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1. Introduction 

1.1. Photophysical Principles 

The Lambert-Beer law relates the intensity attenuation of light of a specific wavelength when 

light is passing through a medium to the concentration of the absorbing substance as well as 

the layer thickness (see equation 1).1 

𝐴 = log (
𝐼𝑜

𝐼𝑡
) =  ∙ 𝑐 ∙ 𝑑 

(1) 

In equation 1, A is the absorbance, I0 and It are the intensities of the initial and the transmitted 

light,  is the extinction coefficient of the absorbing material at wavelength , c is the 

concentration of the absorbing material, and d is the length of the optical path. 

 

Figure 1. Jablonski diagram. Straight lines correspond to radiative transitions; dotted lines 

correspond to non-radiative transitions. 

Absorption of electromagnetic radiation in the ultraviolet (UV) and the visible (vis) regime by a 

molecule induces the excitation of an electronic transition from the electronic singlet ground 

state S0 into an electronically excited singlet state S1 or a higher state Sn. Depending on the 

Frank Condon factor, that is, if the nuclear coordinates of the ground and the respective 

excited state differ, the electronic excitation from the electronic ground singlet state S0 into the 

electronic excited singlet state S1 or a higher state Sn is accompanied by simultaneous 

excitation of vibrational quanta in the excited state hypersurface. The Jablonski diagram 

describes the possible deactivation pathways of the excited electron (Figure 1). After 

vibrational relaxation, which is “the loss of vibrational excitation energy by a molecular entity 

through energy transfer to the environment caused by collisions”,2 internal conversion (IC), 

which is “an isoenergetic radiationless transition between two electronic states of the same 

multiplicity”,2 and again vibrational relaxation into the vibrational ground state of S1, 

fluorescence can occur according to Kasha´s rule. Kasha´s rule states that “polyatomic 

molecular entities luminesce with appreciable yield only from the lowest excited state of a given 

S0

S2

T1

S1

Absorption Fluorescence Phosphorescence

vibrational relaxation

internal conversion

intersystem crossing
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multiplicity”.2 Fluorescence always competes with non-radiative decay meaning “the 

disappearance of an excited species due to a radiationless transition” into S0.2 Another possible 

process emanating from an excited singlet state is spin forbidden intersystem crossing (ISC) 

that is “an isoenergetic radiationless transition between two electronic states having different 

multiplicities. It often results in a vibrationally excited molecular entity in the lower electronic 

state, which then usually deactivates to its lowest vibrational level”.2 This ultimately populates 

the triplet state T1. Emission from T1 is usually associated with an appreciably longer lifetime 

in the microsecond (µs) to second (s) range in contrast to the nanosecond (ns) lifetime of 

fluorescence. This process is called phosphorescence. Next to phosphorescence, also 

non-radiative decay can ensue as an alternative deactivation pathway of T1.3 

ISC is essential for phosphorescence. Although this process is spin-forbidden, there are 

several ways to increase the probability of this transition. One of them is the so-called heavy 

atom effect (HAE). IUPAC defines the HAE as “the enhancement of the rate of a 

spin-forbidden process by the presence of an atom of high atomic number, which is either part 

of or external to, the excited molecular entity. Mechanistically, it responds to a spin-orbit 

coupling enhancement produced by a heavy atom.”2 

As stated by the IUPAC definition, the HAE can be differentiated into the external and internal 

HAE. The external HAE is based on the observation of enhanced probability of singlet-triplet 

transitions even for unsubstituted aromatic hydrocarbons when embedded in a solution or 

matrices of alkyl halides. The effectiveness of ISC increases in the order Cl < Br << I. The 

exact origin of the external HAE has not yet been clarified. There are two main types of 

interpretations for this phenomenon. The first realization is based on an exchange interaction 

model between the enhancing alkyl halide and the luminophore, according to which intensity 

for the S-T transition is borrowed from electronic transitions of the halide. The second approach 

assumes charge-transfer (CT)-type mechanisms. Increased ISC occurs due to donor-acceptor 

(D-A) interactions where the luminophore takes either the part of the donor or the acceptor. 

Also exciplex formation (vide infra) has been discussed.4 

The internal HAE describes the increased probability of ISC in a molecule of which a heavy 

atom is part by strong spin-orbit coupling (SOC). Physically, SOC can be seen as the force 

which aims to “flip” the spin angular momentum S of an electron. Mathematically, it can be 

described by the spin-orbit Hamiltonian ĤSO 

ĤSO =  
𝑍e4

2m2c2𝑟3
𝑳 ∙ 𝑺 

(2) 

where Z is the atomic number, L is the orbital angular momentum, S is the spin angular 

momentum, r is the orbital radius, and e, m, and c are universal constants.5 

The corresponding rate constant kISC can then be expressed in simplified terms, that is under 

the assumption that ISC only takes place via the S1→T1 pathway, as 

𝑘𝐼𝑆𝐶 ∝  
< ΨT1|ĤSO|ΨS1 >2

(ΔES1−T1)2
 

(3) 

where ΨT1 and ΨS1are the wavefunctions of the corresponding triplet or singlet states, and 

ΔES1−T1 is the energy difference between S1 and T1 states. In an oversimplified approach, that 

is by regarding the heavy element as a hydrogen-like atom, the relation between kISC and the 

atomic number Z can be expressed according to equation 4: 
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𝑘𝐼𝑆𝐶 ∝  
𝑍8

𝑑6
 

(4) 

where Z is again the atomic number and d is the distance between the metal atom and the 

center of the chromophore involved in the transition.6 

From equation 4 it is clear that kISC increases with increasing atomic number. The dependence 

on Z8 of ISC explains why so many complexes with heavy atoms like Re, Au, Pt, Ir or Os show 

phosphorescence, since they render ISC more probable. The ability of a metal atom to promote 

ISC is given by its SOC constant (ζSOC). 

Table 1 provides a list of selected elements with their atomic numbers and SOC constants. In 

general, the heavier the element, the higher the SOC constant (ζSOC ~ Z4).7 

Table 1. List of elements with their atomic number and SOC constants.3 

Element Atomic number SOC constant (cm-1) 

ruthenium 44 1042 

rhodium 45 1259 

palladium 46 1504 

rhenium 75 2903 

osmium 76 3381 

iridium 77 3909 

platinum 78 4481 

gold 79 5104 

mercury 80 4270 

lead 82 5089 

bismuth 83 6831 

𝚫𝐄𝐒𝟏−𝐓𝟏 has also a large impact on the rate of ISC. The rate is increased by minimizing the 

energy difference (see equation 3).5 This can be achieved by the formation of aggregates (vide 

infra), or polymers, or by spatial separation of the HOMO and LUMO and the concomitant 

presence of charge transfer D-A type species.8 There are four different types of charge 

transfer transitions in organometallic or inorganic complexes: metal-to-ligand charge transfer 

(MLCT), ligand-to-metal charge transfer (LMCT), ligand-centered charge transfer (LCCT), and 

ligand-to-ligand´ charge transfer (LL´CT). For LL´CT, the relocation of electron density across 

different ligands can lead to a large change in dipole moment. The phosphorescence that may 

result from this can therefore show dependencies on the polarity of the solvent. The mixing of 

close-lying MLCT transitions and ligand-centered ππ* transitions also enables ISC.6 

The examination of the total emission of quinoline in comparison with that of the parent 

hydrocarbon naphthalene by EL SAYED in 1963 revealed a larger efficiency of the ISC process 

in quinoline.9 This observation was rationalized by what was later named as El-Sayed rules. 

These rules state that the rate of ISC is relatively large, if the non-radiative transition involves 

a change of orbital type (eg. 1ππ* to 3nπ* or 1nπ* to 3ππ*). This explains why ISC is more 

prevalent for N-heterocyclic aromatic hydrocarbons and carbonyl compounds, though they lack 

a heavy atom.10, 11 For transitions of the same configuration such as 1ππ* to 3ππ* or 1nπ* to 
3nπ* there is no SOC and therefore they are forbidden and usually not observed.4 
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There are, however, some factors that counteract the occurrence of phosphorescence. One 

major problem is deactivation via non-radiative decay. Especially for emissions in the 

near-infrared (NIR) region, only low emission intensities are usually observed. This 

phenomenon is explained by the so-called energy gap law. The non-radiative decay occurs 

from S1 or T1 to S0 by the overlap of wavefunctions between the zeroth vibrational level of state 

S1 or T1 and the higher isoenergetic vibrational levels of the S0 state (IC), followed by a rapid 

vibrational relaxation to the zeroth vibrational level of the S0 state by the dissipation of thermal 

energy. Vibrational relaxation is accelerated when the emission gap is shifted to lower 

energies, i.e. to the deep red or NIR regions, where only few vibrational quanta of S0 are 

required to reach the vibrational ground state of S1 or T1.12 Another effect that can occur is 

oxygen quenching. Triplet molecules can undergo quenching through interaction with triplet 

O2 or other triplet molecules, which reduces the yield and lifetime of the phosphorescence, 

depending on the concentration of the quencher. The paramagnetic ground state of the O2 

molecule accepts energy from the luminophore’s excited triplet state, resulting in the 

restoration of the luminophore´s singlet ground state and the simultaneous generation of 

singlet oxygen. The energies of excited states of oxygen are lower than the energies of the 

excited states of most organic dyes and metal complexes. This makes quenching via energy 

transfer favorable. Singlet oxygen has a relatively short lifetime and is highly reactive. It quickly 

deactivates back to the triplet ground state via interaction with solvent molecules, but also by 

weak phosphorescence at 1270 nm, or reacts with neighboring chemical structures, causing 

their oxidation.13, 14 

Another emission quenching phenomenon, that occurs for many organic luminophores such 

as perylene or fluorescein, is “aggregation-caused-quenching” (ACQ).15 Upon aggregation 

in solution or in the solid-state, intermolecular π-π stacking interactions lead to the loss of the 

emission through non-radiative energy dissipation.16 An example of the ACQ effect is given in 

Figure 2. 

 

Figure 2. ACQ phenomenon of DDPD. Adapted with permission from Chem. Soc. Rev., 2011, 

40, 5361-5388. Copyright © 2011 Royal Society of Chemistry, Order License ID: 1583117-1.17 

In diluted (10 µM) THF solution, N,N-dicyclohexyl-1,2-dibromo-3,4,9,10-perylenetetra-

carboxylic acid diimide (DDPD) is strongly luminescent. The addition of water to the THF 

solution results in a gradual decrease of the emission intensity. This is due to the immiscibility 

of DDPD with water, leading to an increased local luminophore concentration and causing 

aggregation. At water contents of >60 vol%, the insolubility of DDPD in the THF/water solvent 

mixture causes the DDPD molecules to aggregate, resulting in a complete quenching of the 

DDPD emission.17 

A contrary effect to ACQ is “aggregation-induced emission” (AIE). This effect is particularly 

known for hexaphenylsiloles (HPSs), tetraphenylethylenes (TPEs) and 10,10′,11,11′-

tetrahydro-5,5′-bidibenzo[a,d][7]annulenylidene (THBA). For these luminophores, the 
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emission in solution is quenched due to rotations and vibrations of molecular entities via 

non-radiative channels. However, upon aggregation, intramolecular motions, including 

rotations of the phenyl rings and vibrations, are restricted. Thus, emission becomes a favorable 

decay process.15, 17, 18 Figure 3 shows an example of the AIE effect. Dilute THF solutions of 

HPS are non-emissive when excited with light. However, its emission is turned on when water 

is added, as the fraction of water increases to 80 vol%. At this point HPS is not soluble 

anymore. Due to the resulting aggregation of the HPS molecules, emission is observed.19 

 

Figure 3. AIE phenomenon of HPS. Adapted with permission from Chem. Rev., 2015, 115, 

11718-11940. Copyright © 2015 American Chemical Society.19 

As previously mentioned, ISC and thus phosphorescence can also be promoted by 

aggregation. This effect is called “aggregation-induced ISC” (AI-ISC). AI-ISC is based on 

intermolecular interactions between molecules embedded in aggregates. This may delocalize 

excited states over more than just one individual molecule and give rise to a higher density of 

excited singlet and triplet states as compared to the monomers. This decreases energy gaps 

ΔES−T and leads to a stronger coupling between singlet and triplet states (Figure 4).20-22 

 

Figure 4. Schematic diagram of aggregates constructed from different numbers of monomers, 

along with the corresponding energetic levels and photophysical channels. Adapted with 

permission from Aggregate, 2024, 5, e395. Copyright © 2023 The Authors. Published by 

SCUT, AIEI, and John Wiley & Sons Australia, Ltd. Distributed under the terms of the Creative 

Commons Attribution License (CC-BY).22 

Due to its molecular and electronic structure, pyrene is particularly prone to π-stacking and 

aggregate formation. The following section will cover its chemical and rather unusual 

photophysical properties. 
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1.2. Pyrene 

Pyrene was first discovered in 1837 by LAURENT, who observed it in the residue remaining 

after the destructive distillation of coal tar.23 The name comes from Greek and means “fire” 

since he believed that it was obtained via the reaction of organic substances with fire.24  

 

Pyrene is a polycyclic aromatic hydrocarbon with four fused aromatic six-membered rings. 

Electrophilic substitution reactions preferentially take place at the 1-, 3-, 6-, and 8-positions.24 

Exceptions are the tert-butylation and the iridium-catalyzed borylation, which occur in the 2-, 

and 7-positions.25, 26 

 

Figure 5. Absorption spectrum (top) excitation spectrum (bottom, blue) and fluorescence 

spectrum (bottom, red) of pyrene in dichloromethane at room temperature (r.t.). 

Pyrene has D2h symmetry and absorbs in the UV region at wavelengths up to 350 nm 

(Figure 5). Due to its high symmetry, the S0 → S1 transition is partially forbidden (εmax ≈ 500, 

f = 10-3). Therefore, also the fluorescence transition S1 → S0 is partially forbidden, which results 
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in a relative long lifetime of the S1 state. The forbiddenness of the transition is due to orbital 

symmetry. The wave functions, which are involved in this transition, overlap in space, but suffer 

from annihilation of their overlap integral because of their symmetry properties. In order to 

produce a transition electric dipole moment, the oscillating electric field of the light wave needs 

to drive an electron back and forth along a molecular axis. A transient oscillating dipole must 

be generated from the interaction of the electromagnetic field with the electron. For the 

HOMO → LUMO transition of molecules such as benzene, naphthalene or pyrene that possess 

a high symmetry, there is quite often no good axis along which a significant transition dipole 

can be generated.7 

This contrasts with overlap forbidden transitions, which result from a poor spatial overlap of 

the orbitals that are involved in the electronic HOMO → LUMO transition. Though forbidden, 

these transitions can nevertheless be observed. By the first order mixing mechanism of wave 

functions that are close in energy, a wave function, for which the transition is forbidden, can 

borrow some character of a wave function, for which the transition is allowed. An example is 

the n to π* transition in ketones, for which the HOMO and LUMO are orthogonal to one another. 

Therefore, the overlap integral is close to zero. In the first-order vibronic mixing approach the 

vibrations or electron-electron interactions may “mix” n to π* and π to π* configurations of the 

allowed S0 π to π* with the forbidden n to π* transition. The result is, that the n and π* orbitals 

are no longer strictly orthogonal to another and therefore the transition is “partially” allowed.7 

Pyrene exhibits deep-blue vibronically fine-structured fluorescence from the S1 state at 372 nm 

in toluene. The lifetime of 354 ns is relatively long for fluorescence, as mentioned above. Due 

to the likewise low rate constant of intersystem crossing in order of 105 s-1 and an uncompetitive 

rate of internal conversion, a high fluorescence quantum yield of 64% is observed.27 

 

Figure 6. Excimer emission of pyrene in dichloromethane at different concentrations.  
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Pyrene is also capable of forming excimers, starting at a certain concentration (Figure 6). The 

phenomenon of excimer formation in pyrene was first described by FÖRSTER and KASPER in 

1955.28 Since then, pyrene has gained the reputation of being the classic example of a 

compound prone to excimer formation. BIRKS originally defined excimers as molecular dimers 

that form in the electronically excited state, but separate in the ground state.29 It was, however, 

later found that besides such excimers that only exist in the excited state – the so-called 

dynamic excimers E* – there are also molecules, that already form dimers in the electronic 

ground states that persist after electronic excitation. Such excimers are now termed static 

excimers D*. 

Upon light excitation, pyrene enters a ‘locally excited’ state, which is characterized by a violet, 

vibrationally structured fluorescence emission, typical of monomer emission. At certain 

concentrations, an excited molecule can also encounter a monomer in its electronic ground 

state by diffusion and form a dynamic excimer. In the excimer state, two pyrene molecules 

adopt a face-to-face, π-stacked configuration. The excitation energy becomes delocalized over 

both molecules, resulting in a stabilization of the excited state and an energy gain of ca. 

ΔH = -10 kcal∙mol-1, which manifests in a red-shifted emission spectrum. The electronically 

excited state of the dynamic excimer is stabilized, whereas the dimer ground state is 

electronically destabilized (Figure 7). Following the Franck-Condon principle, the emission 

occurs vertically, leading to a dissociative state. The collision complex is unstable due to 

electronic repulsion. Dissociation occurs before completion of the vibrational cycle, leading to 

a broad and structureless emission at 450–500 nm. For dynamic excimers, no absorption of 

dimers and collision complexes are observed.7, 30 

 

Figure 7. Left: Potential energy diagram of a dynamic excimer. Right: MO scheme showing 

stabilization and destabilization of excimers in the excited-state and in the ground-state. 

Adapted with permission from Chem. Rev., 1993, 93, 587-614. Copyright © 1993 American 

Chemical Society.30 

In the case of static excimers D* (Figure 8), the ground-state surface possesses a minimum 

at an intermolecular distance that is shorter than that in between two electronically isolated 

molecules (10 Å) and the onset of π-orbital repulsion (3 Å). The origin of this minimum, which 

enables the formation of ground-state dimers, often derives from external forces, such as 

solubility, hydrophobic interactions in the solvent, or defect sites in crystals. This allows static 

excimers to exist at concentrations significantly below the usual concentrations for the 

formation of dynamic excimers. The excited-state surface then presents a double minimum. 

The first minimum at shorter separations corresponds to the excimer E*, whereas the second 

Py
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minimum at a slightly larger distance corresponds to the excited dimer D*. The emission from 

D* is also structureless, but leads to an associative state unlike the emission from E*.30 

 

Figure 8. Left: Potential energy diagram of a dynamic and a static excimer. Right: Calculated 

equilibrium geometries of the ground-state dimer and the excimer in the pyrene crystal. 

Adapted with permission from Chem. Rev., 1993, 93, 587-614. Copyright © 1993 American 

Chemical Society.30  

The presence of excimers can be identified through steady-state fluorescence measurements, 

where they exhibit a broad, structureless emission in the range of 450–500 nm. However, the 

steady-state emission spectra give no evidence for the mechanism of the excimer formation. 

Additional measurements are necessary in order to clarify whether pyrene preassociation 

takes place or not.30 

First indications are provided by the UV/vis absorption spectra, where pyrene preassociation 

sometimes leads to a broadening of the absorption bands. The broadening is often 

accompanied by a small red shift of the absorption maxima and by a decrease of the extinction 

coefficients. Excitation spectra of excimer emissions can provide evidence for ground-state 

interactions of molecules, because excitation spectra for monomers and static excimers are 

clearly different. The excitation spectrum monitored at the static excimer emission is red shifted 

and broadened, compared to the spectrum of the monomer. For dynamic excimers, the 

normalized emission wavelength-dependent excitation scans will be independent of the 

emission wavelength and equal to those of the monomer. Proper selection of the excitation 

wavelength also gives clues for the kind of excimer. If, for example, it is possible to excite 

preassociated pyrene molecules separately from monomeric pyrenes (or vice versa), the 

profile of the monomer/excimer emission will vary with the excitation wavelength. Further 

evidence for the presence of static or dynamic excimers can be obtained from time-dependent 

fluorescence measurements. When the emission intensity of an excited species is monitored 

as a function of time after the generation of an excitation pulse, the excimer emission of a 

dynamic excimer would increase over time and would not be observable at t = 0, while the 

emission of a static excimer would already be present at t = 0. Also, systems, where both kinds 

of excimers coexist, are possible. In these cases, an increase over time would be observed, 

though there would also be initial intensity at t = 0.30 Further literature on examples of static 

and dynamic excimers of pyrene-based materials can be found in references 30-32.31-33 
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A dimer consisting of two different molecules is called exciplex. Triplet excimers and excimer 

phosphorescence are typically not observed, because of the generally weaker binding of the 

triplet excimers.7 Due to its versatile and unique photophysical properties, pyrene has gained 

the status of being the chromophore of choice in a wide range of fundamental and applied 

photochemical research.24 

 

1.3. Triarylamines 

Another prominent luminescent chromophore motif is propeller-shaped triphenylamine. It 

displays violet emission in solution (THF: 357 nm, ΦF = 0.13) as well as in the solid state 

(380 nm, ΦF = 0.10).34 The reason for its emissive property is encoded in its molecular structure 

(see Figure 9). In contrast to its hydrogen derivative NH3, which has a trigonal pyramidal shape 

with bond angles of 106.7°,35 the average CNC bond angle in triphenylamine is 119.6°.36 This 

suggests a conjugation effect between the lone pair at the nitrogen atom and the bound phenyl 

rings, resulting in partially rigid conformations in solution and therefore reduced rotational and 

vibrational quenching.34 Simultaneously, the twisted structures, caused by the mean dihedral 

angle of 44° between the plane of the sp2 nitrogen atom and the ipso C atoms of the attached 

phenyl rings and the planes of the phenyl rings,36 prevent close intermolecular interactions in 

the crystalline state and therefore reduce ACQ.15 

 

Figure 9. Left: Normalized emission spectra of triphenylamine in different solvents. Adapted 

with permission from Adv. Mater., 2015, 27, 4496–4501. Copyright © 2015 John Wiley and 

Sons, License Number: 5977600587927.34 Right: asymmetric unit of the crystal structure of 

triphenylamine.37 

Triarylamines are easily accessible via the BUCHWALD-HARTWIG coupling or ULLMANN coupling 

of aryl halides with primary or secondary amines.38, 39 They furthermore display reversible 

oxidations, and their one-electron oxidized radical cations are well-known oxidizing agents 

such as “Magic Blue” (0.70 V vs. FcH/FcH+) or “Magic Blue´s Cousin” (0.78 V vs. FcH/FcH+).40 

These triarylaminum radical cations show intense absorption in the visible and the NIR, with 

blue to green colors,41-46 but have rarely been studied for their emissive properties. Apart from 

an initial, passing remark in a 1994 paper on the weak NIR fluorescence from “Magic Blue” 

and its methoxy derivative,47 only one recent paper has demonstrated doublet emission at 

580 nm either from in-situ surface-oxidized crystals of tris(p-tolyl)amine or films made from it.48 
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The structure and electronic properties of triarylamines can be specifically influenced by 

substitution of the aryl residues in para position. Electron-withdrawing groups, such as nitro-, 

cyan-, or carbonyl-groups, lower the electron density at the nitrogen center through 

conjugation. This reduces the HOMO energy and leads to an increased stability towards 

oxidation. Electron-donating groups, such as alkyls or methoxy-groups, on the other hand 

increase the electron density at the nitrogen center, thereby increasing the HOMO energy and 

making oxidation more favorable. Though it might be expected that due to resonance through 

the aryl rings the effect on oxidation potentials by ortho-substitution would be similar compared 

to para-substitution, this is not the case. Ortho-substitution leads to a sizable increase in the 

oxidation potential compared to para-substitution for both electron-donating and 

electron-withdrawing groups. This is mainly due to steric reasons, as a higher twist angle 

between the aryl rings leads to less conjugation and therefore increases the oxidation 

potential.49, 50 

Due to their high electron-donating abilities, triarylamines and their derivatives are also suitable 

candidates for donors in D-A dyads or D-A-D (or A-D-A) triads, which then show CT 

transitions.51-53 The combination with heavy atom acceptors, such as Ir or Pt complexes, can 

facilitate ISC and therefore allow the creation of phosphorescent triarylamine dyads.54, 55 But 

also purely organic D-A dyads and D-A-D triads can already populate the triplet state. Small 

energy differences ΔES1−T1, generated by spatially separating the HOMO and the LUMO due 

to twisted D-A type structures, do not only facilitate ISC (vide supra), but can also provoke 

reversed ISC.56, 57 Thermally activated delayed fluorescence (TADF), “the process in which 

the first excited singlet state becomes populated by a thermally activated radiationless 

transition from the first excited triplet state”,2 takes advantage of this and is therefore utilized 

in highly efficient OLEDs of the third-generation.56 Numerous examples of TADF and 

electroluminescence emitters based on phenyl carbazole, triphenylamine, or triazatruxene 

donors in combination with various acceptors, such as dibenzo[a,c]phenazines, 

indoloquinoxalines, acenaphtho[1,2-b]pyrazine-8,9-dicarbonitriles, and many more are known 

to date.58-67 

  

https://goldbook.iupac.org/terms/view/S05699
https://goldbook.iupac.org/terms/view/R05057
https://goldbook.iupac.org/terms/view/R05057
https://goldbook.iupac.org/terms/view/T06503
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1.4. Doublet Emitters 

Isolobal and isosteric to triarylaminium radical cations are neutral triphenylmethyl (trityl) 

radicals. In contrast to triarylaminium radicals they, and especially their heavily chlorinated 

derivatives like perchlorotriphenylmethyl (PTM) and trichlorotriphenylmethyl (TTM), show 

strong doublet emission.68-70 

Unlike closed-shell-systems, mono radicals are open-shell systems with a total spin quantum 

number of S = ½ and a doublet ground state D0. The lowest excited quartet state Q1 is 

generally expected to be higher in energy than the D1 state. The formation of the Q1 state thus 

requires excitation to an energetically higher-lying doublet excited state with three unpaired 

electrons, followed by a subsequent spin-flip (see Figure 10).69, 70 

 

Figure 10. Emission pathways for closed-shell molecules and doublet radicals. Dotted arrows 

indicate non-radiative processes. 

In contrast to closed-shell molecules, where, according to Hund´s first law, the triplet state T1 

is energetically more stable than the S1 state and therefore located in between the S1 and S0 

states, there are no dark (non-emissive) states for doublet molecules with spin multiplicity other 

than a doublet between D1 and D0. This gives them a unique property, as emissive mono 

radicals can achieve a maximal internal quantum efficiency of up to 100% in organic 

light-emitting diodes (OLEDs). For closed-shell molecules, spin-statistics regarding electrical 

excitation in OLEDs only allow for the formation of 25% singlet (S1) and 75% triplet (T1) excited 

states.69, 70 

Due to the presence of unpaired electrons, the spin degeneracy of the frontier orbitals is lifted 

by different spin-exchange interactions with the unpaired electron.71 As a result, each frontier 

orbital splits into two sub-orbitals with different energies: the HOSO-1/HOSO/LUSO α spin 

orbitals and the HOSO-1/HOSO/LUSO β spin orbitals (see Figure 11).70 

The electronic transitions of mono radicals can be divided into HOSOα to LUSOα and HOSOβ 

to LUSOβ type transitions, each describing electronic transitions for a specific manifold 

differing by the magnetic electron spin quantum number ms ±½. In the α manifold, transitions 

from HOSOα to the LUSOα and higher energy orbitals are dominant (Figure 11). For the 

HOSOβ to LUSOβ type transition the electronic transitions from HOSOβ and orbitals with lower 

energy to the empty LUSOβ are favored. For most luminescent radicals, the first excited state 

D1 is populated through the energetically lowest HOSOβ to LUSOβ type transition. The 

emission arising from D1 is also fluorescence in type.70 

E
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Figure 11. The frontier molecular orbital diagram of mono radicals in the ground state D0 (left), 

and in the first excited state D1 (right). 

It was originally assumed that organic radicals do not emit and act as quenchers for 

incorporated fluorescent dyes rather than emitting themselves. Photophysical processes 

proposed to explain the quenching mechanisms are electron transfer, Förster (dipole−dipole) 

and/or Dexter (electron-exchange) energy transfer, electron exchange-induced enhanced ISC, 

and enhanced IC.68, 69 

Today, doublet emitters are attracting increasing attention due to their compelling advantages 

in specific domains, particularly as NIR emitters.70 In this regard they are applied in areas such 

as the Internet of Things (IoT) for visible light communication (VLC) systems,72, 73 or in 

OLEDs.74 NIR emission is also beneficial for biological applications. Emission wavelengths of 

700–1000 nm coincide with the biological "window of transparency", that is the absorption 

minimum of biological tissue. Deep tissue penetration75 therefore renders NIR emitters of great 

relevance for biomedical applications, such as non-invasive imaging,76 blood oximetry,77 and 

photobiomodulation therapy (PBMT).78 

While doublet emitters derive their unique luminescent properties from a single unpaired 

electron, introducing a second unpaired electron leads to the triplet state. This transition 

unlocks the versatile properties of phosphorescent compounds with similar but also different 

applications. A well-established strategy for achieving efficient phosphorescence is harnessing 

the HAE to promote ISC. 
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1.5. Bismuth phosphors 

The utilization of the HAE by attaching a chromophore to a heavy atom such as platinum, gold, 

iridium, or rhenium in transition metal complexes has been used extensively to create 

phosphorescent compounds.79-85 These materials are of significant interest due to their diverse 

applications in OLEDs, photodynamic therapy (PDT), bioimaging, and dye-sensitized solar 

cells (DSSCs).86-101 However all of these noble metals have limitations including low natural 

abundance and high cost, which renders these approaches poorly sustainable. The element 

bismuth presents a promising alternative, as it combines the advantages of good availability, 

affordability, inherently low toxicity, as well as the largest SOC constant among all 

non-radioactive elements (see Table 1).3, 102-106 

Despite the unique advantages of bismuth, only few phosphorescent bismuth complexes are 

known to date. Especially phosphorescence at r.t. in solution is a very rare incident, with only 

five different types of structure examples known to date. While the strong SOC of bismuth 

facilitates ISC, it also introduces additional non-radiative decay pathways, thereby reducing 

the quantum yield of phosphorescence.107, 108 Moreover, relativistic effects become significant 

for Bi, resulting in relatively low energies of Bi-ligand bonds involving the diffuse Bi p-orbitals. 

Consequently, designing stable Bi complexes that resist structural distortions and ligand 

(photo-)dissociation remains a challenging task.109-111 

The following section provides an overview over the state of the art (status: August 2024) in 

discrete molecular bismuth luminophores (Figure 12). The luminescent complexes are 

summarized individually in chronological order of their discovery, or respectively, their 

investigation as phosphors. Table 2 provides an overview of the classification of the emissive 

properties of all literature-known luminescent bismuth complexes. The list of luminescent 

bismuth complexes is complemented by a concise discussion of the most significant examples. 

This summary can be found after Table 2.  
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Figure 12. Compilation of bismuth complexes, which have been investigated for their emissive 

properties. 
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1986: Bi(QO)3 

A bismuth complex of 8-quinolinol (QO) was investigated for its emissive properties at 77 K in 

EtOH. It was found to act as dual emitter that showed green ligand-localized fluorescence 

(495 nm, F < 20 ns) and red ligand-centered phosphorescence (625 nm, P = 80 s, 

F = 0.06%). At r.t. in DMF it was also a dual emitter, showing green fluorescence (540 nm, 

F < 0.5 ns), and very weak red phosphorescence (650 nm, P = 2 s, P < 0.01%). 

Phosphorescence was only detected in time-resolved experiments, where it could be 

separated from the tail of the fluorescent band.112 

1991: BiCl4- and BiCl63- 

Four anionic pnictogen complexes of the type PnCl4- (Pn = Sb and Bi) and PnCl63- (Pn = Sb 

and Bi) with tetraethylammonium as counter ions were investigated for their emissive 

properties in acetonitrile (MeCN) at r.t. Both bismuth complexes displayed phosphorescence 

with an emission maximum at 720 nm (P ≈ 1%) for BiCl4- and 475 nm for BiCl63- (P ≈ 0.4%), 

respectively. The absorption spectra of both complexes were characterized as metal-centered 

s → p transitions, whereas the emissions were assigned to 3P1 → 1S0 transitions. The huge 

Stokes shift of the PnCl4- complexes was attributed to a large structural change associated 

with the electronic excitation.113 The corresponding bromide complexes show no emission, and 

instead undergo photo reduction to elemental bismuth, Br3
- and Br2. Change of the halide 

ligand from chloride to bromide leads to additional LMCT transitions, which suppress 

luminescence and promote photoreactions.114 

2002: Bi(Ph-azain)3 

Three p-(N-7-azaindolyl)phenyl (Ph-azain) pnictogen complexes of the type Pn(Ph-azain)3 

(Pn = P, Sb, and Bi) were synthesized and investigated for their emissive properties. At 77 K, 

Bi(Ph-azain)3 showed blue phosphorescence (478 nm, P = 577(8) and 93(8) s) in a frozen 

matrix of CH2Cl2, as well as in the solid state (494 nm, P = 209(1) s). At r.t., blue 

phosphorescence was observed in the solid state (472 nm, P = 368(9) and 98(5) s), while in 

CH2Cl2 solution only blue fluorescence (371 nm) ensued. For the lighter homologue P, both 

fluorescence and phosphorescence were observed at 77 K, while the heavier analogue Sb 

already showed only phosphorescence under these conditions, just like the Bi congener. This 

different behavior of the P compound and its heavier homologues was attributed to the 

increased HAE of the latter.115 

2004: Bi(Tbs)3 

The complete series of triarylpnictines of the form PnTbs3 (Pn = P, As, Sb, and Bi; Tbs = (E)-

4-(4-t-butylstyryl)phenyl) was prepared and investigated for their photoluminescence 

properties. All compounds only showed blue fluorescence at ca. 375 nm in degassed CHCl3 at 

r.t.116 

2004: Bi(hfac)3 

Bismuth hexafluoroacetylacetonate (Bi(hfac)3) was investigated for its emissive properties in 

the solid state at r.t. Green phosphorescence from a ligand-centered excited state at 

λP = 472 nm and 502 nm was observed. Decomposition occurred in EtOH, preventing 

measurements at 77 K or in solution.117 
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2005: Bi(phenanthrenyl)3 

The three group 15 organometallic compounds Pn(phenanthrenyl)3 (Pn = P, Sb, and Bi) were 

prepared and investigated for their luminescent properties. Bi(phenanthrenyl)3 as well as the 

other pnictogen compounds showed purple fluorescence from a ligand-based π* excited state 

at 366 nm with a low quantum yield of 1.53% at r.t. in CH2Cl2 solution and in the solid state. 

However, no studies at low temperatures were conducted with these compounds.118 

2010: DTBi 

OHSHITA et al. reported on four dually emissive dithienobismole complexes (DTBi1-4), which 

showed blue fluorescence (~400 nm) as well as red phosphorescence (600–640 nm, 

P = 2−6 s, P ≈ 0.2%) at r.t. in CHCl3 solution. DTBi2/3 were also phosphorescent (620 nm) 

in the solid state even in the presence of air, while DTBi1/4 were only fluorescent under these 

conditions.119 

2011: Bi(porphyrins) 

Two cationic (C) or anionic (A) bismuth porphyrins with charged aryl substituents at the 

porphyrinic meso positions showed red fluorescence (A: 609, 657 and 714 nm, F =3.14 ns, 

F ≈ 1-2%; C: 636, 672 and 730 nm, F = 1.38 ns, F ≈ 1-2%) in water at r.t., when excited into 

their Q-bands (470–680 nm). In addition, blue anti-Kasha fluorescence at 425 nm (A) or at 

460 nm (C) could be observed, when excited into the Soret-band at 390–470 nm.120 

2013: {Bi(QO)3}2 

Nine functionalized 8-hydroxyquinolate bismuth complexes ({Bi(QO)3}2) were synthesized. 

Reversible dimerization via two O-bridging ligands was observed in solution via concentration-

dependent UV/vis spectroscopy as well as by their excitation and emission spectra. All 

complexes exhibited ligand-based blue to green fluorescence (371–542 nm, F = 0.3 – 9.4%) 

at r.t. in DMF or CH2Cl2 solutions. However, no studies into phosphorescent properties at low 

T were performed.121 

2013: (hMV)(Bi(hMV)Cl5) and (Bi(MVO)X4(dmso))∙dmso (X = Cl, Br) 

Three bismuth complexes based on N-methyl-4,4´-bipyridinium (hMV+), (hMV)(Bi(hMV)Cl5), 

and N-methyl-N´-oxide-4,4´-bipyridinium (MVO+), (Bi(MVO)X4(dmso))·dmso (X = Cl, Br), 

were reported. All three compounds showed luminescence in the solid state at r.t. with maxima 

at 545 nm for (hMV)(Bi(hMV)Cl5) and at 560 nm for both (Bi(MVO)X4(dmso))·dmso (X = Cl, 

Br) with quantum yields of up to 10%. The character of the yellow or orange emission was not 

further clarified.122 

2014: Bi(TttMe)2(OAc) and Bi(ttPh)3 

Two bismuth complexes with hydrotris(1-methyl-5-thiotetrazolyl)borate (TttMe) and 1-phenyl-5-

thiotetrazolate (ttPh) ligands were investigated for their emissive properties at 77 K in EtOH. 

Bi(TttMe)2(OAc) (450–580 nm, P = 0.33 ms) and Bi(ttPh)3 (400–550 nm, P = 16.1 ms) showed 

cyan to yellow phosphorescence.123 

2014: Bi(TttMe)(phen)Cl2 and Bi(TttMe)(bipy)Cl2 

Both complexes were investigated for their emissive properties at 77 K in EtOH. 

Bi(TttMe)(phen)Cl2 showed phosphorescence from an excited LL`CT state at 450–650 nm with 

P = 0.37 ms. Bi(TttMe)(bipy)Cl2 showed ligand-centered phosphorescence at 425–600 nm 
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with a long lifetime P of 3.35 ms. However, no emission under ambient conditions was 

observed.124 

2015: BiBr3(bp2mo)2 

The complex BiBr3(bp2mo)2 (bp2mo = 2,2’-bipyridine-N-oxide) exhibited yellow-green 

phosphorescence (520 nm, P = 4.8 s) with P of up to 17% for the crystal phase and weak 

blue fluorescence (442 nm, F = 258 ps, F = 0.01%) in THF solution. From combined 

experimental studies and computational TD-DFT calculations, the authors deduced 

aggregation-induced phosphorescence as origin of this phenomenon.125 

2015: (bipyH2)2[Bi2Cl10]∙2H2O and (bipyH2)2[Bi2Cl10] 

The complex (bipyH2)2[Bi2Cl10]∙2H2O and its anhydrous analogue (bipyH2)2[Bi2Cl10] were 

investigated for their luminescent properties in the solid state. (bipyH2)2[Bi2Cl10]∙2H2O 

displayed yellow emission (~530 nm), whereas (bipyH2)2[Bi2Cl10] showed orange emission 

(~560 nm) with reduced intensity. TD-DFT calculations suggested that both the [Bi2Cl10]4- anion 

and the (bipyH2)2+ cation contribute to the luminescence, and that the solvation affects the 

frontier orbitals and thus the emission behavior. However, no details on the type of emission, 

lifetimes or quantum yields were provided.126 

2016: BiBr3(bp4mo)2 and (nBu4N)+[BiBr4(bp4mo)]- 

Two bismuth coordination polymers BiBr3(dp4mo)2 and (nBu4N)+[BiBr4(dp4mo)]- based on 

4,4’-bipyridine-N-oxide (bp4mo) were shown to exhibit mechanochromic luminescence. Upon 

grinding, both samples became amorphous, and their luminescence changed from yellow to 

orange and red, respectively. Heating or exposure to water vapor led to the recovery of the 

initial yellow luminescence. These materials were the first examples of mechanochromic 

phosphors based on bismuth(III). Thorough investigations of the luminescence properties 

combined with TD-DFT calculations revealed that the emission is due to aggregation-induced 

phosphorescence. In the solid state, yellow phosphorescence of BiBr3(dp4mo)2 (539 nm, 

P = 1.0 s, P = 11%) and of (nBu4N)+[BiBr4(bp4mo)]- (540 nm, P = 18.4 s, P = 85%) was 

observed. In THF solution at r.t., weak blue fluorescence was observed for BiBr3(dp4mo)2 

(415 nm, F = 7 ps, F = 0.0006) and (nBu4N)+[BiBr4(dp4mo)]- (420 nm, F = 17 ps, F = 0.01%). 

When frozen at 77 K, the solutions displayed the yellow emission of the solid samples. 

Quantum yields under these conditions were, however, not determined.127 

2017: Bi(pyr)3 

BEHM et al. reported on tris(pyrenyl)pnictogens Pn(pyr)3 of the elements Pn = P, As, Sb, and 

Bi. All of these complexes displayed pyrene fluorescence at ca. 380 nm from individual 

molecules in CH2Cl2 at r.t. A second, much broader fluorescence emission was observed at 

400-500 nm, the intensity of which increased from P to Bi (F(Bi) = 0.44%). Based on steady-

state excitation spectra, the authors assigned the broad emission to static excited-state dimers 

or oligomers (static excimers) that result from association of individual molecules via their 

pyrenyl residues.128 

2017: BiR 

Bismuth-rhodamine (BiR) showed red fluorescence emission at 658 nm (F = 3.9%), but also 

a high singlet oxygen quantum yield of (1O2) = 66% in aqueous buffer (50 mM HEPES, 

pH = 7.4, with 0.2% or 0.5% dmso as a co-solvent) at r.t. Photosensitization via red-light 
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excitation of BiR was demonstrated in live cells, and the EC50 value proved to be nano-molar 

in range. This demonstrates an early example for the use of Bi sensitizers for biomedical 

applications.129 

2018: BenzoBi 

Orange-red phosphorescence in the crystalline state, was reported for four benzobismoles 

(BenzoBi): BenzoBi1 (610 nm, P = 7.1 s, P = 0.8%), BenzoBi2 (596 nm, P = 7.5 s, 

P = 2.5%) BenzoBi3 (614 nm, P = 6.6 s, P = 0.7%), and BenzoBi4: 586 nm, P = 7.1 s, 

P = 1.6%). The emissions were crystallization-induced, as amorphous samples proved to be 

non-emissive. Polymerization of BenzoBi3 and BenzoBi4 and copolymerization of BiArROMP
3 

with other monomers yielded polymers BenzoBiPolys and block copolymers that displayed 

red luminescence, though weaker and bathochromically-shifted compared to their respective 

monomers.130 

2018: Bismoles 

Bismole1-3 were investigated as drop-casted films from THF and with excitation at 400 nm. 

Bismole1 showed yellow-green fluorescence (530 nm, F > 0.1 ns (fluorescence mode) and 

< 0.08 ns (vibrational mode)) at r.t. Emission became much more intense upon cooling to 77 K. 

Due to a lack of substantial Bi contributions to the involved molecular orbitals, no 

phosphorescence was observed. In particular, the HAE of the Bi ion proved here to be 

incapable of inducing ISC. In contrast, Bismole2 was dually emissive, showing blue-green 

fluorescence (485 nm) and red phosphorescence (720 nm) at 77 K. However, fast 

photodegradation of the sample in the excitation beam was observed, precluding any useful 

application. No emission was observed at r.t. Bismole3 was more photostable and showed 

dual emission at r.t., comprising of blue-green fluorescence (485 nm, F = 0.2 and 1.1 ns) and 

red phosphorescence (720 nm, P = 0.1–10 s). The ratio F/P shifted to the side of the 

phosphorescence upon cooling to 77 K. This implied improved ISC efficiency and pronounced 

participation of the Bi atom in the excitation processes in Bismole2 and Bismole3, which was 

supported by quantum chemical computations.131 

2019: Bi(PhBMes2)3 

The complex Bi(PhBMes2)3 absorbed light in the UV region and displayed blue (395 nm) 

fluorescence at r.t. and greenish‐blue (423 nm, P = 495 and 2111 ms) phosphorescence at 

77 K in CH2Cl2.132 

2019: DPyBi and DPyBi-Cu 

4,4´-Dipyridinobismole (DPyBi) showed weak fluorescence (310–330 nm) at r.t. and additional 

blue-green phosphorescence (454 nm, P = 0.26 ms) at 77 K in MeTHF. In the solid state, 

green phosphorescence at ca. 500 nm was observed at 77 K. DPyBi-Cu showed red 

phosphorescence (700 nm, P < 2%) in the solid state at 77 K.133 

2020: BiCl3(phen)2, Bi2Cl6(terpy)2 and Bi2Cl4(PDC)(phen)2 

The three complexes BiCl3(phen)2, Bi2Cl6(terpy)2 and Bi2Cl4(PDC)(phen)2 were synthesized 

via solvothermal synthesis and displayed yellow-green to orange phosphorescence at r.t. in 

the solid state at 590 nm, (P = 14(1) and 241(4) μs) for BiCl3(phen)2, at 537 nm (P = 10(1) 

and 196(4) μs) for Bi2Cl6(terpy)2, and at 570 nm (P = 8(1) and 76(3) μs) for 

Bi2Cl4(PDC)(phen)2. No quantum yields were reported, though.134
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2021: Bi(bzq)3 

The bismuth benzo[h]quinoline complex Bi(bzq)3, was reported by MAURER et al. to exhibit 

cyan phosphorescence (525 nm, P = 35 μs and < 0.2 μs) with a remarkable P of 10(3)% in 

degassed THF solution at r.t. The authors attributed the efficient ISC to MLCT from the Bi 6s 

orbital to π* orbitals of the benzo[h]quinoline ligands. Comparison with non-phosphorescent 

[Bi(bzq)2]+Br-, which lacked such MLCT transitions, indicated that the HAE of the bismuth ion 

alone was not sufficient here to trigger efficient ISC. The small absorption coefficient for the 

underlying HOMO–LUMO transition of only 100 M-1cm-1 as well as rapid degradation of 

emissive Bi(bzq)3 to non-emissive [Bi(bzq)2]+ upon irradiation, however, impose serious 

restrictions on its practical utility.135 

2021: BiV2+ 

Four bismoviologens BiV2+, which are closely related to DPyBi and phosphoresce in fluid 

CH3CN solution (cyan to yellowish white) were reported. BiV12+ emitted at 550 nm with 

P = 0.12 μs and P = 2.45%, BiV22+ at 575 nm with P = 0.12 μs and P = 4.50%, BiV32+ at 

580 nm with P = 0.16 μs and P = 2.27%, and BiV42+ at 590 nm with P = 0.27 μs and 

P = 2.06%. The enhancement of phosphorescence lifetimes in an argon atmosphere revealed 

that triplet excited states were partially quenched by aerial oxygen. They also showed 

red-shifted phosphorescence BiV12+ (618 nm, P = 61.06 μs, P = 0.22%), BiV22+ (647 nm, 

P = 32.43 μs, P = 0.20%), BiV32+ (673 nm, P = 15.93 μs, P < 0.10%), and BiV42+ (674 nm, 

P = 4.80 μs, P < 0.10%) in the solid state. Notably, this is the first example of viologen 

analogues exhibiting phosphorescence in both solution and in the solid state under ambient 

conditions. TD-DFT calculations revealed ligand-metal-to-ligand´ charge transfer (LML´CT) as 

underlying transitions. Furthermore, BiV2+ were used for the first time as both, a photocatalyst 

and an electron mediator in visible light-induced cross-dehydrogenative coupling reactions of 

N-phenyltetrahydroisoquinoline with nitromethane or dimethyl malonate.136 

2021: Bi2(HPDC)2(PDC)2NO3 

Bi2(HPDC)2(PDC)2NO3 displayed bright blue-green phosphorescence at 450 nm in the solid 

state under UV irradiation, with a luminescent lifetime of P = 1.776 ms at r.t. Emission spectra 

recorded at r.t. and 77 K exhibited the vibronic structuring characteristic of Hphen+ 

phosphorescence. TD-DFT studies showed that the excitation pathway included energy 

transfer from the dimeric structural unit to Hphen, with participation from a nine-coordinated Bi 

center. The triplet state of Hphen was believed to be stabilized via supramolecular interactions, 

which, when coupled with the HAE induced by Bi, led to the observed long-lived luminescence. 

The compound displayed a remarkable quantum yield of over 27% in the solid state.137 

2022: PBiF 

All five 9-phenylpnictofluorene homologues PPnF (Pn = N, P, As, Sb, Bi) were synthesized and 

investigated for their photophysical properties in MeTHF at r.t. and at 77 K. At r.t., UV/violet 

fluorescence at 300–400 nm (F = 3.2 and 21.4 ns) was observed, but emissions were too 

weak to determine the quantum yields. At 77 K, blue-green phosphorescence at λP = 500 nm 

(P = 1.2 ms) was observed for PBiF. PNF showed dual fluorescence and phosphorescence 

emission, due to the rule of EL SAYED. In case of PPF, the nπ* character of the excited state 

was found to be relatively weak and therefore no ISC and only fluorescence (F = 9.1 ns) was 

observed. PAsF showed a more intense phosphorescence emission than PNF, and PSbF and 

PBiF only showed phosphorescence. The emission lifetimes decreased in the order PNF 
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(P = 6.5 s) > PAsF (P = 107 ms) > PSbF (P = 11 ms) > PBiF (P = 1.2 ms) with an increasing 

atomic number Z at the pnictogen central atom. This is because ISC from the singlet excited 

state to the triplet state and emission from the triplet excited state to the ground state are 

promoted by stronger spin-orbit coupling (HAE).138 

2023: DPMBiCl2 

Pnictogen-dipyrromethenes DPMPnCl2 (Pn = Sb, Bi), as heavier BODIPY analogues, were 

synthesized and investigated for their luminescent properties at r.t. in degassed toluene 

solutions. Both compounds showed green emission (547 nm and 568 nm) with quantum yields 

of 6.6% (Sb) and 0.2% (Bi). DFT calculations showed π-bonding orbitals delocalized over the 

ligand core for the HOMOs and π-antibonding orbitals also localized on the ligand backbone 

for the LUMOs. No lifetimes of the emissions were measured, but small Stokes shifts and no 

metal contributions to the frontier orbitals strongly argue for fluorescence emission. 

Furthermore, both compounds were found to be sensitive to moisture and oxygen and are only 

stable under inert gas atmosphere.139 

2023: BFPn and BTPn 

Two bibenzofuran pnictogen complexes of the type BFPn (Pn = Sb and Bi) and two 

bibenzothiophene pnictogen complexes of the type BTPn (Pn = Sb and Bi) were investigated 

for their structural and optoelectronic properties. Both BFPn (Pn = Sb and Bi) complexes 

showed a higher degree of planarity and rigidity of the conjugated systems, due to enhanced 

noncovalent Pn∙∙∙O interactions. This led to a redshift in the absorption spectra compared to 

the BTPn (Pn = Sb and Bi) complexes, which exhibited twisted structures due to a lack of 

Pn∙∙∙S interactions. DFT calculations confirmed noncovalent Pn∙∙∙O interactions as 

conformational locks for BFPn (Pn = Sb and Bi). BFBi was found to show dual emission in the 

solid state as spin coated films with blue fluorescence (425 nm) and orange phosphorescence 

(600 nm). The quantum yield (F+P) for both emissions amounted 0.1%. BTBi was non emissive 

in the solid state. In degassed CH2Cl2 solutions both complexes also displayed dual emission. 

BFBi showed blue fluorescence (370–450 nm) and orange phosphorescence (559 nm), 

whereas BTBi showed blue fluorescence (360–430 nm) and very weak, light blue 

phosphorescence (441 nm). However, the quantum yields of all emissions in solution were too 

low to be determined. Also no lifetimes of the emissions were provided.140  

2024: T2Bi, BT2Bi and BT4Bi 

At r.t., and in aerated CH2Cl2, T2Bi showed two emissions: blue fluorescence (400 nm, 0.06 

and F = 1.39 ns) and red phosphorescence (650 nm, P = 8.43 μs, F+P < 2%). The same 

applied to BT2Bi when excited in aerated CH2Cl2, but with different emission wavelengths and 

colors, namely violet fluorescence (379 nm, F = 0.10 and 0.60 ns) and green 

phosphorescence (500 nm, P = 61.5 ns, F+P < 2%). After degassing with argon, T2Bi and 

BT2Bi showed a significant increase of the phosphorescence intensities. BT4Bi exhibited 

blue-greenish fluorescence at 480 nm (F = 0.06 and 0.39 ns, F = 12%). The PL spectrum of 

BT4Bi remained unchanged after degassing with argon. 

Phosphorescence was also observed at 77 K in MeTHF, where T2Bi emitted at 550–650 nm 

(orange-red, P = 0.399 ms), BT2Bi at 450–450 nm (green, P = 0.724 ms), and BT4Bi at 

600−800 nm (red, P = 1.11 ms). The wavelengths of these emissions were the same as for r.t. 

phosphorescence of T2Bi and BT2Bi. 
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In the solid state at r.t. and in air, T2Bi and BT2Bi showed dual emission by blue fluorescence 

(410 nm) and orange-red phosphorescence (550–750 nm, F+P < 2%) for T2Bi, and blue 

fluorescence (400 nm) and green phosphorescence (450–550 nm, F+P < 2%) for BT2Bi. 

BT4Bi showed only green fluorescence (475–600 nm, F < 2%). In the solid state, the 

phosphorescence intensity was stronger than the fluorescence intensity compared to the 

solution, which was believed to be due to the restriction of molecular vibrations in solids. The 

introduction of boron raised the T1 energy level and induced a blue shift of the 

phosphorescence wavelength. Furthermore, the involvement of the Tip substituent at the boron 

atom in the underlying electronic transition also promoted ISC.141 

2024: [Bi2(HPDC)2(PDC)2]·(pyrene/naphth/azulene)·2H2O 

Three dinuclear bismuth complexes [Bi2(HPDC)2(PDC)2]·(arene)·2H2O 

(H2PDC = 2,6-pyridinedicarboxylic acid; arene = pyrene, naphthalene, and azulene) were 

synthesized and investigated for their photoluminescent properties in the solid state. The 

pyrene complex was found to emit (P = 1.3%) in the red region at 570–750 nm with three 

emission maxima at 595, 655 and 715 nm, which were attributed to vibronic coupling of the 

organic emitter pyrene. The excitation spectrum was very broad and showed two main peaks 

at 390 and 335 nm. There were two distinct lifetimes of 465.5 and 128.9 μs for the 595 nm 

emission. The shorter lifetime was attributed to direct singlet excitation of the pyrene molecule, 

followed by ISC and emission from the pyrene triplet state. Evidence for partial contribution 

from direct excitation of pyrene was gleaned from the excitation spectrum, which matched well 

with that of pyrene in the solid state. The naphthalene complex emitted (P = 31%) in the green 

region (450–650 nm) with three emission maxima at 490, 520 and 555 nm, which were again 

attributed to vibronic coupling of the naphthalene luminophore. Again, two excitation maxima 

(320 and 360 nm) were found for this emission. The emission profile was ascribed to 

phosphorescence from the associated naphthalene and showed a single exponential lifetime 

of P = 485.5 µs. For the azulene complex, only a weak emission at 405 nm was observed 

upon excitation at 250 nm. The emission spectrum did not exhibit splitting indicative of vibronic 

coupling. The single exponential lifetime of P = 111.2 µs also identifies this emission as 

phosphorescence. No quantum yield could be detected due to the weak intensity. For the 

pyrene and naphthalene complexes, additional radioluminescence was observed.142 

Table 2. Classification of the emissive properties of all photophysically investigated bismuth 

complexes known to date (status August 2024). 

compound 
solid state (r.t.) solution (r.t.) 

frozen matrix 

(77 K) 

F (nm) P (nm) F (nm) P (nm) F (nm) P (nm) 

Bi(QO)3
112 n/d n/d 540b (650)b 495a 625a 

BiCl4-[113] n/d n/d - 720j n/d n/d 

BiCl63-[113] n/d n/d - 475j n/d n/d 

Bi(Ph-azain)3
115 - 472 371c - - 478c 

Bi(Tbs)3
116 n/d n/d 375d - n/d n/d 

Bi(hfac)3
117 - 502 - - - - 

Bi(phenanthrenyl)3
118 366 - 366c - n/d n/d 

DTBi1119 n/d - 400d 622d n/d n/d 

DTBi2119 - 620 400d 625d n/d n/d 
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compound 
solid state (r.t.) solution (r.t.) 

frozen matrix 

(77 K) 

F (nm) P (nm) F (nm) P (nm) F (nm) P (nm) 

DTBi3119 - 617 400d 635d n/d n/d 

DTBi4119 n/d - 400d 601d n/d n/d 

Bi(porphyrin)3-[120] n/d n/d 609/425e - n/d n/d 

Bi(porphyrin)5+[120] n/d n/d 636/460e - n/d n/d 

(Bi(QO)3)2
121 n/d n/d 371-542b,c - n/d n/d 

(hMV)(Bi(hMV)Cl5)122 545 n/d n/d n/d n/d 

(Bi(MVO)X4(dmso))∙dmso122 560 n/d n/d n/d n/d 

Bi(TttMe)2(OAc)123 n/d n/d n/d n/d - 450-580a 

Bi(ttPh)3
123 n/d n/d n/d n/d - 400-550a 

Bi(TttMe)(phen)Cl2124 - - - - - 450-650a 

Bi(TttMe)(bipy)Cl2124 - - - - - 425-600a 

BiBr3(bp2mo)2
125 - 520 442f - n/d n/d 

(bipyH2)2[Bi2Cl10]∙2H2O126 530 n/d n/d n/d n/d 

(bipyH2)2[Bi2Cl10]126 560 n/d n/d n/d n/d 

BiBr3(bp4mo)2
127 - 539 415f - - 539f 

(nBu4N)+[BiBr4(bp4mo)]-127 - 540 420f - - 540f 

Bi(pyr)3
128 n/d n/d 385/430c - n/d n/d 

BiR129 n/d n/d 658e - n/d n/d 

BenzoBi1130 - 610 n/d n/d n/d n/d 

BenzoBi2130 - 596 n/d n/d n/d n/d 

BenzoBi3130 - 614 n/d n/d n/d n/d 

BenzoBi4130 - 586 n/d n/d n/d n/d 

Bismole1131 - 530 n/d n/d - 530h 

Bismole2131 - - n/d n/d 485h 720h 

Bismole3131 485 720 n/d n/d - 720h 

Bi(PhBMes2)3
132 n/d n/d 395c - - 423c 

DPyBi133 - - 320g - - 454g/500h 

DPyBi-Cu133 - - - - - 700g 

BiCl3(phen)2
134 - 590 n/d n/d n/d n/d 

Bi2Cl6(terpy)2
134 - 537 n/d n/d n/d n/d 

Bi2Cl4(PDC)(phen)2
134 - 570 n/d n/d n/d n/d 

Bi(bzq)3
135 n/d n/d - 525f n/d n/d 

BiV12+[136] - 618 - 550j n/d n/d 

BiV22+[136] - 647 - 575j n/d n/d 

BiV32+[136] - 673 - 580j n/d n/d 

BiV42+[136] - 674 - 590j n/d n/d 

Bi2(HPDC)2(PDC)NO3
137 - 450 n/d n/d - 450g 

PBiF138 n/d n/d 300h - - 500h 

DPMBiCl2139 n/d n/d 568i - n/d n/d 

BFBi140 425 600 (370-450)c (559)c n/d n/d 

BTBi140 - - (360-430)c (441)c n/d n/d 

T2Bi141 410 550 400c 650c - 550h 
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compound 
solid state (r.t.) solution (r.t.) 

frozen matrix 

(77 K) 

F (nm) P (nm) F (nm) P (nm) F (nm) P (nm) 

BT2Bi141 400 450 379c 500c - 450h 

BT4Bi141 475 - 480c - - 600h 

[Bi2(HPDC)2(PDC)2]·(pyrene)·2H2O142 - 595 n/d n/d n/d n/d 

[Bi2(HPDC)2(PDC)2]·(naphth)·2H2O142 - 490 n/d n/d n/d n/d 

[Bi2(HPDC)2(PDC)2]·(azulene)·2H2O142 - 405 n/d n/d n/d n/d 

a in EtOH, b in DMF, c in CH2Cl2, d in CHCl3, e in H2O, f in THF, g in solid state, h in 2-MeTHF, i in toluene, j in MeCN, 

n/d = no data available. 

The first report on phosphorescent bismuth compounds at r.t. in solution was made by VOGLER 

et al. in 1993, who observed red, respectively blue phosphorescence with quantum yields of 

1.0% and 0.4% for the ionic compounds (Et4N)+[BiCl4]- and ((Et4N)+)3[BiCl6]3-. 

Especially worth mentioning are also the four reports on phosphorescence at r.t. in solution, 

where the Bi3+ ion is covalently bound to chromophoric units by covalent Bi–C bonds. These 

are the dithienobismoles (DTBi1-4) by OHSHITA et al.,119 the bismoviologens (BiV2+) by MA et 

al.,136 bismuth benzo[h]quinolone (Bi(bzq)3) by MAURER et al.,135 and the thiophene bismuth 

compounds (T2Bi and BT2Bi), again from OHSHITA et al.141 The dithienobismoles were the 

first report on red phosphorescent bismuth complexes in solution at r.t., with a quantum yield 

of 0.2%.119 DTBi1-4 as well as T2Bi and BT2Bi are dually emissive in degassed solution, 

showing blue fluorescence and red (T2Bi, DTBi1-4) or green (DT2Bi) phosphorescence 

(F+P < 2.0% for T2Bi and BT2Bi).141 DTBi2-3, T2Bi and BT2Bi also phosphoresce in the solid 

state, even in the presence of air.119, 141 Comparison of non-phosphorescent [Bi(bzq)2]+Br-, 

which lacks MLCT transitions, with phosphorescent Bi(bzq)3, showing such transitions, 

indicates that the HAE of the bismuth ion alone does not suffice to trigger efficient ISC in this 

particular case, but an additional MLCT character of the underlying excitation is required. The 

impressive 10% quantum yield of the cyan phosphorescence is however of very limited utility, 

set against the background of rapid degradation of Bi(bzq)3 to [Bi(bzq)2]+ upon irradiation and 

the small absorption coefficient for the underlying HOMO−LUMO transition of only 

100 M-1cm-1.135 The best-performing examples in this category are the bismoviologens BiV2+. 

Cyan to yellowish phosphorescence with quantum yields of up to 4.5% and retained 

phosphorescence in aerated solution are thus far the best results. TD-DFT calculations 

suggested LML´CT character for the excitation process. For these compounds, also 

phosphorescence in the solid state was observed and applications as photocatalysts and 

electron mediators in a visible light-induced cross-dehydrogenative coupling were 

established.136 

Likewise noteworthy are some other examples of bismuth complexes, which show remarkable 

luminescent properties in solution or in the solid state. The functionalized 8-hydroxyquinolate 

bismuth complexes {Bi(QO)3}2 by RHEINGOLD et al. show concentration-dependent reversible 

dimerization in solution at r.t., which was revealed by UV/vis spectroscopy as well as by 

excitation and emission spectra. Blue to green fluorescence with quantum yields of up to 9.4% 

are observed in DMF or CH2Cl2 solutions.121 Similarly, BEHM et al. monitored the formation of 

static excimers for 10 µM CH2Cl2 solutions of tris(pyrenyl)bismuth Bi(pyr)3 via steady-state 

excitation spectra and excitation wavelength-dependent emission spectra. Excitation at higher 

wavelengths led to the direct excitation of the static excimers, which could be observed as a 

broad structureless fluorescence emission at 400-500 nm with a quantum yield of 0.4%.128 

BiBr3(bp4mo)2 and (nBu4)+[BiBr4(dp4mo)]- by TOMA et al. show exceptional mechanochromic 
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luminescent behavior. After grinding, both samples turn amorphous, causing their 

luminescence to shift from yellow to orange and red, respectively. Exposure to water vapor or 

heating recovers their initial luminescence. Despite very weak blue fluorescence in THF 

solutions at r.t. (F < 0.1%) both complexes show aggregation-induced phosphorescence 

which results in extraordinary high phosphorescence quantum yields of 11% for 

BiBr3(dp4mo)2 and even 85% for (nBu4)+[BiBr4(dp4mo)]-, the latter one being the highest 

solid state phosphorescence quantum yield for bismuth phosphors that has been reported to 

date.127 Benzobismoles (BenzoBi) studied by PARKE et al. likewise exhibit 

crystallization-induced phosphorescence, as their amorphous forms are non-emissive. The 

authors could furthermore demonstrate that polymerization of BenzoBi3 and BenzoBi4 and 

block copolymerization of BiArROMP
3 yielded phosphorescent polymers. However, the 

phosphorescence of these polymers are weaker and shifted bathochromically compared to 

their corresponding monomers.130 Finally first applications as a photosensitizer of 

bismuth-rhodamine BiR were reported.129  

However, none of the above presented luminescent bismuth complexes contain chromophores 

modified with functional groups like esters, lactones, etc., since the chemistry of bismuth 

organyls mostly relies on the reaction of lithiated arenes or aryl Grignard reagents with bismuth 

halides (BiX3).143 These functional groups are incompatible with these reaction conditions and 

are thus not accessible. This presents an important restriction, since many potentially very 

useful dyes contain such functional groups. Therefore, only a minority of the wide range of 

existing chromophores is available for incorporation into dye-modified bismuth complexes by 

this means. The occasionally occurring instability towards air and water constitutes another 

challenge that needs to be overcome in order to obtain applicable bismuth phosphors.  

A promising class of bismuth complexes, which yet have not been investigated for their 

luminescent properties, are bismuth (NCN) pincer complexes. Such complexes show excellent 

stability towards air and water and stand out due to their versatile reactivity. The next 

subchapter is therefore dedicated to the reactivity as well as the electronic and structural 

properties of bismuth (NCN) pincer complexes. 

 

1.6. Bismuth (NCN) pincer complexes 

Pincer ligands are chelating ligands that occupy, in a rigid, meridional configuration, three 

adjacent coplanar sites that describe a semicircle. There exists a variety of different pincer 

ligand types like PCP, PNP, SPS, SCS, OCO, NNN or NCN. The charge of the ligand can vary 

from zero to (3-) depending on the type of incorporated donors.144, 145 Due to the rigid tridentate 

binding mode caused by the chelation, transition metal pincer complexes often show high 

thermal stability and well-defined reactivity at the remaining coordination sites. These 

properties make these complexes suitable candidates for catalysts in homogeneous 

catalysis.146, 147 Main group metal pincer complexes, particularly of the heavier group 13-15 

elements, have also been investigated intensively in the past three decades. Of special interest 

was the synthesis and investigation of low-valent compounds with formal oxidation state +II 

(Ge, Sn, Pb) or +I (As, Sb, Bi), which are stabilized by the unique electronic and steric 

properties of the pincer ligands (vide infra). In the case of bismuth, particularly NCN pincer 

ligands are suitable for this purpose. NCN pincer ligands can be divided into two important 

families with either amine or imine donors in the 2,6-positions of the cyclometaling arene 

(Figure 13).148, 149  
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Figure 13. (NCN) amine and imine pincer ligands. 

The first pincer bismuth complex of the dimethyl amine type, (NCN)BiCl2, was synthesized in 

1992 by ATWOOD et al., but was only characterized via mass spectrometry and NMR 

spectroscopy.150 The elucidation of the crystal structure by single X-ray diffraction and the 

analysis of the electronic structure using density functional theory (DFT) were contributed by 

SORAN et al. in 2007 (Figure 14).151 The complex displays uncommon structural and electronic 

properties compared to usual (Aryl)BiX2 complexes due to its two intramolecular N→Bi binding 

interactions.152  

 

Figure 14. Left: Crystal structure of the (SN1,SN2) isomer of (NCN)BiCl2. Right: Selected 

molecular orbitals of (NCN)BiCl2. Adapted with permission from Organometallics, 2007, 26, 

1196-1203. Copyright © 2007 American Chemical Society.151 

The coordination geometry around the Bi atom is best described as a distorted square pyramid, 

where the phenyl carbon atom C(1) resides in the apical position and the amine N and the Cl 

donors occupy mutual trans-positions in the pyramid base. Distortions arise from the 

stereochemically active lone-pair residing in the Bi 6s-orbital and the short methylene straps 

of the NCN pincer ligand, which pull the N-donors towards the apical site thereby constricting 

the N-Bi-N-angle to 144°. Due to the hypervalent five-coordinated Bi atom with its formal 12 

valence electrons (12−Bi−5), the Bi-N and Bi-Cl three-center four-electron (3c-4e) bonds are 

elongated when compared to those in electron-precise counterparts.151, 153-155 The two 

five-membered BiC3N rings are folded along the Bi(1)···Cmethylene axis with alternating positions 

of the atoms C(7) and C(10) above or below the N(1)-Bi-N(2) vector. This renders such 

complexes planar chiral. In the crystal structure of (NCN)BiCl2, a racemate of the (SN1,SN2) 

and (RN1,RN2) enantiomers is observed.151 

DFT calculations on the bonding situation of (NCN)BiCl2 indicate that there is no hybridization 

between the Bi 6s and 6p orbitals, which aligns with expectations for a sixth-row element. The 

filled 6s orbital remains non-bonding as described by the inert pair effect, whereas the three 
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6p orbitals are primarily responsible for the formation of the Bi ligand bonds. The Bi–Cl bonds 

arise from the in-phase interaction of the Bi px-orbital with the px-orbitals of both chlorine atoms. 

Likewise, bonding between Bi and the nitrogen atoms of the CH₂NMe₂ groups is mainly 

achieved through the Bi py-orbital interacting with the py-orbitals of the nitrogen atoms. For both 

types of interactions, the non-bonding combinations of the participating atomic orbitals are also 

occupied. The Bi–C bond formation is predominantly governed by the overlap between the Bi 

pz-orbital and the pz-orbital of the ipso carbon in the aromatic ring. The LUMO is characterized 

by the out-of-phase combination of the Bi py- and N py-orbitals, while the HOMO is largely 

composed of the lone pairs from chloride ligands, with some contributions from the Bi 6s- and 

6pz-orbitals. It is therefore adequately described as a non-bonding MO with respect to the 

Cl-Bi-Cl interactions.151 

As mentioned above, the (NCN) pincer bismuth complexes feature a versatile reactivity due to 

their unique electronic and structural properties. These range from anion exchange reactions 

and follow up [2+2] cycloaddition or ring opening reactions to substitution reactions with 

Grignard reagents. Reduction to Bi(I) and subsequent oxidative additions into 

diaryldichalcogenides or alkyhalides are also possible (Figure 15). 

 

Figure 15. Typical reactions of (NCN)BiCl2. Anion exchange is depicted in blue, substitution 

in petrol, cycloaddition in purple, reduction in red and oxidative addition in orange.  
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The halide exchange from Cl- to Br- or I- can be performed in a two-layer solvent system 

(H2O/EtOH/CH2Cl2) with an excess of the appropriate potassium halide.151 Additionally,  

exchange with other anions like CO3
2-, SO4

2-, and NO3
- is also possible by this approach.156 

Likewise, the formation of bis(arylthiolates) (NCN)Bi(SAr)2 and bis(aryloxides) (NCN)Bi(OAr)2 

is easily carried out by reaction of (NCN)BiCl2 with two equivalents of the respective potassium 

arylthiolate or aryloxide in THF at r.t.157, 158 For the reaction with 2,6-tBu-C6H3OK, surprisingly 

no Bi-O but a Bi-C linkage was observed. para C-H Bond activation prevails with concomitant 

formation of one equivalent of the alcohol. Structural, spectroscopic and DFT studies suggest 

the presence of an oxyaryl dianion in this complex.158 

Reaction with M2S (M = Li, Na) leads to the formation of a sulfur-bridged diorganobismuth 

compound {(NCN)BiS}2 in the solid state.159 For the reaction with lithium sulfide in CH2Cl2 at 

r.t., fragmentation of the dimer was observed via NMR-spectroscopy. The existence of the 

monomeric species could be confirmed by the formation of a trithiocarbonate ligand in the 

follow up [2+2] cycloaddition reaction with CS2.160 

The equivalent dimeric oxide {(NCN)BiO}2 can be synthesized via the addition of KOtBu to 

(NCN)BiCl2 at low temperature (-10 °C) and aqueous workup at 0 °C. The resulting oxide is 

the precursor for the synthesis of the diacetate or monohydroxide trifluoromethanesulfonate 

complexes. Reaction of {(NCN)BiO}2 with the respective acid yields (NCN)Bi(OAc)2 or 

(NCN)Bi(OH)(CF3SO3).161 {(NCN)BiO}2 is furthermore able to open cyclo-boroxines and 

cyclo-siloxanes under the formation of six-membered bismutaboroxines or 

bismutasiloxanes.162, 163 

 

Figure 16. Left: Molecular structure of (NCN)BiMeI present as an associated ion pair  

[(NCN)BiMe]+I-. Right: 1H-NMR spectrum (CDCl3, 200 MHz) of (NCN)BiMeI at different 

temperatures. Adapted with permission from Organometallics, 2007, 26, 1196-1203. Copyright 

© 2007 American Chemical Society.151 

Ligand substitution reactions of (NCN)BiCl2 can also be achieved with Grignard reagents. 

Depending on the number of equivalents of Grignard reagent, mono- or disubstitution is 
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possible as shown by the selective formation of (NCN)BiMeI and (NCN)BiBn2 (Bn = benzyl).151, 

164 Monosubstitution with MeMgI leads to a loss of the C2 symmetry of the complex, which then 

leads to a splitting of the proton signal (HA and HB) for the two diasterotopic CH2 protons in the 
1H-NMR spectrum. Only one broad singlet is observed for the NMe2 protons. This is ascribed 

to reversible dissociation and recoordination of the amine nitrogen atoms to the bismuth atom, 

with inversion at a three-coordinated nitrogen atom and rotation around the H2C-N bond on 

the time-scale of the NMR experiment at r.t. Cooling to -10 °C leads to a resolution of the 

signals of the N methyl protons into two multiplets (Figure 16). The preserved low-field shifts 

of the CH2 and NMe2 proton signals argue in favor of coordination of the pincer ligand.151  

Substitution with BnMgCl also disrupts the C2 symmetry, albeit for a different reason. The 

structure of (NCN)BiBn2 differs drastically from the square pyramidal structure of (NCN)BiCl2 

(Figure 17). The benzyl groups replace the amine donors and occupy cis positions, creating a 

new arrangement. Due to their stronger σ-donor capacity, each benzyl moiety favors the 

interaction with a single p-orbital of bismuth, causing all three C-Bi-C bonds to be close to 90°. 

Consequently, the 3c-4e bond between nitrogen and bismuth is relieved, and one arm of the 

pincer remains uncoordinated. The other pincer arm remains bound, but with a much weaker 

interaction compared to (NCN)BiCl2.164 In the 1H-NMR spectrum, decoordination is also 

observed by significant high-field shifts of the CH2 and NMe2 protons compared to parent 

(NCN)BiCl2. Just as in (NCN)BiMeI, the CH2 protons show an AB type splitting and the NMe2 

protons show a single resonance. However, between 70 °C and -35 °C no change of the NMe2 

signal is observed in the 1H-NMR spectra. This suggests that in solution on the NMR 

time-scale, both pincer arms are equivalent.151, 164 

 

Figure 17. Molecular structure of (NCN)BiBn2.
164 

As stated before, (NCN)BiCl2 can also be reduced to violet (NCN)Bi(I). However, this species 

is only stable at temperatures below -20 °C.165 The first stable monomeric low-valent Bi(I) 

complex of the type RBi, (NCN)ImineBi(I) (see Figure 18 and 19) was observed in 2010 by 

DOSTAL et al. after the reduction of the (NCN)ImineBiCl2 complex with K-Selectride. The rigid 

and sterically demanding NCN pincer ligand leads to a stabilization of the monomeric species 

by a combined thermodynamic and kinetic influence of the ligand (Figure 18). The complex 

exhibits a deep blue color and could be characterized via X-ray diffraction, 1H-NMR 

spectroscopy and DFT calculations.166 
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Figure 18. Left: Molecular structure of (NCN)ImineBi(I). Right: Selected molecular orbitals of 

(NCN)ImineBi(I). Adapted with permission from Angew. Chem. Int. Ed., 2010, 49, 5468–5471. 

Copyright © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, License Number: 5977601381986.166 

The bismuth atom retains two lone pairs: one in an s-type orbital (the inert pair), and the other 

one in a p-type orbital. The p-type lone pair is effectively shielded by the surrounding aryl rings 

and their ortho methyl groups, which provide kinetic stabilization. The vacant p orbital on the 

Bi atom resides in the plane of the central aryl ring and significantly overlaps with the lone pairs 

on the nitrogen atoms N1 and N2. This overlap leads to a thermodynamic stabilization of the 

Bi atom.166 In 2015 three other monomeric imine Bi(I) complexes of dark green color were 

reported (Figure 19).167  

 

Figure 19. Examples of monomeric imine NCN pincer Bi(I) complexes.166, 167 

Regardless of its instability at temperatures above -20 °C, in-situ prepared (NCN)Bi(I) can be 

trapped by follow up oxidative addition reactions.165, 168, 169 Two different types of oxidative 

additions are possible. In 2020 DOSTAL et al. could show that the addition of alkyl iodides or 

triflates leads to the formation of the corresponding trivalent bismuth compounds (NCN)BiRX. 

The product of the oxidative addition of MeI is identical to the product of the direct substitution 

of (NCN)BiCl2 with just one equivalent of the respective Grignard reagent MeMgI. Interestingly, 

for the triflate complexes, a coalescence of the NMe2 signals in the 1H-NMR spectrum is 

resolved, showing two separate resonances at r.t., whereas the iodide complexes display only 

a single, broadened resonance signal under these conditions (vide supra).165 

Seven years earlier, the DOSTAL group already showed that oxidative addition into 

diphenyldichalcogenides (PhEEPh, E = S, Se, Te) is possible. Especially the 

bis(phenylthiolate) and bis(phenylselenolate) complexes showed significant stability in 

solution, whereas decomposition over several days was observed for the tellurium-containing 

complex.168 In the same year a large series of other bis(arylthiolate) bismuth complexes was 

reported (Figure 20).169 
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Figure 20. Left: Reaction scheme of oxidative addition of (NCN)Bi(I) into different disulfides. 

Right: Molecular structure of the (RN1,RN2) isomer of (NCN)Bi(SPh)2.
169 

The oxidative addition is compatible with diorganodisulfides containing more elaborate organic 

substituents such as pyridines, thiazoles, thiophenes, imidazoles, and tetrazoles.169 The 

structure of (NCN)Bi(SPh)2 resembles that of (NCN)BiCl2 closely (Figure 20). It also forms a 

racemate in the crystal.151, 169 The sulfur atoms occupy the place of the chloride atoms. The 

Bi-S bond lengths of 2.7279 Å and 2.7909 Å indicate the presence of a 3c-4e bond because 

they are elongated in comparison with the sum of the covalent radii of 2.54 Å.169 

The versatile and well-known reactivity of (NCN)BiCl2, its stability towards water and air, as 

well as its electronic properties such as non-negligible metal contributions to the frontier 

orbitals, which is desirable for promoting ISC through a MLCT or LMCT character of the 

underlying excitations, provide an excellent starting point for the preparation of stable 

dye-modified bismuth complexes that hopefully exhibit phosphorescence emission (Figure 21). 

 

Figure 21. Schematic representation of MLCT (left) and LMCT (right) systems. The donor 

constituent is represented by blue and the acceptor by red coloration.  
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2. Objectives 

The aim of the first research project (see Figure 22) was to target the incorporation of the dyes 

pyrene and coumarin via the oxidative addition of corresponding disulfides in the manner of 

the protocol described by DOSTAL et al. for the preparation of pincer complexes 

(NCN)Bi(SR)2.168, 169 This was done in order to convert ligand-based fluorescence, via the HAE 

of the bismuth ion, into phosphorescence. Furthermore, the influence of LL´CT contributions 

on the emissive properties should be examined by comparison of the diarylamine 

backbone-modified (NCN) pincer bismuth complexes with the unmodified complexes. 

 

Figure 22. Target complexes of the first project with mercapto dyes introduced by oxidative 

addition into in-situ generated Bi(I) species. 

Research project 2 (see Figure 23) targeted the creation of MLCT systems. This was attempted 

by either direct attachment of electron-poor pyrenyl ligands to the bismuth ion or the integration 

of pyrene into the pincer backbone. It was hoped that additional MLCT character would 

promote ISC to observe phosphorescence in solution even at r.t. as it was shown by MAURER 

et al. Furthermore, the direct linkages of the pyrene chromophores to the Bi3+ ion via covalent 

Bi-C σ-bonds were thought to avoid the photoinduced reductive elimination of the anionic 

ligands from the coordination center, i.e. the reverse reaction of the oxidative addition.135 

 

Figure 23. Pyrenyl bismuth complexes of research project 2. 

Integration of electron-rich diarylamines into the pincer ligand backbone in research project 3 

(see Figure 24) was intended to generate LMCT systems. The reversible oxidation of 

triarylamine with its relative low oxidation potential should be exploited in order to also 
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investigate the derived radical cations for their emissive properties. Since triarylamines are 

emissive in the solid state, it was also hoped to observe solid state triplet emission. 

 

Figure 24. Target complexes of research project 3 with a diarylamine-modified NCN pincer 

backbone in order to create LMCT systems. 
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ABSTRACT: We report the synthesis, characterization, and
photophysical properties of four new dye-modified (NCN)Bi
pincer complexes with two mercaptocoumarin or mercaptopyrene
ligands. Their photophysical properties were probed by UV/vis
spectroscopy, photoluminescence (PL) studies, and time-
dependent density functional theory (TD-DFT) calculations.
Absorption spectra of the complexes are dominated by mixed
pyrene or coumarin π → π*/n(pS) → pyrene or coumarin π*
transitions. While unstable toward reductive elimination of the
corresponding disulfide under irradiation at room temperature, the
complexes provide stable emissions at 77 K. Under these
conditions, coumarin complexes 2 and 4 exhibit exclusively green
phosphorescence at 508 nm. In contrast, the emissive properties of
pyrene complexes 1 and 3 depend on the excitation wavelength and on sample concentration. Irradiation into the lowest-energy
absorption band exclusively triggers red phosphorescence from the pyrenyl residues at 640 nm. At concentrations c < 1 μM,
excitation into higher excited electronic states results in blue pyrene fluorescence. With increasing c (1−100 μM), the emission
profile changes to dual fluorescence and phosphorescence emission, with a steady increase of the phosphorescence intensity, until at
c ≥ 1 mM only red phosphorescence ensues. Progressive red-shifts and broadening of steady-state excitation spectra with increasing
sample concentration suggest the presence of static excimers, as we observe it for concentrated solutions of pyrene. Crystalline and
powdered samples of 1 indeed show intermolecular association through π-stacking. TD-DFT calculations on model dimers and a
tetramer of 1 support the idea of aggregation-induced intersystem crossing (AI-ISC) as the underlying reason for this behavior.

■ INTRODUCTION
Luminescent compounds, especially those showing phosphor-
escence, are of great interest due to their various applications
in organic light emitting diodes (OLEDs), photodynamic
therapy (PDT), bioimaging, and dye-sensitized solar cells
(DSSCs).1−16 Phosphorescence usually emanates from an
excited triplet state, which is populated through a quantum
mechanically forbidden spin flip known as intersystem crossing
(ISC). Possibilities to accelerate ISC are to capitalize on the
so-called heavy atom effect (HAE),17 or on electronic
transitions between different types of molecular orbitals, e.g.,
1ππ* → 3nπ* or 1nπ* → 3ππ* excitations, according to the
rule of El Sayed.18 Metal-to-ligand charge transfer (MLCT) or
ligand-to-metal charge transfer (LMCT) transitions, as well as
small energy differences between an excited singlet state Sn and
the corresponding triplet state Tn are also known to promote
ISC.18−20 Taking advantage of the HAE, myriads of transition
metal complexes with metal ions having large spin−orbit
coupling (SOC) constants like platinum, gold, iridium or
rhenium were prepared and studied for their emissive
properties.20−26 All of these noble metals however come with

the drawbacks of low natural abundance and high cost,
rendering these approaches poorly sustainable.
The element bismuth offers a viable alternative, as it

combines the advantages of good availability, affordability,
inherently low toxicity, as well as having the largest spin−orbit
coupling constant of all nonradioactive elements.27−32 Despite
several reports on luminescent bismuth complexes, the
majority only show ligand-based fluorescence with attenuated
intensity compared to the free ligands,33−44 whereas
others exhibit phosphorescence in the solid state,33,38,39,45−51

or in frozen solvent matrix at T = 77 K.33,39,43,52−55

Phosphorescence emission of bismuth complexes in solution
at room temperature is an even rarer phenomenon with only
few reports in the literature.46,51,56,57 The examples with
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highest relevance to the present study are compiled in Scheme
1. In 2010, Ohshita et al. reported on four dually emissive

dithienobismole complexes DTBi, which show blue fluores-
cence as well as red phosphorescence at room temperature in
CHCl3 solution, albeit with only poor quantum yields ϕph of
ca. 0.2%.46 More recently, Ma et al. have reported on
bismoviologenes (BiV2+), which phosphoresce in fluid
CH3CN solution with ϕph of up to 4.5% and in the solid
state.51 Almost coincidently, Maurer et al. presented the
bismuth benzo[h]quinoline complex Bi(bzq)3, which, in
degassed solution at room temperature, exhibits cyan
phosphorescence with a remarkable ϕph of 10%. The authors
have attributed efficient ISC to MLCT from the Bi 6s orbital to
π* orbitals of the benzo[h]quinoline ligands. Comparison with
nonphosphorescent [Bi(bzq)2]+ Br−, which lacks MLCT
transitions, indicates that the HAE of the bismuth ion alone
does not suffice to trigger efficient ISC in bzq complexes of
Bi3+. The small absorption coefficient for the underlying
HOMO−LUMO transition of only 100 M−1cm−1 as well as
rapid degradation of Bi(bzq)3 to [Bi(bzq)2]+ upon irradiation
however impose serious restrictions for its practical utility.56

In earlier work, Behm et al. reported on the tris(pyrenyl)
pnictogens Pn(py)3 of the elements Pn = P, As, Sb, and Bi.

40

All of these complexes display pyrene fluorescence at ca. 330
nm from individual molecules. A second, much broader
emission was observed at 400−600 nm, whose intensity
increases from P to Bi (ϕBi = 0.44%). Based on steady-state
excitation spectra, the authors assigned the latter emission to
static excited-state dimers or oligomers (excimers) that result
from association of individual molecules via their pyrenyl
residues.40

In our present work, we have investigated Bi complexes of
the 2,6-bis(dimethylaminomethyl)phenyl NCN pincer ligand
with and without attached dye ligands and studied their
photophysical properties. This we did with the hope that the
HAE of the Bi3+ cation, augmented with intraligand or NCN-
to-dye charge-transfer contributions to the relevant excitations,
might foster ISC and trigger dye-based phosphorescence
emission, as we have observed it for Pt complexes with σ-
bonded dye ligands.58−61 Complexes (NCN)BiX2 (X = Cl, Br,
I) are quite stable against air and water62 and are easily
reduced to Bi(I) complexes (NCN)Bi. The latter readily
undergo oxidative addition with disulfides to afford bis-

(thiolato) Bi(III) species (NCN)Bi(SR)2.
63,64 This provides

a straightforward access route to Bi complexes with dye
ligands, even ones with functionalities that preclude their
conversion into organyllithium or Grignard reagents and their
use as transmetalating agents toward (NCN)BiCl2.

65 We here
apply this strategy to introduce pyrene and coumarin dyes into
the coordination sphere of Bi3+.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. Complexes 1 and 2

were synthesized in 60% and 72% yield, respectively, by
oxidative addition of pyrene or coumarin disulfide (PyreneS2
or CoumarinS2) to (NCN)Bi, which was generated in situ by
reducing (NCN)BiCl2 with K-Selectride at −78 °C (Scheme
2).62 Complexes 3 and 4 were obtained in an identical manner

starting from the new complex (NCN)DAABiCl2 with a
diarylamine- (DAA)-appended pincer ligand. Problematic
purification resulted in considerably lower yields of 12% or
17% (Scheme 3). The new ligand NCHNDAA was devised with
the aim of endowing complexes 3 and 4 with additional DAA-
to-dye ligand-to-ligand′ charge-transfer (LL′CT) excitations
that are absent in 1 and 2. The DAA-appended ligand
precursor was assembled by Buchwald−Hartwig coupling

Scheme 1. Compilation of Luminescent Bismuth Complexes

Scheme 2. Synthesis of Complexes 1 and 2: (a) K-Selectride,
THF, 1 h, −78 °C; (b) PyreneS2, −78 °C to Room
Temperature, 2 h; (c) CoumarinS2, −78 °C to Room
Temperature, 2 h

Scheme 3. Synthesis of Complexes 3 and 4: (a) Di(p-
tolyl)amine, PtBu3, NaOtBu, [Pd2(dba)3], Toluene, 3 d,
Reflux; (b) (i) nBuLi, n-Hexane, 24 h, Reflux; (ii) BiCl3,
Et2O, 1 h, −78 °C, Then 24 h Room Temperature; (c) and
d) (i) K-Selectride, THF, 1 h, −78 °C; (ii) CoumarinS2 or
PyreneS2, −78 °C to Room Temperature, 2 h
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(90%) and then converted to (NCN)DAABiCl2 (83%, Scheme
3).
NMR spectra of (NCN)DAABiCl2 and of complexes 1−4 can

be found in the Supporting Information (Figures S7−S18).
The chemical shifts of the N-methyl and methylene protons in
the 1H NMR spectrum of (NCN)DAABiCl2 of 2.87 and 4.28
ppm fall close to those of 2.91 and 4.46 ppm in (NCN)BiCl2,

62

but are shifted to significantly lower field when compared to
the free ligand NCHNDAA, where they resonate at 2.20 and
3.31 ppm. The positions of all proton resonances, including
those at the p-tolyl substituents in complexes 3 and 4, are
nearly invariant toward exchange of the chlorido for the
mercapto ligands.
We were able to verify the structures of complexes

(NCN)DAABiCl2, 1 and 2 by single-crystal X-ray diffraction
analysis. Figure 1 provides ORTEPs along with the atom
numbering. Details to the diffraction experiments, crystal and
refinement data and listings of the bond lengths, interatomic
bond angles and torsion angles are provided in the Supporting
Information (Tables S1−S12). Single crystals of
(NCN)DAABiCl2 were obtained by slow diffusion of n-hexane
into a saturated solution of the complex in CH2Cl2. The
complex crystallized in the triclinic space group P 1 . Overall,
the structure and metrical parameters resemble those of
(NCN)BiCl2 closely.

62

In the crystal lattice, molecules of (NCN)DAABiCl2 pack in
rows of antiparallel aligned dimers that run along the a-axis of
the unit cell. The dimers are held together by five pairs of C−
H···π interactions of 2.622(9) Å to 2.863(9) Å. Adjacent
dimers associate by a pair of C−H···π interactions of 2.593(9)
to 2.861(8) Å as well as C−H···Cl interactions of 2.678(6) Å
to a chlorido ligand. Neighboring rows align along the b-axis of
the unit cell and form pairwise Bi···Cl contacts of 3.500(16) Å.
The molecular packing as well as relevant interatomic contacts
are displayed in Figures S26 and S27.
Single crystals of 2 were obtained by slow diffusion of n-

pentane into a saturated solution of the complex in benzene.
Complex 2 crystallized in the monoclinic space group P21 with
two pairs of crystallographically unique molecules per unit cell.
The structural features, including the coordination geometry
and the structural distortions arising from the stereochemically
active Bi lone pair and the small methylene straps, are very
similar to those in the chlorido precursor (NCN)BiCl2 and the
mercaptophenyl counterpart (NCN)Bi(SPh)2 (Table S13).

63

Conspicuous differences in the structures of complex 2 and
(NCN)Bi(SPh)2 are the orientation of the aryl substituents
and the folding of the five-membered BiC3N chelates. The
alternate positioning of atoms C(7) and C(10) above or below
the N(1)−Bi-N(2) vector and the rotation of the mercapto-
coumarin ligands render molecules 2 planar chiral. The
investigated crystal specimen consists exclusively of one
enantiomer, whereas (NCN)Bi(SPh)2, (NCN)BiCl2

62 and
(NCN)DAABiCl2 each crystallized as racemates. The molecules
shown in Figure 1 correspond to the SN1,SN2 enantiomer for 2
and the RN1,RN2 enantiomer for (NCN)DAABiCl2 and 1,
resepctively.
As is shown in Figure S28, the close to parallel alignment of

the mercaptocoumarin ligands leads to an intriguing packing
motif. In the crystal, molecules of complex 2 arrange in double
layers. Each double layer is formed by equally oriented
molecules, whereas they adopt an exactly opposite orientation
in the adjacent double layers. Within each double layer we
observe π-stacking interactions of 3.55(2) to 3.75(2) Å (d C···
C) between the lactonic parts of coumarin rings. π-Stacking is
complemented by a total of 14 different CH···O interactions
between the O atoms of the coumarin residues and N(CH3)
(range 2.594(15) to 2.774(12) Å) or CH protons (range
2.406(15) to 2.435(16) Å). Adjacent double layers have their
coumarin rings exactly parallel aligned and associate by C−H···
S interactions of 2.879(5) and 2.910(5) Å to N(CH3) protons
as well as by C−H···O contacts of 2.651(15) and 2.665(15) Å
between S(CH3) protons and keto O atom O(4). The network
of H-bonding interactions existing within the crystal lattice is
shown in Figures S29 and S30.
An extensive network of intermolecular interactions also

exists in crystalline 1. Complex 1 crystallized as a benzene
disolvate by slow diffusion of n-pentane into a saturated
solution of the complex in benzene, and as a racemate with
respect to the folding of the puckered five-membered chelate
ring. When viewed from the side, molecules of complex 1 have
the appearance of a skewed horseshoe, with the sides defined
by the cis-disposed pyrenyl substituents and with the pyrenyl
planes tilted at an angle of 17.30(19)°. The open side of the
horseshoe points away from the bismuth ion and interchelates
the cyclometalating phenyl ring of the next-neighbor molecule,
the latter being disposed at an angle of 9.09(19)° with respect
to the encasing pyrenyl rings. This particular arrangement
produces infinite chains of interlocking molecules that run

Figure 1. (a) Molecular structure of (NCN)DAABiCl2; (b) molecular structure of complex 2; (c) molecular structure of complex 1. Thermal
ellipsoids are drawn at the 50% probability level.
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along the b-axis of the unit cell (see Figures S31 and S32).
Individual chains are held together through π-stacking
interactions of 3.365(4) Å between carbon atoms of the
pyrenyl substituents and the cyclometalating phenyl ring as
well as short CH···S hydrogen bonds of 2.61(5) Å between
one C−H proton of each pyrenyl ring and the adjacent
mercapto donor atoms of the neighbor molecule. Individual
chains stack one atop the other along the a-axis of the unit cell
with alternant orientations of the open sides of the Bi(Spyr)2
entities. This particular packing orients the pyrenyl rings of
neighboring chains in parallel, thereby allowing for short
pairwise C···C contacts of 3.274(5) and 3.367(5) Å between
them. The cocrystallized benzene molecules interact with four
surrounding complex molecules 1. They act as hydrogen-bond
donors toward a mercapto S atom (d(CH···S) = 2.78(6) Å)
and the pyrenyl substituent (d(CH···π = 2.80(5) Å) of one
molecule or a pyrenyl substituent (d(CH···π = 2.48(5) Å) of a
second neighbor molecule, and as hydrogen-bond acceptors
toward a pyrenyl proton of a third molecule of 1 (d(CH···π) =
2.71(5) Å) or a proton of the cyclometalating phenyl ring of
yet another molecule of 1 (d(CH···π) = 2.63(7) Å). As shown
by NMR spectroscopy and combustion analysis, one benzene
solvate molecule per complex unit is retained even after drying
the residue for 1 day in vacuum. Moreover, the powder X-ray
diffraction pattern of this material matched with that calculated
based on the X-ray structure determination on a single crystal
(see Figure S33).
Electronic Absorption Spectra and TD-DFT Calcu-

lations. In order to obtain insight into the electronic
structures and the character of the electronic transitions of
complexes 1−4, TD-DFT calculations were carried out and
amalgamated with the experimental absorption spectra. The
results are shown in Figures 2 and 3 for complex 1, and in
Figures S34−S38 for complexes 2−4. All complexes absorb
strongly in the near UV (ε > 23,000 M−1 cm−1). A second, still
fairly intense band (ε > 8,000 M−1 cm−1) is located in the
visible, rendering their solutions orange (1, 3) or golden yellow
(2, 4) in color. Both principal bands are shifted to smaller
wavelengths (higher energies) in the coumarin complexes,
from ca. 450 and 385 nm in 1 and 3 to ca. 415 and 345 or 368

nm in 2 and 4. According to our quantum chemical
calculations, the band envelope of the prominent UV
absorption entails more than just one electronic transition
(vide inf ra). An even richer structuring is noted for complexes
3 and 4 with the DAA-appended NCNDAA ligand. Relevant
optical data are compiled in Table 1.
Our quantum chemical calculations considered two different

orientations of the mercpatopyrene ligands of complexes 1 and
3. For 1, the cisoid conformer is favored slightly over the
transoid one, whereas the opposite applies to complex 3. Small
computed energy differences between the two conformers of
1.55 and 3.85 kJ/mol suggest that both likely coexist in
solution at room temperature. The mutual orientation of the
pyrenyl residues does, however, not seem to have any practical
implications, as the computed molecular orbitals (MOs) and
electronic spectra as well as the individual excitations of the
two conformers show only minor differences.

Figure 2. TD-DFT-calculated transitions of 1 along with the mainly contributing molecular orbitals and the electron density difference maps
(EDDMs). Blue color indicates a loss and red color a gain of electron density during the corresponding excitation. LMCT/LL’CT transitions are
indicated by red, and nπ*/ππ* transitions by orange arrows.

Figure 3. Comparison of the experimental (black line) and the TD-
DFT-calculated absorption spectra of the cisoid conformer of complex
1 (blue line). Individual transitions are indicated by orange bars for
nπ*/ππ* and red bars for CT transitions. Their heights represent the
computed oscillator strengths.
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