicals are spin-bearing sites and therefore carry a magnetic momentum in addition to the negative 

electric charge of the electron. Therefore, they commonly exhibit paramagnetic properties, which can be 

explored in particular with magnetic spectroscopy. Whereas species with a total spin of zero are called 

diamagnetic and can be studied best by NMR spectroscopy, paramagnetic compounds feature 

pronounced EPR signals, but are NMR silent.[2] The two methods are complementary but both allow to 

gain insight into the ground state spin configuration and spin orbital energetics. Hence, common NMR 

and EPR techniques for the investigation of (bi)radicals will be described in the following section. In 

addition, the stability of biradicals is commonly evaluated by time dependent UV/vis absorption 

spectroscopy, which will be also described in this section. 

 

2.3.1 NMR spectroscopy 

In the presence of doublet or triplet species, a distinct signal broadening is observed in the respective 

1H NMR spectra. In general, only resonance signals of atoms directly bearing the free electron should 

appear broadened.[107] However, due to conjugation and thus spin delocalisation, signal broadening is 

frequently observed for all atoms, which are conjugated to the radical centre. This is de facto the case 

for all resonance signals appearing in the “aromatic region” of the respective proton NMR spectrum. In 

contrast, isolated (i. e. non-conjugated) NMR active nuclei, like the protons of alkyl chains show well 

detectable resonance signals.[23]      

As mentioned above, this broadening effect is only caused by paramagnetic species like doublets or 

triplets, but not by diamagnetic singlets. In biradicals, singlet and triplet states are not equal in energy, 

but commonly close enough that the energetic difference can be thermally overcome. Therefore, 

variation of temperature results in thermal depopulation or population of the ground and higher energetic 

states (Figure 2.22a, b). Accordingly, it is possible to determine the electronic character (i. e. singlet or 

triplet) of the ground state of a biradical and to qualitatively estimate the energetic difference between 

the singlet and triplet state (ΔEST).[2] If the ground state of a biradical is a singlet state and ΔEST is rather 

small (e.g. in the same order of magnitude as kBT), a thermal population of the triplet state is possible. 

Therefore, the amount of triplet increases with temperature and NMR signal intensity decreases 

(Figure 2.22a). Conversely, triplet ground state biradicals show an increasing NMR signal intensity upon 

raising the temperature (Figure 2.22b). For example, the aromatic 1H NMR resonance signals of biradical 

26 broaden and even vanish at elevated temperature of 150 °C (Figure 2.22c, d) revealing a singlet 

multiplicity of the ground state.[32]   
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Figure 2.22 | Implications of singlet (a) or triplet ground states (b) of biradicals for temperature-dependent 

magnetic spectroscopic techniques VT-NMR and -EPR. Additionally shown is the structure (c) and the aromatic 

region of the 1H NMR spectra of diindenofused anthracene biradical 26 at various temperatures (d).[32] Adapted 

with permission from ref. [32]. Copyright 2016 Springer Nature.  

 

The presence of paramagnetic compounds leads to a measurable shift of the solvent residual signal (e.g. 

of CHCl3 in CDCl3) compared to the pure solvent in the proton NMR spectra. Based on this paramagnetic 

shift, Evans developed a method for the determination of the magnetic susceptibility of a molecule.[208–

212]  Despite the fact that this method works only precisely for monoradicals, the Evans method gained 

certain importance in the field of biradical investigations, as monoradicals often serve as reference 

compounds.[23] For a sufficiently precise measurement of the paramagnetic shift, an internal reference 

signal is needed, which must not be in direct contact with the radical itself. This is achieved by addition 

of a sealed capillary containing pure solvent into the sample and measuring both (solution and solvent 

 

 

 

 

a) b) 

c) d) 
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capillary) in one NMR tube. Accordingly, two solvent residual signals can be detected and the 

paramagnetic shift can be calculated from the displacement of both resonance signals. Taking this shift, 

the exact molar concentration, the spectrometer frequency and solvent constants into account, the molar 

magnetic susceptibility and thus the average number of unpaired electrons in a molecule can be 

calculated. Further details, as well as a full derivation of all relevant equations is given in Chapter 8.1.  

 

2.3.2 EPR spectroscopy 

The electron spin in radicals can be oriented up (S = +1/2) or down (S = –1/2), resulting in two different 

spin orbitals, which usually are energetically degenerated, but show an energetic separation in the 

presence of an external magnetic field. This phenomenon is known as the Zeeman effect and causes the 

appearance of spin transitions detectable with EPR spectroscopy (Figure 2.23, left).[2] Accordingly, 

paramagnetic species like radicals absorb microwave irradiation for which the resonance condition (1) 

has to be fulfilled: 

∆𝐸 = ℎν = 𝐵𝑔𝑒𝜇B                                                              (1) 

With B as the magnetic flux, ge as the Landé factor of the electron and µB as the Bohr magneton. For 

technical reasons, commonly the first derivative of the absorption is detected. Depending on the spin 

coupling between the radical and magneto active nuclei like 1H or 14N, a certain hyperfine splitting 

pattern is observed, as mentioned in the context of nitronyl nitroxide biradical properties.  

 

 

 

              

 

 

 

 

 

 

Figure 2.23 | Zeeman splitting of the spin orbitals of a radical in an external magnetic field and derived EPR signal 

(left) as well as typical temperature-dependent changes of EPR signal intensities (I · T) for triplet- and singlet-

ground-state diradicals (right). Adapted with permission from ref. [2]. Copyright 2013 American Chemical Society. 
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Monoradicals with a total spin of S = ±1/2 have a multiplicity of 2 and therefore are doublet states 

(Figure 2.23). In the respective EPR spectra, the product of signal intensity and absolute temperature 

I · T is constant for such doublets (Figure 2.23, right). In contrast, in diradicals, the total spin either equals 

zero in case of an antiparallel spin orientation resulting in a singlet state or the total spin is one resulting 

in a triplet state. Opposite to the trends observed in NMR spectroscopy, I · T decreases upon rising 

temperature in triplet biradicals and increases in singlet biradicals, as the EPR signal originates only from 

the triplet species (Figure 2.23, right). The changes of signal intensity times the absolute temperature 

I · T during variation of the measurement temperature can be utilised for a quantitative analysis of the 

energy difference between singlet and triplet state (ΔEST = 2Jab). The I · T vs. T curves can be fitted with 

the Bleaney-Bowers equation (2) where C is the Curie constant, Jab the exchange integral and R the gas 

constant.[213]  

𝐼 ∗ 𝑇 = 𝐶
3exp(

2𝐽𝑎𝑏
𝑅𝑇

)

1+3exp(
2𝐽𝑎𝑏
𝑅𝑇

)
                                                              (2) 

 

2.3.3 Stability analysis via UV/vis absorption spectroscopy 

The (ambient) stability of biradicals can be analysed by time-dependent UV/vis absorption spectroscopy. 

A sharp absorption band, which is bathochromically shifted compared to the respective bisphenole is 

characteristic for most phenoxyl biradicals (vide supra) and can be used to monitor the decomposition 

process.[23]  An analysis of this time dependence at a properly chosen wavelength (i. e. commonly the 

sharp absorption maximum) allows the determination of the half-life time in solution. It is apparently 

important that the decay of absorbance is only caused by decomposition of the biradical. In the case of 

PBI biradical 102 (Figure 2.24), a slow decrease of intensity was recorded over several hours. (Figure 

2.24, left).  

For the kinetic analysis of the decomposition process, the change of biradical concentration over time is 

monitored. According to the Lambert-Beer law, the observed absorption is proportional to the 

concentration in solution. In order to evaluate the measured changes in concentration, [𝐴]0 − [𝐴]𝑡 is 

plotted versus time for a zero-order kinetic, 𝑙𝑛
[𝐴]0

[𝐴]𝑡
 vs. t in case of a first-order kinetic or 

1

[𝐴]𝑡
−

1

[𝐴]0
 vs. t 

for a second-order kinetic process (Table 2.2). Since several reactions pathways like proton abstraction 

from the solvent, fragmentation, rearrangements or recombination occur during degradation of 

(bi)radicals, the underlying kinetic is complex and in general unknown. Therefore, data fitting according 

to zero-, first- and second-order kinetics are performed in order to get an estimation of the apparent half-
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life time. Therefore, changes in concentration are fitted with all three kinetic models and the quality of 

each fit is then judged using Pearson’s correlation coefficient (Pearson R2). As the half-life times 

obtained in this way usually do not differ significantly, it is an accepted practice to give the lowest half-

life time determined with these three models as a minimum value. 
 

          

 

 

 

 

 

Figure 2.24 | Time-dependent UV/Vis/NIR absorption spectral changes of 102[23] (top, left) upon decomposition 

and spectral changes of 102 at 784 nm plotted versus time using zero-, first- and second-order rate equations (top, 

right). Reprinted with permission from ref. [23]. Copyright 2015 John Wiley and Sons Inc. 

 

Table 2.2 | Rate laws of a zero-, first- and second-order kinetic decomposition process and derived half-life times. 

order of rate law rate law linearised rate equation half-life time 

zero order −
𝑑[𝐴]

𝑑𝑡
= 𝑘 [𝐴]0 − [𝐴]𝑡 = 𝑘𝑡 𝜏1

2
=

[𝐴]0
2𝑘

 

first order −
𝑑[𝐴]

𝑑𝑡
= 𝑘[𝐴] 𝑙𝑛

[𝐴]0
[𝐴]𝑡

= 𝑘𝑡 𝜏1
2
=

𝑙𝑛2

𝑘
 

second order −
𝑑[𝐴]

𝑑𝑡
= 𝑘[𝐴]2 

1

[𝐴]𝑡
−

1

[𝐴]0
= 𝑘𝑡 𝜏1

2
=

1

𝑘[𝐴]0
 

[𝐴] is the molar concentration of the radical. [𝐴]0 equals the initial concentration at t = 0 and [𝐴]𝑡 is the 

concentration at time t. 
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2.3.4 Spectro-electrochemistry (SEC) of biradicals 

Oxidation and reduction processes of chromophores frequently cause drastic changes of the respective 

optical properties. Furthermore, in the case of biradicals, redox processes are commonly the final 

synthetic step to generate the open shell system. For instance, phenoxyl biradicals are mainly accessed 

by deprotonation and oxidation of the respective bisphenols. Investigations of theses redox processes 

can give valuable hints towards the redox sensitivity of (bi)radicals. In this regard, recording absorption 

spectra while applying a reducing or oxidising electrical potential is a key technique and commonly 

performed in a spectroelectrochemical (SEC) setup. SEC cells consist out of a working, a counter and a 

reference electrode, which are placed in an optical transparent cuvette and connected to a potentiostat. 

Often, a planar disc working electrode is applied and the measurement performed in reflection mode. 

With such a SEC setup, the stepwise oxidation process of phenolate 1022– to radical anion 102• – with 

concomitant rise of a NIR band at 1396 nm and further oxidation to PBI biradical 102 with a 

characteristic sharp absorption band at 783 nm was monitored (Figure 2.25).[23] 

 

 

Figure 2.25 | Stepwise oxidation process of dianion 1022– to mixed valent 102• – and subsequently biradical 102 as 

well as respective UV/Vis/NIR absorption spectral changes of 1022– upon electrochemical oxidation.[23] Arrows 

indicate spectral changes with increasing positive potential. Reprinted with permission from ref. [23]. Copyright 

2015 John Wiley and Sons Inc. 
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2.3.5 X-ray diffraction analysis of diradicals and quinones 

X-ray diffraction analysis of single crystals enables an experimental access to the molecular structure. 

In the field of diradicals, the precise determination of bond lengths via X-ray analysis is a considerably 

important experimental method in order to distinguish a closed-shell quinoidal from an open-shell 

diradical state. Quinones and quinoidal compounds like 91 are characterised by a pronounced bond 

length alternation (BLA) along a conjugated path between both radical centres (Figure 2.26, left).[159] In 

contrast, the structure of diradicals is frequently “single bond broken”, like by bonds 5 and 11 in 94 due 

to the more pronounced aromatic character (Figure 2.26, right). Therefore, X-ray diffraction analysis is 

a powerful tool in order to assign a predominant quinoidal or biradical character and to determine y0.
[163]  

 

          

Figure 2.26 | Bond length alternation along the quinoid structure in 91 (left) and biradical 94 (right).[159] Adapted 

with permission from ref. [159]. Copyright 2020 John Wiley and Sons Inc. 

 

2.3.6 Quantum chemical investigation of diradicals 

Biradicals are molecular systems with two electrons occupying two (almost) degenerate molecular 

frontier orbitals. Therefore, respective wave functions are not dominated by a single configuration, but 

rather include several leading determinants.[2] For this reason, biradicals usually cannot be described 

sufficiently using conventional DFT or single-reference wavefunction-based methods, which, however, 

are frequently used in current literature.[214, 215] More precise results can be obtained by applying e.g. the 

spin-flip (SF) TD-DFT approach.[216] Additional details on the importance of a proper theoretical 

description and drawbacks of conventional DFT and single-reference wavefunction-based methods are 

explained in Chapter 4 of this thesis.  
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 Chapter 3 

  

Stable Organic (Bi)Radicals by Delocalization of Spin Density 

into the Electron‐Poor Chromophore Core of Isoindigo 

 

This chapter was partly communicated in: Rausch, R., Schmidt, D., Bialas, D., Krummenacher, I., 

Braunschweig, H., Würthner, F. Chem. Eur. J. 2018, 24, 3420–3424. Reprinted with permission of 

Chem. Eur. J. 2018, 24, 3420–3424 (= ref. [173]). Copyright 2018 John Wiley and Sons Inc. 

 

 

 

Abstract: The first isoindigo (bi)radicals were obtained by proton coupled oxidation of their 4-

hydroxyaryl substituted precursors. Optical and magnetic spectroscopic studies revealed a singlet open-

shell biradicaloid electronic ground state for the bisphenoxyl-isoindigo (<s2> = 1.20) with a small singlet-

triplet energy gap of 0.065 eV and a large biradical character of y = 0.79 that was corroborated by 

temperature-dependent EPR spectroscopy and quantum chemical calculations. The concept of kinetic 

blocking of the radical centers and delocalization of spin density into the electron-withdrawing 

chromophore core of isoindigo offers an entry into a new class of exceptionally stable open-shell 

functional materials based on organic colorants.  
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Since the discovery of the first biradicaloid polycyclic aromatic hydrocarbon (PAH) by Tschitschibabin 

in 1907,[64] the interest in organic open-shell -conjugated compounds has increased tremendously due 

to their unique optical, electronic and magnetic properties.[2] Usually, open-shell PAHs exhibit redox 

amphoterism,[217] comparatively small HOMO─LUMO energy gaps,[218] enhanced second 

hyperpolarizablity[219] and large two-photon absorption cross-sections[220] which makes them interesting  

for the development of new ambipolar field-effect transistors,[221] second generation solar cells based on 

singlet fission,[20] non-linear optics,[16, 17] energy storage[18, 19] or electronic devices[108] as well as for 

organic spintronics.[21] Generally, the degree of biradical character y0 can range from zero (completely 

closed-shell) to one (completely open-shell) with overall spin angular momenta of S = 0 for singlet and 

S = 1 for triplet states which can be predicted by applying Ovchinnikov’s parity model.[102, 170] However, 

an unambiguous characterization of the ground state electronic structure of open-shell PAHs is rather 

challenging due to their inherent instability.[222] Thus, much efforts have been invested in the last decades 

to stabilize such intrinsically reactive materials by kinetic blocking of the radical centers and/or 

thermodynamic stabilization by introduction of electron withdrawing substituents and -electron 

delocalization.[163, 223] Based on this strategy, reasonably stable open-shell PAHs have been synthesized 

using quinodimethanes,[224] bisphenalenyles,[225, 226] zethrenes[227] or diindeno fused -scaffolds with 

significant open-shell biradicaloid character.[25, 32] Only recently, we and others have introduced 2,6-di-

tert-butylphenoxyl substituents into electron deficient rylene bisimides or PAHs to generate singlet open-

shell biradicals with record biradical characters of up to y = 0.83 which, however decomposed very 

fast.[23, 24, 163] Therefore, we directed our attention on another versatile organic colorant, i.e. isoindigo 

(IIn), a derivative of the most important dye in history[228] and targeted the development of stable 

(bi)radicals based on this dye.  

 

In this contribution, we communicate the isolation and characterization of an exceptionally stable 

isoindigo biradical OS-2•• by successive deprotonation and oxidation of a 6,6’-di(4-hydroxyaryl)-

substituted IIn-derivative. To approach the synthesis of isoindigo (bi)radicals 1• and OS-2•• we 

introduced sterically demanding 2,6-di-tert-butylphenol substituents into the appropriately brominated 

IIn-precursors 3a and 3b (Scheme 3.1).  
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Scheme 3.1 | Synthetic routes to isoindigo (bi)radicals 1• and OS-2••. (i) [Pd2(dba)3], P(o-tol)3, nBu4NOH, H2O, 

PhMe, 90°C, 14 h, 66%; (ii)  [Pd2(dba)3], P(o-tol)3, nBu4NOH, H2O, PhMe, 90°C, 14 h,  68%; (iii) PbO2, CH2Cl2, 

rt, 0.5 h, 97%, (iv) PbO2, CH2Cl2, (v) Pb(OAc)4, CH2Cl2, (vi) TBAF, CH2Cl2. Steps (i), (ii) and (iii) describe 

synthesis conditions, whereas (iv), (v) and (vi) are conditions applied for generating the following species. Blue 

and red arrows indicate spin polarization and illustrate antiferromagnetic coupling.  

 

By applying typical Suzuki-Miyaura cross coupling reaction conditions using 4 as readily accessible 

boronic acid ester, IIn derivatives 1 and 2 were isolated in 66% and 68% yield, respectively (Supporting 

Information, Scheme 8.1.1–8.1.3). Both compounds were characterized by NMR spectroscopy, mass 

spectrometry as well as elemental analysis and their solid state structures were unambiguously 

determined by single crystal X-ray diffraction (Figure 3.1). All bond lengths and angles of the isoindigo 

scaffolds of 1 and 2 are comparable to those of the parent chromophore bearing no additional 

functionalities. Although the dihedral twist angles of 2 (2 x 19.6(2)°) are considerably larger than those 

of 1 (6.1(3)° and 9.5(3)°), both materials closely resemble the -phase of parent isoindigo with two 

crystallographically independent molecules and twist angles between 6.23° and 19.38°.[229] The 2,6-di-

tert-butylphenol substituents are rotated out of the IIn--surfaces by approximately 38.3° (1) and 25.0° 

(2). IIn-derivative 1 with only one 2,6-di-tert-butylphenol substituent forms slipped-stacked one 

dimensional OH─O hydrogen bonded single strands with longitudinally displaced chromophores 

(Supporting Information, Figure 8.1.1). Adjacent strands are thereby arranged antiparallel in a staircase-

like packing arrangement. In contrast, the twofold substituted IIn 2 forms rotoinverted -dimers with an 

average –-distance of 3.4 Å and a rotational displacement of approximately 62.4° (Supporting 

Information, Figure 8.1.2).  
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Figure 3.1 | Solid state molecular structures of 1 (a) and 2 (b) determined by single crystal X-ray diffraction 

(ellipsoids set to 50 % probability, carbon gray, nitrogen blue, oxygen red, hydrogen white). 

 

 

The optical properties of non-fluorescent dyes 1 and 2 were investigated by UV/vis/NIR spectroscopy 

in dichloromethane solutions at room temperature (Figure 3.2 and Supporting Information, Table 8.1.4). 

The absorption spectra of both chromophores are characterized by broad absorption bands in the visible 

spectral range with each two maxima located at 514, 421 nm (1) and 537, 437 nm (2), respectively, which 

are bathochromically shifted compared to the 6,6’-unsubstituted IIn derivative (496 and 394 nm).[230, 231] 
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Figure 3.2 | Normalized UV/vis/NIR absorption spectra of neutral IIns 1 and 2 (red solid lines, from the top), 

(di)anionic species 1– and 22– (green dotted lines, from the top), radical 1• (brown solid line, top), mixed-valence 

MV-2•– (black dashed line, below) and biradical OS-2•• (blue solid line, below) (a) and of a redissolved sample of 

OS-2•• in dichloromethane after storing the isolated solid for 19 weeks (red dotted line) under an atmosphere of 

nitrogen (b). 

 

Due to the strongly acidic character of the 4-hydroxyaryl substituents, both compounds can readily be 

deprotonated upon addition of tetra-n-butylammonium fluoride (TBAF) to generate their corresponding 

(di)anions 1– and 22– (Supporting Information, Scheme 8.1.5). The deprotonation is accompanied by 



Chapter 3 

 68    

 

drastic color changes from deep red to pale green and the absorption spectral changes were therefore 

monitored by UV/vis/NIR spectroscopy (Supporting Information, Figure 8.1.5). Stepwise addition of 

TBAF to solutions of 1 and 2 causes a decrease of the initial absorption bands with a concomitant rise 

of broad charge transfer (CT) bands in the NIR region between 600 and 1200 nm which are attributed to 

pronounced charge transfer from the electron-rich phenoxide substituents to the electron-poor IIn cores. 

The spectral signatures of neutral 1 and 2 can however be recovered by adding equimolar amounts of 

trifluoroacetic acid to solutions of 1– and 22– in dichloromethane, corroborating the reversibility of the 

deprotonation/protonation processes (Supporting Information, Figure 8.1.5). During our base titration of 

2, we observed an additional even more red-shifted shoulder at around 1150 nm that continuously 

increased over time but is absent in the UV/vis/NIR absorption spectra of freshly prepared solutions of 

22– (Supporting Information, Figure 8.1.5). Since this emerging band can be attributed to the mixed valent 

species MV-2•– (vide infra) arising from autoxidation of 22– under ambient conditions, the stability of 

the (di)anion itself has been monitored by UV/vis/NIR absorption spectroscopy (Supporting Information, 

Figure 8.1.6). Most interestingly, the autoxidation of 22– to MV-2•– proceeds for 33 hours followed by 

disproportionation and reprotonation of MV-2•– under formation of 2 and biradical OS-2••. The latter 

exhibits a characteristic absorption band at 719 nm (vide infra) and its spontaneous formation already 

indicates a remarkable stability. This process can be decelerated considerably in the absence of oxygen 

as it has been demonstrated in degassed CH2Cl2 solutions.  

 

Neutral monoradical 1• and biradical OS-2•• can also be generated by reacting 1– and 22– with lead(IV) 

tetraacetate in dichloromethane solutions or heterogeneously by adding lead(IV) oxide to the 

corresponding dichloromethane solutions of 1 and 2 followed by filtration of the excess of oxidant 

(Supporting Information, Scheme 8.1.6 and 8.1.7). The molecular compositions of 1• and OS-2•• were 

proven by high resolution ESI-ToF mass spectrometry (Supporting Information Figure 8.1.4) and after 

evaporation of the solvent under an atmosphere of nitrogen, OS-2•• could even be isolated as a dark green 

solid in quantitative yields. Both compounds exhibit exceptional stabilities compared to many other 

organic materials with open-shell (bi)radicaloid electronic ground states. As evidenced by kinetic 

analyses of the gradual changes in their time-dependent UV/vis/NIR absorption spectra, 1• and OS-2•• 

are highly stable in solution even under ambient conditions. Monoradical 1• slowly decomposes under 

these conditions with a minimum half-life of 6.6 days (in CH2Cl2) whereas OS-2•• exhibits a minimum 

half-life of more than 28 days in CCl4 (21 d in CH2Cl2, 7.3 d in PhH, Supporting Information Figure 

8.1.7, 8.1.8 and Table 8.1.1–8.1.3). Protected from air and moisture OS-2•• was stored under an 

atmosphere of nitrogen for 19 weeks without any sign of decomposition. Accordingly, thin films of OS-

2•• spin-coated under inert conditions or redissolved samples of the appropriately stored material display 
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the same absorption spectral features like freshly prepared solutions (Figure 3.2 and Supporting 

Information, Figure 8.1.8). 

Upon stepwise addition of [Pb(OAc)4] solutions to 1– and 22–, the broad CT-bands at 867 (1–) and 905 

nm (22–) gradually decrease whereas new absorption bands arise in the visible and NIR-spectral range 

for monoradical 1• and biradical OS-2••, respectively (Supporting Information, Figure 8.1.9). Whereas 1• 

is characterized by multiple transitions at 276, 321, 336, 504 and 590 nm, OS-2•• exhibits a more red-

shifted and unusual narrow absorption band at 719 nm (full width at half maximum FWHM = 930 cm–

1) with a significantly increased extinction coefficient of 123500 M–1 cm–1. The intermediate appearance 

of the singly oxidized mixed-valent species MV-2•– during titration of 22– with [Pb(OAc)4], could be 

substantiated based on its characteristic optical signature in the NIR region with an absorption maximum 

located at 1158 nm (Supporting Information Figure 8.1.9). The generation of 1• and OS-2•• as well as 

MV-2•– has further been proven by spectroelectrochemical experiments performed on (di)anions 1– and 

22– in which equal absorption spectra were obtained after increasing the potential to 560 (1•), 260 (MV-

2•–), and 400 mV (OS-2••), respectively (vs. Pt pseudo reference electrode, Supporting Information, 

Figure 8.1.10). The absorption spectra of both, the chemical and the electrochemical oxidations are 

thereby characterized by several isosbestic points indicating well defined one electron oxidation 

processes.  

 

To confirm quantitative radical formation using PbO2, the number of unpaired electrons per molecule 1• 

was investigated by 1H NMR spectroscopic experiments according to Evans method (Supporting 

Information, Figure 8.1.15). Thereby a paramagnetic shift of 10.3 Hz was observed, which is directly 

related to an effective magnetic moment of 1.81 µB originating from 1.07 unpaired electrons per molecule 

and provides unambiguous evidence for a single oxidation of 1. Likewise, the singlet open-shell 

biradicaloid character of OS-2•• was elucidated by temperature dependent 1H NMR spectroscopic 

studies. In contrast to IIn-derivative 2 with well-resolved resonances in the aromatic shift region 

(Figure 3.3), no signals can be observed for OS-2•• at room temperature. However, upon decreasing the 

temperature to 181 K, signal intensity gradually increases until five well-separated aromatic resonances 

each with an integration of two can be detected for the ten protons of the isoindigo core and the phenoxyl 

substituents. Such a behavior is typically observed for organic biradicals with singlet open-shell 

electronic ground states and small singlet-triplet energy gaps that give rise to thermally excited triplet 

species, which reduce NMR signal intensity. 
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Figure 3.3 | 1H NMR spectra of isoindigo biradical OS-2•• (a) at different temperatures (181 K up to 290 K) in 

CD2Cl2 (5.1 mM, 600.1 MHz, top) and integrated 1H NMR spectrum of OS-2•• (5.1 mM in CD2Cl2, 600.1 MHz, 

aromatic region) at 200 K (bottom). Continuous-wave (CW) X-band EPR spectra of OS-2•• in CH2Cl2 solution at 

various temperatures (b). Inset: Fitting of the integrated EPR signal intensities versus the temperature. Calculated 

SOMOs (isovalue 0.02 a. u.) and spin density distribution of OS-2•• (c) (isovalue 0.001 a. u.; UB3LYP/6–31G(d)). 

 

To further investigate the magnetic properties of these (bi)radicals and to experimentally assess the EST 

of OS-2••, EPR spectroscopy was performed on dichloromethane solutions of both compounds. The room 

temperature EPR spectrum of 1• is centered around giso = 2.004 and features fairly broad lines (Supporting 

Information, Figure 8.1.20) attributable to the coupling of the unpaired electron to 1H nuclei of the 

phenoxyl substituent and the chromophore core, consistent with the calculated spin density distribution 

(Supporting Information, Figure 8.1.23). The dominant couplings arise from the hyperfine interaction 

with four sets of non-equivalent aromatic protons of the phenoxyl group (A(1H) = 5.8 MHz) and one 

oxindole subunit (A(1H) = 2.9, 4.2, and 5.0 MHz). An analysis of the hyperfine pattern of biradical OS-
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2•• gave virtually identical parameters at room temperature, suggesting that the spin-bearing sites are 

only weakly interacting. Due to the four stabilizing aromatic Clar sextets in OS-2•• and the 

antiferromagnetic exchange coupling of the two unpaired electrons, OS-2•• is hence best described as a 

singlet open-shell biradical. In agreement with its singlet open-shell biradical character and our NMR 

spectroscopic study (vide supra), the EPR signal intensity of OS-2•• continuously decreases upon cooling 

the sample to 200 K (Figure 3.3 and Supporting Information, Figure 8.1.20). A quantitative analysis by 

fitting the data to Bleaney-Bowers equation revealed a singlet-triplet energy gap of 0.065 eV. 

Similarly, quantum chemical DFT calculations on the UB3LYP/6–31G(d) level of theory predict a 

singlet open-shell electronic ground state for OS-2•• (<s2> = 1.20) with a EST of 0.056 eV, a large 

biradical character of y = 0.79 and no bond length alternation in the geometry optimized structure of OS-

2••. The calculated spin density distribution of monoradical 1• and biradical OS-2•• is delocalized over 

the whole chromophore (Figure 3.3 and Supporting Information, Figure 8.1.23). Moreover, the singly 

occupied molecular orbitals (SOMOs) of OS-2•• are characterized by disjoint profiles as one would 

expect for a singlet open-shell biradical with weak exchange coupling and a small EST. The UV/vis/NIR 

absorption spectra of 1• and OS-2•• were finally simulated with time-dependent DFT calculations and are 

in agreement with the experimental data (Supporting Information, Figures 8.1.21 and 8.1.22). 

Accordingly, the lowest-energy transition of OS-2•• at 719 nm originates predominantly from the 

characteristic SOMO─LUMO transition and exhibits the highest oscillator strength (f = 1.16). In 

contrast, the most intensive absorption bands of 1• located at 504 (f = 0.45) and 590 nm (f = 0.23) mainly 

arise from SOMO-3─LUMO, SOMO─LUMO, and SOMO─LUMO. 

 

Molecules with a large biradical character and a small singlet-triplet energy gap like OS-2•• are usually 

characterized by comparatively short lifetimes. Thus super-heptazethrenes[227] and phenoxyl substituted 

rylene bisimides[23, 24] and corannulenes[163] with similar molecular properties (EST = 0.041–0.082 eV, y 

= 0.64–0.83) readily decompose within hours under ambient conditions in solution and/or weeks in the 

solid state. Conversely, so far available materials with comparable stabilities like OS-2•• (1/2 = several 

weeks in solution and infinite in the solid state) exhibit considerably larger singlet-triplet energy gaps, 

smaller biradical characters or require substantial spin delocalization.[25] For instance, biradicaloid 

diindeno-fused polycyclic aromatic hydrocarbons or superbenzoquinones exhibit much higher EST of 

0.181–0.183 eV (Supporting Information, Figure 8.1.24).[24, 25, 32] Accordingly, isoindigo biradical OS-

2•• is an outstanding example combining a large biradical character (y0 = 0.79), a small singlet-triplet 

energy gap (EST = 0.056 eV) and an exceptional stability, while being structurally comparatively 

compact.  
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In summary unprecedented isoindigo (bi)radicals 1• and OS-2•• were reported. OS-2•• revealed a singlet 

open-shell electronic ground state (<s2> = 1.20) with a small singlet-triplet energy gap of 0.065 eV that 

enables a thermal switching of the magnetic response. Despite its large biradical character of y = 0.79, 

OS-2•• is exceptionally stable due to rearomatization of the central benzene rings and spin delocalization 

from the phenoxyl radical centers into the electron-withdrawing IIn chromophore core. Accordingly, 

more robust open-shell materials for organic spintronics become accessible with the help of electron 

poor -scaffolds as given by many organic colorants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Chapter 4 

 

Tuning phenoxyl-substituted diketopyrrolopyrroles  

from quinoidal to biradical ground states  

through (hetero-)aromatic linkers 

 

This chapter was partly communicated in: Rausch, R., Röhr, M. I. S., Schmidt, D., Krummenacher, I., 

Braunschweig, H., Würthner, F. Chem. Sci. 2021, 12, 793–802. Adapted and reprinted with permission 

of Chem. Sci. 2021, 12, 793–802. Published by The Royal Society of Chemistry. 

 

 

 

4.1 Abstract 

Strongly fluorescent halochromic 2,6-di-tert-butyl-phenol-functionalised phenyl-, thienyl- and furyl-

substituted diketopyrrolopyrrole (DPP) dyes were deprotonated and oxidised to give either phenylene-

linked DPP1•• biradical (y0 = 0.75) with a singlet open-shell ground state and a thermally populated 

triplet state (ΔEST  = 19 meV; 1.8 kJ mol–1; 0.43 kcal mol–1) or thienylene/furylene-linked DPP2q and 

DPP3q compounds with closed-shell quinoidal ground states. Accordingly, we identified the aromaticity 

of the conjugated (hetero-)aromatic bridge to be key for modulating the electronic character of these 
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biradicaloid compounds and achieved a spin crossover from closed-shell quinones DPP2q and DPP3q 

to open-shell biradical DPP1•• as confirmed by optical and magnetic spectroscopic studies (UV/vis/NIR, 

NMR, EPR) as well as computational investigations (spin-flip TD-DFT calculations in combination with 

CASSCF(4,4) and harmonic oscillator model of aromaticity (HOMA) analysis). Spectroelectrochemical 

studies and comproportionation experiments further prove the reversible formation of mixed-valent 

radical anions for the DPP2q and DPP3q quinoidal compounds with absorption bands edging into the 

NIR spectral region. 

 

4.2 Introduction  

Despite of the long history,[64] open-shell organic molecules gained tremendous interest in recent years 

due to their unique electronic, magnetic and optical properties, which mainly arise from weakly coupled 

electron spins.[2] Biradicals are the smallest units to allow investigations of intramolecular spin 

interactions.[232] They commonly feature small HOMO-LUMO energy gaps[218], enhanced second 

hyperpolarisability[219], redox amphoterism[217] and large two-photon absorption cross-sections[220]. 

While on the one hand these properties make biradicals promising candidates for organic spintronics[21], 

molecular magnetism[233], energy storage[18] and electronic devices[108], it is the unpaired electron spins, 

on the other hand, that drastically increase the reactivity and accelerate decomposition. Therefore, 

incorporation of biradicals into Kekulé-type quinoidal resonance structures is a common design strategy 

to stabilise these inherently highly reactive species. However, this brings up the question which factors 

favour biradicals and which ones quinodimethanes (≈ biradicaloids), as well as how to distingish 

experimentlly between both of these singlet states.[2] In general, quinodimethane-like compounds can be 

described by closed-shell Kekulé structures, as open-shell biradicals or as a superposition of both.[121, 234] 

Singlet biradicals are molecules with a singlet multiplicity of the lowest energy state but an open-shell 

configuration and are described by the respective biradical character y0, which ranges from zero for 

closed-shell to one for completely open-shell compounds.[2] They are further characterised by the singlet-

triplet energy gap ΔEST, which typically lies between 10 and 500 meV (= 0.96–48 kJ mol–1; 0.23–11.5 

kcal mol–1).[135, 227, 235, 236] Within this material class, biradical(oid)s composed of π-systems substituted 

with two phenoxyl units are among the most outstanding representatives, due to the broad variety of 

accessible structures, which makes them an ideal model system for experimental and theoretical 

investigations (Scheme 4.1).[23, 24, 157, 162, 163, 166, 173, 177] In order to gain insight into the biradical character 

of these organic compounds, it is crucial to experimentally distinguish the biradical and quinone singlet 

state. As energy differences between these states tend to be very narrow, an even more careful choice of 

analytical methods is essential to uncover hidden discrepancies and draw solid conclusions. In general, 
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biradicals show significantly broadened 1H NMR spectra[23, 173] and/or pronounced EPR signals[166, 173] 

due to thermal triplet state population. Quinones, in contrast, are commonly EPR silent and characterised 

by sharp NMR resonance signals.[157, 162] Additionally, the (in)equivalency of phenyl protons α (Scheme 

4.1, top) can be used as an indicator for the molecules’ rigidity.[157, 166]  

 

 

 

Scheme 4.1 | (top) Open and closed-shell resonance structures of Kekulé type biradicals and biradicaloids and 

(bottom) examples of π-extended quinones and biradicals based on planar and bowl shaped polycyclic aromatic 

hydrocarbons, pigment chromophores and oligomeric heteroaromatics.[23, 24, 157, 162, 163, 166, 173, 177] 
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Furthermore, in order to experimentally access the singlettriplet energy gap (ΔEST), SQUID 

(superconducting quantum interference device) or variable temperature (VT) EPR can be utilised, of 

which the latter one commonly is performed in solution.[157, 173] In the solid state, further effects like 

enhanced intermolecular interactions have to be considered.[177] X-ray analysis is a powerful method to 

shine light on the electronic ground state, since it allows an experimental bond length determination. 

Accordingly, the appearance of a distinct bond length alternation (BLA) is commonly a clear hint 

towards closed-shell quinones[157, 166], whereas its absence indicates a dominating open-shell biradical 

character[163]. Like for the experimental counterpart, also the theoretical descripition of biradicals 

requires sophisticated methods, since conventional (single reference) DFT is mainly suitable for closed-

shell compounds, monoradicals, decoupled pairs of local doublets or high spin states, but rather 

inappropriate to properly describe low spin (i. e. singlet) states in biradicals.[157, 214] Nevertheless, in case 

of very weakly interacting spin centres in biradicals, conventional DFT can lead to reasonable results in 

accordance with experimental findings (like for isoindigo derivative IIn)[173], but has to be treated with 

caution. Due to an increasing number of compounds claimed to be open-shell and a broad variety of 

methods applied – experimentally as well as theoretically – it is more than ever important to study 

molecules comprehensively because otherwise a comparison of investigated molecules like those 

collected in Scheme 1 becomes impossible. In this regard, only investigations applying the same 

theoretical (and ideally identical experimental) methods to all molecules allow relevant conclusions.[32] 

Unfortunatelly, an increasing number of recent publications still utilises isolated characterisation 

methods and (completely) neglects double checking of the gained results by comprehensive methods. 

In the past, several factors influencing the electronic ground state and hence enabling a spin crossover 

from closed-shell quinoidal to open-shell biradical of π-conjugated compounds derived from 

quinodimethanes in general and twofold phenoxyl substituted chromophores in particular have been 

investigated. In this regard, the impact of the number of bridging phenyl units[26, 237], the connecting π-

core (Scheme 4.1, bottom)[23, 24, 162, 163, 166, 173], hetero atom effects, the number of attached (donor) 

substituents and the steric demand of ortho-positioned alkyl chains protecting the radical centres in such 

systems[37, 155, 215] has been investigated. Furthermore, based on numerous longitudinally and laterally 

extended zethrenes[29–31, 119], Wu and coworkers as well as Juríček and coworkers have demonstrated, 

that the size of the π-scaffold can significantly influence the biradical character of these polycyclic 

aromatic hydrocarbons (PAH). Likewise, Baumgarten, Feng and Müllen and in particular Haley and 

coworkers utilised structural isomerism and the number of Clar sextets[39, 238] in various 

(di)indenoacenes[25, 32–36] to rationally finetune the ΔEST of these compounds. However, a spin crossover 

has so far been mainly observed upon incremental elongation of an acene-like series.[28]  
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In this work, we present the first detailed study on a spin crossover for this important class of twofold 

phenoxyl functionalised π-scaffolds. Toward this goal we chose diketopyrrolopyrrole (DPP) as a core 

unit and carried out a simple linker variation, while maintaining the molecular size (Scheme 4.2). DPPs 

are highly versatile chromophores with tunable optical and electronic properties[239–243] and outstanding 

chemical stability which explains their wide application in coatings[228] and photoelectric devices[244–252]. 

Furthermore, especially quinoidal DPPs and related oligo (hetero-)aromatic compounds have recently 

raised great attention as redox amphoteric dyes[133, 141], in organic thin film transistors (OTFTs)[139, 140, 253, 

254] or as near infrared (NIR) emitters[255]. As DPPs are known both in the “aromatic” and the quinoidal 

conjugation, they are hence predestinated to study questions related to the biradical/quinone form.   

As demonstrated by a recent contribution from Zheng and co-workers[215] reporting on a similar series 

of DPPs (including DPP2 and DPP3 and their oxidised derivatives with just different alkyl chains) we 

were not alone with this idea. However, in contrast to the conclusion of these authors that these two 

molecules upon oxidation exhibit an open-shell ground state, our high level quantum chemical 

calculations and multifaceted experimental methods revealed just the opposite: The ground state of these 

compounds is fully closed-shell, i.e. quinoidal, which could be proven among other techniques by a X-

ray crystal structure analysis for DPP3q. Most interestingly, for the oxidised species from the phenylene-

spacered compound DPP1 (that was missing in the study of Zheng), indeed the desired spin crossover 

into the biradicaloid ground state can be observed. Thus, our systematic study of these biradicals and 

quinones with optical and magnetic spectroscopic methods as well as computational investigations with 

spin-flip TD-DFT calculations in combination with CASSCF(4,4) and harmonic oscillator model of 

aromaticity (HOMA) analysis allow to rationalise how the aromaticity of the linker unit tunes these DPP 

dyes from quinoidal to biradicaloid ground states. Accordingly, this is a lucky case where independently 

acquired results from two different laboratories on partly identical compounds enable insights on the 

importance of experimental and theoretical methods for obtaining conclusive results in this important 

field of research.[256] 
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Scheme 4.2 | (top) Schematic illustration of DPP bridged biradicals and quinones, as well as (bottom) structures of 

synthesised derivatives DPP1–3. 

 

 

4.3 Results and discussion 

Diketopyrrolopyrrole derivatives DPP1–3 were synthesised by Suzuki-Miyaura cross coupling of the 

respective literature known brominated DPP-precursors 1–3 with boronic ester 4 in 70 %, 53 % and 64 % 

yield, respectively (Scheme 8.2.1a, ESI†). All new compounds were characterised by 1H and 13C NMR 

spectroscopy as well as high resolution mass spectrometry. Additionally, the structure of bisphenole 

DPP1 could be analysed by single crystal X-ray analysis (Fig. 8.2.4 and 8.2.5, ESI†).[257] The optical 

properties of DPP1–3 in solution and in the solid state were investigated by UV/vis/NIR absorption and 

steady state fluorescence spectroscopy under ambient conditions (Fig. 4.1 and Table 8.2.3, ESI†).  
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Figure 4.1 | Normalised UV/vis/NIR absorption spectra (CH2Cl2, c ≈ 10 µM, rt) of DPP1 (orange solid line, top), 

DPP2 (purple solid line, middle) and DPP3 (purple solid line, bottom) as well as fluorescence spectra of DPP1–3 

(orange and purple dashed lines, from the top). Also shown are the absorption spectra of biradical DPP1•• (blue 

solid line, top), and quinones DPP2q (dark green solid line, middle) and DPP3q (green solid line, bottom) obtained 

from proton coupled oxidation of DPP1–3. Inset: Photographs of the respective cuvettes. 

 

The absorption spectrum of DPP1 in CH2Cl2 (Fig. 4.1 top, orange solid line) is characterised by broad 

absorption in the UV and visible spectral range with maxima located at 269, 356 and 486 nm. These 

absorption maxima are only slightly bathochromically shifted compared to the parent chromophore 

Ph2DPP (λabs = 466 nm).[258] In contrast, heteroaromatic derivatives DPP2 (Fig. 4.1 middle, purple solid 

line) and DPP3 (Fig. 4.1 bottom, purple solid line) show absorption maxima at 610 nm (DPP2) and at 

607 nm (DPP3) with well resolved vibronic progression, which are significantly redshifted compared to 

the unsubstituted parent compounds Fu2DPP and Th2DPP (λabs = 535–550 nm).[239, 259]  The bathochromic 
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shift observed in the UV/vis spectra suggests a pronounced electron-donating effect from the terminal 4-

hydroxyphenyl units to the DPP chromophore cores. DPP1–3 show intense fluorescence at 565 nm for 

DPP1 (Δ𝜈Stokes = 2580 cm–1, ΦFL = 49 %, Fig. 4.1 top, orange dashed line), at 638 nm for DPP2 (Δ𝜈Stokes 

= 719 cm–1; ΦFL = 38 %, Fig. 4.1 middle, purple dashed line) and at 624 nm for DPP3 (Δ𝜈Stokes = 449 

cm–1; ΦFL = 48 %, Fig. 4.1 bottom, purple dashed line). It is noteworthy that despite of the lowering of 

the band gap in this series of dyes, fluorescence quantum yields remain high and comparable to those 

reported in literature for the respective unsubstituted chromophores Ph2DPP, Th2DPP or Fu2DPP with 

much larger band gaps.[239, 258, 259]  

 

Dehydrogenation of bisphenols occurs easily using proton coupled oxidation, which follows a concerted 

deprotonation-oxidation mechanism.[23, 24, 173] Therefore, solutions of DPP1–3 were treated with basic 

tetra-n-butylammonium fluoride (TBAF) in order to study the occurring spectral changes. Gradual 

changes in the respective absorption spectra were monitored by UV/vis/NIR spectroscopy (Fig. 8.2.7, 

ESI†). Upon stepwise addition of a solution of TBAF in CH2Cl2, the intensity of the absorption bands of 

DPP1, DPP2 and DPP3 decreases with concomitant rise of absorption bands at longer wavelengths at 

704 nm for DPP1, at 813 nm for DPP2 and at 789 nm for DPP3. The appearance of these 

bathochromically shifted absorption bands indicates the formation of the respective dianions DPP12–, 

DPP22– and DPP32– and can be explained by the strong charge transfer (CT) from the electron-rich 

phenoxide substituents to the electron-poor DPP core. Such CT bands are commonly observed in 

halochromic systems.[23, 24, 173] Notably, the immediate addition of an equimolar amount of trifluoroacetic 

acid to freshly prepared solutions of the dianions leads to a complete recovery of the absorption spectral 

signatures of the corresponding phenols (Fig. 8.2.7, ESI†) and hence reveals the reversibility of the 

deprotonation process. Additionally, during deprotonation titration experiments of the heteroaromatic 

derivatives DPP2 and DPP3, a concomitant rise of an additional NIR band at 1083 and 1063 nm, 

respectively, was observed, which does not appear upon titration of DPP1 (Fig. 8.2.7, ESI†). The 

appearance of these bands indicates the formation of mixed valent radical anions MV-DPP2 and MV-

DPP3 upon autoxidation. As these mixed valent species arise upon oxidation of dianions DPP22– and 

DPP32– under ambient conditions, we monitored UV/vis/NIR absorption spectral changes over time (Fig. 

8.2.8, ESI†) to study the extent of this oxidation process. Within 17 h (DPP22–) and 4 h (DPP32–), the 

bands attributed to the presence of radical anions MV-DPP2 and MV-DPP3 rise continuously, followed 

by a subsequent decrease. Analogous time-dependent monitoring of DPP12– (Fig. 8.2.8a, b, ESI†) merely 

shows a decrease of CT band intensity upon oxidation, which is much slower than the processes observed 

for the heteroaromatic derivatives. It is worth to mention, that there is no hint for the formation of an 

analogous mixed valent species upon autoxidation of DPP12–. Taking the different extent and rates of 
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the autoxidation processes into account, it can be concluded that the phenolate’s sensitivity towards 

oxidation is decreasing in the order DPP32– > DPP22– > DPP12–. This trend was proven to hold true for 

neutral bisphenoles DPP1–3 as well by cyclic voltammetry, although the furane and thiophene 

derivatives feature a quite similar redox behaviour (Fig. 8.2.28 and Table 8.2.4, ESI†). Accordingly, the 

disparity between heterocyclic DPP2/3 and DPP2q/3q (S ↔ O) caused by chalcogen effects is much 

lower than the differences (S/O ↔ Ph) to the aromatic phenyl system DPP1.  

Our results indicate, that the first (aut-)oxidation step of DPP22– and DPP32– involves the formation of 

radical anions MV-DPP2 and MV-DPP3 by single electron transfer (SET). Apparently, a further defined 

oxidation process cannot be achieved by using ambient oxygen. Therefore, we applied electrochemical 

oxidation in order to study the stepwise oxidation process and gain further insight into the redox 

properties. Accordingly, the electro-optical properties of dianions DPP12–, DPP22– and DPP32– were 

subsequently studied by spectroelectrochemistry (SEC, Fig. 4.2). Initial spectral changes observed for 

DPP22– and DPP32– mainly reproduce the transformations already monitored during their autoxidation 

(Fig. 4.2c, e and Fig. 8.2.8, ESI†). However, the NIR bands attributed to radical anions MV-DPP2 and 

MV-DPP3 vanish completely upon further raising the potential to 500 mV and 475 mV (vs. Pt pseudo 

reference electrode, Fig. 4.2d, f, red solid line), respectively, and simultaneously, the appearance of new 

absorption bands with maxima at 782 nm (DPP2) and 751 nm (DPP3) (Fig. 4.2d, f, blue solid line) can 

be observed, which resemble by spectral shape and vibronic structure those of DPP2 and DPP3, but are 

significantly red shifted. The formed species represent quinones DPP2q and DPP3q (vide infra) with 

outstanding high molar extinction coefficients, i. e. tripled and doubled compared to DPP2 and DPP3, 

respectively (Table 8.2.3, ESI†). Also for DPP12– a new optical signature (Fig. 4.2b, blue solid line) 

emerges upon electrochemical oxidation with increasing potential to 450 mV, which could not be 

observed during autoxidation experiments (Fig. 8.2.8, ESI†) and can be attributed to the formation of 

DPP1•• (vide infra). The resulting absorption spectrum is significantly broadened in the visible region 

and shows pronounced panchromaticity with intense maxima at 380 and 588 nm and a band of lower 

intensity in the NIR region (749 nm). The appearance of several isosbestic points for all three dianions 

DPP1–32– indicates clearly defined oxidation processes. Our results indicate the formation of mixed 

valent radical anions MV-DPP2 and MV-DPP3 as well as twofold oxidised species DPP1••, DPP2q and 

DPP3q by electrochemical oxidation of DPP1–3.  
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Figure 4.2 | UV/vis/NIR absorption spectral changes of (a, b) DPP12–, (c, d) DPP22– and (e, f) DPP32– (c ≈ 3 mM 

in CH2Cl2, rt, 0.2 M nBu4NPF6) upon electrochemical oxidation in a spectroelectrochemical setup. Arrows indicate 

spectral changes with increasing positive potential. 
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In order to enable in-depth studies, we attempted to obtain these species on a preparative scale as well 

by applying a suitable chemical oxidant. Accordingly, biradical DPP1•• and quinones DPP2q and DPP3q 

were synthesised almost quantitatively by oxidation of DPP1 with potassium ferricyanide and by 

dehydrogenation of DPP2 and DPP3 using lead(IV) oxide (Scheme 8.2.1b, ESI†), which could not be 

applied to DPP1 as it caused decomposition. All products feature the same UV/vis/NIR absorption 

spectral signatures as observed for the electrochemically generated ones (Fig. 8.2.9, ESI†). By selective 

reduction of DPP2q and DPP3q with (Me2N)2C=C(NMe2)2 (TDMAE), as well as by 

comproportionation of DPP22– or DPP32– with DPP2q or DPP3q, respectively, we could furthermore 

generate mixed valent compounds MV-DPP2 and MV-DPP3 (Schemes 8.2.8–8.2.11 and Fig. 8.2.12–

8.2.13, ESI†), which, however, could not be isolated. Nevertheless, the result proves that 

comproportionation of (extended) quinones and bisphenoxides offers an efficient and convenient access 

to highly desirable radical anions[260] in appropriately functionalised chromophores. 

Whereas DPP2q and DPP3q could be easily isolated out of solution by evaporation of the solvent 

(CH2Cl2) and even be crystallised (DPP3q, Fig.  4.3), attempts to isolate DPP1•• failed and significant 

bleaching of the solution was observed instead even under inert conditions in degassed CCl4 and more 

accelerated upon raising temperature to reflux. For this reason, isolation or recrystallization was not 

successful as well. Hence, to quantify the stability of DPP1••, DPP2q and DPP3q in solution and in the 

solid state under ambient conditions, time-dependent UV/vis/NIR absorption spectra were recorded. The 

spectral signatures of DPP2q and DPP3q in solution and in the solid state remain unchanged over several 

days (Fig. 8.2.10, ESI†), and thus prove the high stability of these compounds. In contrast, DPP1•• 

decomposes within minutes in the solid state and within hours in solution as band intensities gradually 

decrease over time (Fig. 8.2.11, ESI†). By fitting the time-dependent data, a minimum half-life of 78 h 

in CCl4 and 39 h in CH2Cl2 was obtained for DPP1•• at room temperature (Fig. 8.2.11 and Table 8.2.1–

8.2.2, ESI†). Such a fast decomposition within the timescale of days compared to stable DPP2q and 

DPP3q, can be explained with a considerably higher reactivity of DPP1••, presumably caused by the 

distinct biradical character. Life times in the range of hours to days are indeed typical for phenoxyl-based 

biradicals.[23, 24]  

 

Representatively for both quinones, the solid state structure of DPP3q could be determined by single 

crystal X-ray diffraction analysis (Fig. 4.3). Furane derivative DPP3q features an almost planar -surface 

with negligible dihedral twist angles between 0.7(3)° and 1.7(3)° (Fig. 4.3a, b). In addition, a distinct 

bond length alternation over the whole chromophore can be observed (Fig. 4.3c), which is well in line 

with the quinoidal character of DPP3q concluded by NMR spectroscopy (vide infra). The parallel 
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displaced chromophores with an average –-distance of 3.19 Å form staircase like strands, which are 

oriented in a herringbone-type packing (Fig. 8.2.6, ESI†).   

 

 

 

Figure 4.3 | Solid state molecular structure of DPP3q in (a) topview and (b) sideview as well as (c) selected bond 

lengths determined by single crystal X‐ray diffraction (ellipsoids set to 50 % probability, carbon gray, nitrogen 

blue, oxygen red). H atoms and solvent (MeOH) molecules are omitted for clarity. 
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As DPP1•• is stable for several hours in solution (CH2Cl2) and DPP2q and DPP3q show no significant 

decomposition, we were able to investigate the para- and diamagnetic properties of the compounds with 

electron paramagnetic resonance (EPR) and nuclear magnetic resonance (NMR) spectroscopy (Fig. 4.4). 

DPP2q and DPP3q are virtually EPR silent (Fig. 8.2.31a, b, ESI†) in CH2Cl2 solution, but show a very 

weak signal in the solid state.  

 

 

Figure 4.4 | (a) Temperature dependence of the X-band EPR spectrum of DPP1•• in CH2Cl2 (c ≈ 1 mM) and (b) 

aromatic region of the 1H NMR spectrum of DPP1 (top) and DPP1•• (bottom) in CD2Cl2 at rt. 
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However, temperature-dependent solid state EPR measurements in the range of 240 to 300 K did not 

reveal any significant signal intensity change (Fig. 8.2.31c, d, ESI†). Accordingly, no hints for thermal 

triplet state population were found, which proofs an insurmountable ΔEST and provides further evidence 

for a diamagnetic character. In contrast, DPP1•• features a pronounced EPR signal, which is centred at 

giso = 2.0044 with a peak-to-peak line width of 3.8 G (Fig. 4.4a). Temperature-dependent EPR 

spectroscopy of DPP1•• additionally allowed for a quantitative view on the energy difference between 

the singlet and triplet state. Double integration of EPR signals and data fitting according to the Bleaney-

Bowers equation revealed a remarkably low ΔEST of 19 meV (1.8 kJ mol–1; 0.43 kcal mol–1, 2J = 147 cm–

1) and hence indicates almost decoupled spin centres Fig. 8.2.30, ESI†). As EPR signal integrals of 

DPP1•• increase with temperature, an open-shell singlet ground state can be concluded for DPP1••. In 

compliance with the increasing amount of triplet species at higher temperature, also a pronounced 

broadening of resonance signals in the aromatic region of the respective 1H NMR spectra is observed, 

thereby confirming the substantial paramagnetic character of DPP1•• at room temperature.[23, 24, 173] 

Accordingly, the 1H NMR spectrum of DPP1•• in CD2Cl2 at 298 K shows very broad signals (Fig. 4.4b), 

which significantly gain intensity upon decreasing the temperature to 180 K (Fig. 8.2.24, ESI†). This is 

in accordance with a biradical character in the ground state with a low energy difference to the NMR 

silent triplet state, which is thermally populated at higher temperature.  

In contrast to DPP1••, sharp signals are detected for DPP2q and DPP3q in the aromatic region of the 

respective 1H NMR spectra at room temperature. Notably, the resonance signals for the two heteroaryl 

protons are separated by 1.45 to 1.76 ppm (Fig. 8.2.16–8.2.22, ESI†) with a significantly downfield 

shifted signal at 9.02 ppm (DPP2), 8.34 ppm (DPP3), 9.38 ppm (DPP2q) and 8.85 ppm (DPP3q). This 

shift can be explained by hydrogen bonding between a heteroaryl H atom and the carbonyl oxygen atom 

(Fig. 8.2.16–8.2.22, ESI†, hydrogen bonded proton highlighted in blue).[140, 141] Accordingly, a N,S- and 

N,O-cis configuration can be concluded for all heteroaromatic derivatives, which was also corroborated 

by X-ray structure analysis in the case of DPP3q (Fig. 4.3). In addition, the resonance signal of the 

protons of the phenyl moiety in DPP2 (7.52 ppm) and DPP3 (7.63 ppm) with a singlet multiplicity splits 

up into two doublet signals for quinones DPP2q and DPP3q (Fig. 8.2.16–8.2.22, ESI†). Thus, both 

protons are chemically not equivalent anymore, which can be explained by the formation of a double 

bond between the former phenyl and heteroaromatic unit.[157, 215] Therefore, the rotational freedom of the 

terminal phenyl unit is significantly hindered, as expected due to the quinoidal character of DPP2q and 

DPP3q. At an elevated temperature of 373 K, the resonance signals assigned to the heteroaryl protons 

of DPP3q remain sharp, whereas signals of DPP2q show a slight broadening (Fig. 8.2.25–8.2.26, ESI†). 

In particular, the resonance signals ascribed to the hydrogen bonded protons (vide supra) are well 

detectable, whereas the phenyl proton signal becomes broad in all heteroaromatic quinones.[215] 
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Accordingly, the different behavior of phenyl and heteroaryl proton signals upon heating can be 

explained by a rather rigid DPP core flanked by phenoxyl groups with thermally enhanced rotational 

freedom rather than by a thermal triplet population. Summarising, it can be concluded that the ground 

state of DPP2q and DPP3q is dominated by a closed-shell character with a large, thermally 

insurmountable singlettriplet energy gap (ΔEST). 

To further shine light onto the electronic ground state character of DPP1••, DPP2q and DPP3q, quantum 

chemical calculations have been performed. In general, biradicals can be defined as molecular systems 

with two electrons occupying two (almost) degenerate molecular frontier orbitals.[2] These orbital (near-

)degeneracies result in wave functions, which are not dominated by a single configuration, but rather 

include several leading determinants. Since the accurate description of low-spin states in organic systems 

with partial open-shell contributions requires at least two Slater determinants, biradicals usually cannot 

be described sufficiently using conventional density functional theory (DFT) or single-reference 

wavefunction-based methods[214], but considerably more precisely by applying the spin-flip (SF) TD-

DFT approach.[216] This method uses a single-determinant high-spin triplet state as a reference, which is 

well represented by a single Slater determinant. From that configuration, the target manifold of low-spin 

states (that is: singlets and low-spin triplet) is generated in a single excitation by applying a linear spin-

flipping excitation operator �̂�𝑀𝑠=−1
: 

Ψ𝑀𝑠=0
𝑠,𝑡 = �̂�𝑀𝑠=−1

Ψ𝑀𝑠=1
𝑡                                                        (1) 

 

Optimization of the formally first excited state and subsequent analysis of its character allows to 

determine the electronic configuration in the relaxed ground state structure of the molecule. The 

geometry optimization of DPP1••, DPP2q and DPP3q has therefore been carried out in the framework 

of SF-TD-DFT employing the 50/50 functional (50% Hartree-Fock + 8% Slater[261] + 42% Becke[262] for 

exchange and 19% VWN[263] + 81% LYP[264] for correlation) along with the def2-SVP[265] basis set (Fig. 

8.2.35, ESI†). Dihedral angles between the terminal phenoxyl and bridging phenylene unit in DPP1•• are 

significantly reduced to 11.14–14.73° compared to the parent bisphenole DPP1 (30.2–32.2°, Fig. 8.2.4, 

ESI†), which can be explained by increasing conjugation in the dehydrogenated state.[163] In accordance 

with the single crystal X-ray results for DPP3q, the relaxed geometries of DPP2q and DPP3q exhibit 

negligible dihedral angles of only 0.5/0.6° and 0.2/0.4°, respectively. Furthermore, we observed a 

distinct, and continuous bond length alternation over the whole chromophore in DPP2q and DPP3q. In 

contrast, BLA is broken in DPP1•• with significantly elongated bonds e and q indicating a much higher 

biradical character (Fig. 4.5a).  
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Figure 4.5 | (a) Bond lengths in Å between both oxygen sites in DPP1••, DPP2q and DPP3q (blue, red and black 

solid line, from the top) as well as (b) calculated biradical/ quinoidal properties of DPP1••, DPP2q and DPP3q, 

((SF) TD-DFT and CASSCF(4,4)/def2-SVP level of theory). Also shown are the bond lengths determined 

experimentally by X-ray diffraction (purple solid line). GS = Ground state. 
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As evidenced by 1H NMR spectroscopy and X-ray analysis (vide supra), the N,O- and N,S-cis geometry 

– on which our calculations are based – is dominating in DPP2q and DPP3q. However, to complete our 

geometrical analysis, we performed optimisation of the N,X-trans geometries as well (Fig. 8.2.37, ESI†). 

The trans geometries were found to be 340 to 400 meV (= 32.8–38.6 kJ mol–1; 7.84–9.22 kcal mol–1) 

higher in energy, making the cis conformation a thermodynamic global minimum. Notably, the impact 

of the conformation on the bond lengths is very large. Accordingly, BLA is significantly reduced in the 

hypothetical trans geometry which is in good agreement with the respective values obtained by 

conventional DFT.[215] For this reason, the real bond length alternation was underestimated in the earlier 

study by Zheng and co-workers, which is based on the trans geometry.[215]   

Additionally, analysis of the spin (S2 = 0) and the natural orbital occupation number was used to 

determine the electronic ground state configuration and biradical character y0.
[52] Both together indicate 

that the energetically most favorable electronic configuration is governed by a closed-shell occupation 

of orbitals for DPP2q and DPP3q, while DPP1•• is dominated by an open-shell singlet configuration and 

hence can be described as a singlet biradical. In order to estimate the singlettriplet energy gaps and 

quantify the singlet biradical character y0, single point CASSCF(4,4)/def2-SVP[52, 263, 265–269] calculations 

were employed for all three relaxed geometries, confirming the SF-TD-DFT results. The resulting energy 

gap is calculated to be 24 meV (2.3 kJ mol–1, 0.54 kcal mol–1) in case of DPP1•• and 1.22 eV (118 kJ mol–

1, 28.1 kcal mol–1)/ 1.31 eV (126 kJ mol–1, 30.2 kcal mol–1) for DPP2q/DPP3q, respectively (Fig. 4.5b). 

The calculated ΔEST of DPP1•• is in good accordance with the value obtained experimentally by 

temperature-dependent EPR spectroscopy. Accordingly, the value of y0 = 0.75 obtained for DPP1•• 

clearly indicates the high biradical character of DPP1••, while y0 values of 0.004 and 0.003 validate the 

closed-shell configuration of the quinones DPP2q and DPP3q, respectively. These findings further 

support the structures derived from 1H NMR spectroscopy and X-ray analysis (vide supra). The low 

biradical character calculated for DPP2q and DPP3q is in contrast to the recent conclusions of Zheng 

and co-workers[215] who reported a pronounced biradical character of y0 = 0.64–0.65 for related dyes 

bearing just different alkyl chains. However, these values were calculated by employing 

conventional DFT calculations, which become less precise in case of stronger spin interactions 

and low spin states (vide supra)[214], as they are observed in DPP2q and DPP3q. For the purpose of 

investigating the role of aromaticity as a key factor for the stabilization of the open-shell configuration 

in DPP1••, the “harmonic oscillator model of aromaticity” (HOMA)[270, 271] value was calculated for all 

three linkers. HOMA takes into account the deviation of bond length from an “optimal” value expected 

for a fully aromatic system.[270, 271] 

𝐻𝑂𝑀𝐴 = 1 − ∑
𝛼𝑖,𝑗

𝑁
(𝑅𝑅𝑒𝑓 − 𝑅𝑖,𝑗)

2
𝑖                                              (2) 
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Here, j is the atom next to atom i, N denotes the total number of atoms, 𝛼 and 𝑅𝑅𝑒𝑓 are pre-calculated 

constants which are presented in the original article for each type of atom pair.[271] A perfectly aromatic 

compound thereby has a HOMA value of 1, whereas a non-aromatic compound has a value of 0 or below. 

For the phenyl linker in DPP1•• a value of 0.8 was obtained, which clearly indicates the presence of an 

aromatic benzene ring, thereby stabilising the biradical configuration, while in DPP2q and DPP3q, 

HOMA indices of 0.63 and 0.37, respectively, hint towards a much stronger quinoidal character 

(Fig. 4.5b). All theoretical findings are hence in agreement with the experimental results and our 

interpretation. 

 

4.4 Conclusion 

In conclusion, we reported a series of three with two 2,6-di-tert-butylphenoxy groups functionalised 

diketopyrrolopyrrole dyes DPP1–3 that on first glance look very similar, but upon deprotonation and 

oxidation afford electronically very distinct compounds, i. e. biradical DPP1•• and quinones DPP2q and 

DPP3q. Our comprehensive optical and magnetic spectroscopic studies demonstrate the spin crossover 

from closed-shell quinones DPP2q and DPP3q to a singlet open-shell biradical DPP1•• by simple linker 

variation. Thus, the heteroaromatic thiophene or furane linkers between the DPP core and phenoxyl 

substituent favour a closed-shell ground state, thereby endowing DPP2q and DPP3q with bench stability 

and quinoidal structures as evidenced by X-ray diffraction (DPP3q) and UV/vis/NIR absorption, EPR 

and NMR spectroscopy as well as by quantum chemical calculations based on the spin-flip TD-DFT and 

CASSCF(4,4) level of theory. In contrast, the “isolating” strongly aromatic phenylene bridge endows 

derivative DPP1•• with biradical properties with a very small singlet-triplet-energy gap of 19 meV 

(1.8 kJ mol–1; 0.43 kcal mol–1) and a large biradical character of y0 = 0.75. As a consequence, DPP1•• 

loses stability and decomposes within the timescale of days in solution. The aromatic character of the 

bridging units in DPP1••, DPP2q and DPP3q was investigated using HOMA index values, which show 

that the established order of aromaticity decrease (phenyl > thiophene > furane) applies for such 

biradicaloid systems with a central dye unit. Accordingly, we conclude that Clar’s sextet rule[39] also 

offers a design principle to derive open-shell colorants with central dye and pigment units. In our 

example only DPP1•• with four benzenoid sextets prevailed in an open-shell configuration as a biradical, 

whereas energy gains through non-benzenoid heteroaromatic furane or thiophene linkers were not large 

enough to counteract the transformation of the π-electron system into a fully conjugated quinoidal 

scaffold.  
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Nitronyl Nitroxide Bifunctionalized Electron-Poor 

Chromophores: Synthesis of Stable Dye Biradicals by Lewis 

Acid Promoted Desilylation 

 

This chapter was partly communicated in: Rausch, R., Krause, A.-M., Krummenacher, I., Braunschweig, 

H., Würthner, F. J. Org. Chem. 2021, 86, 2447–2457. Adapted and reprinted with permission of J. Org. 

Chem. 2021, 86, 2447–2457. Copyright 2021 The American Chemical Society. 

 

 

 

5.1 Abstract 

Open shell organic molecules bearing π-cores are of great interest for optical, electronic and magnetic 

applications, but frequently suffer fast decomposition or lack synthetic accessibility. In this regard, 

nitronyl nitroxides are promising candidates for stable (bi-)radicals due to their high degree of spin-

delocalization along the O-N-C-N-O pentade unit. Unfortunately, they are limited to electron rich 

systems so far. To overcome this limitation, we developed a synthetic procedure for the twofold spin 

decoration of electron-poor chromophores (Ered = –1158 mV) with nitronyl nitroxide radical moieties via 
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selective deprotection/oxidation of the respective silylated precursors with boron fluoride and subsequent 

quenching with tetraethyl orthosilicate. Nitronyl nitroxide biradicals PBI-NN, IIn-NN, PhDPP-NN, 

ThDPP-NN and FuDPP-NN bridged by perylene bisimide (PBI), isoindigo (IIn) and 

diketopyrrolopyrrole (DPP) pigment colorants were finally obtained as bench stable compounds after 

periodate oxidation with yields of 60–81%. The absorption spectral signatures of the chromophores 

remain preserved in the open shell state and match the ones of the pristine parent compounds, which 

allows an a priori prediction of their optical properties. Consequently, we achieved twofold spin labeling 

while keeping the intrinsic properties of the electron-deficient chromophores intact. 

 

5.2 Introduction  

Spin functionalized organic colorant materials are of interest due to their unique combination of 

magnetic, optical and electrochemical properties and feature significant differences regarding the spin-

spin coupling strength.[2, 30, 272] Open shell molecules in general as well as high-spin materials in particular 

are used for spintronics and molecular magnets and weakly antiferromagnetically coupling materials (i. 

e. singlet biradicals) are frequently considered as potential Bose-Einstein condensates (BEC).[170, 233, 273–

276] However, biradicals are prevalently highly reactive compounds and often feature low ambient 

stability. In this regard, nitronyl nitroxides (NN) are appealing radical centers due to their exceptional 

high kinetic stability[203, 277, 278] and – in contrast to approaches based on 2,2,6,6-

tetramethylpiperidinyloxyl (TEMPO)[279] – provide the possibility of conjugated attachment to π-

scaffolds, enabling intramolecular spin coupling. Additionally, NNs are stable in various media[204] and 

bear potential for applications like redox polymers[280] or diarylethene based magnetic photo switches.[205, 

206] In the past, several electron rich PAHs[232] and π-systems like benzodithiophenes,[179] pyrene,[180] 

azulene,[188] polyacenes[183, 184] or graphene-like nanoribbons[281, 282] as well as alkyne-based molecular 

wires[198] have been incorporated as linkers between two nitronyl nitroxide radical centers.  

The most common synthetic strategy for NNs thereby involves a condensation reaction of the respective 

aldehyde with bis(hydroxylamine) derivatives to give the substituted N,N’-dihydroxy imidazolidines.[185] 

Subsequent oxidation with high valent metal oxides or sodium periodate finally yields the nitronyl 

nitroxides.[185] However, this procedure has several limitations including the limited solubility, stability 

and accessibility of the respective aldehydes. Furthermore, the N,N’-dihydroxy imidazolidines as 

primary reaction products frequently suffer fast decomposition, especially in the presence of electron 

withdrawing substituents.[185, 186, 190, 193] Therefore, alternative approaches have been developed, utilizing 

a direct introduction of the nitronyl nitroxide moiety via transition metal catalyzed coupling 
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procedures[192, 283, 284] or the usage of metal-organic gold[187, 189], copper[191] or zinc[190] reagents. In 

addition, nucleophilic aromatic fluoride substitution[194] has been successfully used. The drawback of 

these approaches is that they require highly activated aryl iodides, work for electron rich aromatic 

systems only, require expensive reagents and/or are limited to very special and inert perfluorinated 

substrates. Finally, Baumgarten and co-workers presented a boronic acid ester approach, in which a silyl-

protected nitronyl nitroxide precursor unit is employed.[202] By this means, a broadly applicable way for 

NN functionalization of the respective aryl halides via Suzuki-Miyaura cross coupling reaction followed 

by radical generation with tetra-n-butyl ammonium fluoride (TBAF) became accessible. Although this 

strategy might be widely applicable, it was so far only deployed to rather electron rich small aromatic 

oligomers. Hence, nitronyl nitroxide moieties have not yet been linked to the most common electron 

deficient pigment colorant cores although such radical decorated organic chromophores are considered 

to be useful for controlling spin polarization in organic semiconductors and modulating the excited 

states.[285, 286]  

Herein, we present a synthetic strategy toward electron poor nitronyl nitroxide biradicals via Suzuki-

Miyaura cross coupling reaction and subsequent Lewis acid promoted deprotection of the resulting O-

silyl-N,N’-dihydroxy imidazolidine precursors. In this way, five nitronyl nitroxide biradicals PBI-NN, 

IIn-NN, PhDPP-NN, ThDPP-NN and FuDPP-NN bearing common pigment colorant cores, i. e.  

perylene bisimide (PBI), isoindigo (IIn) and diketopyrrolopyrrole (DPP), were obtained as bench stable 

magenta, red, orange, purple and blue solids, respectively (Scheme 5.1). Notably, whereas the 

established TBAF deprotection procedure[202] failed for our utilized electron poor systems, a Lewis acid 

assisted approach provided access to the desired NN biradicals in good to excellent yields. 

 

5.3 Results and discussion 

5.3.1 Synthesis 

Nitronyl nitroxide precursors O-silyl-N,N’-dihydroxy imidazolidines PBI-Si, IIn-Si, PhDPP-Si, 

FuDPP-Si and ThDPP–Si were synthesized in 52–93% yield via Suzuki-Miyaura cross coupling 

reaction of boronic acid ester 1[202] and the respective halogenated PBI, IIn or DPP dyes (Scheme 5.1 and 

Scheme 8.3.1).  
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Scheme 5.1 | Synthesis of nitronyl nitroxide biradicals PBI-NN, IIn-NN, PhDPP-NN, ThDPP-NN and FuDPP-

NN via Suzuki-Miyaura cross coupling reaction and subsequent deprotection/oxidation of the respective O-

silylated N,N’-dihydroxy imidazolidines PBI-Si, IIn-Si, PhDPP-Si, ThDPP-Si and FuDPP-Si by Lewis acid 

promoted desilylation and periodate oxidation. Suzuki-Miyaura cross coupling conditions: Pd(PPh3)4, Na2CO3, 

PhMe/EtOH/H2O (2:1:1), N2 (for PBI-Si, IIn-Si and FuDPP-Si); Pd(OAc)2, SPhos, K3PO4, THF/H2O (20:1), N2 

(for PhDPP-Si); Pd(dba)2, P(o-tol)3, Na2CO3, THF/H2O (20:1), N2 (for ThDPP-Si). 

 

Attempting cleavage of the four tert-butyldimethylsilyl (TBDMS) protecting groups by the addition of 

tetra-n-butylammonium fluoride (TBAF) in THF solution following the procedure by Baumgarten and 

co-workers[202] neither provided the respective N,N’-dihydroxy imidazolidines nor the desired nitronyl 

nitroxides. Instead, decomposition occurred as revealed by ESI mass spectrometry (Figure 8.3.1–8.3.5). 

Elimination of water and undefined redox processes are well known degradation pathways in the field 

of nitronyl nitroxide synthesis and appear frequently both in the presence of acidic and basic media or 

reagents.[179, 204, 287] Therefore, the observed accelerated decomposition and enhanced sensitivity towards 

basic TBAF can possibly be explained by an increased acidity of the free N,N’-dihydroxy imidazolidine 

(Scheme 5.2, left, acidic proton highlighted in green) moieties due to the electron deficient dye cores, 

which leads to fast elimination of water and further formation of undefined species.[185, 186, 190, 193]  

Nevertheless, we achieved selective desilylation upon using BF3  ● Et2O as a deprotection agent.[288] 

However, in CH2Cl2 as well as in THF, mainly N-hydroxy imidazolines (Scheme 5.2, middle) as single 

and twofold water elimination products were formed and detected by ESI HRMS, as shown exemplarily 

for PhDPP-Si (Figure 8.3.6a, b). Hence, it is reasonable to conclude that the Lewis acidity of BF3 ● Et2O 

in non- or moderately coordinating DCM or THF is too high, thereby causing dehydratisation. However, 

this undesired side reaction was circumvented by using iso-butanol (iBuOH) as a suitable co-solvent (20–

25 vol.–%), presumably forming a Lewis acid-base adduct[289, 290] with boron fluoride (BF3  ● iBuOH). We 

assume that the treatment of TBDMS-ethers with BF3 leads to the formation of difluoro borate esters[288, 
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291, 292] (Scheme 5.2, top right) instead of the “free” N,N’-dihydroxy imidazolidines. Possibly due to 

hydrolysis or fragmentation, these esters were not detected by ESI-HRMS. Subsequently, the reaction 

mixture was quenched after 24 h with tetraethyl orthosilicate (TEOS, Si(OEt)4) to deactivate boron 

fluorides and capture HF under base-free conditions. Attempts to isolate the free N,N’-dihydroxy 

imidazolidines, e.g. by column chromatography or precipitation failed, confirming its low stability. 

Accordingly, we directly applied oxidation with aqueous NaIO4 after quenching with TEOS. Subsequent 

purification by silica gel column chromatography provided the desired biradicals PBI-NN, IIn-NN, 

PhDPP-NN, ThDPP-NN and FuDPP-NN in remarkably high yields of 60–81% (Scheme 5.1), which 

were fully characterised by high resolution ESI mass spectrometry, 1H NMR, electron paramagnetic 

resonance (EPR) and UV/vis absorption spectroscopy as well as cyclic voltammetry (CV).  

 

 

Scheme 5.2 | Presumed desilylation pathways of TBDMS protected N,N’-dihydroxy imidazolidines upon addition 

of TBAF and boron fluoride. 

 

5.3.2 UV/vis absorption and fluorescence spectroscopy 

In order to explore the optical properties of the nitronyl nitroxide biradicals and the respective O-silylated 

N,N’-dihydroxy imidazolidines, UV/vis absorption and steady state fluorescence spectroscopy 

measurements (Figure 5.1 and Table 5.1) were performed under ambient conditions in CHCl3 (PBI and 

IIn) or THF (DPPs) solution (different solvents for solubility reasons). Accordingly, the series of nitronyl 
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nitroxides covers a broad absorption range with maxima from 417 nm (IIn-NN) to 620 nm (ThDPP-

NN). 

 

Table 5.1 | Electronic absorption and fluorescence spectroscopic characteristics of silylated PBI-Si, IIn-Si, 

PhDPP-Si, ThDPP-Si, FuDPP-Si as well as biradicals PBI-NN, IIn-NN, PhDPP-NN, ThDPP-NN, FuDPP-NN 

in solution. 

chromophore 
λabs [nm] ε [M–1 cm–1] λem  [nm] ΦFL [%] Δ𝜈abs

c  

[cm–1] Si NN Si NN Si NN Si NN 

PBIa 562 558 29900 22200 614 602 1 1 127 

IIna 
525 

418 

525 

417 

12900 

24900 

14500 

31400 
– – – – 

0 

57 

PhDPPb 491 497 25600 25600 561 569 94 2 246 

ThDPPb 606 620 58700 48700 624 – 35 – 373 

FuDPPb 598 616 89600 90000 607 – 37 – 488 

c ≈ 10 µM, rt. a) in CHCl3; b) in THF; c) Δ𝜈abs =│𝜈abs, NN – 𝜈abs, Si│. 

 

Notably, the UV/vis absorption maxima of the nitronyl nitroxides are almost unchanged with respect to 

the diamagnetic precursors (Δ𝜈abs ≤ 488 cm–1, Figure 5.1 and Table 5.1) and are slightly 

bathochromically shifted compared to the unsubstituted parent compounds[230, 239, 258, 259, 293–295], which 

can be explained by the extension of the conjugated π-system by the additional phenylene groups. Larger 

deviations between the biradical and silylated precursors can be detected between 250 and 450 nm, due 

to the absorption of the nitronyl nitroxide radical unit in the shorter wavelength region.[185, 204, 296] Furane 

and thiophene bridged DPP derivatives feature sharp absorption bands with pronounced vibronic 

progression (Figure 5.1, magenta and green lines), whereas the phenylene derivatives (Figure 5.1, blue 

lines) are characterized by broad, featureless absorption bands. This different behavior is well known 

among heteroaromatic diketopyrrolopyrroles and can be explained by the higher degree of planarity due 

to the sterically less demanding heterocyclic substituents.[239, 295] The wavelength of the absorption 

maxima of the DPP derivatives show the order PhDPP < FuDPP < ThDPP, which is in agreement with 

the trend for the parent compounds.[239, 295] This trend can be rationalized by a higher donor strength of 

the heteroaromatic compounds compared to PhDPP resulting in a pronounced push-pull interaction with 

the electron poor chromophore core. The characteristic spectral shape and colour of 6,6’-diaryl-IIn[173] 

with two superimposed maxima between 400 and 600 nm and of 1,7-diaryl-PBI[23] with one broad 

absorption band between 450 and 580 nm is resembled by the respective nitronyl nitroxide biradicals as 
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well. Thus, the absorption spectral signatures and maxima wavelengths of PBI-NN, IIn-NN, PhDPP-

NN, ThDPP-NN and FuDPP-NN are hardly affected by chromophore-spin interactions.  
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Figure 5.1 | UV/vis absorption spectra of (a) PBI-NN (black line), IIn-NN (orange line), PhDPP-NN (blue line), 

ThDPP-NN (green line) and FuDPP-NN (magenta line) and (b) PBI-Si (black line), IIn-Si (orange line), PhDPP-

Si (blue line), ThDPP-Si (green line) and FuDPP-Si (magenta line) in solution (CHCl3 for PBI and IIn as well as 

THF for all DPPs, c ≈ 10 µM, rt).  
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Remarkably, UV/vis absorption spectra of biradicals PBI-NN, IIn-NN, PhDPP-NN, ThDPP-NN and 

FuDPP-NN stored under ambient conditions were recorded after several months and remained 

completely unchanged, indicating the extraordinary bench stability of these biradicals (Figure 8.3.24–

8.3.28). We therefore overcame the tremendous disadvantage of analogous phenoxyl biradicals 

exhibiting highly different half-lives and rather unpredictable absorption spectra.[23, 173] Furthermore, we 

investigated the steady state emission properties of all silyl precursors and nitronyl nitroxides. Like 

frequently reported for open shell compounds in general[22, 297], all nitronyl nitroxides show no or only 

weak fluorescence, whereas PhDPP-Si, FuDPP-Si and ThDPP-Si exhibit decent emission[239, 295] (Table 

5.1 and Figure 8.3.24–8.3.28). 

 

5.3.3 Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) 

As evidenced by UV/vis absorption spectroscopy, the optical properties of the five nitronyl nitroxide 

biradicals are mainly determined by the chromophore core with only minor contributions of the nitronyl 

nitroxide moieties. We therefore aimed to ascribe redox processes to the respective subunits as well and 

investigated the electrochemical properties of these biradicals in CH2Cl2 solution by cyclic voltammetry 

(CV) and differential pulse voltammetry (DPV). All NNs feature redox amphoterism with at least two 

reversible reductions and oxidations (Figure 5.2 and Figure 8.3.29–8.3.30).  

Whereas highly different first reduction potentials were observed for the five NN biradicals, covering a 

range of more than 370 mV, the first oxidation potentials of the nitronyl nitroxides are very similar 

(Table 8.3.2). As oxidation potentials between 330 and 520 mV are typically observed for NNs in 

literature, the first oxidation process can be ascribed to the formation of an oxammonium cation from 

the respective (bi–)radical.[180, 188, 190, 202, 280, 296, 298] This is further corroborated by analogous CV and DPV 

studies of the silylated precursors (Figure 8.3.29–8.3.30 and Table 8.3.1), which reveal a similar redox 

behavior as observed for the respective nitronyl nitroxides, but the pronounced oxidation event at 366–

422 mV (all potentials vs. Fc0/+), being observed for all NN, is absent in PBI-Si, IIn-Si and PhDPP-Si. 

Electron rich ThDPP-Si and FuDPP-Si exhibit an additional oxidation process between 300 and 400 mV 

(Figure 8.3.30), which can be ascribed to the DPP chromophore oxidation, although these processes 

occur at slightly higher potentials (500 mV) in the unsubstituted parent chromophore[243] due to the 

smaller π-system. Thus, we conclude a superposition of the nitroxide and chromophore core oxidation 

in the case of ThDPP-NN and FuDPP-NN (Figure 5.2 and Figure 8.3.30), being also reflected by the 

larger relative peak area compared to the other potentials (Figure 5.2).  
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Figure 5.2 | Differential pulse voltammograms (DPV) of PBI-NN, IIn-NN, PhDPP-NN, ThDPP-NN and 

FuDPP-NN (from the top) with potentials of reversible reductions and oxidations in (CH2Cl2, c ≈ 20 µM, 

electrolyte: 0.1 M nBu4NPF6, rt). 

 

The first reduction potentials of all five NN biradicals decrease in the order: PBI-NN > IIn-NN > Ph-

NN > Fu-NN > Th-NN. Hence, PBI-NN (–1158 mV) is the most easily reducible biradical, whereas 

reduction of ThDPP-NN as the most electron rich compound appears at the lowest potential (–1532 mV). 
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In contrast to the oxidation process, reduction potentials of NNs are hardly reported in literature and are 

thus much less indicative. For instance, reduction potentials between –1270 and –1330 mV have been 

reported for NN-containing redox polymers or fused thiophene sytems,[280, 298] however, these reduction 

potentials strongly depend on the π-system. Accordingly, it can be concluded that the electron accepting 

properties (reduction) are strongly driven by the chromophore core and reflect its electron affinity, 

whereas the first oxidation potential is determined by the nitronyl nitroxide radical moiety.  

 

5.3.4 1H NMR and EPR spectroscopy 

In order to examine the magnetic properties of the nitronyl nitroxide biradicals, 1H NMR and EPR 

spectroscopy have been performed at room temperature. All nitronyl nitroxides are NMR silent in the 

aromatic region of the respective 1H NMR spectrum, whereas well detectable signals are observed in the 

aliphatic region and can be ascribed to the protons of the alkyl chains (Figure 5.3a bottom and 

Figure 8.3.9, 8.3.15, 8.3.18 and 8.3.21). Distinct signal broadening is commonly observed for protons of 

spin bearing aromatic systems and is therefore a strong experimental evidence for a pronounced 

(bi)radical contribution in the ground state.[23, 173] In contrast, diamagnetic precursors PBI-Si, IIn-Si, 

PhDPP-Si, ThDPP-Si and FuDPP-Si expectedly show well resolved resonance signals (Figure 5.3a top 

and Figure 8.3.7, 8.3.13, 8.3.16 and 8.3.19) giving no hints for a radical contribution.  

In agreement to the results obtained from the NMR studies, intense signals are observed in the electron 

paramagnetic resonance (EPR) spectra for all nitronyl nitroxides (Figure 5.3b and Figure 8.3.31) 

confirming a pronounced biradical character. All signals are centered at giso = 2.0066–2.0067 and feature 

nine lines with almost identical hyperfine splitting constants of a(14N) = 10.3–10.6 MHz (≈ 3.7–3.8 G, 

Table 8.3.4). This suggests spin coupling to four equivalent nitrogen nuclei (14N), as such nine-line 

spectra are commonly observed for twofold nitronyl nitroxide substituted compounds with a strong 

intramolecular spin exchange interaction of |J| ≫ |a(2N)| between the radical sites[198, 204], which is an 

experimental proof for the biradical nature of PBI-NN, IIn-NN, PhDPP-NN, ThDPP-NN and FuDPP-

NN. Thus, strong intramolecular spin coupling between the two nitronyl nitroxide units can be 

concluded.  
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Figure 5.3 | (a) 1H NMR spectra (400 MHz, 298 K) of IIn-Si (top, CD2Cl2) and IIn-NN (bottom, CD2Cl2/CD3OD 

(9:1), methanol added for solubility reasons). (b) Experimental (black) and simulated (red) continuous-wave (CW) 

X-band EPR spectra of IIn-NN in a CH2Cl2/MeOH (9:1) mixture at room temperature (c ≈ 1 mM).  
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5.3.5 Single crystal X-ray diffraction analysis 

In addition, the molecular structure of IIn-NN was confirmed representatively for all nitronyl nitroxides 

by single crystal X-ray diffraction analysis (Figure 5.4). Suitable crystals without solvent molecules were 

obtained by slow diffusion of methanol into a solution of IIn-NN in CH2Cl2 at 7 °C. The isoindigo 

biradical crystallises in the triclinic space group (P1̅) and shows a stair case like packing arrangement 

with close distances between next-neighboured chromophores of 3.26–3.47Å (π–π-stacking, 

Figure 5.4a, b and Figure 8.3.22a, b). The determined bond lengths are almost unchanged compared to 

the unsubstituted parent chromophore[299] and do not show any quinoidal alternation. In particular, all 

bonds in the bridging phenylene unit (Figure 5.4c, highlighted in red) exhibit comparable lengths 

between 1.382 Å and 1.403 Å, indicating a pronounced aromatic character. Accordingly, the two bonds 

connecting the phenyl bridge with the IIn core and the nitronyl nitroxide moiety (Figure 5.4c, highlighted 

in blue) show lengths of 1.483 Å and 1.456 Å, which equals a typical single bond length between two 

sp2-hybridized carbon atoms.[202, 300, 301] Notably, the determined molecular structure is not 

centrosymmetric (Figure 5.4c) and slightly different bond lengths with an average deviation < 0.005 Å 

are observed between both parts of the molecule (note that only one part is shown in Figure 5.4c; for 

details see Figure 8.3.23).  

Furthermore, the nitronyl nitroxide moiety and the phenylene linker are not coplanar to the isoindigo 

core, but show a rotation along the C–C-axis by 13.81–22.80° and 13.78–36.33°, respectively 

(Figure 5.4c). In addition, both N-O and N-C bonds in the nitronyl nitroxide O-N-C-N-O unit feature 

almost equal lengths (Figure 5.4c, highlighted in green), which is well in line with a spin delocalization 

over this pentad.[202] In summary, our bond length analysis based on X-ray structural information reveals 

no pronounced quinoidal character and therefore further supports our assumption of a dominating open 

shell character of IIn-NN. Based on the single bond character of the C–C bonds in IIn-NN that connects 

the phenyl group with the NN moiety and the IIn core (Figure 5.4c, highlighted in blue), a singlet closed-

shell ground state can be excluded. However, a differentiation between the singlet and triplet open-shell 

state is not possible based on X-ray analysis. In this regard, Ovchinnikov’s parity model[102] allows a 

prediction of the terminal spin orientation (Chart 8.3.1).[202] Based on this model, it is reasonable to 

assume an antiparallel spin orientation and thus a singlet open shell ground state for all five nitronyl 

nitroxide biradicals. 
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Figure 5.4 | (a) Solid state molecular packing of IIn-NN with π–π-interactions, (b) side view of IIn-NN with π–π-

distances and (c) solid state molecular structure of IIn-NN with selected bond lengths in Å and torsion angles 

determined by single crystal X‐ray diffraction (ellipsoids set to 50 % probability, carbon gray, nitrogen blue, 

oxygen red). H atoms are omitted for clarity. 

 
The spin bearing nitronyl nitroxide O-N-C-N-O pentad is stabilized by several resonance structures 

(Scheme 5.3a) leading to significant spin delocalization and N-O/N-C bond lengths between single 

(1.40±0.02 Å/1.36±0.02 Å)[301] and double bond (1.23±0.02 Å/1.30±0.02 Å)[301] as revealed by X-ray 
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analysis for IIn-NN (vide supra) and other NNs in literature.[179, 180, 188, 202] However, this delocalization 

cannot extend into the connecting π-system. Thus, upon formation of a closed shell Kekulé structure 

with a double bond between the NN unit and the π-core, the -conjugation path within the nitronyl 

nitroxide O-N-C-N-O pentad would be disrupted (Scheme 5.3b). Such a switch in resonance has been 

recently observed for cyanine/merocyanine bifurcated conjugation paths[302] but is obviously 

energetically to disfavored for nitronyl nitroxides. Accordingly, unlike phenoxyl-based 

biradical(oid)s,[23, 173] a quinoidal structure (Scheme 5.3b, dashed box) has no significant contribution to 

the ground state of NN biradicals.[198] Only single bonded open shell nitronyl nitroxides (Scheme 5.3b, 

solid box, bond highlighted in green) are reported with bond lengths of 1.452–1.472 Å for moderately to 

highly electron poor derivatives[180, 184, 190, 192, 194, 283, 284] and of 1.414–1.433 Å for electron rich[179, 202] 

systems (typical bond lengths: d(Csp2=Csp2) = 1.32±0.02 Å and d(Csp2–Csp2/aryl) = 1.46±0.03)[300, 301]. 

Shorter bond lengths in the case of electron rich systems may arise from charge transfer (CT) from the 

electron rich π-system to the rather electron poor nitronyl nitroxide unit.  

 

Scheme 5.3 | (a) Selected resonance structures of the nitronyl nitroxide radical unit as well as (b) open and closed 

shell resonance structures of π-bridged NN biradical(oid)s with schematic illustration of optical and magnetic 

coupling properties. 
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In addition, the NN pentagon usually shows a contortion towards the attached π-scaffold along the bond 

highlighted in green (Scheme 5.3b) with dihedral angles of 4–11° for thiophene[179, 202] and of 15–29° for 

benzene-based π-cores.[180, 202] In the case of IIn-NN, even larger dihedral angles of 13–36° were 

determined by X-ray analysis. Thus, the bond order as well as the dihedral angles indicate a significant 

reduction of conjugation between the NN moiety and the π-scaffold. Accordingly, despite their covalent 

attachment to the π-conjugated PBI, IIn and DPP dye cores, the nitronyl nitroxide units remain 

electronically isolated as evidenced by X-ray analysis (IIn-NN) and especially UV/vis absorption 

spectroscopy. For this reason, no electronic coupling between the spin centers and the colorant core can 

be observed for PBI-NN, IIn-NN, PhDPP-NN, ThDPP-NN and FuDPP-NN. 

Unlike the rather weak electronic radical-chromophore-interactions, spin-spin exchange interactions in 

(small) conjugated nitronyl nitroxide biradicals can be much more pronounced, presumably due to a 

tunneling effect.[198] Therefore, twofold conjugated spin decoration of colorants like PBI, IIn or DPP 

with nitronyl nitroxide moieties leads to biradicals with large spin-spin exchange interactions but 

electronically isolated radical centers. 

 

5.4 Conclusion 

In conclusion, we have synthesized five novel nitronyl nitroxide biradicals based on perylene bisimide, 

isoindigo and diketopyrrolopyrrole chromophore scaffolds from the respective O-silylated precursors by 

a sequential one pot Lewis acid promoted deprotection and subsequent periodate oxidation procedure. 

Notably, we used base-free deactivation of BF3 ● Et2O with Si(OEt)4 as a key step to circumvent substrate 

decomposition. The procedure is applicable for a variety of electron poor pigment colorants systems with 

yields up to 81%. CV and DPV measurements revealed that the first reduction potentials of PBI-NN, 

IIn-NN, PhDPP-NN, ThDPP-NN and FuDPP-NN strongly depend on the chromophore core and cover 

a potential range of more than 370 mV. The bridging perylene bisimide core endows PBI-NN with 

pronounced electron accepting properties (Ered = –1158 mV) and magnetic spectroscopy of all nitronyl 

nitroxides as well as X-ray diffraction analysis in the case of IIn-NN substantiated the open shell 

character of these biradicals. Accordingly, we successfully preserved the intrinsic optical and electronical 

chromophore properties whilst strong spin coupling was observed between the two distant radical centers 

in these electron deficient biradicals. Thus, we presented a general method for the spin decoration of 

electron-poor π-systems with nitronyl nitroxide radical moieties. 
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5.5 Experimental section 

General Methods. Silica-gel column chromatography was performed on silica gel (particle size of 

0.040−0.063 mm) with freshly distilled solvents. 1H NMR and 13C NMR spectra were recorded on a 

Bruker Avance III HD 400 spectrometer at 298 K. Chemical shift data are reported in parts per million 

(ppm, δ scale) downfield (for positive shifts) or upfield (for negative shifts) from tetramethylsilane and 

referenced internally to the residual proton (for proton NMR) in the solvent (CDCl3, δ = 7.26; CD2Cl2, δ 

= 5.32) or to the carbon resonance (CDCl3, δ = 77.16; CD2Cl2, δ = 53.84). The coupling constants are 

listed in Hertz and multiplicities abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, 

m = multiplet, vt = virtual, br = broad. MALDI TOF measurements were carried out on a Bruker 

Daltonics (Autoflex II) mass spectrometer. High-resolution ESI TOF spectra were acquired on a Bruker 

Daltonics microTOF focus spectrometer. Melting points were measured with an Olympus BX41 

polarization microscope connected to a TP84 Linkam scientific temperature regulator. UV/vis absorption 

spectra were recorded on a JASCO V-770 or V-670 spectrometer (scan rate 400 nm/s). Fluorescence 

spectra were recorded with a FLS980 Edinburgh Instrument fluorescence spectrometer. Cyclic 

voltammetry (CV) and differential pulse voltammetry (DPV) were conducted on an EC epsilon standard 

electrochemical analyzer. A Pt disc electrode was used as the working electrode, a platinum wire as the 

counter electrode, and a Ag/AgCl reference electrode using the ferrocenium/ferrocene (Fc+/Fc) redox 

couple as the internal standard. The measurements were conducted in dichloromethane solutions (0.1 M) 

and tetra-n-butylammonium hexafluorophosphate as an electrolyte with a scan rate of 100 mV/s at room 

temperature. Boronic acid ester 1[202], as well as dibrominated PBI 2[303], IIn 3[304] and DPPs 4, 5 and 6[305–

307] (Scheme S3) were synthesized according to literature procedures. EPR measurements at X-band (9.38 

GHz) were carried out using a Bruker ELEXSYS E580 CW EPR spectrometer equipped with an Oxford 

Instruments helium cryostat (ESR900) and a MercuryITC temperature controller. Single crystal X-ray 

diffraction data for IIn-NN were collected at 100 K on a Bruker D8 Quest Kappa diffractometer with a 

Photon II CPAD detector and multi-layered mirror monochromated CuKα radiation. 

 

PBI-Si. 1,7-Dibromo-PBI 2 (100 mg, 140 µmol, 1.00 equivalent), boronic acid ester 1 (245 mg, 

421 µmol, 3.00 equivalents) and sodium carbonate (446 mg, 4.21 mmol, 30.0 equivalents) were 

suspended in a mixture of toluene/ethanol/water 2:1:1 (12 mL) under an atmosphere of nitrogen. The 

reaction mixture was stirred for 20 minutes and subsequently tetrakis(triphenylphosphine)palladium(0) 

(32.4 mg, 28.1 µmol, 20.0 mol%) dissolved in toluene (0.5 mL) was added. The reaction mixture was 

heated to 80 °C in an oil bath, stirred for 20 hours and then cooled down to room temperature. The crude 

product was extracted with Et2O (2 x 50 mL), the combined organic layers washed with water, dried 

over MgSO4 and the solvent removed under reduced pressure. The crude product was purified by silica 



Chapter 5 

 107    

 

gel column chromatography using CH2Cl2/cyclohexane (1:3) as an eluent to yield PBI-Si as a red solid. 

Yield: 193 mg (131 µmol, 93 %). m. p. 174–175 °C. 1H NMR (400 MHz, CD2Cl2): δ = 8.42 (s, 2 H), 

8.11 (d, J = 8.1 Hz, 2 H), 8.05 (d, J = 8.1 Hz, 2 H), 7.59–7.51 (m, 8 H), 4.98 (m, 2 H), 4.73 (s, 2 H), 

2.59–2.44 (m, 4 H), 1.94–1.84 (m, 4 H), 1.78–1.72 (m, 4 H), 1.51–1.28 (m, 8 H), 1.22 (s, 12 H), 1.20 (s, 

12 H), 0.89 (s, 36 H), 0.08 (s, 12 H), –0.55 (s, 12 H). 13C NMR (101 MHz, CD2Cl2): δ = 164.2, 163.9, 

143.0, 141.2, 135.9, 135.1, 132.9, 132.5, 130.7, 129.6 (2 signals), 128.9 (2 signals), 128.0, 123.3, 122.9, 

68.6, 30.2, 29.5, 26.9, 26.5, 25.9, 25.0, 18.3, 17.5, –3.5, –4.2. HRMS (ESI-TOF) m/z: [M+H]+ calcd for 

C86H123N6O8Si4
+ 1479.8474; Found 1479.8409. MS (MALDI-ToF, neg. mode, CHCl3) m/z: [M]– Calcd 

for C86H122N6O8Si4
– 1478.8407; Found 1478.8396. UV/vis (CHCl3, c = 1.00 . 10–5 M): λmax [nm] (εmax 

[M–1 cm–1]) = 562 (29900). Fluorescence (CHCl3, λex.= 505 nm): λem [nm] = 614 (ΦFL = 0.01, standard: 

N,N'-bis(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxy-3,4,9,10-perylenetetracarboxylic bisimide, 

“Lumogen/ perylene red”, CAS: 123174–58–3, ΦFl = 0.96 in CHCl3).
[308] CV (CH2Cl2, c = 2 . 10–3 M, 

0.1 M TBAPF6, [V] vs. Fc+/0, 298 K): E1/2 red = –1.373, –1.174; E1/2 ox = 0.901, 1.243. 

IIn-Si. 6,6’-dibromo-IIn 3 (150 mg, 198 µmol, 1.00 equivalent), boronic acid ester 1 (351 mg, 595 µmol, 

3.00 equivalents) and sodium carbonate (630 mg, 5.95 mmol, 30.0 equivalents) were suspended in a 

mixture of toluene/ethanol/water 2:1:1 (15 mL) under an atmosphere of nitrogen. The reaction mixture 

was stirred for 20 minutes and subsequently tetrakis(triphenylphosphine)palladium(0) (22.9 mg, 19.8 

µmol, 10.0 mol%) dissolved in toluene (0.5 mL) was added. The reaction mixture was heated to 80 °C 

in an oil bath, stirred for 20 hours and then cooled down to room temperature. The crude product was 

extracted with Et2O (2 x 50 mL), the combined organic layers were washed with water, dried over MgSO4 

and the solvent removed under reduced pressure. The crude product was purified by silica gel column 

chromatography using CH2Cl2/cyclohexane (4:1) as an eluent to yield IIn-Si as a red solid. Yield: 

213 mg (140 µmol, 71 %). m. p. 151 °C. 1H NMR (400 MHz, CD2Cl2): δ = 9.27 (d, J = 8.4 Hz, 2 H), 

7.66 (d, J = 8.4 Hz, 4 H), 7.51 (d, J = 8.4 Hz, 4 H), 7.33 (dd, J = 1.4 Hz, J = 8.5 Hz, 2 H), 7.08 (d, J = 

1.4 Hz, 2 H), 4.70 (s, 2 H), 3.86 (t, J = 7.3 Hz, 4 H), 1.83–1.71 (m, 4 H), 1.29–1.24 (m, 36 H), 1.21 (s, 

24 H), 0.87 (t, J = 7.1 Hz, 6 H), 0.82 (s, 36 H), 0.01 (s, 12 H), –0.79 (s, 12 H). 13C NMR (101 MHz, 

CD2Cl2): δ = 168.6, 146.0, 145.2, 140.2, 132.8, 131.9, 130.5, 126.5 (2 signals), 121.4, 120.7, 106.5, 68.4, 

40.3, 32.3, 30.1 (2 signals), 30.0 (3 signals), 29.8, 28.0, 27.4, 26.4, 24.9, 23.1, 18.2, 17.4, 14.3, –3.7, –

4.8. HRMS (ESI-TOF) m/z: [M+H]+ Calcd for C90H151N6O6Si4
+ 1524.0767; Found 1524.0731. MS 

(MALDI-ToF, pos. mode, CHCl3) m/z: [M+H]+ Calcd for C90H151N6O6Si4
+ 1524.0767; Found 

1524.0798. UV/vis (CHCl3, c = 1.00 . 10–5 M): λmax [nm] (εmax [M
–1 cm–1]) = 525 (12900). CV (CH2Cl2, 

c = 2 . 10–3 M, 0.1 M TBAPF6, [V] vs. Fc+/0, 298 K): E1/2 red = –1.798, –1.326; E1/2 ox = 1.062. 



Chapter 5 

 108    

 

PhDPP-Si. Palladium(II) acetate (1.93 mg, 8.60 µmol, 5.00 mol%), DPP 4 (100 mg, 172 µmol, 

1.00 equivalent), boronic acid ester 1 (305 mg, 517 µmol, 3.00 equiv.), 2-dicyclohexylphosphino-2',6'-

dimethoxybiphenyl (SPhos, 7.06 mg, 17.2 µmol, 10.0 mol%) and potassium phosphate (219 mg, 1.03 

mmol, 6.00 equivalents) were suspended in a mixture of THF/water 20:1 (10.5 mL) under an atmosphere 

of nitrogen. The reaction mixture was stirred at 80 °C in an oil bath for 18 hours. The suspension was 

cooled down to room temperature and the crude product was extracted with CH2Cl2 (2 x 50 mL). The 

combined organic layers were washed with water, dried over MgSO4 and the solvent was removed under 

reduced pressure. The crude product was purified by silica gel column chromatography using 

CH2Cl2/hexane (gradient from 1:4 to 1:1) as an eluent to yield PhDPP-Si as an orange solid. Yield: 162 

mg (113 µmol, 66 %). m. p. 222–223 °C. 1H NMR (400 MHz, CD2Cl2): δ = 7.92 (d, J = 8.6 Hz, 4 H), 

7.83 (d, J = 8.6 Hz, 4 H), 7.66 (d, J = 8.3 Hz, 4 H), 7.52 (d, J = 8.3 Hz, 4 H), 4.69 (s, 2 H), 3.80 (t, J = 

7.7 Hz, 4 H), 1.65–1.56 (m, 4 H), 1.27–1.21 (m, 20 H), 1.20 (s, 24 H), 0.84 (t, J = 6.8 Hz, 6 H), 0.87–

0.77 (m, 36 H), –0.00 (s, 12 H), –0.82 (s, 12 H). 13C NMR (101 MHz, CD2Cl2): δ = 162.9, 148.2, 143.9, 

139.7, 131.9, 129.6 (2 signals), 127.5 (2 signals), 126.6, 110.3, 68.4, 42.1, 32.1, 29.8, 29.5, 29.4, 27.0, 

26.4, 24.9, 23.0, 18.2, 17.3, 14.3, –3.7, –4.9. HRMS (ESI-TOF) m/z: [M+H]+ Calcd for C84H137N6O6Si4
+ 

1437.9671; Found: 1437.9609. MS (MALDI-ToF, pos. mode, CHCl3) m/z: [M+H]+ Calcd for 

C84H137N6O6Si4
+ 1437.9671; Found 1437.9560. UV/vis (THF, c = 1.00 . 10–5 M): λmax [nm] (εmax [M

–1 

cm–1]) = 491 (25600). Fluorescence (THF, λex.= 470 nm): λem [nm] = 561 (ΦFL = 0.94, standard: N,N'-

bis(2,6-diisopropylphenyl)-3,4,9,10-perylenetetracarboxylic bisimide, “Lumogen/ perylene orange”, 

CAS: 82953–57–9, ΦFl = 1.00 in CHCl3).
[308] CV (CH2Cl2, c = 2 . 10–3 M, 0.1 M TBAPF6, [V] vs. Fc+/0, 

298 K): E1/2 red = –1.719; E1/2 ox = 0.695, 1.031. 

ThDPP-Si. Bis(dibenzylideneacetone)palladium(0) (5.66 mg, 9.85 µmol, 6.67 mol%), DPP 5 (100 mg, 

147 µmol, 1.00 equivalent), boronic acid ester 1 (260 mg, 441 µmol, 3.00 equivalents), tris(2-

methylphenyl)phosphane (P(o-tol)3, 5.81 mg, 19.1 µmol, 13.0 mol%) and sodium carbonate (276 mg, 

2.60 mmol, 17.7 equivalents) were suspended in a mixture of THF/water 20:1 (10.5 mL) under an 

atmosphere of nitrogen. The reaction mixture was stirred at 80 °C in an oil bath for 18 hours. The 

suspension was cooled down to room temperature and the crude product was extracted with CH2Cl2 (2 

x 50 mL). The combined organic layers were washed with water, dried over MgSO4 and the solvent was 

removed under reduced pressure. The crude product was purified by silica gel column chromatography 

using CH2Cl2/hexane (gradient from 1:4 to 1:2) as an eluent to yield ThDPP-Si as a blue solid. Yield: 

111 mg (76.5 µmol, 52 %). m. p. 96 °C. 1H NMR (400 MHz, CD2Cl2): δ = 8.97 (d, J = 4.2 Hz, 2 H), 7.68 

(d, J = 8.3 Hz, 4 H), 7.56–7.52 (m, 2 H), 7.48 (d, J = 8.3 Hz, 4 H), 4.67 (s, 2 H), 4.13 (t, J = 8.0 Hz, 4 

H), 1.84–1.74 (m, 4 H), 1.52–1.25 (m, 20 H), 1.19 (s, 24 H), 0.88 (t, J = 6.8 Hz, 6 H), 0.81 (s, 36 H), –

0.01 (s, 12 H), –0.79 (s, 12 H). 13C NMR (101 MHz, CD2Cl2): δ = 161.5, 150.2, 139.6, 136.9, 133.0, 
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132.1, 129.1, 125.5 (2 signals), 124.7, 108.4, 68.5, 42.5, 32.2, 30.4, 29.6, 27.3, 26.4, 24.9, 23.0, 18.2, 

17.4, 14.3, –3.7, –4.7. HRMS (ESI-TOF) m/z: [M]+ Calcd for C80H132N6O6S2Si4
+ 1448.8721; Found: 

1448.8787. MS (MALDI-ToF, neg. mode, CHCl3) m/z: [M]– Calcd for C80H132N6O6S2Si4
– 1448.8732; 

Found 1448.9551. UV/vis (THF, c = 1.00 . 10–5 M): λmax [nm] (εmax [M–1 cm–1]) = 606 (58700). 

Fluorescence (THF, λex.= 560 nm): λem [nm] = 624 (ΦFL = 0.35, standard: 3,7-bis(diethylamino)-

phenoxazinium perchlorate, „Oxazine 1“, CAS: 24796–94–9, ΦFl = 0.11 in EtOH).[309] CV (CH2Cl2, c = 

2 . 10–3 M, 0.1 M TBAPF6, [V] vs. Fc+/0, 298 K): E1/2 red = –1.602; E1/2 ox = 0.384, 0.858. 

FuDPP-Si. DPP 6 (105 mg, 162 µmol, 1.00 equiv.), boronic acid ester 1 (287 mg, 486 µmol, 3.00 equiv.) 

and sodium carbonate (310 mg, 2.92 mmol, 18.0 equiv.) were suspended in a mixture of 

toluene/ethanol/water 2:1:1 (16 mL) under an atmosphere of nitrogen. The reaction mixture was heated 

to 80 °C in an oil bath and tetrakis(triphenylphosphine)palladium(0) (18.7 mg, 16.2 µmol, 10.0 mol%) 

dissolved in toluene (0.5 mL) was added. After stirring the reaction mixture for 18 hours, the suspension 

was cooled down to room temperature and the crude product was extracted with Et2O (2 x 50 mL). The 

combined organic layers were washed with water, dried over MgSO4 and the solvent was removed under 

reduced pressure. The crude product was purified by silica gel column chromatography using 

CH2Cl2/hexane (1:1) as an eluent to yield FuDPP-Si as a blue solid. Yield: 134 mg (94.6 µmol, 58 %). 

m. p. 112–113 °C. 1H NMR (400 MHz, CD2Cl2): δ = 8.38 (d, J = 3.8 Hz, 2 H), 7.73 (d, J = 8.4 Hz, 4 H), 

7.50 (d, J = 8.4 Hz, 4 H), 7.01 (d, J = 3.8 Hz, 2 H), 4.67 (s, 2 H), 4.23 (t, J = 7.7 Hz, 4 H), 1.88–1.77 (m, 

4 H), 1.40–1.24 (m, 20 H), 1.14 (s, 24 H), 0.86 (t, J = 7.0 Hz, 6 H), 0.81 (s, 36 H), 0.00 (s, 12 H), –0.81 

(s, 12 H). 13C NMR (101 MHz, CD2Cl2): δ = 161.0, 157.4, 144.4, 132.8, 132.0, 129.4, 124.1 (2 signals), 

122.4, 109.3, 107.2, 68.5, 43.1, 32.3, 30.8, 30.0, 29.8, 27.6, 26.4, 24.8, 23.1, 18.2, 17.4, 14.3, –3.7, –4.7. 

HRMS (ESI-TOF) m/z: [M]+ Calcd for C80H132N6O8Si4
+ 1416.9178; Found 1416.9257. MS (MALDI-

ToF, pos. mode, CHCl3) m/z: [M]+ Calcd for C80H132N6O8Si4
+ 1416.9178; Found 1416.9215. UV/vis 

(THF, c = 1.00 . 10–5 M): λmax [nm] (εmax [M
–1 cm–1]) = 598 (89600). Fluorescence (THF, λex.= 560 nm): 

λem [nm] = 607 (ΦFL = 0.37, standard: 3,7-bis(diethylamino)-phenoxazinium perchlorate, „Oxazine 1“, 

CAS: 24796–94–9, ΦFl = 0.11 in EtOH).[309] CV (CH2Cl2, c = 2 . 10–3 M, 0.1 M TBAPF6, [V] vs. Fc+/0, 

298 K): E1/2 red = –1.669; E1/2 ox = 0.303, 0.631, 0.835. 

PBI-NN. PBI derivative PBI-Si (20.0 mg, 13.5 µmol, 1.00 equivalent) was dissolved in a mixture of 

isobutanol/CH2Cl2 4:1 (10 mL) and BF3 
. Et2O (205 µL, 1.62 mmol, 120 equivalents) was added under 

ambient conditions. After stirring for 18 h, the reaction mixture was quenched with tetraethoxysilane 

(Si(OEt)4, 389 µL, 1.76 mmol, 130 equivalents) and stirred for 1 h. Subsequently, a saturated aqueous 

NaIO4 solution (20 mL) was added and the reaction mixture stirred vigorously for 18 h. Then the aqueous 

phase was separated and the organic layer diluted with Et2O (100 mL), washed with water (100 mL) and 
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dried over MgSO4. The solvent was removed under reduced pressure and the crude product purified by 

silica gel column chromatography using CH2Cl2 with 1% of methanol as an eluent to yield PBI-NN as a 

red solid. Yield: 11.2 mg (11.0 µmol, 81 %). m. p. 242 °C. 1H NMR (400 MHz, CD2Cl2/CD3OD 9:1): δ 

= 5.04–4.86 (br, 2 H), 2.62–2.38 (br, 4 H), 1.96–1.80 (br, 4 H), 1.75–1.69 (br, 4 H), 1.51–1.37 (br, 4 H), 

1.34–1.20 (br, 4 H). HRMS (ESI-TOF) m/z: [M+Na]+ Calcd for C62H60N6O8Na+ 1039.4365; Found 

1039.4353. MS (MALDI-ToF, neg. mode, CHCl3) m/z: [M]– Calcd for C62H60N6O8
– 1016.4478; Found 

1016.4372. UV/vis (CHCl3, c = 1.00 . 10–5 M): λmax [nm] (εmax [M
–1 cm–1]) = 558 (22200). Fluorescence 

(CHCl3, λex = 520 nm): λem [nm] = 602 (ΦFL = 0.01, standard: N,N'-bis(2,6-diisopropylphenyl)-1,6,7,12-

tetraphenoxy-3,4,9,10-perylenetetracarboxylic bisimide, “Lumogen/ perylene red”, CAS: 123174–58–

3, ΦFl = 0.96 in CHCl3).
[308] CV (CH2Cl2, c = 2 . 10–3 M, 0.1 M TBAPF6, [V] vs. Fc+/0, 298 K): E1/2 red =  

–1.342, –1.158; E1/2 ox = 0.374, 1.126. 

IIn-NN. Isoindigo derivative IIn-Si (20.0 mg, 13.1 µmol, 1.00 equivalent) was dissolved in a mixture 

of isobutanol/CH2Cl2 4:1 (10 mL) and BF3 
. Et2O (199 µL, 1.57 mmol, 120 equivalents) was added under 

ambient conditions. After stirring for 17 h, the reaction mixture was quenched with tetraethoxysilane 

(Si(OEt)4, 366 µL, 1.71 mmol, 130 equivalents) and stirred for 1 h. Subsequently, a saturated aqueous 

NaIO4 solution (20 mL) was added and the reaction mixture stirred vigorously for 1 h. The aqueous 

phase was separated and the organic layer diluted with Et2O (100 mL), washed with water (100 mL) and 

dried over MgSO4. The solvent was removed under reduced pressure and the crude product purified by 

silica gel column chromatography using CH2Cl2 with 1% of methanol as an eluent to yield IIn-NN as a 

red solid. Yield: 8.40 mg (7.91 µmol, 60 %). m. p. 185–186 °C. 1H NMR (400 MHz, CD2Cl2/CD3OD 

9:1): δ = 3.92–3.73 (br, 4 H), 1.86–1.65 (br, 4 H), 1.40–1.22 (br, 36 H), 0.89–0.83 (br, 6 H). HRMS 

(ESI-TOF) m/z: [M]+ Calcd for C66H88N6O6
+: 1060.6760; Found 1060.6759. MS (MALDI-ToF, pos. 

mode, CHCl3) m/z: [M]+ Calcd for C66H88N6O6
+ 1060.6760; Found 1060.6709. UV/vis (CHCl3, c = 1.00 

. 10–5 M): λmax [nm] (εmax [M
–1 cm–1]) = 419 (31400), 525 (14500). CV (CH2Cl2, c = 2 . 10–3 M, 0.1 M 

TBAPF6, [V] vs. Fc+/0, 298 K): E1/2 red = –1.830, –1.366; E1/2 ox = 0.366, 1.030. 

PhDPP-NN. PhDPP-Si (20.0 mg, 13.9 µmol, 1.00 equivalents) was dissolved in a mixture of 

isobutanol/CH2Cl2 10:3 (6.5 mL) and BF3 
. Et2O (100 µL, 789 µmol, 56.8 equivalents) was added under 

ambient conditions. After stirring for 18 h, the reaction mixture was quenched with tetraethoxysilane 

(Si(OEt)4, 100 µL, 451 µmol, 32.4 equivalents) and stirred for another 3 h. Subsequently, a saturated 

aqueous NaIO4 solution (50 mL) was added and the reaction mixture stirred vigorously for 30 min. The 

aqueous phase was separated and the organic layer diluted with Et2O (100 mL), washed with water (100 

mL) and dried over MgSO4. The solvent was removed under reduced pressure and the crude product 

purified by silica gel column chromatography using CH2Cl2 with 1% of methanol as an eluent to yield 
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PhDPP-NN as a red solid. Yield: 11.0 mg (11.3 µmol, 81 %). m. p. 201–202 °C. 1H NMR (400 MHz, 

CD2Cl2/CD3OD 9:1): δ = 3.87–3.75 (br, 4 H), 1.59–1.52 (br, 4 H), 1.26–1.10 (br, 20 H), 0.86–0.78 (br, 

6 H). HRMS (ESI-TOF) m/z: [M]+ Calcd for C60H74N6O6
+ 974.5664; Found 974.5606. MS (MALDI-

ToF, pos. mode, CHCl3) m/z: [M]+ Calcd for C60H74N6O6
+ 974.5664 , Found 974.5855. UV/vis (THF, c 

= 1.00 . 10–5 M): λmax [nm] (εmax [M
–1 cm–1]) = 497 (25600). Fluorescence (THF, λex.= 475 nm): λem [nm] 

= 569 (ΦFL = 0.02, standard: N,N'-bis(2,6-diisopropylphenyl)-3,4,9,10-perylenetetracarboxylic bisimide, 

“Lumogen/ perylene orange”, CAS: 82953–57–9, ΦFl = 1.00 in CHCl3).
[308] CV (CH2Cl2, c = 2 . 10–3 M, 

0.1 M TBAPF6, [V] vs. Fc+/0, 298 K): E1/2 red = –2.206, –1.758, –1.422; E1/2 ox = 0.382, 0.694, 1.038. 

ThDPP-NN. DPP derivative ThDPP-Si (20.0 mg, 13.8 µmol, 1.00 equivalent) was dissolved in a 

mixture of isobutanol/CH2Cl2 10:3 (6.5 mL) and BF3 
. Et2O (87.4 µL, 689 µmol, 50.0 equivalents) was 

added under ambient conditions. After stirring for 17 h, the reaction mixture was quenched with 

tetraethoxysilane (Si(OEt)4, 153 µL, 689 µmol, 50.0 equivalents) and stirred for another 3 h. 

Subsequently, a saturated aqueous NaIO4 solution (10 mL) was added and the reaction mixture stirred 

vigorously for 30 min. The aqueous phase was separated and the organic layer diluted with Et2O 

(100 mL), washed with water (100 mL) and dried over MgSO4. The solvent was removed under reduced 

pressure and the crude product purified by silica gel column chromatography using CH2Cl2 with 2% of 

methanol as an eluent to yield ThDPP-NN as a blue solid. Yield: 11.0 mg (11.1 µmol, 81 %). m. p. 232 

°C. 1H NMR (400 MHz, CD2Cl2/CD3OD 9:1): δ = 4.26–3.95 (br, 4 H), 1.87–1.70 (br, 4 H), 1.24–1.37 

(br, 20 H), 0.90–0.83 (br, 6 H). HRMS (ESI-TOF) m/z: [M+H]+ Calcd for C56H71N6O6S2
+ 987.4871; 

Found 987.4950. MS (MALDI-ToF, pos. mode, CHCl3) m/z: [M]+ Calcd for C56H70N6O6S2
+ 986.4793; 

Found 986.4913. UV/vis (THF, c = 1.00 . 10–5 M): λmax [nm] (εmax [M–1 cm–1]) = 620 (48700). CV 

(CH2Cl2, c = 2 . 10–3 M, 0.1 M TBAPF6, [V] vs. Fc+/0, 298 K): E1/2 red = –2.156, –1.716, –1.532; E1/2 ox = 

0.412, 0.880. 

FuDPP-NN. DPP derivative FuDPP-Si (20.0 mg, 14.1 µmol, 1.00 equivalent) was dissolved in a 

mixture of isobutanol/CH2Cl2 10:3 (6.5 mL) and BF3 
. Et2O (100 µL, 789 µmol, 56.0 equivalents) was 

added under ambient conditions. After stirring for 18 h, the reaction mixture was quenched with 

tetraethoxysilane (Si(OEt)4, 200 µL, 902 µmol, 64.0 equivalents) and stirred for another 3 h. 

Subsequently, a saturated aqueous NaIO4 solution (50 mL) was added and the reaction mixture stirred 

vigorously for 30 min. The aqueous phase was separted and the organic layer diluted with Et2O (100 mL), 

washed with water (100 mL) and dried over MgSO4. The solvent was removed under reduced pressure 

and the crude product purified by silica gel column chromatography using CH2Cl2 with 1% of methanol 

as an eluent to yield FuDPP-NN as a blue solid. Yield: 8.20 mg (8.59 µmol, 61 %). m. p. 227–228 °C. 

1H NMR (400 MHz, CD2Cl2/CD3OD 9:1): δ = 4.33–4.15 (br, 4 H), 1.93–1.71 (br, 4 H), 1.43–1.21  (br, 



Chapter 5 

 112    

 

20 H), 0.94–0.82 (br, 6 H). HRMS (ESI-TOF) m/z: [M+H]+ Calcd for C56H71N6O8
+ 955.5328; Found 

955.5403. MS (MALDI-ToF, pos. mode, CHCl3) m/z: [M]+ Calcd for C56H70N6O8
+ 954.5250; Found 

954.5504. UV/vis (THF, c = 1.00 . 10–5 M): λmax [nm] (εmax [M
–1 cm–1]) = 616 (90000). CV (CH2Cl2, c = 

2 . 10–3 M, 0.1 M TBAPF6, [V] vs. Fc+/0, 298 K): E1/2 red = –2.306, –1.758, –1.502; E1/2 ox = 0.422, 0.858. 

 

5.6 Supporting Information  

NMR, ESI HRMS, UV/vis, EPR spectra and electrochemical data of new silyl and nitronyl nitroxide 

compounds as well as the X-ray structure of IIn-NN. 
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 Chapter 6 – Summary and Conclusion 

 

Within this PhD thesis, chromophore-bridged biradicals were synthesised and their properties 

characterised. Therefore, it was necessary to develop novel synthetic procedures and implement several 

experimental characterisation methods.  

In the first project of this work, isoindigo phenoxyl biradical OS-2•• was synthesised by proton-coupled 

oxidation from its respective bisphenol precursor 2 (Figure 6.1, top and Chapter 3) and characterised 

with optical and magnetic spectroscopic techniques. It is the first open shell compound based on this 

chromophore and combines an exceptional stability in solution of several weeks and even unlimited shelf 

life in the solid state (Figure 6.1, bottom) with a large biradical character (y0 = 0.79) and a small singlet-

triplet energy gap (EST = 65 meV).  

 

Figure 6.1 | Formation of isoindigo biradical OS-2•• upon oxidation of 2 with PbO2 (top) as well as UV/vis/NIR 

absorption spectra (bottom left) and VT-EPR spectra (bottom, right) of OS-2•• in CH2Cl2. 

 

Therefore, OS-2•• is an outstanding representative of the class of pigment chromophore containing 

phenoxyl biradicals combining dye and radical properties in a hitherto unprecedented fashion. In general, 

molecules with a large biradical character (e.g. y0 > 0.70) and a small singlet-triplet energy gap (e.g. EST 

< 100 meV) readily decompose within hours in solution, whereas open-shell materials with half-lives of 

several weeks exhibit considerably larger singlet-triplet energy gaps, smaller biradical characters and/or 

require the large π-surface of extended PAHs for spin delocalisation and thus stabilisation.  
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The extraordinary persistence of OS-2•• results from widespread spin delocalisation edging from the 

phenoxyl radical centres into the electron-withdrawing isoindigo chromophore core, as evidenced by 

EPR spectroscopy and an analysis of the hyperfine splitting pattern (Figure 6.1, bottom, right) as well as 

quantum chemical calculations. Therefore, the concept of kinetic blocking of the radical centres and 

delocalisation of spin density into the electron-withdrawing chromophore core of isoindigo offers an 

entry into a new class of highly persistent open-shell functional materials based on organic colorants. 

Isoindigo biradical OS-2•• represents an aromatic open-shell compound, although a closed-shell 

quinoidal ground state dominates in the majority of such small sized π-systems like e.g. in 

heteroquinones. In this regard, it is reasonable to assume that the biradical properties of OS-2•• arise from 

the unique combination of a moderately electron deficient π-system with the gain of aromatic 

stabilisation energy by four additional Clar sextets in the open-shell state compared to the closed-shell 

quinoidal state.  

In order to gain deeper insights into aromatisation as a key determinant for open-shell ground states, a 

systematic linker variation in a series of three twofold 2,6-di-tert-butylphenoxyl functionalised 

diketopyrrolopyrrole dyes DPP1–3 (Figure 6.2a and Chapter 4) was the second focus of this thesis. On 

first glance, all three derivatives look very similar, but upon deprotonation and oxidation, electronically 

very distinct compounds were obtained. The strongly aromatic phenylene bridge endows derivative 

DPP1•• with a pronounced biradical character of y0 = 0.75 and a very small singlet-triplet energy gap of 

19 meV (Figure 6.2c). As a consequence, DPP1•• shows low stability and decomposes in solution within 

the timescale of days. In contrast, oxidation of heteroaromatic derivatives DPP2 and DPP3 bearing 

thiophene or furane linkers, respectively, afforded closed-shell planar and bench stable quinones DPP2q 

and DPP3q, as evidenced inter alia by single crystal X-ray analysis (Figure 6.2d). The aromatic 

character of the bridging units in DPP1••, DPP2q and DPP3q was investigated using HOMA index 

values, revealing that the established order of aromaticity decrease (phenyl > thiophene > furane) applies 

for such biradicaloid systems with a central dye unit. Accordingly, Clar’s sextet rule also offers a design 

principle to derive open-shell colorants with central dye and pigment units. In this series only DPP1•• 

with four benzenoid sextets prevailed in an open-shell configuration as a biradical, whereas energy gains 

through non-benzenoid heteroaromatic furane or thiophene linkers were not large enough to counteract 

the transformation of the π-electron system into a fully conjugated quinoidal scaffold (Figure 6.2b). In 

addition, it was demonstrated that the significantly larger singlet biradical characters reported by Zheng 

and co-workers for derivatives of DPP2q and DPP3q bearing different alkyl chains[215] results from 

calculations based on the N,X-cis configuration, which is not present in solution or in the solid state and 

led to misinterpretation.  
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Figure 6.2 | Synthesis of biradical DPP1•• and quinones DPP2q and DPP3q by proton coupled oxidation of 

bisphenols DPP1–3 (a), conjugated path and calculated bond length alternation of DPP1•• and DPP3q (b), VT-

EPR spectra of DPP1•• in CH2Cl2 solution (c) and X-ray structure of DPP3q (d). 

 

  

 

 

 a) 

b) 
c) 

d) 



Chapter 6 – Summary and Conclusion 

 116    

 

With perylene bisimide (PBI) biradical 102 (Figure 2.12 in Chapter 2) investigated by M.-J. Lin and 

D. Schmidt[23], isoindigo (IIn) based OS-2•• and diketopyrrolopyrrole (DPP) bridged DPP1••, a series of 

twofold phenoxyl decorated pigment chromophores was intensively studied over the last five years. This 

design principle enables a stepwise adjustment of biradical properties like (ambient) stability, y0, EST, 

spin delocalisation or optical properties by careful choice of the bridging chromophore core. For instance, 

half-lives in solution vary from two or three days in the case of PBI or DPP up to several weeks for IIn, 

while all three systems feature a pronounced singlet biradical character of 0.72–0.79. The singlet-triplet 

energy gaps of 102, OS-2•• and DPP1•• stretch from 19 to 65 meV and thus include kBT under ambient 

conditions. Accordingly, a temperature responsive behaviour of the magnetic properties was observed 

for all three derivatives justifying their classification as biradicals. The degree of spin delocalisation 

increases with the pigment chromophore’s electron deficiency (PBI > IIn > DPP) and hence follows the 

trend 102 > OS-2•• > DPP1••, as uncovered by an analysis of the hyperfine splitting patterns in the 

respective EPR spectra of OS-2•• and DPP1•• (Figures 6.1 and 6.2c) and further confirmed by quantum 

chemical calculations.[23] The UV/vis absorption maxima of biradicals 102, OS-2•• and DPP1•• are all 

redshifted compared to the respective bisphenols due to increased conjugation and charge transfer. 

Notably, the absorption bands of 102 and OS-2•• are exceptionally sharp with a full width at half 

maximum (FWHM) of 390 cm–1 and  930 cm–1, respectively, presumably due to similar spin 

delocalisation in the ground and excited state.  

Spin decoration of pigment chromophores with phenoxyl radical centres leads to rather unpredictable 

optical properties and frequently a significantly reduced ambient stability. In this regard, nitronyl 

nitroxides (NN) are radicals capable of overcoming both of these drawbacks. Thus, unprecedented 

nitronyl nitroxide biradicals PBI-NN, IIn-NN, PhDPP-NN, ThDPP-NN and FuDPP-NN (Scheme 6.1 

and Chapter 5) bridged by perylene bisimide (PBI), isoindigo (IIn) and diketopyrrolopyrrole (DPP) 

pigment colorants are bench stable compounds, which do not show any sign of decomposition over 

several months even under ambient conditions. The absorption spectral signatures of the pigment 

chromophores remain preserved in the open shell state and match the ones of the pristine parent 

compounds, which allows an a priori prediction of their optical properties. However, the synthesis of 

these rather electron poor biradicals turned out to be challenging and was not possible with conventional 

preparation methods. Finally, all five NN biradicals were obtained from the respective O-silylated N,N’-

dihydroxy imidazolidine precursors PBI-Si, IIn-Si, PhDPP-Si, ThDPP-Si and FuDPP-Si by a 

sequential one pot Lewis acid promoted deprotection and subsequent periodate oxidation procedure 

(Scheme 6.1). Notably, the use of base-free deactivation of BF3 with fluorophilic Si(OEt)4 offered a 

pathway to circumvent substrate decomposition. The newly established procedure appears applicable for 
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a variety of electron poor pigment colorants with yields up to 81% in the deprotection/oxidation step and 

overall yields from the aryl halide to the NN biradical of up to 75%. Inter alia due to the rather electron 

poor character of the O-N-C-N-O pentad and sterical reasons, the conjugation between the nitronyl 

nitroxide moiety and the IIn, PBI or DPP π-cores is significantly reduced and no electronic coupling 

between these units can be observed. Unlike the weak electronic radical-chromophore interactions, 

magnetic spin-spin exchange interactions of both nitronyl nitroxide moieties appears strong in all 

investigated chromophores due to tunnelling effects. Overall, twofold conjugated spin decoration of 

colorants with nitronyl nitroxide moieties leads to biradicals with electronically isolated but strongly 

magnetically coupled spin centres. Consequently, high yielding twofold spin labelling of chromophores 

was achieved while keeping the intrinsic properties of the electron-deficient colorants intact. 

 

 

Scheme 6.1 | Synthesis of nitronyl nitroxide biradicals PBI-NN, IIn-NN, PhDPP-NN, ThDPP-NN and FuDPP-

NN via deprotection/oxidation of the respective O-silylated N,N’-dihydroxy imidazolidines PBI-Si, IIn-Si, 

PhDPP-Si, ThDPP-Si and FuDPP-Si by Lewis acid promoted desilylation and periodate oxidation. 

 

In summary, within this thesis the scope of pigment chromophore phenoxyl radical decoration was 

further explored and expanded to IIn as well as DPP colourants. OMA analysis highlighted the 

importance of aromaticity in order to understand the spin crossover from heteroaromatic quinoidal to 

aromatic open shell DPPs. Finally, PBI, IIn and DPP biradicals were advanced towards stable materials 

by introduction of nitronyl nitroxide radical centres.  
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 Chapter 7 – Zusammenfassung und Fazit  

 

Im Rahmen der vorliegenden Doktorarbeit wurden chromophor-verbrückte Biradikale hergestellt und 

ihre Eigenschaften charakterisiert. Hierzu bedurfte es der Entwicklung neuer synthetischer Methoden 

sowie der Ausarbeitung zahlreicher experimenteller Techniken zur Charakterisierung.  

Innerhalb des ersten Projekts dieser Arbeit konnte das Isoindigo-basierte Phenoxylbiradikal OS-2•• durch 

protonengekoppelte Oxidation des entsprechenden Bisphenols 2 erhalten (Abbildung 7.1, oben und 

Kapitel 3) und mittels optischer und magnetischer Spektroskopietechniken charakterisiert werden. Das 

Biradikal OS-2•• ist die erste offenschalige Verbindung basierend auf diesem Chromophor und vereint 

außerordentlich hohe Stabilität über mehrere Wochen hinweg in Lösung und sogar unbegrenzte 

Lagerungsfähigkeit im Festkörper (Abbildung 7.1, links unten) mit einem großen Biradikalcharakter 

(y0 = 0.79) und einer eher geringen Singulett-Triplett Aufspaltung (EST = 65 meV).  

  

Abbildung 7.1 | Darstellung des Isoindigobiradikals OS-2•• durch Oxidation von 2 mit PbO2 (oben) sowie 

UV/vis/NIR Absorptionsspektren (unten links) und VT-EPR Spektren (unten rechts) von OS-2•• in CH2Cl2. 

 

In dieser Hinsicht sticht OS-2•• aus der Klasse der pigmentchromophor-verbrückten Phenoxylbiradikale 

hervor und vermag es, Farbstoff- und Radikal-Eigenschaften in einer bislang unbekannten Art und Weise 

miteinander zu verbinden. Ganz allgemein unterliegen Moleküle mit einem ausgeprägten 
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Biradikalcharakter (z. B. y0 > 0.70) und einer kleinen Singulett-Triplett Aufspaltung (z. B. EST < 100 

meV) in Lösung einer raschen Zersetzung binnen weniger Stunden, wohingegen offenschalige 

Materialien mit Halbwertszeiten im Bereich einiger Wochen durch eine merklich größere Singulett-

Triplett Aufspaltung sowie deutlich niedrigeren Biradikalcharakter gekennzeichnet sind und/oder die 

ausgedehnte π-Fläche größerer PAKs zur Delokalisierung der Spindichte und somit zur Stabilisierung 

benötigen. Wie mittels EPR-Spektroskopie und einer Analyse der Hyperfeinstruktur (Abbildung 7.1, 

rechts unten) sowie mittels quantenchemischen Rechnungen gezeigt werden konnte, beruht die 

außergewöhnliche Persistenz von OS-2•• auch auf der weitreichenden Spindelokalisierung vom 

Phenoxylradikalzentrum bis in den elektronenziehenden Isoindigo-Chromophor hinein. 

Dementsprechend eröffnet das Konzept der kinetischen Abschirmung von Radikalzentren und der 

Delokalisation von Spindichte auch über den elektronenziehenden Chromophorkern von Isoindigo den 

Zugang zu einer neuen Klasse hoch stabiler, offenschaliger Materialen auf Basis organischer Farbstoffe. 

Das Biradikal OS-2•• stellt eine offenschalige, aromatische Verbindung dar, obwohl ein 

geschlossenschaliger Grundzustand bei der Mehrzahl derart kleiner π-Systeme dominiert, wie 

beispielsweise in Heterochinonen. Aus diesem Grund erscheint es gerechtfertigt anzunehmen, dass die 

biradikalischen Eigenschaften von OS-2•• gerade durch die einzigartige Kombination eines moderat 

elektronenarmen π-Systems mit dem Energiegewinn von vier zusätzlichen Clar-Sextetten im 

offenschaligen Zustand gegenüber dem geschlossenschaligen entstehen.  

Um tiefere Einblicke in die Schlüsselrolle der Aromatizität für einen offenschaligen Grundzustand zu 

gewinnen, wurde eine systematische Variation der Brückeneinheit in einer Serie von drei jeweils 

zweifach 2,6-di-tert-butylphenoxyl funktionalisierten Diketopyrrolopyrrol-Farbstoffen DPP1–3 

(Abbildung 7.2a und Kapitel 4) vorgenommen, welche den zweiten Schwerpunkt dieser Arbeit bildet. 

Obschon alle drei Derivate auf den ersten Blick sehr ähnlich wirken, werden nach Deprotonierung und 

Oxidation elektronisch sehr unterschiedliche Verbindungen erhalten. Die hochgradig aromatische 

Phenylenbrücke ruft in Derivat DPP1•• einen ausgeprägten Biradikalcharakter y0 = 0.75 und eine äußerst 

kleine Singulett-Triplett Aufspaltung von nur 19 meV hervor (Abbildung 7.2c). Infolgedessen zeigt 

DPP1•• nur eine geringe Stabilität und unterliegt in Lösung innerhalb von wenigen Tagen der Zersetzung. 

Im Gegensatz dazu entstehen durch Oxidation der heteroaromatischen Derivate DPP2 und DPP3, 

welche jeweils Thiophen- bzw. Furanbrücken enthalten, geschlossenschalige, planare und langzeitstabile 

Chinone, wie unter anderem mittels Röntgenstrukturanalyse gezeigt werden konnte (Abbildung 7.2d). 

Der aromatische Charakter des Brückenglieds in DPP1••, DPP2q und DPP3q wurde anhand von 

HOMA Indexwerten untersucht, wobei deutlich wurde, dass die etablierte Reihenfolge abnehmender 

Aromatizität (Phenyl > Thiophen > Furan) auch für solche biradikaloiden Systeme mit einer zentralen 
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Farbstoffeinheit gilt. Dementsprechend bietet Clars Sextettregel auch ein Designprinzip für 

offenschalige Chromophore mit zentraler Farbstoff- oder Pigmenteinheit. 

 

 

 

 

 

 

 

Abbildung 7.2 | Synthese des Biradikals DPP1•• und der Chinone DPP2q und DPP3q durch 

protonengekoppelte Oxidation der Bisphenole DPP1–3 (a), Konjugationspfad und berechnete 

Bindungslängenalternanz in DPP1•• sowie DPP3q (b), VT-EPR Spektren von DPP1•• in CH2Cl2 Lösung (c) sowie 

Kristallstruktur von DPP3q (d). 
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Innerhalb der vorliegenden Serie vermag nur DPP1•• mit vier benzenoiden Sextetten eine offenschalige 

Biradikal-Konfiguration zu stabilisieren, wohingegen die Energiegewinne aus den heteroaromatischen 

Thiophen- und Furanbrücken nicht ausreichend sind, um die Ausbildung eines vollkommen konjugierten 

Chinongerüsts zu verhindern (Abbildung 7.2b). Überdies konnte gezeigt werden, dass die deutlich 

größeren Singulett-Biradikalcharakter, welche von Zheng und Mitarbeitern für Derivate von DPP2q und 

DPP3q mit anderen Alkylketten berichtet wurden,[215] lediglich daher rühren, dass deren 

quantenchemische Berechnungen auf der N,X-cis Konfiguration beruhen; diese liegen jedoch weder in 

Lösung noch im Festkörper tatsächlich vor und führen mithin zu einer Fehlinterpretation.  

 

Mit dem von M.-J. Lin und D. Schmidt untersuchten Perylenbisimid-Biradikal 102 (Abbildung 2.12), 

dem Isoindigo-basierten OS-2•• sowie dem Diketopyrrolopyrrol-verbrückten DPP1•• konnte in den 

vergangenen fünf Jahren eine Serie von jeweils zweifach phenoxylsubstituierten Pigmentchromophoren 

intensiv untersucht werden. Dieses Designprinzip gestattet dabei eine inkrementelle Anpassung der 

Biradikaleigenschaften Stabilität, y0, EST, Spindichtedelokalisation und der optischen Eigenschaften 

durch eine entsprechende Auswahl des verbrückenden Chromophorkerns. Beispielsweise variiert die 

Halbwertszeit in Lösung von zwei oder drei Tagen im Falle von PBI oder DPP bis hin zu einigen Wochen 

bei IIn, während alle drei Systeme einen ausgeprägten Singulett-Biradikalcharakter von 0.72–0.79 

aufweisen. Die Singulett-Triplett Energien von 102, OS-2•• und DPP1•• reichen dabei von 19 bis 65 meV 

und schließen somit kBT unter Standardbedingungen mit ein. Dementsprechend kann auch ein 

Temperatur-responsives Verhalten der magnetischen Eigenschaften bei allen drei Derivaten beobachtet 

werden, welches seinerseits die Einklassifizierung als Biradikale bestätigt. Wie überdies mittels einer 

Analyse der Hyperfeinstrukturen der EPR-Spektren von OS-2•• und DPP1•• gezeigt und durch 

quantenchemische Rechnungen auch für 102 bestätigt werden konnte,[23] nimmt das Ausmaß der 

Spindelokalisation mit der Elektronenarmut des Pigmentchromophors (PBI > IIn > DPP) zu und folgt 

somit der Reihenfolge 102 > OS-2•• > DPP1••. Die UV/vis Absorptionsmaxima der Biradikale 102, OS-

2•• und DPP1•• sind durch ausgeprägtere Konjugation und Ladungstransfers im Vergleich zu den 

entsprechenden Bisphenolen rotverschoben. Bemerkenswert ist dabei, dass die Absorptionsbanden von 

102 und OS-2•• mit Halbwertsbreiten (FWHM) von 390 cm–1, bzw. 930 cm–1 außergewöhnlich schmal 

sind, was durch eine vergleichbare Spindelokalisation sowohl im Grund- als auch im angeregten Zustand 

erklärt werden kann. 

Die Spinfunktionalisierung von Pigmentchromophoren mit Phenoxyl-Radikalzentren geht oft mit eher 

unvorhersehbaren optischen Eigenschaften und einer drastischen Verminderung der allgemeinen 

Stabilität einher. Nitronyl nitroxide (NN) hingegen sind Radikalzentren, die beide Nachteile zu 

überwinden vermögen. Entsprechend sind die bislang unbekannten Nitronylnitroxid-Biradikale PBI-
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NN, IIn-NN, PhDPP-NN, ThDPP-NN und FuDPP-NN (Schema 7.1 und Kapitel 5), welche einen 

Perylenbisimid (PBI), Isoindigo (IIn) and Diketopyrrolopyrrol (DPP) Farbstoffkern enthalten, 

langzeitstabile Verbindungen und zeigen auch nach monatelanger Lagerung unter 

Umgebungsbedingungen keinerlei Zersetzungserscheinungen. Zudem bleiben die optischen Signaturen 

der Pigmenchromophore auch im offenschaligen Zustand erhalten und stimmen mit denen der reinen 

Stammverbindung überein, was eine a priori Vorhersage der zu erwartenden optischen Eigenschaften 

ermöglicht.  

 

 

Schema 7.1 | Synthese der Nitronylnitroxid-Biradikale PBI-NN, IIn-NN, PhDPP-NN, ThDPP-NN und FuDPP-

NN via Entschützung/Oxidation der entsprechenden O-Silyl-N,N’-dihydroxyimidazolidine PBI-Si, IIn-Si, 

PhDPP-Si, ThDPP-Si und FuDPP-Si mittels Lewis-Säure-vermittelter Desilylierung und Periodatoxidation. 

 

Die Synthese dieser elektronenarmen Biradikale gestaltete sich jedoch zunächst schwierig und konnte 

nicht mittels etablierter Herstellungsverfahren bewerkstelligt werden. Schlussendlich wurden alle fünf 

NN-Biradikale ausgehend von den entsprechenden O-silylierten N,N’-Dihydroxyimidazolidin-

Vorstufen PBI-Si, IIn-Si, PhDPP-Si, ThDPP-Si und FuDPP-Si durch eine sequentielle Eintopfreaktion 

mit Lewis-Säure-vermittelter Entschützung und nachfolgender Periodatoxidation (Schema 7.1) erhalten. 

Erwähnenswert ist in diesem Zusammenhang auch, dass in der basenfreien Deaktivierung von BF3 mit 

fluorophilem Si(OEt)4 ein Weg zur Umgehung der Substratzersetzung gefunden wurde. Das somit neu 

erarbeitete Verfahren scheint breit anwendbar auf eine Vielzahl elektronenarmer Pigmentfarbstoffe und 
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ermöglicht Ausbeuten bis zu 81% für den Entschützungs- und Oxidationsschritt sowie Gesamtausbeuten 

vom Arylhalogenid bis zum NN-Biradikal von bis zu 75%. Unter anderem durch den eher 

elektronenarmen Charakter der O-N-C-N-O-Pentade und zusätzlicher sterischer Gründe ist die 

Konjugation zwischen der Nitronylnitroxideinheit und den IIn-, PBI- oder DPP-π-Gerüsten deutlich 

reduziert, sodass nahzu keine elektronische Kopplung zwischen diesen beiden Einheiten beobachtet 

werden kann. Anders als die schwachen elektronischen Radikal-Chromophor Wechselwirkungen sind 

die magnetischen Spin-Spin Austauschwechselwirkungen beider Nitronylnitroxid-Gruppen durch 

Tunneleffekte in allen untersuchten Chromophoren stark ausgeprägt. Insgesamt führt die zweifache, 

konjugierte Spinfunktionalisierung von Farbstoffen mit Nitronylnitroxideinheiten also zu Biradikalen 

mit elektronisch entkoppelten, aber magnetisch stark wechselwirkenden Spinzentren. Somit konnte eine 

zweifache Spinfunktionalisierung von Chromophoren mit hohen Ausbeuten erreicht werden, welche 

zudem die intrinsischen Eigenschaften dieser elektronenarmen Farbstoffe unberührt lässt.     

 

Zusammenfassend konnte im Rahmen dieser Arbeit der Anwendungsbereich der Phenoxylradikal-

Funktionalisierung von Pigmentchromophoren erforscht und auf Iin- sowie DPP-Farbstoffe erweitert 

werden. Mittels HOMA-Analyse wurde die Bedeutung der Aromatizität für den beobachteten 

Spinzustandswechsels von heteroaromatischen, quinoidalen zu aromatischen und offenschaligen DPPs 

theoretische gedeutet. Abschließend konnten PBI-, IIn- und DPP-Biradikale durch die Einführung von 

Nitronylnitroxid-Radikalzentren zu stabilen Materialien weiterentwickelt werden. 

 

 

 

 

 

 

 

 

 



 Chapter 8 – Appendix 

 

8.1 Supporting Information for Chapter 3 

Please note: This section was partly communicated in Chem. Eur. J. 2018, 24, 3420–3424. The 

numeration of compounds in this part refers only to Chapter 3 and is not necessarily the same as in 

Chapter 1 and in particular in Chapter 2. Reprinted and adapted with permission from Chem. Eur. J. 

2018, 24, 3420–3424. Copyright 2018 John Wiley and Sons Inc. For the sake of unity of this thesis, 

several editorial changes have been made, which, however, do not affect substantive amendments.  

 

8.1.1 Materials and methods 

Materials. Chemicals, reagents and solvents were purchased from commercial suppliers. Column 

chromatography was performed on silica gel (particle size 0.040–0.063 mm) with freshly distilled 

solvents as eluents. Tetrabutylammonium fluoride was purchased as its trihydrate but had a significantly 

higher water content due to its hygroscopic character. All other commercially available reagents and 

solvents were of reagent grade and used without further purification. 

NMR Spectroscopy. 1H, 11B and 13C NMR Spectra were recorded on a Bruker Avance III HD 400 or 

Bruker Avance III HD 600 spectrometer. 13C NMR Spectra are broad band proton decoupled. Chemical 

shifts (δ) are listed in parts per million (ppm) and are reported relative to tetramethylsilane (TMS). 

Spectra are referenced internally to residual proton solvent resonances or natural abundance carbon 

resonances. 11B NMR spectra were referenced to external BF3  Et2O. Coupling constants (J) are quoted 

in Hertz (Hz). 

Mass Spectrometry. MALDI-ToF mass spectra were recorded on a Bruker Daltronik GmbH (Autoflex 

II) mass spectrometer using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile 

(DCTB) as matrix. High resolution ESI-ToF mass spectrometry was carried out on a microToF focus 

instrument (Bruker Daltronik GmbH). 

UV/vis/NIR Absorption Spectroscopy. The solvents for the spectroscopic measurements were of 

spectroscopic grade. UV/vis/NIR absorption spectra were recorded on a Perkin Elmer Lamda 950 or a 

Jasco V-670 spectrometer. Measurements in solution were carried out using quartz cuvettes with path 
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lengths of 10 mm at ambient temperature. Measurements in solid state were performed on freshly spin 

coated thin films on quartz wavers at ambient temperature (c = 2 x 10–3 M, rpm = 3000, t = 30s). 

UV/vis/NIR Spectroelectrochemistry. UV/vis/NIR spectroelectrochemical experiments in reflection 

mode were performed using an Agilent Cary 5000 Spectrometer and a self-made sample compartment 

with a layer thickness of 100 µm, consisting of a cylindrical PTFE cell, a sapphire window and an 

adjustable three in one electrode (6 mm platinum disc working electrode, 1 mm platinum counter and 

pseudo reference electrode). 

DFT Calculations. DFT calculations were performed using the Gaussian 09 program package[310] with 

(U)B3LYP[262, 264, 311] as functionals and 6–31G(d)[312, 313] as basis set. The structures were geometry 

optimized, followed by frequency calculations on the optimized structures, which confirmed the 

existence of minima. Time-dependent (TD)-DFT calculations were carried out on the optimized 

structures using the same functionals ((U)B3LYP) and basis set (6-31G(d)) as for the geometry 

optimization. The UV/vis spectra were simulated using the GaussView 5[314] visualization software 

package. A half-width of 0.15 eV was assumed for proper simulation. For all calculations, the polarizable 

continuum model was employed with dichloromethane as solvent. 

Single Crystal X-ray Diffraction. Single crystal X-ray diffraction data for 1 and 2 were collected at 

100 K on a Bruker D8 Quest Kappa diffractometer with a Photon100 CMOS detector and multi-layered 

mirror monochromated CuKα radiation. The structures were solved using direct methods, expanded with 

Fourier techniques and refined with the Shelx software package.[315] All non-hydrogen atoms were 

refined anisotropically. Hydrogen atoms were included in the structure factor calculation on 

geometrically idealized positions. Crystallographic data have been deposited with the Cambridge 

Crystallographic Data Centre as supplementary publication no. CCDC 1582242 and CCDC 1582243. 

These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.ac.uk/data.request/cif. 

EPR Spectroscopy. EPR measurements at X-band (9.38 GHz) were carried out using a Bruker 

ELEXSYS E580 CW EPR spectrometer equipped with an Oxford Instruments helium cryostat (ESR900) 

and a MercuryITC temperature controller. The spectral simulations were performed using MATLAB 8.6 

and the EasySpin 5.0.18 toolbox.[316]  
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8.1.2 Syntheses 

N,N’-Bis(rac-2-ethylhexyl)-6-bromoisoindigo [3a] and N,N’-bis(rac-2-ethylhexyl)-6,6’-dibromo 

isoindigo [3b] were prepared according to literature known procedures.[304, 317] 

 

8.1.2.1 Synthesis of 4 

 

Scheme 8.1.1 | Synthesis of pinacol boronic acid ester 4 by Miyaura borylation. 

Bis(diphenylphosphino)ferrocenyl palladium(0) (509 mg, 624 µmol, 4.50 mol%), 4-bromo-2,6-di-tert-

butylphenol (3.99 g, 14.0 mmol, 1.00 equivalent), bis(pinacolacto)diboron (4.83 g, 19.0 mmol, 1.36 

equivalents) and potassium acetate (3.77 g, 38.0 mmol, 2.71 equivalents) were suspended in dioxane 

(170 mL) under an atmosphere of nitrogen. After stirring the reaction mixture at 90 °C for 18 h, the 

suspension was cooled down to room temperature. After filtration, the solvent was removed under 

reduced pressure and the crude product was purified by silica gel column chromatography (pentane/ 

dichloromethane 2:1) to yield 4 as a colorless solid. 

Yield: 3.16 g (9.51 mmol, 68 %). Melting point: 230–231 °C. 1H NMR (400 MHz, CDCl3): δ = 1.32 

(C(CH3)2, 12 H, s), 1.46 (C(CH3)3, 18 H, s), 5.45 (OH, 1 H, s), 7.64 (aryl-CH, 2 H, s). 13C NMR (101 

MHz, CD2Cl2): δ = 25.0, 30.5, 34.4, 83.5, 132.0, 135.2, 157.0. 11B NMR (128 MHz, CD2Cl2): δ = 31.0. 

MS (MALDI-ToF, pos. mode, CHCl3): m/z: calculated for C20H33BO3: 332.252 [M]+, found: 332.219. 

HRMS (ESI-ToF, neg. mode, CH2Cl2/acetonitrile 1/1): m/z: calculated for C20H32BO3: 331.2450 [M–

H]–, found: 331.2450. Elemental Analysis: calculated for C20H33BO3: C: 72.29%, H: 10.01%, found: C: 

72.33%, H: 10.17%. 
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8.1.2.2 Synthesis of 1 

 

Scheme 8.1.2 | Synthesis of isoindiogo derivative 1 by Suzuki-Miyaura cross-coupling. 

Tris(dibenzylideneacetone)dipalladium(0) (11.0 mg, 11.0 µmol, 3.50 mol%), 4 (153 mg, 460 µmol, 1.31 

equivalents), tri(o-tolyl)phosphine (9.10 mg, 30.0 µmol, 9.50 mol%), 3a (200 mg, 350 µmol, 1.00 

equivalent) and tetrabutylammonium hydroxide (TBAH) (559 mg, 700 µmol, 2.00 equivalents) were 

suspended in a mixture of toluene (5 mL) and water (1 mL) under an atmosphere of nitrogen. After 

stirring the reaction mixture at 90 °C for 14 h, the suspension was cooled down to room temperature. 

Subsequently, hydrochloric acid (1 M, 50 mL) was added and the crude product was extracted with 

dichloromethane (40 mL). The combined organic layers were washed with water, dried over Na2SO4 and 

the solvent was removed under reduced pressure. The crude product was purified by silica gel column 

chromatography (pentane/ dichloromethane 2:1) to yield 1 as a brown solid. 

Yield: 159 mg (230 µmol, 66 %). Melting point: 155 °C.  1H NMR (400 MHz, CD2Cl2): δ = 0.86 – 1.00 

(CH3, 12 H, m), 1.28 – 1.47 (CH2, 16 H, m), 1.50 (C(CH3)3), 18 H, s), 1.89 (alkyl–CH, 2 H, m), 3.71 

(NCH2, 4 H, m), 5.43 (OH, 1 H, s), 6.82 (C7'–H, 1 H, dm, 3JHH = 7.7 Hz), 6.99 (C7–H, 1 H, d, 4JHH = 1.8 

Hz), 7.03 (C5'–H, 1 H, dd, 4JHH = 1.2 Hz, 3JHH = 8.0 Hz), 7.24 (C5–H, 1 H, dd, 4JHH = 1.8 Hz, 3JHH = 8.4 

Hz), 7.35 (C6'–H, 1 H, ddd, 4JHH = 1.2 Hz, 3JHH = 7.7 Hz, 3JHH = 7.7 Hz), 7.50 (aryl–H, 2 H, s), 9.16 (C4'–

H, 1 H, dm, 3JHH = 8.0 Hz), 9.19 (C4–H, 1 H, d, 3JHH = 8.4 Hz). 13C NMR (101 MHz, CD2Cl2): δ = 10.8 

(CH3), 11.0 (CH3), 14.2 (CH3), 14.3 (CH3), 23.5 (CH2), 23.5 (CH2), 24.4 (CH2), 24.6 (CH2), 29.1 (CH2), 

29.5 (CH2), 30.4 (C(CH3)3), 31.1 (CH2), 31.4 (CH2–), 34.8 (C(CH3)3), 38.0 (alkyl–CH), 38.3 (alkyl–CH), 

44.2 (NCH2), 44.4 (NCH2), 106.7 (C7), 108.5 (C7'), 120.3 (C5), 120.4 (C9/9'), 122.1 (C5'), 122.2 (C9/9'), 

124.2 (aryl–Cortho), 129.8 (C4'), 130.5 (C4), 131.9 (C3'), 132.3 (C6'), 132.6 (C3), 133.5 (aryl–Cipso), 136.9 

(C6), 145.5 (aryl–Cmeta), 146.3 (C8'), 146.4 (C8), 154.8 (aryl–Cpara), 168.6 (C2/2'), 169.0 (C2/2'). HRMS 

(ESI–ToF, pos. mode, CH2Cl2/acetonitrile 1/1): m/z: calculated for C46H63N2O3
+: 691.48332 [M+H]+, 

found: 691.48498. Elemental Analysis: calculated for C46H62N2O3: C: 79.96%, H: 9.04%, N: 4.05% 

found: C: 79.95%, H: 9.32%, N: 3.78%. 
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8.1.2.3 Synthesis of 2 

 

Scheme 8.1.3 | Synthesis of isoindiogo derivative 2 by Suzuki–Miyaura cross–coupling. 

Tris(dibenzylideneacetone)dipalladium(0) (11.0 mg, 11.0 µmol, 3.50 mol%), 4 (269 mg, 0.81 mmol, 

2.61 equivalents), tri(o–tolyl)phosphine (9.10 mg, 30.0 µmol, 9.50 mol%), 3b (200 mg, 310 µmol, 1.00 

equivalent) and tetrabutylammonium hydroxide (TBAH) (496 mg, 590 µmol, 1.90 equivalents) were 

suspended in a mixture of toluene (5 mL) and water (1 mL) under an atmosphere of nitrogen. After 

stirring the reaction mixture at 90 °C for 14 h the suspension was cooled down to room temperature. 

Subsequently, hydrochloric acid (1 M, 50 mL) was added and the crude product was extracted with 

dichloromethane (3 x 50 mL). The combined organic layers were washed with water, dried over Na2SO4 

and the solvent was removed under reduced pressure. The crude product was purified by silica gel 

column chromatography (gradient of pentane/ dichloromethane from 4:1 to 2:1) to yield 2 as a brown 

solid. 

Yield: 188 mg (210 µmol, 68 %). Melting point: 255 °C.  1H NMR (400 MHz, CD2Cl2): δ = 0.90 (CH3, 

6 H, t, 3JHH = 7.3 Hz), 0.97 (CH3, 6 H, t, 3JHH = 7.3 Hz), 1.29–1,48 (CH2, 16 H, m), 1.51 (C(CH3)3), 36 

H, s), 1.91 (alkyl–CH, 2 H, qvt), 3.74 (NCH2, 4 H, m), 5.42 (OH, 2 H, s), 7.00 (C7–H, 2 H, d, 4JHH = 1.8 

Hz), 7.25 (C5–H, 2 H, dd, 4JHH = 1.8 Hz, 3JHH = 8.4 Hz), 7.50 (aryl–CH, 4 H, s), 9.20 (C4–H, 2 H, d, 3JHH 

= 8.4 Hz). 13C NMR (100 MHz, CD2Cl2): δ = 11.0 (CH3), 14.3 (CH3), 23.5 (CH2), 24.7 (CH2), 29.5 (CH2), 

30.4 (C(CH3)3), 31.4 (CH2), 34.8 (C(CH3)3), 38.3 (alkyl–CH), 44.2 (NCH2), 106.6 (C7), 120.3 (C5), 120.6 

(C3), 124.2 (aryl–Cortho), 130.3 (C4), 132.0 (C6), 132.4 (C9), 136.9 (aryl–Cmeta), 146.1 (C8), 146.1 (aryl–

Cpara), 154.8 (aryl–Cipso), 169.1 (C2). HRMS (ESI–ToF, pos. mode, CH2Cl2/acetonitrile 1/1): m/z: 

calculated for C60H83N2O4: 895.63474 [M+H]+, found: 895.63369. Elemental Analysis calculated for 

C60H82N2O4: C: 80.49%, H: 9.23%, N: 3.13% found: C: 80.32%, H: 9.63%, N: 3.06%. 

 

 



 

 130    

 

8.1.2.4 Synthesis of OS–2•• 

 

 

Scheme 8.1.4 | Synthesis of isoindiogo biradical OS–2•• by proton coupled oxidation using PbO2. 

 

Lead(IV) oxide (89.6 mg, 375 µmol, 70.8 equivalents) and 2 (4.73 mg, 5.29 µmol, 1.00 equivalent) were 

suspended in dichloromethane (5 mL). After stirring the reaction mixture at room temperature for 30 

minutes the excess lead(IV) oxide was filtered off and the solvent was removed under reduced pressure 

to yield OS–2•• as a green solid. 

Yield: 4.59 mg (5.15 µmol, 97 %). Melting point: 75 °C (decomposition).  1H NMR (400 MHz, CD2Cl2, 

300 K): δ = 0.91 (CH3, 6 H, t, 3JHH = 7.1 Hz), 1.00 (CH3, 6 H, t, 3JHH = 7.5 Hz), 1.29–1.46 (CH2, C(CH3)3, 

52 H, m), 1.83 (alkyl–CH, 2 H, qvt), 3.74 (NCH2, 4 H, m). 1H NMR (600 MHz, CD2Cl2, 200 K): δ = 

0.81–0.94 (CH3, 12 H, br), 1.22–1.44 (C(CH3)3, CH2, 52 H, m), 1.64 (alkyl–CH, 2 H, br), 3.64 (NCH2, 

4 H, br), 7.00 (aryl–CH, 2 H, br), 7.59 (aryl–CH, 2 H, br), 7.70 (aryl–CH, 2 H, br), 7.79 (aryl–CH, 2 H, 

br), 7.99 (aryl–CH, 2 H, br). MS (MALDI–ToF, pos. mode, CHCl3): m/z: calculated for C60H80N2O4: 

892.612 [M]–, found: 892.557. (HRMS ESI–ToF, pos. mode, CH2Cl2/acetonitrile 1/1): m/z: calculated 

for C60H80N2O4: 892.6118 [M]+, found: 892.6109.  
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8.1.3 Sample preparation 

8.1.3.1 Generation of (di)anions 1– and 22–  

 

 

Scheme 8.1.5 |  Generation of isoindigo (di)anions 1– and 22– by deprotonation with tetrabutylammonium fluoride. 

 

(Di)anions 1– and 22– were obtained as its tetrabutylammonium salts dissolved in dichloromethane by 

deprotonation of 1 and 2 with an excess (100 equivalents) of tetrabutylammonium fluoride (TBAF): 

To a solution of 1 (53.7 µg, 77.7 nmol, 1.00 equivalent) in dichloromethane (3.00 mL) a solution of 

TBAF (2.45 mg, 7.77 µmol, 100 equivalents) in dichloromethane (1.50 mL) is added to give 1– as its 

tetrabutylammonium salt (c = 17.1 µM) dissolved in DCM. 

To a solution of 2 (1.15 mg, 1.29 µmol, 1.00 equivalent) in dichloromethane (25.0 mL) a solution of 

TBAF (40.7 mg, 129 µmol, 100 equivalents) in dichloromethane (25.0 mL) is added to give 22– as its 

tetrabutylammonium salt (c = 25.8 µM) dissolved in DCM. 
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8.1.3.2 Generation of radical 1•  

 

 

 

Scheme 8.1.6 | Generation of isoindigo radical 1• by successive deprotonation and chemical oxidation of 1. 

 

Isoindigo radical 1• was generated either homogeneously by successive deprotonation and chemical 

oxidation using tetrabutylammonium fluoride (TBAF) and lead(IV) tetraacetate [Pb(OAc)4] as oxidant 

(Method A) or heterogeneously using PbO2 (Method B). 

 

Method A:  

To a solution of 7.73 · 10–8 mol 1 (53.5 g) in 2.5 mL dichloromethane 48 equivalents TBAF (in 0.5 mL 

dichloromethane, 3.71 mol, 970 g) were added and the solution was stirred for 5 minutes at room 

temperature. After adding four equivalents of [Pb(OAc)4] dissolved in 0.5 mL dichloromethane (0.310 

mol, 137 g), isoindigo radical 1• is obtained as its dichloromethane solution. 

Method B:  

To a solution of 7.20 · 10–5 mol 1 (49.8 mg) in 5 ml dichloromethane 39 equivalents PbO2 (2.81 mmol, 

0.670 g) were added and the resulting suspension was stirred for 30 minutes at room temperature. After 

filtration of the excess of PbO2, isoindigo radical 1• was obtained as its dichloromethane solution which 

is analytically pure according to MALDI– and ESI–ToF mass spectrometry, UV/vis/NIR absorption and 

1H NMR spectroscopy. 
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8.1.3.3 Generation of biradical OS–2•• 

 

 

Scheme 8.1.7 | Generation of isoindigo biradical OS–2•• by successive deprotonation and chemical oxidation of 2. 

 

Isoindigo biradical OS–2•• was generated either homogeneously by successive deprotonation and 

chemical oxidation using tetrabutylammonium fluoride (TBAF) and lead(IV) tetraacetate [Pb(OAc)4] as 

oxidant (Method A) or heterogeneously using PbO2 (Method B). 

 

Method A:  

To a solution of 5.14 · 10–8 mol 2 (46.0 g) in 2.0 mL dichloromethane 200 equivalents TBAF (in 0.5 

mL dichloromethane, 10.3 mol, 2.69 mg) were added and the solution was stirred for 5 minutes at room 

temperature. After adding five equivalents of [Pb(OAc)4] dissolved in 0.5 mL dichloromethane (0.260 

mol, 114 g), isoindigo biradical OS–2•• is obtained as its dichloromethane solution . 
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Method B:  

To a solution of 2.89 · 10–5 mol 2 (25.8 mg) in 5 ml dichloromethane 72 equivalents PbO2 (2.09 mmol, 

500 mg) were added and the resulting suspension was stirred for 30 minutes at room temperature. After 

filtration of the excess of PbO2 isoindigo biradical OS–2•• was obtained as its dichloromethane solution, 

which is analytically pure according to MALDI– and ESI–ToF mass spectrometry, UV/vis/NIR 

absorption and 1H NMR spectroscopy. 
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8.1.4 X-ray diffractometry 

Single crystals of 1 were obtained by slow evaporation of a solution of 1 in chloroform/hexane. Crystal 

data for 1 (C46H62N2O3): Mr = 690.98, 0.277x0.118x0.030 mm3, triclinic space group P1̅, a = 10.9961(2) 

Å, α = 89.1460(10) °, b = 12.7659(3) Å, β = 89.8230(10)° c = 14.3683(3) Å, γ = 77.4880(10)°, V = 

1968.83(7) Å3, Z = 2, ρ(calcd) = 1.166 g·cm–3, μ = 0.552 mm–1, F(000) = 752, GooF(F2) = 1.079, R1 = 

0.0534, wR2 = 0.1391 for I>2(I), R1 = 0.0612, wR2 = 0.1444 for all data, 7639 unique reflections [ ≤ 

72.466°] with a completeness of 97.8 % and 583 parameters, 28 restraints. 

Single crystals of 2 were obtained by slow evaporation of a solution of 2 in chloroform/hexane. Crystal 

data for 2 (C60H83N2O4): Mr = 895.27, 0.441x0.414x0.385 mm3, orthorhombic space group Fddd, a = 

17.5434(6) Å, α = 90°, b = 32.8551(15) Å, β = 90° c = 36.4785(15) Å, γ = 90°, V = 21025.8(15) Å3, Z = 

16, ρ(calcd) = 1.131 g·cm–3, μ = 0.533 mm–1, F(000) = 7808, GooF(F2) = 1.055, R1 = 0.0458, wR2 = 0.1174 

for I>2(I), R1 = 0.0475, wR2 = 0.1189 for all data, 5204 unique reflections [ ≤ 72.295°] with a 

completeness of 99.9 % and 368 parameters, 14 restraints. 

 

 

Figure 8.1.1 | Solid state molecular structure of 1 (ellipsoids set to 50 % probability) with intermolecular hydrogen 

bonding (top, dotted green line, carbon gray, nitrogen blue, oxygen red, hydrogen white) and staircase like packing 

arrangement (bottom). 
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Figure 8.1.2 | Solid state molecular structure of 2 (ellipsoids set to 50 % probability) with side view (a) and top–

view (b) an a rotoinverted dimer unit. 

 

 

 

 

Figure 8.1.3 | Solid state molecular structure of 2 (ellipsoids set to 50 % probability) with double self–

complementary intermolecular hydrogen bonding (dotted green line). 

 

 

 

 

 

(a) (b) 
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8.1.5 Mass spectrometry 

 

 

 

 

 

 

 

 

 

Figure 8.1.4 | ESI–ToF high resolution mass spectra of 1• (left) and OS–2•• (right). Inset: Isotopic distribution of 

(bi)radicals 1• (left) and OS–2•• (right). 
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8.1.6 UV/vis/NIR spectroscopy and spectroelectrochemistry   

 

Figure 8.1.5 | UV/vis/NIR absorption spectral changes of 1 (a) (c = 2.59 · 10–5 M in CH2Cl2) and 2 (c) 

(c = 2.98 · 10–5 M in CH2Cl2) upon titration with nBu4NF solutions (c = 5.14 · 10–3 M in CH2Cl2) to form anions 1– 

and 22–. Arrows indicate spectral changes with ongoing deprotonation. UV/vis/NIR absorption spectrum of 1– (red, 

c = 2.59 · 10–5 M in CH2Cl2) freshly prepared by adding 100 eq. nBu4NF to a solution of 1 (black) and after addition 

of 100 eq. trifluoroacetic acid (TFA) (blue) in CH2Cl2 (b). UV/vis/NIR absorption spectrum of 22– (red, 

c = 2.98 · 10–5 M in CH2Cl2) freshly prepared by adding 100 eq. nBu4NF to a solution of to 2 (black) and after 

addition of 100 eq. trifluoroacetic acid (blue) in CH2Cl2 (d). 

 

 

 

 

(c) 

(a) (b) 

(d) 
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Figure 8.1.6 | Time–dependent UV/vis/NIR absorption spectral changes of 1– (c = 3.92 · 10–5 M in CH2Cl2) under 

ambient conditions (a) and in degassed solution (b). Absorption decay at 848 nm over time for degassed (black) 

and non–degassed (red) solutions of 1– (c). Time–dependent UV/vis/NIR absorption spectral changes of 22– 

(c = 1.7 · 10–5 M in CH2Cl2) under ambient conditions (d, e) and in degassed solution (c = 3.4 · 10–5 M in CH2Cl2) 

(f). Arrows indicate spectral changes over time. 

(c) (d) 

(e) (f) 

(a) (b) 
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Figure 8.1.7 | Time–dependent UV/vis/NIR absorption spectral changes of a chloroform solution of 1• (a) (c = 3.4 

· 10–5 M, ambient conditions). Time–dependent UV/vis/NIR absorption spectral changes of a spincoated thin film 

of 1• (c = 1.4 · 10–2 M in CHCl3, 25 µL, 3000 rpm, 30 s) upon decomposition under ambient conditions (b) and 

under an atmosphere of nitrogen (c). Arrows indicate spectral changes over time. Spectral changes of 1• (in CHCl3) 

at 514 nm plotted versus time using zero–, first– and second–order rate equations (d). 

 

 

 

 

 

 

 

 

(a) (b) 
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Table 8.1.1 | Kinetic evaluation of the time–dependent UV/vis/NIR absorption spectral changes of 1• (c = 3.4 · 10–

5 M in CHCl3) upon decomposition under ambient conditions. 

 

rate law 

equations 

linear regression 
rate 

constant k 

half–life   

𝝉𝟏
𝟐

 [d] 

Pearson 

R2 rate equation half–life 

0 ord. 
[𝐴]0 − [𝐴]𝑡
= 𝑘𝑡 

𝜏1
2
=

𝐴0
2𝑘

 
y = 3.87605 ·10–5 

x + 0.03786 

1.07 ·10–7  

𝑚𝑜𝑙

𝐿ℎ
 

6.60 0.99685 

1st ord. 𝑙𝑛
[𝐴]0
[𝐴]𝑡

= 𝑘𝑡 𝜏1
2
=

𝑙𝑛2

𝑘
 

y = 6.31445 ·10–5 

x + 0.04631 

3.79 ·10–3  

1

ℎ
 

7.62 0.99930 

2nd ord. 

1

[𝐴]𝑡
−

1

[𝐴]0
= 𝑘𝑡 

𝜏1
2
=

1

𝑘𝐴0
 

y = 1.03147 ·10–4 

x + 0.05302 
134 

𝐿

𝑚𝑜𝑙ℎ
 9.14 0.99991 

 

 

After an initial period of time, no significant deviations from linearity can be observed for all applied 

rate equations. Therefore, the minimum half–life of 1• has been estimated according to zero–order 

kinetics with a value of 𝝉𝟏
𝟐

=6.60 d. 
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Figure 8.1.8 | Time–dependent UV/vis/NIR absorption spectral changes of a tetrachloromethane solution of OS–

2•• (c = 3.1 · 10–5 M, ambient conditions) (a). Time–dependent UV/vis/NIR absorption spectral changes of a 

spincoated thin film of OS–2•• (c = 5.8 · 10–3 M in CH2Cl2, 25 µL, 3000 rpm, 30 s) under ambient conditions (b) 

and under an atmosphere of nitrogen (c). UV/vis/NIR absorption spectra of a thin film spincoated under an 

atmosphere of nitrogen after 1d (black line) and after 89d (red line) from the same solution of OS–2•• (c = 5.8 · 10–

3 M in CH2Cl2, 25 µL, 3000 rpm, 30 s) (d). Absorption spectral changes of OS–2•• (in CCl4) at 718 nm plotted 

versus time using zero–, first– and second–order rate equations (e). Arrows indicate spectral changes over time. 

(c) 

(a) (b) 

(d) 

(e) 
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Figure 8.1.9 | UV/vis/NIR absorption spectral changes of 1– (a) (c = 3.1 · 10–5 M in CH2Cl2) and 22– (b, c) (c = 3.0 

· 10–5 M in CH2Cl2) upon oxidation with [Pb(OAc)4]. Arrows indicate spectral changes upon addition of 

[Pb(OAc)4]. 
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Table 8.1.2 | Kinetic evaluation of the time–dependent UV/vis/NIR absorption spectral changes of OS–2•• (c = 

3.1 · 10–5 M in CCl4) upon decomposition under ambient conditions. 

 

rate law 

equations 

linear regression 
rate 

constant k 

half–life   

𝝉𝟏
𝟐

 [d] 
Pearson 

R2 

rate equation half–life 

zero 

order 

[𝐴]0 − [𝐴]𝑡
= 𝑘𝑡 

𝜏1
2
=

𝐴0
2𝑘

 
y = 0.06795 x + 

0.19086 

2.29 ·10–8  

𝑚𝑜𝑙

𝐿ℎ
 

28 0.98659 

first 

order 
𝑙𝑛
[𝐴]0
[𝐴]𝑡

= 𝑘𝑡 

𝜏1
2

=
𝑙𝑛2

𝑘
 

y = 0.02027 x + 

0.04866 

8.45 ·10–4  

1

ℎ
 

34 0.98947 

second 

order 

1

[𝐴]𝑡
−

1

[𝐴]0
= 𝑘𝑡 

𝜏1
2

=
1

𝑘𝐴0
 

y = 0.00605 x + 

0.01225 
31.1 

𝐿

𝑚𝑜𝑙ℎ
 43 0.99195 

 

 

The minimum half–life of OS–2•• has been estimated to be 𝝉𝟏
𝟐

=28 d according to zero–order reaction 

kinetics.  
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Table 8.1.3 | Half–life of OS–2•• in different solvents determined by kinetic evaluation of the time–dependent 

UV/vis/NIR absorption spectral changes upon decomposition under ambient conditions. 

 

solvent 

𝝉𝟏
𝟐

 (zero–order) 𝝉𝟏
𝟐

 (first–order) 𝝉𝟏
𝟐

 (second–order) 

Pearson R2 Pearson R2 Pearson R2 

benzene 

C6H6 

7.3 d 

0.99880 

9.1 d 

0.99956 

12 d 

0.99901 

dichloromethane 

CH2Cl2 

21 d 

0.98691 

29 d 

0.98742 

41 d 

0.98790 

tetrachloromethane 

CCl4 

28 d 

0.98659 

34 d 

0.98947 

43 d 

0.99195 
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Figure 8.1.10 | UV/vis/NIR absorption spectral changes of 1– (a) (c = 1.7 · 10–4 M in CH2Cl2) and 22– (b, c) (c = 

1.9 · 10–4 M in CH2Cl2) upon electrochemical oxidation (0.2 M nBu4NPF6, RT). Arrows indicate spectral changes 

with increasing positive potential. 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) 



 

 147    

 

Table 8.1.4 | Absorption maxima of neutral isoindigo derivatives 1 and 2, (di)anions 1– and 22–, mixed valent 

intermediate MV–2•–, and (bi)radicals 1• and OS–2•• in dichloromethane solution.  

 

Compound λmax [nm] ε [M–1 cm–1] (λ) 

1 284, 421, 514 17400 (421 nm) 

1– 269, 374, 867 25600 (867 nm) 

1• 276, 321, 336, 504, 590 16500 (504 nm) 

2 296, 437, 537 19500 (437 nm) 

22– 267, 377, 905 45300 (905 nm) 

MV–2•– 394, 459, 720, 1011, 1158 117300 (1158 nm) 

OS–2•• 277, 338, 463, 647, 719 123500 (719 nm) 
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8.1.7 NMR spectroscopy 

 

 

Figure 8.1.11 | 1H NMR spectrum of 1 (400 MHz, CD2Cl2, 300 K). 

 

 

Figure 8.1.12 | 13C NMR spectrum of 1 (101 MHz, CD2Cl2, 300 K). 
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Figure 8.1.13 | 1H NMR spectrum of 2 (400 MHz, CD2Cl2, 300 K). 

 

 

 

Figure 8.1.14 | 13C NMR spectrum of 2 (101 MHz, CD2Cl2, 300 K). 
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Figure 8.1.15 | 1H NMR spectrum of isoindigo radical 1• in CDCl3 (4.5 mM, 300 K, 400 MHz) containing a flame–

sealed capillary of pure CDCl3. Inset: Solvent residual signals are magnified for better illustration.  

 

Determination of the magnetic susceptibility in solution: 

The magnetic susceptibility of 1• was determined using Evans method.[208–212] Therefore, 1H NMR 

spectroscopic experiments (Bruker Avance III HD 400, 400.1 MHz, spin rate 20 Hz, 300 K) were 

performed on a CDCl3 solution of 1• (4.5 mM) containing a flame–sealed capillary of pure CDCl3. Due 

to the paramagnetic nature of 1• two individual and well separated resonances were detected for the 

solvent residual signals at 7.29 and 7.26 ppm beside the strongly broadened resonances of isoindigo 

radical 1•, which have been assigned to the paramagnetic solution and the capillary, respectively. Based 

on the concentration of the solution (4.5 mM, CDCl3) and the paramagnetic shift of the solvent residual 

signal (10.3 Hz shifted to lower field compared with the reference capillary), the paramagnetic 

susceptibility can be calculated according to equation (S1). 

𝜒𝑃 =𝜒0 +
3∆𝜈

4𝜋𝜈0𝑚
+

𝜒0(𝜌0−𝜌𝑠)

𝑚
                                                   (S1) 

 

∆𝜈 = 10.3𝐻𝑧 

capillary 

solvent residual signal 
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𝜒𝑃 = mass susceptibility of the dissolved compound [cm3 · g–1],𝜒0 = mass susceptibility of the solvent 

[cm3 · g–1],∆𝜈 = paramagnetic shift [Hz],𝜈0 = frequency of the spectrometer [Hz],𝑚 = concentration 

[g · cm–3],𝜌0 = density of the pure solvent [g · cm–3],𝜌𝑠 = density of the solution [g · cm–3].  

By neglecting minor contributions of the diamagnetic susceptibility and density differences, the 

paramagnetic susceptibility can be calculated according to equation S2 after conversion in the SI system. 

 

𝜒𝑝𝑎𝑟𝑎
𝑀 = 

3 · ∆𝜈

103 · 𝜈0 ·𝑐
                                                         (S2) 

 

𝜒𝑝𝑎𝑟𝑎
𝑀 = molar susceptibility of the dissolved compound [m3 · mol–1],∆𝜈 = paramagnetic shift [Hz],𝜈0 = 

frequency of the spectrometer [Hz],𝑐 = concentration [M]. 

Thus, the effective magnetic momentum can be expressed by equation S3.  

 

𝜇𝑒𝑓𝑓 =√
𝜒𝑝𝑎𝑟𝑎
𝑀  · 3 · 𝑘 · 𝑇

𝜇𝐵
2  · 𝜇0 ·𝑁𝐴

                                                       (S3) 

 

𝜇𝑒𝑓𝑓 = effective magnetic momentum [𝜇𝐵],𝜒𝑝𝑎𝑟𝑎
𝑀  = molar susceptibility of the dissolved compound 

[m3 · mol–1], k = Boltzmann constant [J · K–1], T = temperature [K],𝜇𝐵 = Bohr magneton [J · T–2], 𝜇0= 

magnetic constant [N · A–2], 𝑁𝐴 = Avogadro constant [mol–1].   

Neglecting orbital contributions to the effective magnetic moment assuming that the electron spin is 

prevailing for the magnetic behavior, the number of unpaired electrons correlates to the effective 

magnetic moment according to equation S4. 

𝜇𝑒𝑓𝑓,𝑠𝑝𝑖𝑛𝑜𝑛𝑙𝑦 =√𝑛(𝑛 + 2)                                                  (S4) 

𝜇𝑒𝑓𝑓,𝑠𝑝𝑖𝑛𝑜𝑛𝑙𝑦 = effective magnetic moment neglecting orbital contributions [𝜇𝐵], n = number of unpaired 

electrons. 
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Figure 8.1.16 | 1H NMR spectrum of OS–2•• (400 MHz, CD2Cl2, 300 K). 

 

 

Figure 8.1.17 | 1H NMR spectrum of 4 (400 MHz, CDCl3, 300 K). 
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Figure 8.1.18 | 13C NMR spectrum of 4 (101 MHz, CDCl3, 300 K). 

 

 

 

Figure 8.1.19 | 11B NMR spectrum of 4 (128 MHz, CD2Cl2, 300 K). 

 



 

 154    

 

8.1.8 EPR spectroscopy 

 

 

                            

 

 

             
𝐼 = 

3
𝐶

𝑇
𝑒
−
∆𝐸
𝑘𝑇

1+3𝑒
−
∆𝐸
𝑘𝑇        

(S5)
   

 

 

 

 

 

 

Figure 8.1.20 | Experimental (black) and simulated (red) continuous–wave (CW) X–band EPR spectra of 1• (a) 

and OS–2•• (b) in CH2Cl2 solution at room temperature. Integrated EPR spectra of OS–2•• (c) in CH2Cl2 solution at 

various temperatures (200 K up to 290 K). Bleaney Bowers equation[213] S5 was used to experimentally determine 

the singlet–triplet energy gap.  

 

 

  

 

(b) (a) 

(c) 
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8.1.9 DFT calculations  

 

 

 

Figure 8.1.21 | Calculated (top, TD–DFT, UB3LYP/6–31G(d)) and measured (bottom, c = 1.7 · 10–5 M) 

UV/vis/NIR absorption spectra of OS–2•• in dichloromethane. The calculated spectrum was hypsochromically 

shifted by 0.23 eV. 
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Figure 8.1.22 | Calculated (top, TD–DFT, UB3LYP/6–31G(d)) and measured (bottom, c = 1.7 · 10–5 M) 

UV/vis/NIR absorption spectra of 1• in dichloromethane. The calculated spectrum was hypsochromically shifted 

by 0.24 eV. 

 

 

 

 

 

 

 

 

Figure 8.1.23 | Left: Calculated SOMO of 1• (TD–DFT, UB3LYP/6–31G(d) isovalue 0.02 a. u.). Right: Calculated 

spin density distribution of 1• (DFT, UB3LYP/6–31G(d) , isovalue 0.001 a. u.). 
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8.1.10 Examples for recent singlet open-shell biradicals 

 

 

 

Figure 8.1.24 | Overview on recent examples of singlet open-shell biradicals with significant biradical character 

(Ar =3,5–di(trifluoromethyl)phenyl). Their singlet–triplet energy gaps and stabilities in solution are provided for 

comparison.  
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8.2 Supporting Information for Chapter 4 

Please note: This section was partly communicated in Chem. Sci. 2021, 12, 793–802. The numeration of 

compounds in this part refers only to Chapter 4 and is not necessarily the same as in Chapter 1 and in 

particular in Chapter 2. Reprinted and adapted with permission from Chem. Sci. 2021, 12, 793–802. 

Published by The Royal Society of Chemistry. For the sake of unity of this thesis, several editorial 

changes have been made, which, however, do not affect substantive amendments.  

 

8.2.1 Materials and methods 

Materials. Chemicals, reagents and solvents were purchased from commercial suppliers. Column 

chromatography was performed on silica gel (particle size 0.040–0.063 mm) with freshly distilled 

solvents as eluents. Tetrabutylammonium fluoride was purchased as its trihydrate but had a significantly 

higher water content due to its hygroscopic character. DPP derivatives 1[305], 2[306], and 3[307] as well as 

boronic ester 4[173] were synthesized according to literature known procedure. All other commercially 

available reagents and solvents were of reagent grade and used without further purification. 

NMR Spectroscopy. 1H, 11B and 13C NMR Spectra were recorded on a Bruker Avance III HD 400 or 

Bruker Avance III HD 600 spectrometer. 13C NMR Spectra are broad band proton decoupled. Chemical 

shifts (δ) are listed in parts per million (ppm) and are reported relative to tetramethylsilane (TMS). 

Spectra are referenced internally to residual proton solvent resonances (CDCl3: δ = 7.26, DMSO–d6: δ = 

2.50, CD2Cl2: δ = 5.32) or natural abundance carbon resonances (CDCl3: δ = 77.00, CD2Cl2: δ = 53.84). 

11B NMR spectra were referenced to external BF3  Et2O. Coupling constants (J) are quoted in Hertz 

(Hz).The data are presented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, 

q = quartet, m = multiplet and/or multiple resonances, br = broad), coupling constant in Hertz (Hz), and 

integration.  

Mass Spectrometry. MALDI–TOF mass spectra were recorded on a Bruker Daltronik GmbH (Autoflex 

II) mass spectrometer using trans–2–[3–(4–tert–butylphenyl)–2–methyl–2–propenylidene]malononitrile 

(DCTB) as matrix. High resolution ESI–TOF mass spectrometry was carried out on a microTOF focus 

instrument (Bruker Daltronik GmbH). 

UV/vis/NIR Absorption Spectroscopy. The solvents for the spectroscopic measurements were of 

spectroscopic grade. UV/vis/NIR absorption spectra were recorded on a Perkin Elmer Lamda 950 or a 

Jasco V–670 spectrometer. Measurements in solution were carried out using quartz cuvettes with path 

lengths of 10 mm at ambient temperature. Measurements in solid state were performed on freshly spin 
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coated thin films on quartz wavers at ambient temperature (c = 2 · 10–3 M, 25 µL, ambient temperature, 

rpm = 3000, t = 30 s). 

UV/vis/NIR Spectroelectrochemistry. UV/vis/NIR spectroelectrochemical experiments in reflection 

mode were performed using an Agilent Cary 5000 Spectrometer and a self–made sample compartment 

with a layer thickness of 100 µm, consisting of a cylindrical PTFE cell, a sapphire window and an 

adjustable three in one electrode (6 mm platinum disc working electrode, 1 mm platinum counter and 

pseudo reference electrode). 

Titration Experiments. Unless otherwise specified, a solution of TBAF · 3 H2O (c = 1.90 · 10–3 M) in 

CH2Cl2 was added to the respective dye solution (c ≈ 2.85 · 10–5 M) in CH2Cl2 at room temperature 

according to the below mentioned equivalents (1.00 equiv. = 15.0 µL) and filled up to 3.00 mL with pure 

CH2Cl2. Due to a possibly increase water content of TBAF it cannot be excluded that the absolute TBAF 

amount was slightly lower than assumed. 

Cyclic Voltammetry. Cyclic voltammetry (CV) and square wave voltammetry (SWV) were performed 

using a standard commercial electrochemical analyzer (EC epsilon; BAS Instruments, UK). A Pt disc 

electrode was used as a working electrode, platinum wire as a counter electrode and Ag+/Ag as a 

reference electrode, at a scan rate of 100 mV/s at room temperature. The compounds were dissolved in 

dichloromethane, and tetrabutylammonium hexafluorophosphate (nBu4NPF6) was added as an electrolyte 

to give a concentration of 0.1 M. The supporting electrolyte was recrystallized from ethanol/water and 

dried under vacuum. The oxidation potentials were referenced against the ferrocenium/ferrocene redox 

couple (Fc+/Fc = 0.00 V). 

Fluorescence Spectroscopy. Fluorescence spectra and fluorescence quantum yields were recorded with 

a PTI QM–4/2003 spectrometer (Photon Technology International, USA) as an average out of 4 

equidistant excitation wavelengths relatively to the references N–(7–(diethylamino)–3H–phenoxazine–

3–ylidene)–N–methylmethanaminium perchlorate[309]  (ΦFl = 0.11 in EtOH) „Oxazin 1“ (for DPP2 und 

DPP3) und N,N–(2,6–Di–iso–propylphenyl)–1,6,7,12–tetraphenoxyperylene–3,4:9,10–tetracarboxylic 

acid bisimide[308] (ΦFl = 0.96 in chloroform) „Perylene/ Lumogen red“ (for DPP1) in highly diluted 

solutions (OD < 0.05)[318]. Measurements in solution were carried out using quartz cuvettes (Hellma 

optics, Germany) with path lengths of 10 mm and spectroscopic solvents at ambient temperature and 

atmosphere.  

Computational chemistry. Spin–Flip TDDFT calculations have been carried out using the Q–Chem5.0 

program package.[319] For CASSCF calculations, the “Brilliantly Advanced General Electronic–structure 

Library” (BAGEL) by Shiozaki and coworkers[320] has been employed. Starting orbitals have been 
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generated by performing HF calculations and in the case of excited state calculations, they have been 

optimized in a state–averaged manner with equal weights for S0 and S1 state. 

 

Single Crystal X-ray Diffraction. Single crystal X-ray diffraction data for DPP3q were collected at 

100 K on a Bruker X8APEX–II  diffractometer  with  a  CCD  area  detector  and  multi–layer  mirror  

monochromated MoK radiation. Single crystal X-ray diffraction data for DPP1 were collected on a 

Bruker D8 Quest Kappa Diffractometer with a Photon100 CMOS detector and multi–layered mirror 

monochromated CuKα radiation. The structures were solved using direct methods, expanded with Fourier 

techniques and refined with the SHELX software package.[315] All non–hydrogen atoms were refined 

anisotropically. Hydrogen atoms were included in the structure factor calculation on geometrically 

idealized positions. Crystallographic data have been deposited with the Cambridge Crystallographic 

Data Centre as supplementary publication no. CCDC 2001481 (DPP3q) and CCDC 2001480 (DPP1). 

These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

EPR Spectroscopy. EPR measurements at X–band (9.38 GHz) were carried out using a Bruker 

ELEXSYS E580 CW EPR spectrometer equipped with an Oxford Instruments helium cryostat (ESR900) 

and a MercuryITC temperature controller. The spectral simulations were performed using MATLAB 8.6 

and the EasySpin 5.0.18 toolbox.[316]  
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8.2.2 Syntheses 

 

 

 

Scheme 8.2.1 | (a) Synthetic routes to diketopyrrolopyrrole derivatives DPP1, DPP2 and DPP3. (b) Synthesis of 

biradical DPP1•• and quinones DPP2q and DPP3q, as well as generation of dianions DPP1–32– and radicalanions 

MV–DPP2 and MV–DPP3. Blue and red arrows in DPP1•• indicate spin polarization and illustrate 

antiferromagnetic coupling.  
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8.2.2.1 Synthesis of DPP1 

 

Scheme 8.2.2 | Synthesis of DPP1 by Suzuki–Miyaura cross–coupling. 

 

Sodium carbonate (490 mg, 4.60 mmol, 17.7 equiv.), 1 (175 mg, 261 µmol, 1.00 equiv.), and 

tetrakis(triphenylphosphine)palladium(0) (20.0 mg, 17.0 µmol, 6.67 mol%) were dissolved in a degassed 

mixture of THF/H2O (10 mL/ 2mL) under an atmosphere of nitrogen. After the mixture was heated to 

50 °C for 30 min., boronic ester 4 (176 mg, 530 µmol, 2.03 equiv.) dissolved in THF (5 mL) was added 

and the reaction mixture was stirred at 80 °C for 15 h. Subsequently, the suspension was cooled down to 

room temperature and the crude product was extracted with CH2Cl2 (3 x 20 mL). The combined organic 

layers were washed with hydrochloric acid (1 M), water, dried over MgSO4 and the solvent was removed 

under reduced pressure. The crude product was purified by silica gel column chromatography (gradient 

from hexane/ CH2Cl2 (1:1) to pure CH2Cl2) to yield DPP1 as a bright orange solid. 

Yield: 168 mg (183 µmol, 70 %). Melting point: 290 – 291 °C.  1H NMR (400 MHz, CD2Cl2): δ = 0.72 

– 0.77 (m, 6 H, CH3), 0.77 – 0.82 (m, 6 H, CH3), 1.04 – 1.39 (m, 18 H, βCH, alkyl–CH2), 1.51 (s, 36 H, 

C(CH3)3), 3.74 – 3.85 (m, 4 H, αCH2), 5.40 (s, 2 H, OH), 7.50 (s, 4 H, aryl–CH), 7.73 (d, 4 H, aryl–CH, 

3JHH = 8.6 Hz), 7.86 (d, 4 H, aryl–CH, 3JHH = 8.6 Hz). 13C NMR (101 MHz, CD2Cl2): δ = 10.7, 14.2, 

23.2, 24.2, 28.8, 30.4, 30.7, 34.9, 39.0, 45.3, 110.2, 124.4, 127.0, 127.3, 129.5, 131.6, 137.0, 144.9, 

148.4, 154.7, 163.1. HRMS (ESI–TOF, pos. mode, CHCl3/MeCN 1/1): calculated for C62H84N2O4
+: m/z 

920.6426 [M]+, found 920.6410. MS (MALDI–TOF, pos. mode, DCTB 3:1 in CHCl3): calculated for 

C62H84N2O4
+: m/z 920.6426 [M]+, found 920.514. UV/Vis (DCM, c = 9.80 · 10–6 M): λmax  [nm] (εmax  [L 

mol−1 cm−1]) = 269 (35000), 356 (20400), 486 (30100). IR (ATR): ṽ [cm–1] = 3438 (s, ν–O–H,str), 2951 (s, 

ν–C–H,str), 2907 (s, ν–C–H,str), 2855 (s, ν–C–H,str), 1662 (vs, ν–C=O,str). Fluorescence (DCM, λex. = 430 nm): λmax 

= 565 nm (ϕ = 0.49 ± 0.07, standard: Perylene Orange). 
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8.2.2.2 Synthesis of DPP2 

 

Scheme 8.2.3 | Synthesis of DPP2 by Suzuki–Miyaura cross–coupling. 

 

Sodium carbonate (825 mg, 7.78 mmol, 17.7 equiv.), 2 (300 mg, 440 µmol, 1.00 equiv.), 

bis(dibenzylideneacetone)palladium(0) (17.0 mg, 29.4 µmol, 6.67 mol%), boronic ester 4 (366 mg, 1.10 

mmol, 2.50 equiv.) and tri(o–tolyl)phosphine (18.0 mg, 58.8 µmol, 12.7 mol%) were dissolved in a 

degassed mixture of THF/H2O (10 mL/ 2mL) under an atmosphere of nitrogen. After the mixture was 

heated to 80 °C for 18 h and  cooled down to room temperature, water (30 mL) was added and the crude 

product was extracted with CH2Cl2 (3 x 20 mL). The combined organic layers were washed with 

hydrochloric acid (1 M), water, dried over MgSO4 and the solvent was removed under reduced pressure. 

The crude product was purified by silica gel column chromatography (eluent:  hexane/ CH2Cl2 (1:1)) to 

yield DPP2 as a dark red solid. 

Yield: 219 mg (235 µmol, 53 %). Melting point: 247 – 248 °C. 1H NMR (400 MHz, CD2Cl2): δ = 0.87 

(t, 6 H, CH3,
 3JHH = 7.2 Hz), 0.93 (t, 6 H, CH3,

 3JHH = 7.6 Hz), 1.24 – 1.46 (m, 16 H, CH2), 1.49 (s, 36 H, 

C(CH3)3), 1.90 – 2.03 (m, 2 H, βCH), 4.00 – 4.15 (m, 4 H, αCH2), 5.49 (s, 2 H, OH), 7.38 (d, 2 H, 

heteroaryl–CH, 3JHH = 4.1 Hz), 7.52 (s, 4 H, aryl–CH), 9.02 (d, 2 H, heteroaryl–CH, 3JHH = 4.1 Hz). 13C 

NMR (101 MHz, CD2Cl2): δ = 10.8, 14.2, 23.5, 24.1, 25.0, 28.9, 30.3, 30.4, 34.8, 39.8, 46.1, 108.1, 

123.4, 123.7, 125.1, 128.1, 132.1, 137.2, 137.3, 139.9, 151.7, 155.4, 162.1. HRMS (ESI–TOF, pos. 

mode, MeCN/ CHCl3 1/1): calculated for C58H80N2O4S2
+: m/z 932.5554 [M]+, found 932.5534. MS 

(MALDI–TOF, pos. mode, DCTB 3:1 in CHCl3): calculated for C58H80N2O4S2
+: m/z 932.555 [M]+, found 

932.437. UV/Vis (DCM, c = 1.01 · 10–5 M): λmax [nm] (εmax [L mol−1 cm−1]) = 572 (48300), 610 (55000). 

IR (ATR): ṽ [cm–1] = 3625 (s, ν–O–H,str), 2952 (s, ν–C–H,str), 2926 (s, ν–C–H,str), 2867 (s, ν–C–H,str), 1660 (vs, 

ν–C=O,str). Fluorescence (DCM, λex. = 540 nm): λmax = 638 nm (ϕ = 0.39 ± 0.03, standard: Oxazine 1). 
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8.2.2.3 Synthesis of DPP2q 

 

 

 

Scheme 8.2.4 | Synthesis of DPP2q by oxidation of DPP2 with lead(IV)oxide. 

Lead(IV) oxide (210 mg, 878 µmol, 14.0 equiv.) and DPP2 (59.0 mg, 63.0 µmol, 1.00 equiv.) were 

suspended in dichloromethane (50 mL). After stirring the reaction mixture at room temperature for 30 

minutes, the excess lead(IV) oxide was filtered off and the solvent was removed under reduced pressure 

to yield DPP2q.  

Yield 56.0 mg (60.0 µmol, 95 %). Melting point 279 °C. 1H NMR (400 MHz, CD2Cl2): δ = 0.89 (t, 6 H, 

CH3,
 3JHH = 7.1 Hz), 0.97 (t, 6 H, CH3,

 3JHH = 7.5 Hz), 1.17 – 1.47 (m, 16 H, CH2), 1.34 (s, 18 H, (CH3)3), 

1.35 (s, 18 H, C(CH3)3), 1.95 – 2.05 (m, 2 H, βCH), 3.99 – 4.15 (m, 4 H, αCH2), 7.30 (d, 2 H, aryl–CH, 

4JHH = 2.5 Hz), 7.47 (d, 2 H, aryl–CH, 4JHH = 2.5 Hz), 7.62 (d, 2 H, heteroaryl–CH, 3JHH = 5.8 Hz), 9.38 

(d, 2 H, heteroyral–CH, 3JHH = 5.8 Hz). 13C NMR (100.6 MHz, CD2Cl2): δ = 10.8, 14.2, 23.5, 23.9, 28.7, 

29.7, 29.8, 30.8, 35.9, 36.1, 40.1, 46.5, 126.0, 126.5, 128.3, 129.3, 130.6, 131.4, 133.0, 142.5, 147.6, 

149.8, 155.1, 162.1, 185.9. HRMS (ESI–TOF, pos. mode, MeCN/ CHCl3 1/1): calculated for 

C58H78N2O4S2
+: m/z 930.5398 [M]+, found 930.5465. MS (MALDI–TOF, pos. mode, DCTB 3:1 in 

CHCl3): calculated for C58H78N2O4S2
+: m/z 930.540 [M]+, found 930.420. UV/Vis (DCM, c = 1.00 · 10–

5 M): λmax [nm] (εmax [L mol−1 cm−1]) = 725 (67300), 782 (151800). IR (ATR): ṽ [cm–1] = 2948 (s, ν–C–

H,str), 2909 (s, ν–C–H,str), 2853 (s, ν–C–H,str), 1670 (vs, ν–C=O,str), 1584 (vs, ν–C=O,str).  
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8.2.2.4 Synthesis of DPP3 

 

Scheme 8.2.5 | Synthesis of DPP3 by Suzuki–Miyaura cross–coupling. 

Sodium carbonate (590 mg, 5.57 mmol, 18.1 equiv.), 3 (200 mg, 307 µmol, 1.00 equiv.), 

bis(dibenzylideneacetone)palladium(0) (11.3 mg, 19.6 µmol, 6.67 mol%), boronic ester 4 (258 mg, 770 

µmol, 2.50 equiv.) and tri(o–tolyl)phosphine (12.0 mg, 39.0 µmol, 12.7 mol%) were dissolved in a 

degassed mixture of THF/H2O (10 mL/ 2mL) under an atmosphere of nitrogen. After the mixture was 

heated to 80 °C for 24 h and cooled down to room temperature, water (30 mL) was added and the crude 

product was extracted with CH2Cl2 (3 x 20 mL). The combined organic layers were washed with 

hydrochloric acid (1 M), water, dried over MgSO4 and the solvent was removed under reduced pressure. 

The crude product was purified by silica gel column chromatography (eluent:  hexane/ CH2Cl2 (1:1)) to 

yield DPP3 as a dark red solid. 

Yield: 177 mg (197 µmol, 64 %). Melting point: 126–127 °C. 1H NMR (400 MHz, CD2Cl2): δ = 0.78 (t, 

6 H, CH3,
 3JHH = 7.0 Hz), 0.86 (t, 6 H, CH3,

 3JHH = 7.4 Hz), 1.14 – 1.41 (m, 16 H, CH2), 1.50 (s, 36 H, 

C(CH3)3), 1.78 – 1.89 (m, 2 H, βCH), 4.12 – 4.24 (m, 4 H, αCH2), 5.52 (s, 2 H, OH), 6.85 (d, 2 H, 

heteroaryl–CH, 3JHH = 3.8 Hz), 7.63 (s, 4 H, aryl–CH), 8.34 (d, 2 H,  heteroaryl–CH, 3JHH = 3.8 Hz). 13C 

NMR (101 MHz, CD2Cl2): δ = 10.9, 14.1, 23.4, 24.1, 29.0, 30.4, 30.8, 34.8, 39.9, 46.8, 106.8, 107.7, 

121.6, 122.4, 122.6, 133.1, 137.2, 143.9, 155.4, 158.6, 161.4. HRMS (ESI–TOF, pos. mode, MeCN/ 

CHCl3 1/1): calculated for C58H80N2O6
+: m/z 900.6011 [M]+, found 900.5951. MS (MALDI–TOF, pos. 

mode, DCTB 3:1 in CHCl3): calculated for C58H80N2O6
+: m/z 900.601 [M]+, found 900.445. UV/Vis 

(DCM, c = 9.50 · 10–6 M): λmax  [nm] (εmax [M
–1 cm−1]) = 561 (49600), 607 (82500). IR (ATR): ṽ [cm–1] 

= 3625 (s, ν–O–H,str), 2950 (s, ν–C–H,str), 2918 (s, ν–C–H,str), 2855 (s, ν–C–H,str), 1654 (vs, ν–C=O,str). Fluorescence 

(DCM, λex. = 540 nm): λmax = 624 nm (ϕ = 0.48 ± 0.08, standard: Oxazine 1). 
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8.2.2.5 Synthesis of DPP3q 

 

 

Scheme 8.2.6 | Synthesis of DPP3q by oxidation of DPP3 with lead(IV)oxide. 

 

Lead(IV) oxide (210 mg, 878 µmol, 14.0 equiv.) and DPP3 (57.0 mg, 63.0 µmol, 1.00 equiv.) were 

suspended in dichloromethane (50 mL). After stirring the reaction mixture at room temperature for 30 

minutes the excess lead(IV) oxide was filtered off and the solvent was removed under reduced pressure 

to yield DPP3q.  

Yield: 56.0 mg (62.3 µmol, 99 %). Melting point: 274 °C. 1H NMR (400 MHz, CD2Cl2): δ = 0.84 (t, 6 

H, CH3,
 3JHH = 7.0 Hz), 0.90 (t, 6 H, CH3,

 3JHH = 7.4 Hz), 1.20 – 1.53 (m, 16 H, CH2), 1.35 (s, 18 H, 

C(CH3)3), 1.37 (s, 18 H, C(CH3)3), 1.84 – 1.95 (m, 2 H, βCH), 4.16 (d, 4 H, αCH2, 
3JHH = 7.7 Hz), 7.32 

(d, 2 H, aryl–CH, 4JHH = 2.4 Hz), 7.40 (d, 2 H, heteroaryl–CH, 3JHH = 5.5 Hz), 7.60 (d, 2 H, aryl–CH, 

4JHH = 2.4 Hz), 8.85 (d, 2 H, heteroaryl–CH, 3JHH = 5.5 Hz). 13C NMR (100.6 MHz, CD2Cl2): δ = 10.9, 

14.2, 23.4, 24.1, 28.9, 29.7, 29.9, 30.7, 35.9, 36.2, 39.6, 47.7, 115.5, 119.9, 123.6, 124.5, 126.9, 130.6, 

133.6, 146.8, 148.4, 149.6, 161.3, 162.9, 185.8. HRMS (ESI–TOF, pos. mode, MeCN/ CHCl3 1/1): 

calculated for C58H78N2O6
+: m/z 898.5854 [M]+, found 898.5900. MS (MALDI–TOF, pos. mode, DCTB 

3:1 in CHCl3): calculated for C58H78N2O6
+: m/z 898.585 [M]+, found 898.457. UV/Vis (DCM, c = 1.00 · 

10–5 M): λmax [nm] (εmax [M
−1 cm−1]) = 695 (92200), 751 (172500). IR (ATR): ṽ [cm–1] = 3105 (m, ν–

C=O,str_ot), 2953 (s, ν–C–H,str), 2918 (s, ν–C–H,str), 2860 (s, ν–C–H,str), 1660 (vs, ν–C=O,str), 1578 (vs, ν–C=O,str).  
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8.2.2.6 Preparation of a DPP1•• sample 

 

Scheme 8.2.7 | Synthesis of biradical DPP1•• by oxidation of DPP1 with potassium ferricyanide(III). 

 

DPP1 (3.00 mg, 3.26 µmol, 1.00 equiv.), potassium ferricyanide(III) (127 mg, 386 µmol, 118 equiv.) 

and potassium hydroxide (200 mg, 3.56 mmol, 1092 equiv.) were dissolved in a biphasic mixture of 

CH2Cl2/ H2O (1.5 mL/ 2.0 mL) and vigorously stirred for 30 min. The organic layer was subsequently 

washed with water and dried over MgSO4 to give a solution of DPP1•• in CH2Cl2 (c = 2.17 mM). 

HRMS (ESI–TOF, pos. mode, CH2Cl2/MeCN 1/1): calculated for C62H82N2O4
+: m/z 918.6269 [M]+, 

found 918.6250. UV/Vis (DCM, c = 9.80 · 10–6 M): λmax [nm] (εmax [L mol−1 cm−1]) = 269 (35000), 356 

(20400), 486 (30100). 
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8.2.3 Mass spectrometry 
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Figure 8.2.1 | ESI–TOF high resolution mass spectra of DPP1 (left) and DPP1•• (right). Inset: Isotopic distribution. 
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Figure 8.2.2 | ESI–TOF high resolution mass spectra of DPP2 (left) and DPP2q (right). Inset: Isotopic distribution. 
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Figure 8.2.3 | ESI–TOF high resolution mass spectra of DPP3 (left) and DPP3q (right). Inset: Isotopic distribution. 
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8.2.4 Single crystal X‐ray diffraction 

 

Single crystals of DPP3q were obtained by slow diffusion of methanol into a solution of DPP3q in 

CHCl3. Two almost identical structures were found with bond length deviations ≤ 0.5 pm. 

Crystal data for DPP3q (C58H78N2O6 • 2 (CH4O)): Mr = 963.31, 0.489x0.361x0.327 mm3, monoclinic 

space group P21/n, a = 15.3311(16) Å, α = 90°, b = 23.844(3) Å, β = 95.515(3)°, c = 15.4674(16) Å, γ = 

90°, V = 5627.9(10) Å3, Z = 4, ρ(calcd) = 1.137 g·cm–3, μ = 0.074 mm–1, F(000) = 2096, GooF(F2) = 1.037, 

R1 = 0.0591, wR2 = 0.1454 for I>2(I), R1 = 0.0860, wR2 = 0.1599 for all data, 11128 unique reflections 

[ ≤ 26.158°] with a completeness of 98.9 % and 718 parameters, 72 restraints. 

 

Single crystals of DPP1 were obtained slow diffusion of methanol into a solution of DPP1 in CHCl3. 

Crystal data for DPP1 (C62H84N2O4): Mr = 921.31, 0.281x0.133x0.114 mm3, triclinic space group P1̅, a 

= 9.8347(4) Å, α = 118.5760(10)°, b = 12.6226(5) Å, β = 101.4230(10)°, c = 12.8064(6) Å, γ = 

94.6720(10)°, V = 1339.49(10) Å3, Z = 1, ρ(calcd) = 1.142 g·cm–3, μ = 0.537 mm–1, F(000) = 502, 

GooF(F2) = 1.041, R1 = 0.0464, wR2 = 0.1195 for I>2(I), R1 = 0.0492, wR2 = 0.1220 for all data, 5260 

unique reflections [ ≤ 72.294°] with a completeness of 99.3 % and 426 parameters, 61 restraints. 
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Figure 8.2.4 | Solid state molecular structure of DPP1 in topview (top) and sideview (bottom) determined by single 

crystal X‐ray diffraction (ellipsoids set to 50 % probability, carbon gray, nitrogen blue, oxygen red). Hydrogen 

omitted for clarity. 
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Figure 8.2.5 | Solid state molecular structure of DPP1 determined by X-ray diffraction (ellipsoids set to 50 % 

probability) with intermolecular hydrogen bonding (hydrogen bond = green line, carbon gray, nitrogen blue, 

oxygen red, hydrogen white). Alkyl chains and hydrogen atoms partially omitted for clarity. 
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Figure 8.2.6 | Solid state molecular packing of DPP3q in herringbone type arrangement determined by single 

crystal X‐ray diffraction (ellipsoids set to 50 % probability, carbon gray, nitrogen blue, oxygen red). Solvent 

molecules (methanol) and hydrogen atoms omitted for clarity.  
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8.2.5 UV/vis/NIR spectroscopy and spectroelectrochemistry 
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Figure 8.2.7 | UV/vis/NIR absorption spectral changes of (a) DPP1 (c = 1.01 · 10–5 M in CH2Cl2), (c) DPP2 (c = 

9.30 · 10–6 M in CH2Cl2) and (e) DPP3 (c = 9.60 · 10–6 M in CH2Cl2) upon titration with nBu4NF (TBAF) solutions 

(c = 7.50 · 10–2 M in CH2Cl2) to form dianions DPP12–, DPP22– and DPP32–, respectively. UV/vis/NIR absorption 

spectra of (b) DPP12– (red, c = 2.44 · 10–5 M in CH2Cl2), (d) DPP22– (red, c = 2.19 · 10–5 M in CH2Cl2) and (f) 

DPP32– (red, c = 2.26 · 10–5 M in CH2Cl2) freshly prepared by adding 100 eq. nBu4NF to a solution of the respective 

neutral dye (black line) and after addition of 100 eq. trifluoroacetic acid (TFA) (blue line) in CH2Cl2. Inset: 

Photographs of respective cuvettes. 
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Figure 8.2.8 | Time–dependent UV/vis/NIR absorption spectral changes of (a, b) DPP12–, (c, d) DPP22– and (e, f) 

DPP32– under ambient conditions (c = 1.00 · 10–5 M in CH2Cl2, counter ion: nBu4N+). Arrows indicate spectral 

changes over time. 
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Figure 8.2.9 | Normalized UV/vis/NIR absorption spectra of (a) DPP1••, (b) DPP2q and (c) DPP3q obtained by 

chemical oxidation with K3[Fe(CN)6] or PbO2 (black solid line, c ≈ 10 µM in CH2Cl2) and electrochemical 

oxidation (red solid line, c ≈ 3 mM in CH2Cl2) of the respective precursors DPP1, DPP2 and DPP3. Inset: 

Photographs of respective cuvettes. 

 

 

 

Figure 8.2.10 | Normalized UV/vis/NIR absorption spectra of DPP2q (left) and DPP3q (right) in solution (black 

dashed line, c ≈ 10 µM in CH2Cl2) and in the solid state (c ≈ 2 mM, 25 µL, ambient temperature, rpm = 3000, t = 

30 s) as spincoated (red solid line) and after 3 days (black solid line) under ambient conditions. 
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Figure 8.2.11 | Time–dependent UV/vis/NIR absorption spectral changes of DPP1•• (c = 1.00 · 10–5 M, ambient 

conditions) in (a) CH2Cl2 and (c) CCl4. Absorption spectral changes of DPP1•• (in CCl4) at 750 nm in (b) CH2Cl2 

and (d) CCl4 plotted versus time using zero–, first– and second–order rate equations. Arrows indicate spectral 

changes over time. Triangles, dots and circles represent the experimental results and the solid lines correspond to 

the respective fit. 

 

 

Spectral changes observed were fitted with zero, first and second order kinetic models. As measurement 

data can be described with all three models with good accuracy, the minimum lifetime was chosen to be 

the lowest value obtained. 
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Table 8.2.1 | Kinetic evaluation of the time–dependent UV/vis/NIR absorption spectral changes of DPP1•• in 

CH2Cl2 (c = 1.00 · 10–5 M, ambient conditions) upon decomposition under ambient conditions. [A]0 = initial 

absorption, [A]t = time dependent absorption. 

rate law 

equations 

linear regression 
rate 

constant k 

half–life   

𝝉𝟏
𝟐

 [h] 
Pearson 

R2 

rate equation half–life 

zero 

order 

[𝐴]0 − [𝐴]𝑡
= 𝑘𝑡 

𝜏1
2
=

𝐴0
2𝑘

 
y = 0.0000430284x  

+ 0.02372 

2.58 · 10–4  

1

ℎ
 

51 0.97590 

first 

order 
𝑙𝑛
[𝐴]0
[𝐴]𝑡

= 𝑘𝑡 

𝜏1
2

=
𝑙𝑛2

𝑘
 

y = 0.000266114x  

+ 0.04563 

1.60 · 10–2  

1

ℎ
 

43 0.99894 

second 

order 

1

[𝐴]𝑡
−

1

[𝐴]0
= 𝑘𝑡 

𝜏1
2

=
1

𝑘𝐴0
 

y = 0.00162x  

– 0.11879 

9.72 · 10–2   
1

ℎ
 

39 0.99410 

 

 

Table 8.2.2 | Kinetic evaluation of the time–dependent UV/vis/NIR absorption spectral changes of DPP1•• in CCl4 

(c = 1.00 · 10–5 M, ambient conditions) upon decomposition under ambient conditions. [A]0 = initial absorption, 

[A]t = time dependent absorption. 

rate law 

equations 

linear regression 
rate 

constant k 

half–life   

𝝉𝟏
𝟐

 [h] 
Pearson 

R2 

rate equation half–life 

zero 

order 

[𝐴]0 − [𝐴]𝑡
= 𝑘𝑡 

𝜏1
2
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𝐴0
2𝑘

 
y = 0.0000220889x  

+ 0.00586 

1.33 · 10–3  

1

ℎ
 

78 0.99140 
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order 
𝑙𝑛
[𝐴]0
[𝐴]𝑡
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𝜏1
2
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𝑙𝑛2

𝑘
 

y = 0.000136849x  

+ 0.01397 

8.21 · 10–3  

1

ℎ
 

84 0.99901 
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order 

1

[𝐴]𝑡
−

1

[𝐴]0
= 𝑘𝑡 

𝜏1
2

=
1

𝑘𝐴0
 

y = 0.000840573x  

– 0.02077 

50.4 · 10–3 
1

ℎ
 

96 0.99906 
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Table 8.2.3 | Absorption maxima of neutral diketopyrrolopyrrole derivatives DPP1, DPP2 and DPP3, dianions 

DPP12–, DPP22– and DPP32–, mixed valent intermediates MV–DPP2 and MV–DPP3, biradical DPP1•• and 

quinones DPP2q and DPP3q in dichloromethane solution (c ≈ 10 µM, ambient conditions).  

Compound λmax [nm] ε [M–1 cm–1] (λ) 

DPP1 269, 356, 486 30100 (486 nm) 

DPP12– 312, 374, 704 55900 (704 nm) 

DPP1•• 352, 380, 399, 588, 749 18500 (749 nm) 

DPP2 572, 610 55000 (610 nm) 

DPP22– 813 95400 (813 nm) 

MV–DPP2 1083 152600 (1083 nm) 

DPP2q 725, 782 151800 (782 nm) 

DPP3 561, 607 82500 (607 nm) 

DPP32– 789 79400 (789 nm) 

MV–DPP3 1063 190800 (1063 nm) 

DPP3q 695, 751 172500 (751 nm) 

 

 

Scheme 8.2.8 | Generation of MV–DPP2 by comproportionation of DPP2q and in situ generated DPP22–. 
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Scheme 8.2.9 | Generation of MV–DPP3 by comproportionation of DPP3q and in situ generated DPP32–. 

 

 

Scheme 8.2.10 | Generation of MV–DPP2 by single electron transfer of TDMAE to DPP2q. 

 

 

Scheme 8.2.11 | Generation of MV–DPP3 by single electron transfer of TDMAE to DPP3q. 
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Figure 8.2.12 | UV/vis/NIR absorption spectra of equimolar mixtures of (a) DPP2 and DPP2q, and (b) DPP3 and 

DPP3q (each c = 1.00 · 10–5 M in CH2Cl2) before (black solid line) and after (red solid line, concentration corrected: 

Absorbance/2) addition of TBAF. 
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Figure 8.2.13 | UV/vis/NIR absorption spectral changes of (a) DPP2q, and (b) DPP3q (both c = 1.00 · 10–5 M in 

CH2Cl2) upon addition of tetrakis(dimethylamino)ethylene (TDMAE) solutions (c = 2.00 · 10–3 M in CH2Cl2) to 

form mixed valent MV–DPP2 and MV–DPP3, respectively. 

 

 

 

 

 

a) b) 

a) b) 
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8.2.6 NMR spectroscopy 

 

 

Figure 8.2.14 | 1H NMR spectrum (400 MHz) of DPP1 in CD2Cl2 at 295 K. 

 

 

Figure 8.2.15 | 13C NMR spectrum (101 MHz) of DPP1 in CD2Cl2 at 295 K.  
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Figure 8.2.16 | 1H NMR spectrum (400 MHz) of DPP2 in CD2Cl2 at 295 K. Hydrogen bonded proton highlighted 

in blue. 

 

 

 

Figure 8.2.17 | 13C NMR spectrum (101 MHz) of DPP2 in CD2Cl2 at 295 K.  
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Figure 8.2.18 | 1H NMR spectrum (400 MHz) of DPP2q in CD2Cl2 at 295 K. Hydrogen bonded proton highlighted 

in blue. 

 

 

 

Figure 8.2.19 | 13C NMR spectrum (101 MHz) of DPP2q in CD2Cl2 at 295 K.  
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Figure 8.2.20 | 1H NMR spectrum (400 MHz) of DPP3 in CD2Cl2 at 295 K. Hydrogen bonded proton highlighted 

in blue. 

 

 

 

Figure 8.2.21 | 13C NMR spectrum (101 MHz) of DPP3 in CD2Cl2 at 295 K.  
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Figure 8.2.22 | 1H NMR spectrum (400 MHz) of DPP3q in CD2Cl2 at 295 K. Hydrogen bonded proton highlighted 

in blue. 

 

 

 

Figure 8.2.23 | 13C NMR spectrum (101 MHz) of DPP3q in CD2Cl2 at 295 K.  
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Figure 8.2.24 | Aromatic region of the 1H NMR spectrum (600 MHz) of DPP1 in CD2Cl2 before oxidation, and 

after oxidation to the biradical DPP1•• at 298 K, 225 K and 180 K (from the top).  
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Figure 8.2.25 | Aromatic region of the 1H NMR spectrum (400 MHz) of DPP2q in C2D2Cl4 at various temperatures 

from 303 K to 393 K (from the top) and after cooling back to 303 K (bottom).  

 

 

 

 

 

 



 

 188    

 

 

Figure 8.2.26 | Aromatic region of the 1H NMR spectrum (400 MHz) of DPP3q in C2D2Cl4 at 298 K (top) and at 

373 K (bottom).  
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8.2.7 Band gap analysis and cyclic voltammetry (CV) 

Tauc plot 
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Figure 8.2.27 | Plot according to Tauc[321–323] and optical energy gap determination of (a) DPP1, (b) DPP2, (c) 

DPP3, (d) DPP2q and (e) DPP3q.  
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b) 

d) 
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Figure 8.2.28 | Cyclic voltammetry of DPP1, DPP2, DPP3, DPP2q and DPP3q (from the top) in CH2Cl2 at room 

temperature (c ≈ 20 µM, electrolyte: 0.1 M nBu4NPF6, scan rate: 100 mVs–1).  
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Table 8.2.4 | Reduction potentials of DPP1, DPP2, DPP3, DPP2q and DPP3q versus the ferrocenium/ferrocene 

redox couple. 

 

 E1/2
Red2 [V] E1/2

Red1 [V] E1/2
Ox1 [V] E1/2

Ox2 [V] 

DPP1  –1.711 0.683  

DPP2  –1.664 0.270 0.523 

DPP3  –1.780 0.145 0.392 

DPP2q –1.937 –0.764 0.489 0.943 

DPP3q –2.098 –0.911 0.552 1.019 

Fc+/Fc = 0.00 V  

 

 

 

Table 8.2.5 | Frontier molecular orbital energies of DPP1, DPP2, DPP3, DPP2q and DPP3q as well as 

electrochemical and optical energy gap. 

 

 E(HOMO)a [eV] E(LUMO)b [eV] 𝑬𝒈 [eV]c 𝑬𝒈
𝐨𝐩𝐭

 [eV]d 

DPP1 –5.48 –3.09 2.39 2.33 

DPP2 –5.07 –3.14 1.93 1.95 

DPP3 –4.95 –3.02 1.93 1.98 

DPP2q –5.35 –4.04 1.31 1.57 

DPP3q –5.29 –3.89 1.40 1.57 

a) E(HOMO) = –4.80 eV – 𝐸1/2
Ox1. b) E(LUMO) = –4.80 eV – 𝐸1/2

Red1. c) Eg = E(LUMO) – E(HOMO). d) 𝐸𝑔
opt

 

according to Tauc.[321–323] 
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Figure 8.2.29 | Frontier orbital energies (in eV) of DPP1, DPP2, DPP3, DPP2q and DPP3q and electrochemical 

energy gap obtained from CV and differential pulse voltammetry (DP) data. 

 

For the sake of completeness, the redox behavior of DPP1, DPP2, DPP3, DPP2q and DPP3q was 

additionally investigated by cyclic voltammetry (CV) experiments and the results compared to optical 

band gap analysis. The order of first oxidation potentials DPP1 >> DPP2 > DPP3 can be explained by 

the more electron rich character of the heteroaromatic cores and is well in line with the higher 

autoxidation tendencies observed for DPP22– and DPP32– compared to DPP12–. Frontier orbital energies 

derived from CV are in good accordance with the optical band gap (Fig. 8.2.27–8.2.29 and Table 8.2.5).  
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8.2.8 EPR spectroscopy 

 

 

 

 

 

Figure 8.2.30 | Temperature dependence of the X–band EPR spectra of DPP1•• in CH2Cl2 (c ≈ 1 mM). The signal 

is centered at giso = 2.0044 with a peak–to–peak line width of 3.8 G (top). Temperature dependence of the double 

integral EPR intensity (A) of DPP1•• in CH2Cl2 wherein circles (◯) represent the experimental results and the red 

line corresponds to the fit with the Bleaney–Bowers equation (bottom).[213] 
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Figure 8.2.31 | Continuous‐wave (CW) X‐band EPR spectrum in CH2Cl2 solution (c ≈ 1 mM) at 280 K of DPP2q 

(a) and DPP3q (b) as well as in the solid state at 240 to 300 K (diluted with KBr) of DPP2q (c) and DPP3q (d).  

 

 

 

In the solid state VT–EPR measurements of DPP2q and DPP3q, no temperature dependence of the weak 

signal intensity could be observed. Accordingly, any fitting according to the Bleaney–Bowers 

equation[213] is not justified as these signals are not attributable to triplet states of DPP2q and DPP3q but 

rather to impurities.  

 

 

 

 

a) 

c) 

b) 

d) 
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8.2.9 Computational chemistry 

 

 

 

Figure 8.2.32 | Calculated frontier molecular orbital representations of DPP1•• (a) HOMO, (b) HOMO–1, (c) 

LUMO and (d) LUMO+1 (CASSCF(4,4)/def2–SVP level of theory). 

 

 

 

 
Figure 8.2.33 | Calculated frontier molecular orbital representations of DPP2q (a) HOMO, (b) HOMO–1, (c) 

LUMO and (d) LUMO+1 (CASSCF(4,4)/def2–SVP level of theory). 

a) 

c) 

b) 

d) 

a) 

c) 

b) 

d) 
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Figure 8.2.34 | Calculated frontier molecular orbital representations of DPP3q (a) HOMO, (b) HOMO–1, (c) 

LUMO and (d) LUMO+1 (CASSCF(4,4)/def2–SVP level of theory). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2.35 | Optimized geometries of (a) DPP1••, (b) DPP2q and (c) DPP3q (SF–TDDFT (BHHLYP/def2–

SVP) level of theory). 

 

 

a) 

c) 

b) 

a) 

c) 

b) 

d) 
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Figure 8.2.36 | Spin density distribution of DPP1•• calculated on the CASSCF(4,4)/def2–SVP level of theory. 

 

 

 

 

Table 8.2.6 | Natural orbital occupation numbers (NOONs) of the frontier orbitals, singlet biradical character (y0) 

and singlet–triplet energy gap (ΔEST) for DPP1••, DPP2q and DPP3q at the level of CASSCF(4,4)/def2–SVP. 

 

 

 HONO–1 HONO LUNO LUNO+1 y0 ΔEST (eV) 

DPP1•• 1.9111 1.1252 0.8754 0.0883 0.7540 0.0236 

DPP2q 1.9227 1.9194 0.0818 0.0761 0.0035 1.2186 

DPP3q 1.9555 1.9331 0.0707 0.0408 0.0025 1.3077 
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Figure 8.2.37 | Optimized N,X–trans geometries of DPP2q (top) and DPP3q (bottom) on the SF–TD–DFT 

(BHHLYP/def2–SVP) level of theory with selected bond lengths in Å. 
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8.3 Supporting Information for Chapter 5 

Please note: This section was partly communicated in J. Org. Chem. 2021, 86, 2447–2457. The 

numeration of compounds in this part refers only to Chapter 5 and is not necessarily the same as in 

Chapter 1 and in particular in Chapter 2. Reprinted and adapted with permission from J. Org. Chem. 

2021, 86, 2447–2457. Copyright 2021 The American Chemical Society. For the sake of unity of this 

thesis, several editorial changes have been made, which, however, do not affect substantive amendments.  

  

 

8.3.1 Materials and methods 

Materials. Chemicals, reagents and solvents were purchased from commercial suppliers. Column 

chromatography was performed on silica gel (particle size 0.040–0.063 mm) with freshly distilled 

solvents as eluents. PBI, Isoindigo and DPP derivatives 2[303], 3[304], 4[305] 5[306] and 6[307] as well as boronic 

acid ester 1[202] were synthesized according to literature known procedure. All other commercially 

available reagents and solvents were of reagent grade and used without further purification. 

 

NMR spectroscopy. 1H, 11B and 13C NMR spectra were recorded on a Bruker Avance III HD 400 or 

Bruker Avance III HD 600 spectrometer. 13C NMR Spectra are broad band proton decoupled. Chemical 

shifts (δ) are listed in parts per million (ppm) and are reported relative to tetramethylsilane (TMS). 

Spectra are referenced internally to residual proton solvent resonances (CDCl3: δ = 7.26, CD2Cl2: δ = 

5.32) or natural abundance carbon resonances (CDCl3: δ = 77.16, CD2Cl2: δ = 53.84). Coupling constants 

(J) are quoted in Hertz (Hz). The data are presented as follows: chemical shift, multiplicity (s = singlet, 

d = doublet, t = triplet, q = quartet, m = multiplet and/or multiple resonances, br = broad), coupling 

constant in Hertz (Hz), and integration.  

 

Mass spectrometry. MALDI–TOF mass spectra were recorded on a Bruker Daltronik GmbH (Autoflex 

II) mass spectrometer using trans–2–[3–(4–tert–butylphenyl)–2–methyl–2–propenylidene]malononitrile 

(DCTB) as matrix. High resolution ESI–TOF mass spectrometry was carried out on a microTOF focus 

instrument (Bruker Daltronik GmbH). 
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UV/vis absorption spectroscopy. The solvents for the spectroscopic measurements were of 

spectroscopic grade. UV/vis/NIR absorption spectra were recorded on a Perkin Elmer Lamda 950 or a 

Jasco V–670 spectrometer. Measurements in solution were carried out using quartz cuvettes with path 

lengths of 10 mm at ambient temperature. Measurements in solid state were performed on freshly spin 

coated thin films on quartz wavers at ambient temperature (c = 2 · 10–3 M, 25 µL, ambient temperature, 

rpm = 3000, t = 30 s). 

 

Cyclic voltammetry. Cyclic voltammetry (CV) and square wave voltammetry (SWV) were performed 

using a standard commercial electrochemical analyzer (EC epsilon; BAS Instruments, UK). A Pt disc 

electrode was used as a working electrode, platinum wire as a counter electrode and Ag+/Ag as a 

reference electrode, at a scan rate of 100 mV/s at room temperature. The compounds were dissolved in 

dichloromethane, and tetra–n–butylammonium hexafluorophosphate (nBu4NPF6) was added as an 

electrolyte to give a concentration of 0.1 M. The supporting electrolyte was recrystallized from 

ethanol/water and dried under vacuum prior to use. The oxidation potentials were referenced against the 

ferrocenium/ferrocene redox couple (Fc+/Fc = 0.00 V). 

 

Fluorescence spectroscopy. Fluorescence spectra were recorded with a FLS980 Edinburgh Instrument 

fluorescence spectrometer. Fluorescence quantum yields were determined as an average out of 4 

equidistant excitation wavelengths relatively to the references 3,7–bis(diethylamino)–phenoxazinium 

perchlorate („Oxazine 1“, CAS: 24796–94–9, ΦFl = 0.11 in EtOH)[309] for FuDPP–Si and ThDPP–Si; 

N,N'–bis(2,6–diisopropylphenyl)–3,4,9,10–perylenetetracarboxylic bisimide, “Lumogen/ perylene 

orange”, CAS: 82953–57–9, ΦFl = 1.00 in CHCl3)
[308] for PhDPP–Si and PhDPP–NN and N,N'–bis(2,6–

diisopropylphenyl)–1,6,7,12–tetraphenoxy–3,4,9,10–perylenetetracarboxylic bisimide (“Lumogen/ 

perylene red”, CAS: 123174–58–3, ΦFl = 0.96 in CHCl3)
[308] for PBI–Si and PBI–NN in highly diluted 

solutions (OD: 0.05–0.20)[318]. Measurements in solution were carried out using quartz cuvettes (Hellma 

optics, Germany) with path lengths of 10 mm and spectroscopic solvents at ambient temperature and 

atmosphere.  

 

Single crystal X-ray diffraction. Single crystal X-ray diffraction data for IIn–NN were collected at 100 

K on a Bruker D8 Quest Kappa diffractometer with a Photon II CPAD detector and multi–layered mirror 

monochromated CuKα radiation. The structures were solved using direct methods, expanded with Fourier 
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techniques and refined with the Shelx software package.[315] All non–hydrogen atoms were refined 

anisotropically. Hydrogen atoms were included in the structure factor calculation on geometrically 

idealized positions. Crystallographic data have been deposited with the Cambridge Crystallographic 

Data Centre as supplementary publication no. CCDC 2041555. These data can be obtained free of charge 

from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

 

EPR spectroscopy. EPR measurements at X–band (9.38 GHz) were carried out using a Bruker 

ELEXSYS E580 CW EPR spectrometer equipped with an Oxford Instruments helium cryostat (ESR900) 

and a MercuryITC temperature controller. The spectral simulations were performed using MATLAB 8.6 

and the EasySpin 5.0.18 toolbox.[316] The nitrogen hyperfine couplings were determined by least–square 

fitting of the experimental data. 
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8.3.2 Syntheses 

 

 

 

 

 
Scheme 8.3.1 | Synthesis of PBI–Si, IIn–Si, PhDPP–Si, ThDPP–Si and FuDPP–Si. 
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Chart 8.3.1 | Structures of nitronyl nitroxide biradicals PBI–NN, IIn–NN, PhDPP–NN, ThDPP–NN and 

FuDPP–NN. Red and blue arrows indicate spin polarization. 
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8.3.3 Mass spectrometry 
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Figure 8.3.1 | ESI–TOF high resolution mass spectra of a) PBI–Si, b) PBI–Si after addition of TBAF, c) PBI–Si 

after addition of BF3 . Et2O and subsequent quenching with Si(OEt)4 (resulting in the formation of PBI–NOH) and 

d) PBI–NN. 
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Figure 8.3.2 | ESI–TOF high resolution mass spectra of a) IIn–Si, b) IIn–Si after addition of TBAF, c) IIn–Si 

after addition of BF3 . Et2O and subsequent quenching with Si(OEt)4 (resulting in the formation of IIn–NOH) and 

d) IIn–NN. 
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Figure 8.3.3 | ESI–TOF high resolution mass spectra of a) PhDPP–Si, b) PhDPP–Si after addition of TBAF, c) 

PhDPP–Si after addition of BF3 . Et2O and subsequent quenching with Si(OEt)4 (resulting in the formation of 

PhDPP–NOH) and d) PhDPP–NN. 
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Figure 8.3.4 | ESI–TOF high resolution mass spectra of a) ThDPP–Si, b) ThDPP–Si after addition of TBAF, c) 

ThDPP–Si after addition of BF3 . Et2O and subsequent quenching with Si(OEt)4 (resulting in the formation of 

ThDPP–NOH) and d) ThDPP–NN.  
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Figure 8.3.5 | ESI–TOF high resolution mass spectra of a) FuDPP–Si, b) FuDPP–Si after addition of TBAF, c) 

FuDPP–Si after addition of BF3 . Et2O and subsequent quenching with Si(OEt)4 (resulting in the formation of 

FuDPP–NOH) and d) FuDPP–NN. 
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Figure 8.3.6 | ESI–HRMS spectra of crude reaction mixtures of PhDPP–Si with BF3 
● Et2O in (a) CH2Cl2, (b) THF 

and (c) CH2Cl2/iBuOH (20–25 Vol.–% iBuOH). Also shown are the formula and exact masses of bis(N,N’–

dihydroxy imidazolidines) (red, PhDPP–(OH)4), mixed N–hydroxy imidazolines/N,N’–dihydroxy imidazolidines 

(blue, PhDPP–(OH)3) and bis(N–hydroxy imidazolines) (green, PhDPP–(OH)2). 
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8.3.4 NMR spectroscopy 

 

 

 

 

 

 

Figure 8.3.7 | 1H NMR spectrum (400 MHz, CD2Cl2, 298 K) of PBI–Si. 
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Figure 8.3.8 | 13C NMR spectrum (101 MHz, CD2Cl2, 298 K) of PBI–Si. 
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Figure 8.3.9 | 1H NMR spectrum (400 MHz, CD2Cl2/CD3OD (9:1), 298 K) of PBI–NN. 
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Figure 8.3.10 | 1H NMR spectrum (400 MHz, CD2Cl2, 298 K) of IIn–Si. 
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Figure 8.3.11 | 13C NMR spectrum (101 MHz, CD2Cl2, 298 K) of IIn–Si. 
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Figure 8.3.12 | 1H NMR spectrum (400 MHz, CD2Cl2/CD3OD (9:1), 298 K) of IIn–NN. 
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Figure 8.3.13 | 1H NMR spectrum (400 MHz, CD2Cl2, 298 K) of PhDPP–Si. 
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Figure 8.3.14 | 13C NMR spectrum (101 MHz, CD2Cl2, 298 K) of PhDPP–Si. 
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Figure 8.3.15 | 1H NMR spectrum (400 MHz, CD2Cl2/CD3OD (9:1), 298 K) of PhDPP–NN. 
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Figure 8.3.16 | 1H NMR spectrum (400 MHz, CD2Cl2, 298 K) of ThDPP–Si. 
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Figure 8.3.17 | 13C NMR spectrum (101 MHz, CD2Cl2, 298 K) of ThDPP–Si. 
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Figure 8.3.18 | 1H NMR spectrum (400 MHz, CD2Cl2/CD3OD (9:1), 298 K) of ThDPP–NN. 
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Figure 8.3.19 | 1H NMR spectrum (400 MHz, CD2Cl2, 298 K) of FuDPP–Si. 
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Figure 8.3.20 | 13C NMR spectrum (101 MHz, CD2Cl2, 298 K) of FuDPP–Si. 
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Figure 8.3.21 | 1H NMR spectrum (400 MHz, CD2Cl2/CD3OD (9:1), 298 K) of FuDPP–NN. 
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8.3.5 X-ray analysis 

Single crystals of IIn–NN were obtained by slow diffusion of methanol into a solution of IIn–NN in 

CH2Cl2. Crystal data for IIn–NN (C66H88N6O6: Mr = 1061.43, 0.360x0.200x0.021 mm3, triclinic space 

group P–1, a = 10.8585(5) Å, α = 66.505(6)°, b = 16.7866(15) Å, β = 73.610(4)° c = 18.2712(13) Å, γ = 

80.928(5)°, V = 2926.3(4) Å3, Z = 2, ρ(calcd) = 1.205 g·cm–3, μ = 0.605 mm–1, F(000) = 1148, GooF(F2) 

= 1.017, R1 = 0.0582, wR2 = 0.1528 for I>2(I), R1 = 0.0791, wR2 = 0.1723 for all data, 11588 unique 

reflections [ ≤ 72.791°] with a completeness of 99.9 % and 713 parameters, 0 restraints. 

 

 

 

 

 

 

Figure 8.3.22a | Strand like side view of the solid state molecular packing of IIn–NN determined by single crystal 

X‐ray diffraction (ellipsoids set to 50 % probability, carbon gray, nitrogen blue, oxygen red). Hydrogen atoms 

omitted for clarity.  
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Figure 8.3.22b | Side view of the solid state molecular packing of IIn–NN determined by single crystal X‐ray 

diffraction with schematic continuation for illustration and selected chromophore distances (ellipsoids set to 50 % 

probability, carbon gray, nitrogen blue, oxygen red). Hydrogen atoms omitted for clarity, “red bricks” represent 

the chromophore packing in cartoon.  
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Figure 8.3.22c | Top view of the solid state molecular structure of IIn–NN determined by single crystal X‐ray 

diffraction (ellipsoids set to 50 % probability, hydrogen white, carbon gray, nitrogen blue, oxygen red).  
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Figure 8.3.22d | Top view of the solid state molecular structure of IIn–NN determined by single crystal X‐ray 

diffraction (ellipsoids set to 50 % probability, hydrogen white, carbon gray, nitrogen blue, oxygen red).  
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Figure 8.3.23 | Selected bond lengths of IIn–NN in Å determined by single crystal X‐ray diffraction.  
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8.3.6 UV/vis/NIR spectroscopy 

 

450 500 550 600 650 700 750 800 850
0.0

0.2

0.4

0.6

0.8

1.0

 PBI-Si FL

n
o

rm
. 

F
L

l / nm
 

450 500 550 600 650 700 750 800 850
0.0

0.2

0.4

0.6

0.8

1.0

 PBI-NN FL
n

o
rm

. 
F

L

l / nm

400 600 800 1000 1200 1400

0.0

0.5

1.0

1.5 PBI-NN

 freshly prepared

 after 2 months in solution

l / nm

n
o

rm
. 

A
b

s
.

 

 

Figure 8.3.24 | UV/vis/NIR absorption spectra of PBI–Si (a), PBI–NN (c), and PBI–NN after storage for 2 months 

(e) in solution (c ≈ 10 µM, CHCl3, RT) as well as fluorescence spectra of PBI–Si (b) and PBI–NN (d) in CHCl3. 
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Figure 8.3.25 | UV/vis/NIR absorption spectra of IIn–Si (a), IIn–NN (b) and IIn–NN after storage for 10 months 

(c) in solution (c ≈ 10 µM, CHCl3, RT). No emission detectable for IIn–Si and IIn–NN. 
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Figure 8.3.26 | UV/vis/NIR absorption spectra of PhDPP–Si (a), PhDPP–NN (c), and PhDPP–NN after storage 

for 4 months (e) in solution (c ≈ 10 µM, THF, RT) as well as fluorescence spectra of PhDPP–Si (b) and PhDPP–

NN (d) in THF. 
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Figure 8.3.27 | UV/vis/NIR absorption spectra of ThDPP–Si (a), ThDPP–NN (c) and ThDPP–NN after storage 

for 4 months (d) in solution (c ≈ 10 µM, THF, RT) as well as fluorescence spectrum of ThDPP–Si (b) in THF. 
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Figure 8.3.28 | UV/vis/NIR absorption spectra of FuDPP–Si (a), FuDPP–NN (c) and FuDPP–NN after storage 

for 4 months (d) in solution (c ≈ 10 µM, THF, RT) as well as fluorescence spectrum of FuDPP–Si (b) in THF. 
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8.3.7 Cyclic voltammetry 
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Figure 8.3.29 | Cyclic voltammograms (CV, solid line) and differential pulse voltammograms (DPV, dashed line) 

of a) PBI–Si, b) PBI–NN, c) IIn–Si, d) IIn–NN, e) PhDPP–Si and f) PhDPP–NN in  CH2Cl2 (c ≈ 20 µM, rt, 

electrolyte: 0.1 M nBu4NPF6, scan rate: 100 mV s–1, against Fc0/+). 

a) b) 

c) d) 

e) f) 
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Figure 8.3.30 | Cyclic voltammograms (CV, solid line) and differential pulse voltammograms (DPV, dashed line) 

of a) ThDPP–Si b) ThDPP–NN c) FuDPP–Si and d) FuDPP–NN in CH2Cl2 (c ≈ 20 µM, rt, electrolyte: 0.1 M 

nBu4NPF6, scan rate: 100 mV s–1, against Fc0/+). 

 

 

Table 8.3.1 | Redox potentials of PBI–Si, IIn–Si, PhDPP–Si, ThDPP–Si and FuDPP–Si versus the 

ferrocenium/ferrocene redox couple in CH2Cl2.  

  E1/2
Red2 [V] E1/2

Red1 [V] E1/2
Ox1 [V] E1/2

Ox2 [V] E1/2
Ox3 [V] 

PBI–Si  –1.373 –1.174 0.901 1.243  

IIn–Si  –1.798 –1.326 1.062   

PhDPP–Si   –1.719 0.695 1.031  

ThDPP–Si   –1.602 0.384 0.858  

FuDPP–Si   –1.669 0.303 0.631 0.835  

Fc+/Fc = 0.00 V.  

 

a) b) 

c) d) 
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Table 8.3.2 | Redox potentials of PBI–NN, IIn–NN, PhDPP–NN, ThDPP–NN and FuDPP–NN versus the 

ferrocenium/ferrocene redox couple in CH2Cl2.  

 E1/2
Red3 [V] E1/2

Red2 [V] E1/2
Red1 [V] E1/2

Ox1 [V] E1/2
Ox2 [V] E1/2

Ox3 [V] 

PBI–NN  –1.342 –1.158 0.374 1.126  

IIn–NN  –1.830 –1.366 0.366 1.030  

PhDPP–NN –2.206 –1.758 –1.422 0.382 0.694 1.038 

ThDPP–NN –2.156 –1.716 –1.532 0.412 0.880  

FuDPP–NN –2.306 –1.758 –1.502 0.422 0.858   

Fc+/Fc = 0.00 V.  
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8.3.8 EPR spectroscopy 

Table 8.3.3 | giso and a values of PBI–NN, IIn–NN, PhDPP–NN, ThDPP–NN and FuDPP–NN determined by 

CW–EPR spectroscopy (c ≈ 1 mM in CH2Cl2/MeOH 9:1, rt).  

Biradical giso a(14N) 

PBI–NN 2.0066 10.3 MHz (3.7 G) 

IIn–NN 2.0066 10.5 MHz (3.8 G) 

PhDPP–NN 2.0067 10.4 MHz (3.7 G) 

FuDPP–NN 2.0067 10.4 MHz (3.7 G) 

ThDPP–NN 2.0066 10.6 MHz (3.8 G) 
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Figure 8.3.31 | Experimental (black) and simulated (red) continuous–wave (CW) X–band EPR spectra of a) PBI–

NN, b) PhDPP–NN, c) ThDPP–NN and d) FuDPP–NN in a CH2Cl2/MeOH (9:1) mixture at room temperature 

(c ≈ 1 mM). 

 

a) b) 

c) d) 
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