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Phosphorescent bismuth complexes are a class of materials that unite the unique photophysical pro-
perties of heavy (metal) elements with the advantages of low toxicity and affordability. Recent efforts in
sustainable photochemistry, optoelectronics, and bioimaging have been focused on replacing the tra-
ditionally used rare and expensive platinum group elements with more sustainable alternatives such as
bismuth. This review aims to clarify the photophysical processes relevant to Bi-based phosphors and to
capture the recent progress in the development of luminescent molecular Bi complexes. We highlight
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Introduction

Excited triplet states are of pivotal importance in diverse fields
ranging from physics to medicine. They find application in the
transformation of visible light into chemical or electrical
energy in photocatalytic conversion schemes,™ in dye-sensi-
tized solar cells (DSSCs), in photovoltaics,®* and in the trans-
lation of electrical energy input into radiation output in
organic or organometallic light-emitting diodes (OLEDs).”” In
a biomedical context, triplet states underlie the generation of
oxidative stress due to singlet oxygen formation in photo-
dynamic therapy or advanced bioimaging techniques.®™*° All
these applications rely on the ability of a photoactive ingredi-
ent (a sensitizer) to access the excited triplet manifold from an
excited singlet state by efficient intersystem crossing (ISC) with
the benefits of greatly enhanced excited-state lifetimes or
being capable to sample all of the generated excitons, irrespec-
tive of their spin multiplicity.

Many of the above schemes utilize molecular metal com-
plexes as the active component, typically of the middle to late
4d- and 5d-elements Re, Ru, Os, Ir, Pt, or Au.>**™*® These
metal ions often provide the advantageous combinations of a
large spin-orbit coupling constant {soc, thereby boosting ISC
through the internal heavy atom effect, and endow the elec-
tronic excitations of their complexes with important charge-
transfer contributions of the MLCT or LMCT type (MLCT =
metal-to-ligand charge-transfer; LMCT = ligand-to-metal
charge-transfer). Hosts of complexes of these noble metals
with highly advantageous properties such as ISC with nearly
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general trends and provide insights into current challenges and Bi-specific issues.

unitarian quantum yields, long excited state lifetimes and suit-
ability for the above-mentioned applications were devised and
investigated.'” ' However, their low natural abundance and
unaffordable pricing present high obstacles as to their practi-
cal utilization in many of these schemes.

The surge of more viable alternatives has more recently
brought the element Bi into focus. Bi has the highest spin-
orbit coupling matrix element ({soc = 6381 cm™'; Table 1) of
all (practically) non-radioactive elements,**** which makes Bi
a candidate of choice for capitalizing on the internal heavy
atom effect. Furthermore, Bi is often considered as non-
toxic,”*?* and as having “an excellent biosafety track record”,*®
be it as the element or as its compounds. Several Bi com-
pounds are indeed successfully administered for medical
purposes,”?” and only occasional reports on irreversible
adverse effects due to overdosing have appeared.”®' The
problem of cytotoxicity is however aggravated in lipophilic

Table 1 List of elements with their atomic numbers and SOC
constants*

Element Atomic number Zsoc (em™)
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

Values were calculated for p, d electrons in an open shell of a neutral
atom in the electronic ground state.>?
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organobismuth compounds, as highlighted by studies on
methylbismuthanes.***? Bi has consequently made important
appearances as a substitute of toxic lead ions in perovskites
for solar cell applications,® > and there are also many
accounts on the use of Bi ions as dopants in solid-state emitter
materials, often in concert with lanthanide ions or other solid-
state emitter materials,”>*” for anticounterfeiting®®*° or in
glasses for NIR emission.*'™*?

Despite the excellent prerequisites that the element Bi has
for inducing ISC and the advances made in the fields of solid-
state emitters, room-temperature phosphorescence (RTP)
arising from molecular Bi complexes remains somewhat
elusive. This review discusses photophysical processes
observed for luminescent molecular Bi complexes in fluid
solution or in a glassy frozen state. Extended inorganic solids,
perovskite-type materials, and undefined nanoclusters are
outside the scope of this article. The majority of molecular Bi
emitters exhibit Bi in oxidation state +m and they therefore
dominate this review, but we will also briefly discuss those few
bismuth(1) and bismuth(v) emitters that have been reported in
the literature.

Fundamental principles
Basic photophysical principles

Before we advance to discuss the individual types of phosphor-
escent Bi complexes and specific examples, it may be useful
for some readers to pinpoint the processes by which excited
triplet states can be generated from initially formed excited
singlet states. Absorption of electromagnetic radiation in the
ultraviolet (UV) and the visible (vis) regime by a molecule
excites an electronic transition from the electronic singlet
ground state S, into an electronic excited singlet state S; or a
higher state S,. Depending on the Franck-Condon factor,
which is the extent by which nuclear coordinates of the
ground and the respective excited state differ, electronic exci-
tation also comes with the excitation of vibrational quanta on
the excited state hypersurfaces. This and the possible, sub-
sequent deactivation pathways of the excited electron are often
summarized in a Jablonski diagram (Fig. 1). After internal con-
version (IC), which is “an isoenergetic radiationless transition
between two electronic states of the same multiplicity”,** and
vibrational relaxation, which is “the loss of vibrational exci-
tation energy by a molecular entity through energy transfer to
the environment caused by collisions”,** into the vibrational
ground state of electronic state S;, fluorescence may occur
according to Kasha’s rule. Kasha’s rule states that “polyatomic
molecular entities luminesce with appreciable quantum yield
only from the lowest excited state of a given multiplicity”.**
Fluorescence always competes with non-radiative decay,
meaning “the disappearance of an excited species due to a
radiationless transition” into S,.** Another possible process
emanating from an excited singlet state S, is spin-forbidden
ISC, which is “an isoenergetic radiationless transition between
two electronic states having different multiplicities” to a triplet
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Fig. 1 Schematic representation of the photophysical processes of
most molecules, represented in a simplified Jablonski diagram. Non-
radiative processes are represented by wavy arrows while radiative pro-
cesses are represented by straight arrows.

state T,,.** According to Hund’s second rule, the excited state
with the higher spin multiplicity has the lower electronic
energy. ISC thus results in a vibrationally excited molecular
entity in state T,,, which is then again subject to internal con-
version of any triplet state higher than T, and vibrational relax-
ation, until it attains the vibrational ground state of state T;.
Emission from the latter state, which is phosphorescence,
requires another quantum mechanically forbidden spin flip.
This renders this process relatively slow and endows state T,
with a lifetime in the microsecond (ps) to second (s) range,
much longer than the typical nanosecond (ns) lifetime of fluo-
rescence. Of course, phosphorescence emission has to
compete with non-radiative decay pathways such as quenching
by other triplet molecules or internal conversion.*?

Spin-orbit coupling and intersystem crossing

ISC is essential for generating phosphorescence emission.
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), defined 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 corresponds to a spin-orbit coupling
enhancement produced by a heavy atom”.** As stated by this
definition, one has to differentiate between the external and
the internal HAE. The external HAE is based on the obser-
vation of enhanced singlet-triplet transitions even for mole-
cules that do not contain a heavy atom, such as parent polyar-
enes, when embedded in solutions or in matrices of alkyl or
aryl halides, with increasing efficiency in the order CI < Br <
L*> The internal HAE describes the increased occurrence of
ISC in a molecule to which a heavy atom is directly bonded by
strong spin-orbit coupling (SOC).*® Agren and colleagues
describe SOC as “the force which aims to “flip” the spin
angular momentum (S) of an electron”.”” Mathematically,

This journal is © the Partner Organisations 2026
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it can be described by the spin-orbit Hamiltonian Hgo
(eqn (1)),""**

Ze?

Hso=——L-8§
S0 2me2c?r3

(1)
where Z is the nuclear charge, L is the orbital angular momen-
tum, S is the spin angular momentum, r is the orbital radius, e
is the elementary charge of an electron, m. is the electron
mass and c is the speed of light under vacuum. Under the
assumption of an initial singlet state denoted with ¥s and a
final triplet state ¥z with fine structure levels a, the rate of
ISC, kisc, can be written as given in eqn (2) in the Franck-
Condon approach,

kisc :2—; Z ‘ < ¥re

where ‘I’Tg and ¥s_ are the total molecular wave functions of
the final triplet and initial singlet states, respectively, while 7
is the reduced Planck constant, {Qo} denotes the geometry of
the initial state at its energetic minimum, and FCWD refers to
the Franck-Condon weighted density of final states at the
energy of the initial state.*””**>° From the expressions in eqn
(1) and (2) it becomes apparent that the rate of ISC is highly
dependent on the nuclear charge Z. The dependence on Z at
least partially explains why so many metal complexes with
heavy atoms like Re, Au, Pt, Ir or Os show large ISC rates.>>>
The ability of a metal atom or ion to promote ISC is given by
its SOC constant {soc. Table 1 provides a list of selected
elements with their atomic numbers and SOC constants.

While the (soc values imply that a heavier element will
necessarily lead to larger spin-orbit interactions, Marian and
colleagues note that relying on Z as a “rule of thumb [...]
breaks down if the two states are close in energy”.*’

Under the assumption of small energy gaps between the
involved electronic states, and of small relative horizontal dis-
placements of the multidimensional potential energy surfaces
of the involved electronic states, as well as the application of a
harmonic oscillator as stated by Englman and Jortner,> the
Franck-Condon weighted density (FCWD) of final states can
be written as:>>

2
Hso|? >‘ FCWD 2
SO ‘ S. (00} ( )

FCWD = yAE) (3)

hCUM

1
V2nhoy AE xp (

in which 7 is the reduced Planck constant, w,, is the maximal
vibrational frequency with nonvanishing displacement, AE is
the adiabatic energy separation of the two involved potential
energy surfaces, and y is a structural parameter. With these
conditions, the FCWD increases exponentially with decreasing
AE, a condition commonly referred to as the ‘energy gap law’,
and minimizing the energy difference AE between involved
energetic states can thus lead to fast non-radiative rate con-
stants.”® The minimization of AE between a singlet and a
triplet state can be achieved in multiple ways such as the for-
mation of excimers, aggregates or polymers, or by spatial sep-
aration of the highest occupied molecular orbital (HOMO) and
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lowest unoccupied molecular orbital (LUMO) in donor-accep-
tor type species.>*” The latter design endows at least some of
the relevant electronic excitations with a charge-transfer char-
acter. These approaches have unearthed efficient phosphor-
escence emitters of p-block main group elements, including
Bi.’®*° Charge-transfer (CT) excitation in metal complexes is
usually classified according to the electron donor and the elec-
tron acceptor unit within the molecular entity. Four main
types can be distinguished: metal-to-ligand charge-transfer
(MLCT), ligand-to-metal charge-transfer (LMCT), intraligand
charge-transfer (ILCT), where electron density is shifted from
an electron-rich to an electron-poor segment of the same
ligand, and ligand-to-ligand’ charge-transfer (LL'CT), where
the metal ion serves to arrange an electron-rich ligand L and a
o- or m-acceptor ligand L' in a fixed spatial and geometric
arrangement. CT excitation is often accompanied by a more or
less pronounced change in dipole moment due to the reloca-
tion of electron density. The absorption and emission wave-
lengths resulting from CT transitions can therefore show large
dependencies on the polarity of the solvent.®>®*

Radiative vs. non-radiative decay pathways

Once populated, an excited triplet state T, can return to the
ground state S, not only by phosphorescence emission, but
also by non-radiative deactivation pathways. Even in the
absence of a direct crossing between different potential energy
hypersurfaces, non-radiative decay from excited state S; or T,
to ground state S, can occur through the overlap of wavefunc-
tions between the zeroth vibrational level of state S, or T; and
higher vibrational levels of the S, state of the same energy.
This is followed by a rapid vibrational relaxation to the zeroth
vibrational level of the S, state with the dissipation of thermal
energy into the environment.”®* Vibrational relaxation is
therefore accelerated when the energy gap between the
involved states is shifted to lower energies, i.e. to the deep red
or NIR regions, where fewer vibrational quanta of S, are
required to be on par with the vibrational ground state of elec-
tronic states S; or T,;. This is dubbed as the energy-gap
1aw.49‘53’63’64

A further, radiationless decay mechanism is observed for
compounds that emit in the NIR region of the spectrum,
known as the inductive-resonant mechanism (IRM).®® In the
case of small electronic energy gaps, only a few vibrational
overtones of solvent molecules may be of the same energetic
level as the relevant excited state. This similarity in energy may
then facilitate resonant coupling between the electronic tran-
sition of the compound and vibrational modes of nearby
solvent molecules, dissipating the energy in the form of
heat.®

Another pathway that may contribute to emission quench-
ing is aggregation-caused quenching (ACQ). Noncovalent inter-
molecular interactions such as n-stacking may reduce the gap
between the T; and S, states as well as enhance SOC, thereby
causing radiationless decay.®®®” On the other hand, aggrega-
tion may also boost the phosphorescence of aggregated forms
of molecules which, as individuals, emit only weakly or not at
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all. This is referred to as aggregation-induced emission (AIE)
and usually relies on the blocking of non-radiative decay chan-
nels such as molecular rotations or vibrations in higher aggre-
gates and the lowering of energetic differences between
states.”*°®

The influence of bismuth’s oxidation
state on the photophysical properties
General considerations for bismuth complexes

Bismuth complexes most commonly exhibit a Bi central ion in
the oxidation state +mi, but the oxidation states —ri, +1, +i, +v
and +v have been reported as well.®*7! To the best of our
knowledge, no complexes in which Bi is assigned a formal oxi-
dation state of —1, +11 or +iv have been reported to be emissive
so far and for this reason, they are excluded from this review.

The prevalence of the +ur oxidation state is attributed to Bi’s
inert pair effect resulting from lanthanide -contraction:
because of poor shielding of the nuclear charge by the 4f
atomic orbitals, the electrons residing in Bi’s 6s atomic orbital
are less shielded from the nucleus than the electrons within
the 6p orbitals. This leads to an energetic stabilization of the
6s orbital and a large energetic difference to the 6p AOs.”*”>
As a result, the formation of hybrid orbitals becomes unfavour-
able and the AOs have predominant s- and p-characters,
respectively.”® At the same time, the inherent weakness of Bi-
element bonds makes it difficult to compensate for the
additional ionization energies required to empty the 6s orbital.
The s-type lone pair is often referred to as being “stereochemi-
cally active”, because it influences the coordination geometry
and the bond angles between ligands that coordinate to
bismuth(m) ions (¢f. Fig. 2).”>7*77

Bi’s position in the 6™ period means that its atomic orbitals
(AOs) are diffuse, polarizable and large and thus generally less
capable of good overlap with those of other, lighter elements
to form Bi-E bonds, where E = C; N; O; etc.”* *® Consequently,
Bi complexes may be prone to homolytic bond cleavage or
dismutation.?””®> This may be alleviated by employing multi-
dentate ligands, which we explore briefly in the section Design
strategies for emissive bismuth complexes.

Bi' Bi" BiV
X
L Lo L @t
Y Bi|l L—BiZ Bi
Bill ~ L~
L L7 X L7 |
L L
(generally) most common X=Cl,Br|, ...
one s-type &
one p-type only one s-type no Bi-centred
lone pair lone pair lone pairs

Fig. 2 Schematic representation of the lone pairs at Bi in the oxidation
states +1, +m and +v. Note that for all compounds, other structures exist
as well, and these are merely some of the most relevant for this review.
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Thankfully, Bi compounds are easily capable of supporting
multidentate ligands, and high coordination numbers (CNs)
are rather common, even if the electron count at Bi then
exceeds the octet rule.”*°*®° In such instances, the com-
pounds are referred to as being “hypervalent”.'® According to
the octet rule, Bi** compounds are hypervalent whenever the
CN is larger than 0.5(X + 3), meaning that bismuth(i) com-
plexes with CN > 2, bismuth(ur) complexes with CN > 3 and
bismuth(v) complexes with CN > 4 are hypervalent. Often, Bi
accommodates the extra electrons through the formation of
3-centre-4-electron bonds which it achieves particularly with
halide, oxygen, sulphur or nitrogen ligands. A review by Hyvl
gives an excellent overview of the basics and applications of
hypervalent organobismuth complexes.®®

Monomeric bismuth(1) complexes

Monomeric bismuth(i) complexes with a formal electronic con-
figuration at Bi of [Xe]af'*5d'°6s*6p” are generally highly reac-
tive compounds with a singlet ground state, although excep-
tions with a triplet ground state have recently been reported in
the literature."”"'® Neutral, monomeric bismuth(i) com-
pounds were long elusive until Dostal and colleagues reported
a dimethindene stabilized by a tridentate ketimine-N,C,N-
pincer type ligand in 2010.'°* These are stabilized by both o-
donation of imine lone pairs into the empty p-type orbital at
bismuth(1), and steric protection of the bismuth(i) centre
through bulky residues.'®'°® Without these or other coordi-
nating ligands, bismuthinidene species tend to dimerize to
species exhibiting Bi-Bi bonds."%>%7

The energetically high-lying occupied Bi 6p orbital generally
constitutes the major component to these compounds’
HOMOs while the LUMO is often ligand-centred.'®%10108-110
Thus, monomeric bismuth(i) complexes generally exhibit:

1. MLCT-type transitions in the visible region as their
lowest-energy transition, with bismuth(i)’s occupied 6p-type
lone pair as the donor MO and a ligand-centred MO as the
acceptor orbital;

2. Metal-centred transitions between the occupied 6p or 6s
type lone pair and one of the remaining, unoccupied 6p-type
orbitals at Bi;

3. Intraligand or interligand transitions in which both the
donor and acceptor MOs are ligand centred and reside at
higher energies.

Bismuth(m) complexes

With a formal electron configuration of [Xe]4f'*5d'%6s
bismuth(ur) complexes on the other hand exhibit only one lone
pair of the s-type at Bi. Bismuth(u) complexes exhibit numbers
of coordinating ligands ranging anywhere from two (for cat-
ionic complexes)''' to nine.''>'** The large coordination
numbers and the hypervalency that bismuth(m) complexes
may achieve arise from bismuth(in)’s Lewis acidity, specifically
from its capability of forming 3-centre-4-electron bonds of o-
and n-type interactions with suitable donor ligands and its
empty p-type orbitals.’®*%1°%114 Comprehensive reviews of the
structures of Bi complexes with organic ligands were provided

This journal is © the Partner Organisations 2026
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by Silvestru or Sharutin and colleagues.”*'*> Overviews of the
structures of cationic bismuth(m) complexes and organobis-
muth compounds have been provided by Lichtenberg and
Gagnon and colleagues, respectively.”””” Due to the large
diversity in coordination numbers, coordination modes and
the variety of ligands that may bind to bismuth(m), all types of
electronic transitions may be found for bismuth(ur) complexes:

1. Metal-centred transitions, in which the s-type lone pair at
bismuth(m) acts as the donor orbital, while the acceptor
orbital consists of the empty p-type orbital at Bi, have been
reported in the literature. Due to the large energy differences
between the s-type lone pair and the p-type orbitals,”®”>*1¢
these transitions usually lie in the UV region.""”

2. MLCT transitions in which the s-type lone pair at Bi acts
as a donor orbital, while ligand-centred =* orbitals act as the
acceptor orbitals."®

3. Transitions in which metal-halide bonding MOs act as
the donor while other ligands are the acceptor units, some-
times referred to as MXLCT or XMLCT."**'*?

4. LMCT type transitions, in which molecular orbitals loca-
lized on electron-rich ligands act as the donor orbitals and
MOs consisting at least partially of empty p-type orbitals at
bismuth(u) are the acceptor orbitals.'>%!?*

5. LMXCT transitions, in which ligand MOs (usually high-
lying n-type MOs at the ligands) are the donor while Bi-X anti-
bonding interactions form the acceptor orbitals.'?*2?

6. LL'CT transitions, involving both donor and acceptor
MOs residing on different ligands, usually of the n - n* or =
— * type.'**2% If the donor ligand is a halide, these may be
referred to as XLCT transitions.

7. Transitions occurring within one ligand. For ligands with
extended n-systems, these transitions are generally of the n-n*
type, but n — =n* transitions are possible as well. These are
often found at similar energies to transitions of the unbound
ligands."?*'?”

With such a large diversity of observed types of electronic
transitions, a general statement on the nature of the lowest-
energy transition within bismuth (i) complexes is difficult, but
overarching trends may be found for the general classes,
which we will elucidate in the individual subsections in the
section Classes of molecular Bi emitters. For now, it is impor-
tant to remember that bismuth(m) complexes show a wide
structural diversity and a large variety in possible electronic
transition types.

Bismuth(v) complexes

In molecular complexes in which the central Bi ion exhibits
the formal oxidation state of +v, and an electron configuration
of [Xe]af'*5d"°, Bi no longer possesses lone pairs of the s- or
p-type. The lack of stereochemically active lone pairs means
that the structures of organometallic bismuth(v) compounds
may be predicted using the VSEPR model. In bismuthonium
compounds in which CN = 4, bismuth(v) compounds generally
exhibit a tetrahedral coordination environment, while trigonal
bipyramidal and octahedral coordination environments are
generally found for CN = 5 and CN = 6, respectively. As noted

This journal is © the Partner Organisations 2026
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by Gagnon and colleagues, as well as Silvestru et al,”>”* a
notable exception to this rule is presented by purple Bi(Ph);
which exhibits a square pyramidal coordination environment
around Bi.

Lacking metal-centred lone pairs, bismuth(v) complexes
generally do not exhibit electronic transitions in which the
donor MO is metal-based. Thus, the observed electronic tran-
sitions for this class of compounds generally consist of

1. Intraligand transitions or

2. Interligand transitions of the n-n* or n-n* type

3. In combination with halide ligands, transitions may be
observed in which ligand orbitals act the donor orbitals, while
the metal-halide antibonding interactions act as the acceptor
MOs, giving rise to LMXCT type transitions

Classes of molecular Bi emitters

In this section we will summarize the differing classes of mole-
cular Bi emitters that have been investigated for their emission
properties in solution or in glassy matrices at cryogenic temp-
eratures. We have subdivided this section into bismuth(m),
bismuth(i) and bismuth(v) compounds. The bismuth(i) emit-
ters section is further divided into subsections (i) Bismuth
halides, (ii) Triarylbismuthanes, (iii) Bismoles and bisimines,
(iv) Hypervalent organometallic bismuth(m) compounds, (v) Bi
complexes with Janus scorpionate and mercapto ligands, and
(vi) Bi complexes with nitrogen donor and halide ligands. For
solid-state and aggregation-induced emitters, we refer the
reader to authoritative reviews by Rivard and Huang and
colleagues.>®'?8

Bismuth(m) emitters

Bismuth halides. Bi halides are a naturally popular choice as
starting materials of Bi complexes, and as such, many emissive
Bi complexes contain halide ligands. This warrants a brief dis-
cussion of some of the simplest Bi halides. Solid-state emitters
containing Bi halide anions have received some attention, and
recent literature reviews on the luminescence properties of
zero-dimensional metal halides have included an overview of
the emissive properties of both fully inorganic and organic/in-
organic Bi halides."*>"*° Other recent reviews focused on
applications of Bi halide perovskites, including an overview of
those that were investigated as white light-emitting diodes,"*"
while the emissive properties of 0D-, 1D-, 2D- and 3D-based Bi
perovskites were recently discussed in another review
article.’®> A final review discussed the emissive properties of
some compounds containing Bi-ate(ur) anions or charged Bi,
clusters.™?

The simple halogenido complexes [BiCl,]” (1) and [BiClg]
(2) possess metal-centred transitions in addition to LMCT tran-
sitions, in which an electron is promoted from the Bi 6s
orbital to the empty 6p orbital. While the chloride compounds
are reported to exhibit phosphorescence emission in MeCN
solution at r.t., with values of A,nos = 720 nm and Aphes =
475 nm for 1 and 2 respectively,'"” their bromide analogues 3

3—
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and 4 do not emit under the same conditions (¢f Table 2) and
instead undergo photodecomposition leading to elemental Bi,
Br, and [Br;].”> Analogous observations of photoreactivity
were made for the iodide compounds. The assumed decompo-
sition pathway is attributed to the promotion of one electron
from occupied MOs with Bi-X bonding or non-bonding contri-
butions to unoccupied MOs consisting of antibonding inter-
actions.”® Studies on Bil; have revealed the underlying mecha-
nism upon irradiation with UV light to be the dissociation into
BiI;, and I' radicals, which recombine to give Bil; or Bi and
12-94’95

Moreover, Bi halides are often subject to distinct changes
in colour upon cooling (thermochromism) due to changing
Bi-X bond lengths.'*>"*%'35 Exemplarily, changes in the

Table 2 Summary of the emission properties of some of the simplest Bi
halides

Ref. Compound Solution, r.t.

117 [NEt,]'[BiCL,]™ (1) Aphos = 720 nm
Dphos = 1%

117 [NEt,]"3[BiCls]>~ (2) Aphos = 475 nm
Dphos = 0.4%

92 [NEt,]'[BiBr,]” (3) n.o.”

92 [NEt,]"5[BiBre]*~ (4) n.o.*

n.o. = not observed. “ Photodegradation.

Table 3 Summary of the emission properties of triarylbismuthanes

View Article Online

Inorganic Chemistry Frontiers

interatomic distances between Bi and iodide depending on the
temperature were shown in a crystallographic study on com-
pounds containing [BiyIo]*~ or [Bisl;;]>~ anions and on Bil."**

Triarylbismuthanes. Table 3 summarizes the photophysical
properties of representatives of this compound class. Perhaps
the simplest class of triarylbismuthanes is composed of com-
pounds with the general structure BiAr'Ar’Ar® in which three
aryl substituents are bound to Bi. The bond angles between
the aryl substituents generally assume values close to 90° (¢f.
top left of Fig. 3). This class of compounds generally displays
ligand-centred transitions of a n-n* or n-n* character as their
lowest-energy transitions. At r.t. in solution, most triarylbis-

l 6 7 8

Fig. 3 Molecular structures of some triarylbismuthanes.

Ref. Nr. Solution, r.t. Solid, r.t. Glassy matrix, 77 K Solid, 77 K
136 5 Al =371 nm Aphos = 472 nm Aphos = 478 nm Aphos = 494 nm
Tphos, = 0.368(9) ms Tphos,1 = 0.577(8) ms Tphos = 0.209(1) ms
Tphos,2 = 0.098(5) ms Tphos,2 = 0.093(8) ms
137 6 Ay = 375 nm — — —
Aphos & 400 nm”
138 7 Aflu = 366 nm Aflu = 366 nNm — —
Dgy = 1.53%
140 8 Aflu ® 380 nm — — —
Afu = 400-500 nm”
Dg, = 0.44%
141 9 Aflg = 395 nm — Aphos = 423 nm —
Tay = NLI. Tphos,1 = 495 ms (63%)
Tphos,2 = 2111 ms (37%)
126 10 Aflu = 467 nm Aflu = 499 nm Aphos = 628 nm —
Thu,1 = 59.0 ps (24%) Ty = N.A. Tphos = 1.11 ms
Thu,2 = 393 Ps (76%) Dy < 2%
Day = 12%
126 11 Aflu = 379 nm Aflu = 406 nm Aphos = 497 nm —
Tu,1 = 103 ps (83%) Ty = N.A. Tphos = 724 [IS
Thu,2 = 597 Ps (17%) Aphos = 487 nm
Aphos = 505 nm Tphos = N.a. (S)
Tphos = 61.5 ns (pﬂuﬂ)h()s <2%
qzsflu+phos <2%
126 12 Aflu = 391 nm Afiu = 408 nm Aphos = 633 nm —
Ty, = 54.3 ps (94%) Ty = DAL Tphos = 399 HS

n.o. = not observed. “ Shoulder speculated at a phosphorescence but not further confirmed. ® Assigned as fluorescence by us.
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Tfu,2 = 1.39 ns (6%)
Aphos = 633 nm
Tphos = 8.43 s
¢ﬂu+phos <2%

Aphos = 628 NM

Tphos = N.A. (HS)
Qﬂu-#phos <2%
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muthanes are fluorescent with emission stemming from
excited states localized on the aryl moieties."**™**! The pres-
ence of Bi within these systems nevertheless leads to greatly
reduced fluorescence quantum yields compared to the parent
arenes, and from those few studies in which the authors also
conducted measurements within the solid state or in frozen
solutions, it becomes evident that the HAE of the Bi ion
induces ISC and leads to the population of triplet states. The
latter are generally ligand-centred and possess long lifetimes
in the range of ms to seconds."**'*" Exceptions to this were
reported by Ohshita and colleagues (vide infra)."*® It should be
noted that some of these compounds are reported to possess
biexponential emission decay traces (¢f Table 3), which is
usually an indication of aggregation or the presence of two
emissive species.

An initial study reported on the emissive properties of p-(N-
7-azaindolyl)phenyl compound 5 alongside its antimony and
phosphorus homologs. 5 was shown to phosphoresce in frozen
solutions of CH,Cl, at 77 K in the blue/green region with Appos
= 478 nm. Lifetimes for this emission lie in the millisecond
regime with 7,051 = 0.577(8) ms and 7ppes2 = 0.093(8) ms,
which is indicative of an aryl-centred triplet state. 5 is reported
to be weakly fluorescent with an emission maximum at Ag, =
371 nm at r.t. in CH,Cl, solution.'®*® TD-DFT calculations show
that the underlying electronic transitions arise from (7-azain-
dolyl)phenyl-centred n-n* transitions with slight lone pair con-
tributions from the respective pnictogen atom for the phos-
phorus and antimony compounds. While the authors state
that TD-DFT calculations on 5 were inconclusive, it appears
that the electronic transitions parallel those of the lighter
congeners."?°

Similar trends arise when a Bi compound 6 bearing three
(E)-4-(4-t-butylstyryl)phenyl substituents (Fig. 3) is compared to
its phosphorus, arsenic and antimony congeners. All pnicto-
gen representatives were shown to be emissive in the violet
region in degassed solutions of CHCI; at r.t. with g, = 375 nm
and a shoulder emission at Aphos = 400 nm, which the authors
attribute to phosphorescence, although no emission decay
traces were reported. Their attribution is based instead on the
finding that the shoulder increases in relative intensity in the
order P < As < Sb < Bi in qualitative agreement with the HAE
along this series.’®” Ligand-centred violet emission from n-n*
states at An, = 366 nm is also observed for 7 bearing phenan-
thryl ligands.'*® The blue-shifted UV-vis spectra of 7 compared
to those of its P to Sb analogues indicates a decrease in the
contribution of the pnictogen atom. In addition, a decrease in
the quantum yield of 7 is reported to occur with &g, = 2.52%
for Pn = P, ®q, = 3.6% for Pn = Sb, and @g, = 1.53% for 7.'%8

The tris(pyrenyl)-substituted compound 8 was reported to
fluoresce at Ap, =~ 380 nm in CH,Cl, at r.t. Additionally, a
second red-shifted emission at ca. 4 = 400-500 nm is observed
for 8 and its lighter congeners which the authors attribute to
the presence of static excimers, or ground state aggregates, as
the ratio between the two emission features changes with the
irradiation wavelength. This suggests that the emission stems
from two different species.*® In lieu of emission lifetimes, it

This journal is © the Partner Organisations 2026
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remains unclear if the low-energy emission stems from an
excited triplet state or whether this is a fluorescence emission,
as was reported for related, pyrene-modified compounds
reported in 2024 (vide infra).*>'** The similarity in the emis-
sion wavelength and the wavelengths of the fluorescence emis-
sions of aggregates of the compounds reported by Winter and
colleagues at Ag, = 432 nm and g, = 500 nm'** speaks for
fluorescence.

Two studies focused on the combination of Bi with triaryl-
boron structural motifs. The first study, stemming from 2019,
reports on the emission of 9 (¢f Fig. 4), which is fluorescent at
Age = 395 nm at r.t., and phosphorescent at 77 K at Aphos =
423 nm. The exceptionally long lifetimes of 7,p0s1 = 495 ms
(63%) and 7phes, = 2111 ms (37%) are indicative of triplet states
localized on the organic residues, as stated by the authors.'**

Exceptions to the general observation of exclusively fluo-
rescence emission at r.t. in solution were provided by Ohshita
and colleagues in 2024.'*° Here, the emissive behaviour of
several Bi thiophenyl compounds 10-12, with or without an
attached boron acceptor, is reported. At r.t. in CH,Cl, solution,
11 and 12 are dually emissive with A,,0s = 633 nm for 12 and
Aphos = 505 nm for 11 and lifetimes of 7,05 = 8.43 ps and
Tphos = 61.5 ns, respectively. For 10, the authors observed pure
fluorescence emission at r.t. and phosphorescence only at cryo-
genic temperatures in 2-MeTHF. The long lifetime of 7pp0s =
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(SolHso |4 =65.96 cm™

Fig. 4 Molecular structures of compounds 9-12 and simplified
Jablonski diagrams including calculated spin—orbit coupling constants
(SOCCs) for two compounds displaying dually emissive behaviour at r.t.
in solution.
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1.11 ms and the absence of phosphorescence at r.t. indicate an
organic moiety-centred emission and considerable quenching
effects at r.t. In solutions cooled to 77 K, 11 and 12 are also
phosphorescent with somewhat shorter lifetimes of 7,h0s =
724 ps and 7ph0s = 399 ps, respectively. Interestingly, the corres-
ponding organic moiety present in complex 11 is also phos-
phorescent at 77 K with nearly identical, albeit more finely
resolved emission and with a considerably longer phosphor-
escence lifetime of 7,4, = 280 ms. This supports ligand-
centred emission with Bi providing an external HAE, thereby
accelerating radiative decay by increasing kpnos. The lower life-
times of 11 and 12 are attributed to larger SOC between the T,
and S, states, which is reflected by the calculated spin-orbit
coupling constants (SOCCs) of 185.49 cm™' for 11 and
65.96 cm™" for 12 compared to 30.82 cm™" for 10. The authors
also suggest that ISC occurs between states S; and energetically
higher states T, based on their calculations of energy levels
and SOCCs between Sy-S, and T;-Ts. These circumstances are
shown schematically at the bottom of Fig. 4 for 11 and 12.
Bismoles and bisimines. Another class of triarylbis-
muthanes that has been under focus for use as emissive
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materials is that containing bismole units or fused Bi-contain-
ing heterocycles.”®'?3127:1437148 gome of these compounds
have been featured previously in review articles by Ito and col-
leagues,"*® and by Rivard and colleagues.”>® The electronic
transitions within these systems usually consist of n—n* tran-
sitions within the aromatic backbone or interligand charge-
transfer transitions.’*® As for the triarylbismuthanes in the
previous section, most of these are fluorescent or non-emissive
at r.t. in solution, and the contribution of the Bi ion is most
apparent in their low fluorescence quantum yields (cf.
Table 4).'27:143:1467148 [nyestigations of these compounds’
emissive behaviour at 77 K or within the solid state often show
phosphorescence emission, indicating Bi-mediated ISC and
the population of triplet states that deactivate non-radiatively
at r.t. in solution. In the solid state, several other bismole com-
pounds or polymers were reported to be phosphorescent due
to aggregation-induced emission.>®***

The Bi congener of 9-phenylcarbazole, 13, which is perhaps
the simplest of the bismoles reported within this section, was
investigated alongside its N, P, As and Sb analogues by Inaba
et al. in 2017. It should be noted that the heavier congeners of

Table 4 Summary of the emission properties of triarylbismuthanes with bismole or bisimine units

Ref. Nr. Solution, r.t. Solid, r.t. Glassy matrix, 77 K
143 13 e & 330 nm® — Aphos = 489 nm
Tflu,1 = 21.4 ns Tphos = 1.2 ms
Tflu,2 = 3.2 ns
148 14 A = 310-330 nm — Aphos = 454 nm
Tphos = 0.26 ms
125 15 Aphos = 550 nm (Air)/545 nm (Ar) Aphos = 618 M —
Tphos = 0.12 ps (Air)/0.13 ps (Ar) Tphos = 61.06 ps
Dphos = 2-45% Dppos = 0.22%
125 16 Aphos = 575 nm (Air)/550 nm (Ar) Aphos = 647 nm —
Tphos = 0.12 us (Air)/4.60 ps (Ar) Tphos = 32.43 IS
Dphos = 4.50% Dphos = 0.20%
125 17 Aphos = 580 nm (Air)/574 nm (Ar) Aphos = 673 nm —
Tphos = 0.16 WS (Air)/2.50 ps (Ar) Tphos = 15.93 s
Dphos = 2.27% Dphos < 0.10%
125 18 Aphos = 590 nm (Air)/587 nm (Ar) Aphos = 674 Nm —
Tphos = 0.27 ps (Air)/1.02 us (Ar) Tphos = 4.80 s
D phos = 2.06% Dphos < 0.10%
127 19 Afia & 400 nm Afia & 400 nm —
Aphos = 622 Nm
Tphos = n.d.
djphos =0.2%
127 20 Afia & 400 nm Aphos = 620 M —
Aphos = 625 nm
Tphos = 5.2 US
djphos =0.2%
127 21 Afia & 400 nm Aphos = 617 M —
Aphos = 635 Nm
Tphos = 6.3 IS
djphos =0.2%
127 22 Afia & 400 nm Afia & 400 nm —
Aphos = 601 nm
Tphos = 2.1 YIS
djphos =0.2%
146 23 A = 658 nm — —
Dy = 3.9%
147 24 A = 634 nm — —
Dy =3.3%

n.d. = not determined. ¢ Value estimated from graphs, as not provided by authors.
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N-arylcarbazoles were much earlier reported by Davydov and
Godik et al. These authors have reported that on descending
the group from P to As, Sb and Bi, the phosphorescence
quantum yield increased at the expense of fluorescence, paral-
leled by a decrease in phosphorescence lifetime, but no
further details from these studies are, unfortunately, available
to us.'*>*>* The later Inaba study indicated that all representa-
tives of this group are fluorescent in 2-MeTHF solution at r.t.
with A, ~ 330 nm. TD-DFT calculations show that the respect-
ive pnictogen atom has little contribution to the HOMO. A
slight heteroatom contribution to the LUMO is observed for
the heavier elements P, As, Sb and Bi, and accordingly, phos-
phorescence is observed for solutions in 2-MeTHF at 77 K for
all compounds with the exception of the phosphorus
analogue.'*?

Similar results were found for the dipyridinobismole com-
pound 14 with r.t. fluorescence and phosphorescence exclu-
sively in the glassy matrix at 77 K.'*® TD-DFT calculations
show that for 14, the HOMO and LUMO are both localized on
the bipyridyl unit so that the majority of the energetically low-
lying electronic excitations are n-n* transitions.'*> Despite the
large similarity of the molecular structures of 14 and com-
pounds 15-18, the latter compounds were reported to be phos-
phorescent at r.t. in MeCN solution. The emission maxima of
the bismoviologens 15-18 in Fig. 5 range from Apos = 550 nm
to Aphos = 590 nm, depending on the substituents (refer to
Table 4), with quantum yields ranging from @ppo = 2.06% for
18 t0 Pppos = 4.50% for 16."*> TD-DFT calculations show that
for these compounds, the HOMO resides on the phenyl substi-

o O

: > .9 15 R=Me
Bi gi_ 2 OTf 16 R=Bn

-0 L pE

18 R = 2-thienyl

X
19R'=H,R2=R3=
oo

20 R'=CH;, R2=R%=H
21 R'=R2=H, R® = SiMe,
22 R'=H, R2=CHj,,

R® = SiMe;

O

Bi R g R?
— — R3 s s R3
14

23 R5=R% = Me, R” =R8 = Me

24 R5=H,R®=R7 =OMe, R®=H

25R%=H, R® =R’ = OMe, R® = Ac
26 R%=H, R®=R” = OMe, R® = Glu

Fig. 5 Molecular structures of triarylbismuthanes featuring bismole
units which were investigated for their luminescence properties in solu-
tion or glassy matrices.
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tuent while the LUMO is localized on the viologen unit, thus
rendering the HOMO-LUMO transition of a LL'CT character.
Despite the lack of direct bismuth(m) involvement in the elec-
tronic transition with the lowest energy, the proximal HAE of
the Bi ion is sufficient to accelerate ISC and induce the popu-
lation of a ligand-centred excited triplet state.'®> For other
systems, it has been observed that such segregation of the
HOMO and LUMO leads to the enhancement of ISC, a feature
often explored in the design of organic TADF emitters.'>>*”
Unsurprisingly, the emission of 15-18 is solvent dependent,
with more polar solvents leading to red-shifted emission.'?*

Further examples of RTP in solution, accompanied by weak
fluorescence, were reported by Ohshita and colleagues in 2010
for dithienobismoles 19-22 as shown in Fig. 5. These were
reported to be dually emissive in CHCI; solution at r.t. with
Aphos = 601-635 nm and quantum yields of @, = 0.2%.
Lifetimes range from 705 = 2.1 ps to 6.3 ps, depending on the
substituents, and are compiled in Table 4. TD-DFT calcu-
lations show a very slight Bi participation to the LUMO, which
may facilitate the population of excited triplet states. 21 and
22, bearing trimethylsilyl groups at the R® position, addition-
ally exhibit solid-state phosphorescence while the other two
representatives of this class are only fluorescent under the
same conditions. This difference was attributed to the preven-
tion of quenching effects through n-stacking in the solid state
through the bulky -SiMe; groups. Dilute solutions of these
compounds were unfortunately proven to be unstable.'*’

Incorporation of a Bi ion into the scaffold of the common
dye rhodamine leads to a compound 23 (Fig. 5) that is emissive
in the red region with 1p, = 658 nm and possesses a quantum
yield of &g, = 3.9% in 2-[4-(2-hydroxyethyl)piperazin-1-ylJetha-
nesulfonic acid (HEPES) buffer solutions with dimethyl sulfox-
ide as a cosolvent. Despite the lack of phosphorescence, 23
possesses a non-emissive triplet state, as evidenced by the
generation of '0,. Irradiating cancer cells that were previously
treated with 23 hence led to a significant increase in cell
death.'*® Degradation studies show that 23 is susceptible to
decomposition upon irradiation at 625 nm. A second study
reported on two further asymmetrically substituted Bi rhoda-
mine derivatives 24 and 25. They possess similar photo-
physical properties to 23 (¢f Table 4), although 25 does not
show the 'O, generation. Adding the y-glutamyl (Glu) group to
the established scaffold yielded a non-emissive complex 26
that could be used to generate the emissive and 0, producing
species 24 through the enzymatic activity of y-glutamyl trans-
peptidase (GGT). The phototoxicity of the 24 species generated
from 26 in GGT-active cell lines was confirmed in cell
experiments.'*”

Hypervalent, organometallic bismuth(m1) compounds.
Organometallic Bi complexes with additional, coordinating
heteroatoms such as N or O incorporated in anionic tridentate
N,C,N and O,N,O pincer or bidentate N,C and N,O ligands,
often in combination with halide ligands X~ have been
another recent focus of study. In these hypervalent species,
coordination of neutral donors or bonding to halides gives rise
to 4-electron-3-centre bonds which provide the basis for tran-
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sition types with metal contributions (MLCT, LMCT, XMLCT,
and MLXCT) or the involvement of differing ligands (LL'CT).
These compounds, summarized in Fig. 6 and 7, are united by
reasonable stability towards moisture, though not always
towards light. A large number of these compounds are fluo-
rescent at r.t. and dually emissive or phosphorescent at 77 K,
although RTP arising from ligand-centred triplet states has
been reported for some representatives of this group as well.
With the presence of heteroatoms, some of these compounds
are prone to aggregation and therefore to aggregation-induced
emission (AIE). Multiexponential decay traces dominate in this
class of compounds (refer to Table 5), indicating the presence
of several (different) species or aggregation numbers. Despite
the similarity of, in particular, the N,C,N pincer complexes, the
overall emissive behaviour of this class of compounds is rather
diverse.

The first reports of the emissive behaviour of bismuth com-
plexes with N,C,N-ligands stems from a 2024 study.
7-Coumarinyl N,C,N pincer complexes such as 28 and 30 are
non-emissive at r.t. but show green phosphorescence in
2-MeTHF at 77 K.*° Bi N,C,N complexes bearing 1-pyrenylthio-
late ligands such as 27 and 29 are dually emissive under the
same conditions, with phosphorescence emission stemming
from aggregates of the pyrenyl moieties. All four compounds

27 R" = 2-pyrenyl
28 R' = coumarinyl

R1S/"~B- X
|
N \s?N< 31X=Cl,R?=Me
32X=1,R2=Me
33 X =Cl, RZ=0OMe
34 X =1, R = OMe

35 X = Cl, R = NMe,

/©/N\©\ 36 X =1, R? = NMe,
R? R?

29 R' = 2-pyreny!
30 R! = Me-coumarinyl

-t ()

N TN
/N N

7

%\ Br, Q
_Bi_
»

e
~ | Br|

37 38 39

Fig. 6 Molecular structures of pentacoordinate
bismuth complexes with tridentate N,C,N pincer ligands.

organometallic
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40R'=R2=R%=H,R*=CH,
41R'=R?2=R®=R,=H
42R'=CH3 R?=R3=R*=H
43R'=CH(COEt),, R?=R*=R*=H
44R'"=R2=R*=H, R®=Br
45R'=R*=H,R?=R%=Cl
46R'=R*=H,R?=R%=|
47R'=R*=H R?=CI,R3=|
48R'=R*=H,R?=SOzH,R3=|
49R'=R3=R*=H,R2=Cl
50 R'=R%=R*=NO,

Br

52

Fig. 7 Molecular structures of hypervalent Bi complexes with anionic
chelating ligands featuring neutral imine donors.

are unfortunately light-sensitive and decompose under
irradiation at r.t. in solution under release of the corres-
ponding disulfide.’® The tendency towards aggregation-
induced emission from pyrenyl-substituted Bi compounds
matches well with a previous literature report.™*°

When the thiolate ligands are exchanged for halides to give
compounds 31-36 these compounds are fluorescent at r.t. in
solution with triarylamine centred emission, and those com-
pounds bearing methyl groups at the triarylamine additionally
display aggregation-induced fluorescence.'** At 77 K, those
complexes with R* = -Me or -OMe display phosphorescence in
addition to the fluorescence emission (Table 5). Interestingly,
the fluorescence to phosphorescence ratio of compounds
31-34 is solvent-dependent with increased phosphorescence in
less polar solvents. Changes of the excitation spectra for the
two emissions indicate that aggregation increases the intensity
of the phosphorescence emission at the expense of fluo-
rescence. Accordingly, solid-state samples of the p-tolyl (R* =
-Me) and p-anisyl (R*> = -OMe) complexes 31-34 are phosphor-
escent in the orange to red region at r.t. while 35 and 36 with
-NMe, substituents remain non-emissive. The fluorescence
and phosphorescence quantum yields decrease in each
instance with @y}, (X = Cl) > @ppos (X = I) (compare the values
for pairs 31 & 32, 33 & 34 and 35 & 36 in Table 5)."** This
observation agrees with literature reports on Bi halide emitters
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Table 5 Summary of the emission properties of hypervalent bismuth emitters with multidentate ligands and neutral N-donors
Ref. Nr. Solution, r.t. Solid, r.t. Glassy matrix, 77 K Solid
89 27 — — Afla = 387 nm —
Aphos = 640 (aggr.)
Tfu,1 = 26 ns (26%)
Tfu,2 = 5.3 NS (66%)
Tfu,3 = 16 ns (8%)
Tphos,1 = 276 s (30%) (aggr.)
Tphos,2 = 453 Hs (70(%') (aggr)
89 28 — — Aphos = 504 —
Tphosy = 18 s (21%)
Tphos,2 = 51 S (66%)
Tphos,3 = 141 ps (13%)
89 29 — — Ay = 387 nm —
Aphos =641 (aggr)
Ty, = 2.4 NS (49%)
Tfu,2 = 10 ns (44%)
Tau,3 = 37 1S (7%)
Tphos,1 = 152 Hs (27%) (aggr)
Tphos,2 = 485 s (73%) (aggr.)
89 30 — — Aphos = 509 —
Tphos,1 = 33 1S (43%)
Tphos,2 = 79 1S (52%)
Tphos,s = 224 s (5%)
124 31 Aflu = 379 nm Aphos = 634 nm Aflg = 445 nm —
Apu = 506 nm (aggr.) Tphos,1 = 0.14 s (59%) Aphos = 585 nm
w1 = 1.9 ns (47%) Tphos,2 = 0.96 s (41%) w1 = 2.3 1S (81%)
Tfu,2 = 6.6 NS (53%) Dphos = 1.3% Thu, = 9.7 NS (19%)
Tfu, = 2.4 1s (62%) (aggr.) Tphos,1 = 5.6 1S (58%)
Thu,2 = 8.7 1S (38%) (aggr.) Tphos,2 = 20 Hs (42%)
Dpy < 0.1% Dy, = 28%
(pphos =47%
124 32 Afw = 381 nm Aphos = 653 nm Aflg = 446 nm —
Apw = 505 nm (aggr.) Tphos,1 = 61 ps (72%) Aphos = 612 nm
w1 = 2.2 18 (28%) Tphos,2 = 2.0 s (28%) w1 = 2.4 1S (80%)
Tfu,2 = 6.5 1S (72%) Dphos < 0.1% Tfu,2 = 9.6 NS (20%)
T, = 2.8 1S (45%) (aggr.) Tphos,1 = 12 s (36%)
Thu,2 = 9.9 ns (55%) (aggr.) Tphos,2 = 21 ps (64%)
Dy < 0.1% Dy = 2%
(pphos =29%
124 33 Aflu = 389 nm Aphos = 612 nm Afla = 447 nm, —
Tflu,1 = 0.55 ns (6%) Tphos,1 = 0.29 ps (44%) Aphos = 611 nm,
Tiiu s = 4.9 NS (94%) Tphos,2 = 1.0 s (56%) w1 = 3.1 08 (67%)
@, < 0.1% Dphos = 0.9% Thu,2 = 9.6 118 (33%)
Tphosy = 12 s (87%)
Tphos,2 = 31 ps (13%)
¢ﬂu =3%
(pphos =47%
124 34 Afle = 393 nm Aphos = 710 nm Aflg = 450 nm —
Tfu,1 = 0.85 ns (5%) Tphos,1 = 0.59 s (70%) Aphos = 655 nm
Tiiu = 4.9 18 (95%) Tphos,2 = 1.8 s (30%) w1 = 1.9 ns (39%)
@, < 0.1% Dphos = 0.2% Th, = 4.4 118 (61%)
Tphos,1 = 6.4 1S (42%)
Tphos,2 = 15 ps (58%)
Dy = 0.3%
(pphos =14%
124 35 Afle = 429 nm n.o Aflg = 466 nm —
Tau = 2.2 1S (82%) Aphos = 700 nm*
Tfu,2 = 9.0 ns (18%) Tu, = 2.5 1S (57%)
@, < 0.1% T, = 9.2 1S (43%)
Dpy = 1.3%
124 36 Afiu = 431 nm n.o Aflu = 477 nm —
T, = 2.3 ns (53%) Aphos = 670 nm*
Tfu,z = 9.0 NS (47%) Ty, = 2.2 NS (60%)
Dy < 0.1% Tflu2 = 7.7 NS (400/0)
(Pﬂu =0.3%
142 37 Afly = 405 nm — Afla =379 nm —

Ay = 500 nm (aggr.)
Tfu, = 17 ns (15%)
Thu,2 = 59 NS (85%)
(pﬂu =2.4%

This journal is © the Partner Organisations 2026

Ay = 485 nm (aggr.)
Aphos = 610 nm

Tfu,1 = 20 ns (40%)
Tfu,2 = 59 ns (60%)
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Ref. Nr. Solution, r.t.

Solid, r.t.

Glassy matrix, 77 K Solid

142 38 Aftu = 393 nm —
A = 432 nm (aggr.)

Aphos = 610 nm (aggr.)

Tfu,1 = 2.5 Ns (84%)

Tau,2 = 20 ns (13%)

Taus = 132 s (3%)

Ty = 2.5 NS (aggr.)

Tphos,1 = 0.10 ms (58%) (aggr.)

Tphos,2 = 0.21 ms (42%) (aggr.)

Py = 8.1%

Pgy, = 17.3% (aggr.)

Dphos = 0.9% (aggr.)

110 39 n.o.

158 40 — —

159 11 Afla = 540 nm —
T < 0.5 NS

Dgy ~ 0.06%

Aphos & 650 nm

Tphos ~ 2 us

Dphos < 0.01%

Al = 415 nm

Ay = 540 nm (dimer) —
Aflu = 423 nm —
Dy < 0.01%

Afle = 440 nm —
A = 525 nm (dimer)

Pgy, = 0.013% (dimer)

Ay =371 nm —
Ay = 520 nm (dimer)

Py, = 0.03% (dimer)

Aflu = 393 nm —
Ay = 542 nm (dimer)

P, < 0.01% (dimer)

Ay =390 nm —
Agy = 526 nm (dimer)

Py, < 0.01% (dimer)

Afly = 467 nm —
Ay = 530 nm (dimer)

Pgy, = 0.01% (dimer)

Ay = 380 nm —
Dpy = 9.0%

Ay = 484 nm —
Dgy = 0.01%

Aphos = 520 nm —
Tphos,1 = 35 Hs

Tphos,2 < 0.2 ps

Dphos = 10(3)%

Ay & 640 nm* (dmso)
A ~ 675 nm“ (toluene)

160 42

160 43

160 44

160 45

160 46

160 47

160 48

160 49

160 50

118 51

161 52

Tphos,1 = 2.0 ms (97%)

Tphos,2 = 10 ms (3%)

Afle =371 nm —
Apu = 397 nm (aggr.)

Aphos = 595 nm (aggr.)

Tfu,1 = 2.3 1S (95%)

Tay,2 = 13 ns (4%)

Tfu,3 = 150 ns (1%)

Tphos = 4.6 ms (aggr.)

Aphos = 500 nm
Tphos = 376 Hs
Aflu = 469 nm —
Aphos = 667 nm

(Dﬂu =4.1%

Dphos < 0.1%

Afiu = 495 nm —
Tau < 20 NS

Aphos = 625 Nnm

Tphos = 80 HSs

Aphos = 560 nm

Afiu & 590 nm* — —
Tu ~ 15 ns®

n.o. = not observed. “ Value estimated from graphs, as not provided by authors.

(vide infra).*>°>"'” Oxidation of the dimethylamine-substituted
representatives 35 and 36 delivers compounds that are weakly
fluorescent in the NIR, with emission emanating from
triarylamine™"-centred doublet states.'**

Phosphorescence in solution stemming from aggregates is
also observed for Bi complexes 37 and 38 with direct 1-pyrenyl
attachment, both at r.t. and at 77 K. Like 8,**° 37 and 38 are

Inorg. Chem. Front.

robust towards continuous irradiation. There is however an
unexpected difference between them: while the aggregation of
37 with only one pyrenyl unit leads to fluorescence, the
complex 38 bearing two pyrenyl ligands displays phosphor-
escence stemming from aggregates in addition to fluo-
rescence.'*> TD-DFT calculations assign both fluorescence and
phosphorescence emissions to ligand-centred n-n* transitions

This journal is © the Partner Organisations 2026
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within these molecules with no Bi contributions to the
involved MOs,®*'2*142 and the observation of fluorescence in
conjunction with phosphorescence at 77 K matches reports on
other organometallic Bi compounds,'?®141143:148

The last representative of this compound class, 39, shown
at the bottom right of Fig. 6, follows the trend of ligand-
centred emission. 39 is emissive at cryogenic temperatures
both in the solid state and in glassy matrices of 2-MeTHF with
Aphos = 500 nm and Apns = 560 nm, respectively. Large energy
differences between dexe and Apnhos Of AE = 7930 cm™ as well as
DFT calculations on 39 indicate a considerable structural
difference between the T, and S; states. The non-emissive
behaviour at r.t. is therefore attributed to quenching through
structural rearrangements. It is assumed that the promotion of
an electron from a HOMO with a partial Bi-X, 4-electron-3-
centre bond character to a ligand-centred excited state cleaves
one of the Bi-X bonds. In quantum chemical calculations, the
angle Br1-Bi1-Br2 is 171.7° for the singlet ground state and is
reduced to 92.5° for the excited triplet state.'*°

Several other reports focus on hexacoordinate Bi complexes
with bidentate chelating ligands. An interesting case of contra-
dictory results spanning nearly 50 years of research is pre-
sented with reports on trioxinate complexes such as 41 and
derivatives, whose structures are compiled in Fig. 7 and whose
emission properties are summarized in Table 5.'°%7%° An
initial study conducted in 1965 on 40 alongside its main group
(Al, In, and Pb) and 3d transition metal element congeners
(zn, Mn, Cu, Cd, Ni, Cr, Fe, and Co) reported green fluo-
rescence accompanied by red phosphorescence in matrices of
EtOH at 77 K."*® A second study, conducted 20 years later,
reported ligand-centred green fluorescence at Ag, = 540 nm
and a very weak, red phosphorescence that is better observed
at 77 K for 41."*° The assumption of green fluorescence and
red phosphorescence remained unchallenged until 2013, when
a systematic study of Bi complexes bearing differently substi-
tuted oxyquinolate ligands 42-50 by Trogler and colleagues
revealed that the green fluorescence stems from dimers,
shown exemplarily for 46 at the top right of Fig. 7, which
formed already at low concentrations. The monomers were
instead found to be fluorescent in the violet region due to
ligand-centred transitions.'®® While the authors of the Trogler
study focused solely on the green fluorescence, and make no
mention of a red phosphorescence, it appears plausible that
the earlier-reported red emission also arises from dimers.

For the Bi complex 51, which possesses three coordinating,
bidentately chelating benzo[]quinoline ligands, the coordi-
nation through the nitrogen donors destabilises the s-type
lone pair at bismuth so that this complex displays a partially
metal-centred HOMO while the unoccupied MOs are centred
on the ligands.''® This makes 51 one of the very few organo-
metallic Bi complexes compiled in this article with an MLCT
character to its lowest-energy transition. 51 emits at Appos =
520 nm with a biexponential emission decay trace with life-
times of 7ppos = 35 ps and <0.2 ps (Table 5). With a value of
Dphos 10(3)%, it displays the largest phosphorescence
quantum yield of a Bi compound in solution at r.t. reported to

This journal is © the Partner Organisations 2026
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date. The authors argue that it is precisely the Bi involvement
in the HOMO-LUMO transition that is crucial for efficient ISC
and phosphorescence emission. Excitation spectra recorded at
differing wavelengths show that the ratio of short-lived and
long-lived components to the emission is excitation wave-
length-dependent. It should be noted that this observation as
well as the observation of biexponential emission decay traces
may be rooted in aggregation, as was found in other
reports, 3124 149:142,160 ypfortunately, this compound is sensi-
tive to light and decomposes within only a few seconds if irra-
diated at ey < 390 nm. "8

Reported by Tanaka and colleagues in 2023, Bi compound
52 is fluorescent at r.t. and at 77 K. Solutions of 52 in dimethyl
sulfoxide or toluene fluoresce with i, ~ 640 nm or Ag, ~
675 nm. A significant blue shift of the emission is observed at
77 K in 2-MeTHF with Ag, ~ 590 nm, and a lifetime which we
estimate to lie in the range of zg, & 15 ns supports the assign-
ment of the emission as fluorescence, which is also consistent
with the small Stokes shift.'®" Consistent with the report on
weak r.t. fluorescence are the calculations on 52 which show
that the lowest-energy excitation exclusively involves n—n* tran-
sitions on the azobenzene unit. Somewhat surprising is the
lack of a phosphorescence emission at 77 K, as 52 is the only
Bi complex with imine chelates that is not reported to phos-
phoresce at 77 K.'®!

Bi complexes with Janus scorpionate and mercapto ligands.
In 2013 and 2014, Mitzel and colleagues reported on the
luminescence properties of several Bi complexes bearing Janus
scorpionate and mercaptodiazole, -triazole and -tetrazole
ligands, shown in Fig. 8.'°>'% Some of these compounds are
weakly emissive at r.t., but become luminescent when cooled
to 77 K. The emission is attributed largely to ligand-centred
triplet states and, in some cases, metal-centred transitions.
However, a lack of quantum chemical calculations and often
of emission decay traces makes it difficult to rationalize the
origin of the emission or even its character. None appears to
display RTP in solution, and it appears that the structurally
flexible coordination environment around Bi allows for non-
radiative decay.

Exemplarily, the bimetallic complex 53 bearing scorpionate
ligands is emissive in CH,Cl, solution at r.t. with Ag, =
485 nm. While a lack of emission decay traces makes exact
assignment difficult, it is tentatively assumed to be fluo-
rescence. At cryogenic temperatures, the emission feature of 53
becomes structured with several separate maxima, which may
indicate dual emission with fluorescence at Ag, = 441 and Appos
= 482 nm. The authors speculate that the origin of the emis-
sion is either a metal-centred sp or LMCT transition.'®

The two complexes 54 and 55 phosphoresce at 77 K in
glasses of ethanol with emission at Aphos = 459 nm and Aphes =
552 nm, and lifetimes of 7,405 = 16.1 ms and 7pps = 0.33 ms,
respectively (Table 6). In addition to this phosphorescence, 55
also possesses fluorescence features at ig, = 456 nm. For 54,
the emission is assumed to stem from a ligand-centred triplet
state based on the similarity to the emission of the corres-
ponding sodium salt of the ligand. For 55, the authors assume
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Fig. 8 Molecular structures of Bi complexes with Janus scorpionate

ligands investigated for their emissive behaviour in solution or glassy
matrices.

Table 6 Summary of the emission properties of Bi complexes with
Janus scorpionate ligands

Ref. Nr. Solution, r.t. Solid, r.t. Glassy matrix, 77 K
162 53 Afy = 485 nm® — Qg = 4417
Aphos = 482 nm”
163 54 n.o. — Aphos = 459 nm
Tphos = 16.1 ms
163 55 n.o. — e = 456 nm
Aphos = 552 nm
Tphos = 0.33 ms
165 56 n.o. Aphos = 674 Nm Aphos = 618 nm
164 57 n.o. — Aphos = 466 NM
Tphos = 3-35 MS
164 58 n.o. — Afiu,1 = 449 nm

A,z =487 nm
Aphos = 553 nm
Tphos = 0.37 ms

n.o. = not observed. “ Assigned as fluorescence by us. ”Not entirely
clear whether fluorescence or phosphorescence due to missing emis-
sion decay traces.

a metal-centred sp state to be the source of the phosphor-
escence emission while its fluorescence is assumed to arise
from a ligand-centred excited state.'®® The long lifetime of this
phosphorescence emission however points rather to a CT or

Inorg. Chem. Front.
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ligand-centred state. 56 is reported to possess metal-centred
transitions that are low in energy and the complex emits in the
red region at Aphos = 674 nm at r.t. in the solid state and at
Aphos = 618 nm and 77 K in ethanol glass.'® The compounds
57 and 58 are emissive at 77 K in EtOH solution with ligand-
centred phosphorescence.'® The latter assignhment is based
on the similarity of this emission to compounds with phen-
and bipy-centred excited triplet states in multiple other studies
which combine Bi and phen or bipy, in which phosphor-
escence emission arises from ligand-centred triplet
states.'’®1%671%% Lifetimes in the millisecond range confirm
the phosphorescent nature of the emission with 7,h0s =
0.37 ms and 7,h0s = 3.35 ms, respectively (refer to Table 6). The
authors argue that the lack of Bi participation is the reason for
the long lifetimes and lack of room-temperature phosphor-
escence. It is argued that in the presence of low-lying ligand-
centred m-acceptor orbitals, ligand-centred transitions are
favoured over the transitions with metal contributions
observed for their other Janus scorpionate complexes.'®*

Bi complexes with nitrogen donor and halide ligands. Many
common dyestuffs such as dipyrromethenes akin to boron-
dipyrromethenes (BODIPYs), corroles, or porphyrins, ®* """
which belong to the most popular organic photocatalysts,
contain pyrrolic units. As such, it is of no surprise then that
several studies have combined Bi with pyrrolide ligands (refer
to Fig. 9 and 10 for their structures)."”>™'”> These electron-rich

R’ R?
R R R? R?
L FEF
RZ= -- F
59R!=- —@503@
FF
61

62 R® = CH,
63 R3 = CgHg
64 R® = Mes

Fig. 9 Molecular structures of Bi complexes with corrole, dipyrro-
methene or porphyrin ligands.
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68 R"=Mes, R2=Ph, X = Br
69 R'=Me, R2=Ph, X=ClI
70 R =Me, R2=Ph, X = Br
71R'"=Me, R2=Ph, X = |

72R"=tBu, R2={Bu, X = Br
73R'=Ph, R2=Ph, X =Br

74 R®=R*=CF,

75 R® = CF3, R* = OMe
76 R® = OMe, R* = CF;
77 R®=R*=0OMe

T )
N7 RS
|

79 X = Cl, R® = 2-thiophenyl
80 X = Br, R® = 2-thiophenyl
81 X = |, R5 = 2-thiophenyl
82X =1, R® = CH,

Fig. 10 Molecular structures of Bi complexes with pyrrolic, pyridine
and phenanthrene ligands.

ligands generally possess high-lying, occupied MOs while at
the same time providing rigid coordination environments as
bi-, tri- or tetradentate chelates. Within this class of com-
pounds, those compounds which exhibit intraligand n—r* tran-
sitions as their lowest-energy excitation are weakly fluorescent
at r.t. while those with LMXCT transitions as their lowest-
energy transition are non-emissive at r.t. but phosphorescent
at 77 K (refer to Table 7). Some of these compounds were
reported to be highly sensitive toward moisture.

Corroles and porphyrins are common structural motifs for
photocatalysts and often display intriguing properties such as
anti-Kasha emission and very short emission lifetimes."”'*°
The combination of the Bi** ion with the often-used porphyrin
backbone has yielded two water-soluble Bi metalloporphyrins
59 and 60 (see Fig. 9) which emit at r.t. in water, both from the
S, and S, states.'’ In accordance with a ligand-centred emis-
sion, the emission spectra of both complexes upon excitation
are vibronically resolved with transitions occurring from the S;
state to vibrational levels of the S, state Sy(v = 0), So(v = 1) and
So(v = 2), resulting in emission maxima in the red region with
Afiw = 609 nm, 657 nm and 714 nm for 59 and at Ag, = 636 nm,
672 nm, and 730 nm for 60. Lifetimes support fluorescence
emission with zg, = 3.18 ns and 1.38 ns, respectively. The emis-
sion from the S, state lies in the blue region with Ag, =
427 nm, 451 nm for 59 and at Ag, = 459 nm and 486 nm for

This journal is © the Partner Organisations 2026
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60. The emission spectra of both complexes are blue-shifted
and possess diminished quantum yields in comparison with
their free ligands, pointing at distortion of the porphyrin
ligand, with a more substantial effect on the S, state. While no
solid-state structures are reported within this study, literature
reports on other Bi porphyrins show that the Bi ion resides out
of the coordination plane with d(Bi-N) ~ 2.32-2.34 A and the
porphyrin ligand is slightly dome-shaped to accommodate the
Bi ion."®""'#* Other studies report on the use of a non-emissive
Bi corrole complex 61 as a suitable photosensitizer for the
generation of singlet oxygen.'”®

Combining the dipyrromethene motif with other central
ions or with heavy halogen atoms is a commonly pursued strat-
egy when attempting to occupy the non-emissive triplet states
within these systems for 'O, generation.'®>™®” The Bi repre-
sentatives of this class of compounds are fluorescent in solu-
tion at Ag, = 535 nm for 62,"72 or at A, = 568 nm for 65 (for
structures, see Fig. 9),'"”® with sharp emission profiles and
small Stokes shifts reminiscent of those commonly observed
for BODIPYs. TD-DFT analyses on these compounds reveal
that the electronic transitions arise from ligand-centred m—m*
transitions and that the heavy atom makes only a minor
contribution.””*'”® Hinting at the population of a non-emis-
sive triplet state, very low quantum yields of ®@g, = 0.2% were
recorded for 65, while a larger value of &g, = 6.6% was found
for the related Sb compound.'’® Indeed, in a later study on Bi
and Sb complexes with a N,O,-type tetradentate dipyrrin
ligand, as is found for 66, the Sb compound showed a
quantum yield of &g, = 0.8% while the Bi compound “did not
exhibit notable photoluminescence emission”.'”® Mirroring
results were found for compound 67 and its Sb counterpart, in
which the latter possesses a fluorescence quantum yield of
Pg, = 5%, compared to P, = 0.2% for 67. Unfortunately, the
Bi compounds 62-64 that do not bear sterically shielding sub-
stituents at the BODIPY are prone to rapid decomposition in
solution, but the coordination of additional oxygen donors,
either in N,O, motifs (66)'”® or through adeptly placed -OMe
groups (67),"7” alleviates the issue.

A number of reports by the Winter group focused on the
emission properties of Bi complexes 68-77 with pyridine-dipyr-
rolide ligands (Fig. 10). These electron-rich ligands endow the
complexes with high-lying ligand-centred z-orbitals, while at
the same time the Bi-X units provide antibonding orbitals
centred on the Bi-X bonds such that these are involved in the
LUMO with Bi contributions of ~30%. It was hypothesized
that the involvement of Bi in the LUMO would enhance ISC by
endowing energetically low-lying electronic transitions with a
partial CT character. Accordingly, the dipyrrolide complexes
68-77 are phosphorescent in 2-MeTHF solution at 77 K with
an emission wavelength range of Ajh,s = 602 nm-645 nm,
depending on the substituents, with lifetimes in the short
microsecond range, and quantum yields of up to @, =
18.5% (cf. Table 7).>*''° Varying the halide has no influence
on the emission wavelengths and only shortens the excited
state lifetimes from X = Cl to I in accordance with the increas-
ing HAE along the halides (compare values in Table 7). Upon
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Table 7 Summary of the emission properties of bismuth coordination compounds with pyrrolic or pyridine and halide ligands

Ref. Nr Solution, r.t. Solid, r.t. Glassy matrix, 77 K Solid, 77 K
174 59 A (S1) = 609, 657, 714 nm — — —

A (S2) = 427, 451 nm

Tfu (S1) = 3.18 ns

Tty (S2) = 580 fs®

Py (S1) = 1.94%
Py, (S,) = 0.0790%
174 60 A (S1) = 636, 672, 730 nm — — —

Aau (S2) = 459, 486 nm

Tgu (S1) = 1.38 ns

Ty (S2) = 187 fs?

Py, (S3) = 0.0199%

®py (S1) = 1.92%

175 61 n.o. — — —

172 62 Ay = 535 nm — — —

173 65 Ay = 568 nm — — —
(pﬂu =0.2%

176 66 n.o. — — —

177 67 Afiw = 590 nm — — —
Dy = 0.2%

122 68 n.o. n.o. Aphos = 606 nm —

Tphos,1 = 190 ps (49%)
Tphos,2 = 81 ps (51%)
122 69 n.o. n.o. Aphos = 610 nm —
Tphos,1 = 479 s (4%)
Tphos,2 = 153 s (96%)
122 70 n.o. n.o. Aphos = 622 nm —
Tphos,1 = 224 ps (59%)
Tphos,2 = 73 HS (41%)
122 71 n.o. n.o. Aphos = 614 nm —
Tphos,1 = 219 HS (480/0)
Tphos,2 = 59 ps (52%))
122 72 n.o. n.o. Aphos = 640 nm —
Tphos,1 = 166 ps (18%)
Tphos,2 = 55 ps (82%)
122 73 n.o. n.o. Aphos = 645 nm —
Tphos,1 = 39 HS (20%)
Tphos,2 = 14 us (SOOA))
178 74 n.o. n.o. Aphos = 602 nm —
Tphos,1 = 65 HS (56%)
Tphos,2 = 35 1S (44%)
Dphos = 18.5%
178 75 n.o. n.o. Aphos = 621 nm —
Tphos,1 = 74 Hs (31%)
Tphos,2 = 33 1S (69%)
Dphos = 3.9%
178 76 n.o. n.o. Aphos = 640 nm —
Tphos,1 = 57 HS (24%)
Tphos,2 = 25 1S (76%)
¢phos =1.7%
178 77 n.o. n.o. Aphos = 641 nm —
Tphos,1 = 123 s (13%)
Tphos,2 = 51 1S (87%)
Dphos = 1.1%
123 78 n.o. n.o. Aphos = 589 nm —
Tphos = 128 s
Dphos = 50.8%
93 79 Afly = 468 nm — — —
Tfu,1 = 0.11 ns (28%)
Tfu,2 = 0.42 ns (73%)
®q=1.62%
93 80 Afly = 467 nm — — —
Tfu,1 = 0.12 ns (13%)
Tfu,2 = 0.42 ns (87%)
®q = 0.98%
93 81 Ay = 469 nm — — —
Tfu,1 = 0.2 15 (15%)
Tfu,2 = 0.43 ns (85%)
®g, = 0.56%

n.o. = not observed. “ Estimated by the Strickler-Berg equation.
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lowering the temperature, these compounds’ UV-Vis spectra
are significantly blue-shifted by up to 1360 cm™, a phenom-
enon that is observable to the naked eye with colour
impression changing from violet to red."'® This thermochro-
mism points at a rather flexible coordination environment,
which is assumed to render them non-emissive at r.t. in solu-
tion. In spite of the lack of room-temperature emission of this
class of compounds, it is nevertheless promising for the
design of phosphorescent materials as the large Bi contri-
bution renders ISC fast enough to outcompete fluorescence.

Exchanging the pyridine-dipyrrolide for the dipyridine-pyr-
rolide ligand yields the complex 78 (Fig. 10) that also possesses
an LMXCT character within its lowest-energy transition. 78 was
investigated alongside the Sb and As representatives. All three
compounds are phosphorescent in 2-MeTHF solutions at cryo-
genic temperatures, although not at r.t. Quantum yields of
Dphos = 50.8% for 78 and a lack of fluorescence emission indi-
cate an efficient population of the excited triplet state. Large
structural rearrangements, confirmed by TD-DFT calculations
and the large Stokes shift, however seem to quench emission
at r.t. This compound was shown to generate singlet oxygen in
low yields upon irradiation despite not possessing an emissive
triplet state at r.t. Interestingly, despite the increase of the
heavy atom effect along the series from As to Sb to Bi, the
arsenic representative possesses the shortest phosphorescence
lifetime. This was attributed to a better overlap between the
ligand-centred ground state and metal-halide-centred excited
states due to the shorter ligand-metalloid bond lengths."*

In 2024, Schroeder and colleagues reported on the emissive
behaviour of the three Bi complexes 79-82, shown in Fig. 10, of
which 79-81 showed ligand-centred fluorescence at r.t, in DMF
or MeCN solutions, with lifetimes in the range of nanoseconds
(refer to Table 7), while 82 was prepared to better understand the
UV-vis absorptive properties of 81 and not investigated for its
luminescence properties. Photoluminescence measurements in
solvents of differing polarity (DMF vs. MeCN) show a slight red
shift of the emission with increasing solvent polarity, hinting at a
slight CT character of the underlying transition. Measurements
in mixtures of DMF/H,0O showed aggregation-induced emission
for those complexes containing Br~ or I" ligands and this might
be the source of the multiexponential emission decay traces
observed for these compounds (see also Table 7).>* Transient
absorption spectroscopy reveals an excited ligand-centred triplet
state at r.t. at ~500 nm that is non-emissive with a lifetime of
5.5 s, 2.2 ps and 7.1 ps for 79, 80, and 81, respectively.”

Bismuth(1) emitters (bismuthinidenes)

Bismuthinidenes, i.e. Bi complexes with the metal ion in the
oxidation state +1, present an interesting perspective and
opportunity in the sense that these usually highly reactive
complexes possess, in addition to the Bi 6s lone pair, an
additional p-type lone pair at Bi. Bismuthinidenes most com-
monly possess a singlet ground state with the HOMO localized
almost entirely on the bismuth(i) ion. As such, the lowest-
energy transition in these systems is usually of the MLCT type.
In 2025, the Winter and Cornella groups reported nearly simul-
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84

Fig. 11 Molecular structures of emissive bismuth() compounds.

Table 8 Summary of the emission properties of bimuthinidene bismuth()
phosphors

Ref. Nr. Solution, r.t. Solid, r.t. Glassy matrix, 77 K
110 83  Jphos = 960 nm Aphos = 970 NM Aphes = 960 NmM
Tphos = 5.2 NS Tphos,1 = 121 1S (66%),
Dpnos = 5 X 107°% Tphos,2 = 215 s (33%)
188 84  Aphos = 795 N — —

Tphos = 9.1 ns
Dphos = 3 X 107°%

taneously on the emissive behaviour of N,C,N-modified
bismuth(1) complexes 83'"° and 84'® which possess a singlet
ground state consisting largely of a Bi centred p-type lone pair.
Both complexes display NIR r.t. phosphorescence in solution.
The combination of a small T,-S, energy difference and large
degrees of SOC, confirmed by TD-DFT calculations on 83, and
emission localized in the NIR region of the spectrum lead to
short phosphorescence lifetimes of 7,05 = 5.2 ns for 83 for the
960 nm emission at r.t. (Table 8). The tert-butyl-substituted
compound 84 emits at A,hos = 795 nm, with very similar non-
radiative rate constants, lifetimes and quantum yields to those
of 83. Transient absorption spectroscopy conducted on 84
shows a very rapid ISC process within 2.2 ps for this system.'®®
For both compounds, the quantum yields are low at @p,05 = 5
X 107°% and @ppos = 3 X 107°% for 83 and 84, respectively, and
non-radiative transitions appear to be the major deactivation
pathway. In which form the energy is instead dissipated is
unclear, but structural rearrangements, non-radiative decay
due to the energy gap law, or the transfer of energy to the
solvent by way of resonant coupling (IRM) are all plausible
pathways (refer to the section Radiative vs. non-radiative decay
pathways under Fundamental principles).

Bismuth(v) compounds

To the best of our knowledge, the investigation of the emissive
properties of bismuth(v) complexes is confined to two publi-
cations. In the first, three bismuthonium salts 85-87 bearing a
1-pyrenyl residue at bismuth(v) display broad, ligand-centred
emission at Ag, = 370-500 nm in CH,Cl, at r.t. with quantum
yields of up to ®@q, = 4% for 85 (Table 9). Irradiation of these
compounds at dexe < 320 nm results in the liberation of pyrene
and the generation of Bi(Ph-CHj;); with photodecomposition
quantum yields of @ge. = 20-22%."%° A second study focusses
on 88, which phosphoresces in the green region at Appes =
510 nm with a lifetime of zpnes = 12.7(5) ms in CH,Cl, at 77 K.
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Table 9 Summary of the emission properties of bismuth(v) emitters

Ref. Nr. Solution, r.t. Solid, r.t. Glassy matrix, 77 K
139 85 Afw = 370-500 nm ~ — —
@ﬂu =4%
139 86 Ay =370-500 nm  — —
(pﬂu =2%
139 87 Afw = 370-500 nm ~ — —
@ﬂu =2%
136 88 n.o. n.o Aphos = 510 nm

Tphos = 12.7(5) ms

Neither fluorescence or phosphorescence emission was found
for solutions of 88 at r.t. or in the solid state, possibly due to
photodissociation of the halide in the excited states, as was
proposed for other Bi-halide compounds.”® The authors
suggest that emission results from a LMCT transition, from
lone pairs at the chloride ligands to Bi.'*¢

With such a small sample size and differing emphasis of
the two studies, it is difficult to draw founded conclusions on
the photophysical properties of bismuth(v) compounds. Given
the relevance of the bismuth(v) oxidation state in (photo)redox
catalysis,”® additional studies on their photophysical pro-
perties seem warranted, however.

Design strategies for emissive Bi
complexes

From a theoretical viewpoint, the issue of making emissive Bi
complexes seems straightforward: the complex should possess
large molar absorption coefficients and undergo fast ISC and
no or little radiationless deactivation. From a practical stand-
point, the issue is far from simple, however. In this section we
focus on the challenges that Bi complexes are associated with
and present strategies to overcome these issues.

Enhancing quantum yields through structural rigidity

As described within the section Fundamental principles, radia-
tionless transitions through vibrational relaxation or structural
rearrangements are competing processes with emissive tran-
sitions. Naturally, the prevention or hampering of radiationless
transitions is a common pursuit in the design of luminescent
metal complexes, whether they are the transition row, f-block
or main group elements.'®® The flexible coordination environ-
ment of Bi ions coupled with the weak Bi-E bonds mean that
the dissipation of energy through bond cleavage, structural
rearrangement within the excited state and vibrational relax-
ation may become major obstacles. This is especially relevant
for phosphors that emit in the red region, where a few
vibrational quanta of the ground state may suffice to match
with the energy of the excited triplet state (energy gap law).
Indicative of the extent of quenching is the fact that the
limited number of Bi complexes that phosphoresce in solution
is accompanied by a host of Bi-based coordination polymers,
organic-inorganic hybrid materials and inorganic emitters
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that phosphoresce in the solid state,>$:93:113,119,128,166-168,190-207
For solid state Bi phosphors, several recent reviews emphasize
the importance of structural rigidity for the phosphorescence
luminescence intensity. This is often achieved through the
exclusion of solvent molecules, the incorporation of substitu-
ents that support intermolecular interactions and the use of
multidentate ligands.>>"**"3%133 For solution emitters, the
common pathways to rigidification are the introduction of
sterically demanding groups that reduce the degrees of
freedom, the use of multidentate ligands, the introduction of
groups that can lead to conformational locking through interli-
gand interactions, the shielding of the metal centre to hinder
metal-solvent interactions, and the use of structurally inflex-
ible ligands.

To the best of our knowledge, there are no studies that
compare the influence of structural rigidity within Bi complexes
to their phosphorescence properties directly. However, a large
number of authors report on Bi complexes that are non-emissive
at r.t. in solution but exhibit phosphorescence at cryogenic temp-
eratures when vibrational relaxation, bond cleavage and other
structural rearrangements are hampered. Exemplarily, the triaryl-
bismuth compound 5 (Fig. 3) bearing azaindolophenyl substitu-
ents is weakly fluorescent at r.t. in solution, but phosphorescent
in the solid state at r.t., in the glassy matrix at 77 K, and as a
solid at 77 K."*® Several other bismuth(m) and bismuth(v) com-
plexes show similar reduced or non-emissive behaviour at r.t., but
phosphorescence emission at the same concentrations at cryo-
geniC ten,lperatures.89,‘1‘10,1227124,‘136,‘1417‘143,‘148,15‘1,1627165,‘178,199

We note that complexes with Bi-X (X = Cl, Br, I) bonds are
especially prone to quenched luminescence at r.t. and it
appears reasonable that these compounds are similarly prone
to homolytic bond cleavage upon irradiation as the purely in-
organic Bi halides.”*®® Additionally, we note that those few
(monomeric) complexes with room-temperature fluorescence
or phosphorescence in solution and with quantum yields @ >
5% are all generally hypervalent and bear structurally rigid
ligands such as benzo[h]quinoline, pyrenyl or hyroxyquinolate
derivatives, 8142160

Opening new emission pathways through aggregation

Rivard and colleagues have already summarized the properties
of several aggregation-induced phosphorescent solid-state
emitters of main group elements, including Bi.”>"*° The obser-
vance of aggregation-induced emission is not limited to the
solid-state, however. For Bi complexes specifically, another
possible rigidification pathway arises from Bi’s tendency
toward hypercoordination. Several studies have shown that the
formation of aggregates, usually consisting of dimers formed
through bridging heteroatoms between bismuth(in) centres,
gives rise to new emission pathways,5%:93:124:140,142,158-160
Exemplarily, bismuth(m) complexes bearing pyrene ligands
8 (Fig. 3), 27, 29, 37 and 38 (Fig. 6) exhibit phosphorescence or
fluorescence emission stemming from aggregates,*>'%'*> and
the reduction of degrees of freedom is presumed to enhance
emission intensity along with the reduction in the energy gap
between the excited singlet and triplet states (¢f. Fig. 13). For
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Fig. 12 Molecular structures of bismuth(v) compounds investigated for
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Fig. 13 Schematic representation of the changes in the photophysical
pathways of monomers, dimers and aggregates that lead to aggrega-
tion-induced emission phenomena.

one of the pyrenyl-modified Bi compounds 38, quantum
chemical calculations show an increased number of distinct
electronic states with lower energetic distances between them
for the dimer and tetramer.®® It is assumed that the lowering
of excited state energies and smaller energetic differences
between the electronic states of the S, and T,, manifold accel-
erate ISC and lead to the emergence of
phosphorescence.?®**'*> Other studies by Trogler and col-
leagues showed that what was long assumed to be fluorescence
from Bi tris(8-hydroxyquinolates) 40 and 41 (Fig. 7) in fact
stems from dimers, while the monomers fluoresce at signifi-
cantly higher energies in the UV to blue region.'****° In the
dimers, the central bismuth(m) ion coordinates to an
additional oxygen donor of another complex, giving rise to a
7-fold coordination at Bi.'®® Another recent report by Winter
and colleagues focusing on bismuth(m) dihalide complexes
with N,C,N pincer ligands 31-36 (Fig. 6) shows an increase of
luminescence intensity and the emergence of new emissive
features when concentrations are increased, assumed to stem
from aggregates.'** Observations by Schroeder and colleagues
on halide-bridged Bi dimers 79-82 (Fig. 10) mirror these obser-
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vations, showing an increase in luminescence intensity upon
aggregation where X = Br or 1%

This tendency towards aggregation or dimerization is an
interesting opportunity for the emergence of new pathways for
emission. If not recognized, however, it may result in the mis-
interpretation of results as stemming from monomers. This
can be rather difficult to elucidate or discount, as the for-
mation of dimers of Bi complexes is not always obvious or
expected. Notably, such dimers can form already at very low
concentrations of <1 uM.* Characteristic to aggregation-
induced emission are red-shifted emission spectra, excitation
spectra that change noticeably with the detection wavelength,
multiexponential emission decay traces, and a marked simi-
larity of the emission feature to that within the solid-state,
although the latter may be even further red-shifted.>*>°%>%°
Aggregation-induced emission can be further probed by inves-
tigating the photoluminescence depending on the concen-
tration or by conducting solvent/antisolvent experiments.>*>'°

Enhancing the ISC rate through CT transitions

For the transition d-block elements it has been shown that
electronic excitation with a distinct CT character is beneficial
for the observation of fast ISC and phosphorescence with high
quantum yields.*”*#%%'8% Based on the findings for the tran-
sition row elements, it has been suggested that metal contri-
butions to low-energy transitions are crucial for the emergence
of the r.t. phosphorescence of Bi complexes.'®

Several examples of phosphorescent Bi complexes with
MLCT, LL'CT, LMXCT and XMLCT characters of their lowest-
energy transition are supportive of this argument. The
complex with the highest phosphorescence quantum yield at r.
t. to date is 51 (Fig. 7 or Fig. 14) with a reported QY of @05 =
10(3)%. 51 exhibits an MLCT type transition at ca. 500 nm as
its lowest-energy transition."*® The only two publications that
report on the emissive properties of bismuth(i) complexes also
note an MLCT transition as the lowest-energy transition. These
closely related Dostal-type bismuth(i) complexes 83 and 84
(Fig. 11) emit in the NIR region of the spectrum at r.t. in solu-
tion, albeit with very low quantum yields of @ppos = 0.005%
and 0.003%, respectively."**'®® For one of the two complexes,
transient absorption spectroscopy (TAS) studies indicate that
ISC takes place within 7 = 2.2 ps.'®® Other bismuth(m) com-

}Ligand

unoccupied
——

Bi 6s (HOMO)

}Ligand
} o (Bi 6p-Ligand)

occupied

51

Fig. 14 Schematic representation of an MO diagram of 51.
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plexes 15-18 (Fig. 5) with LL'CT transitions as their lowest-
energy electronic excitation exhibit r.t. phosphorescence
despite little Bi contribution to either of the DFT-calculated
occupied or unoccupied MOs."*> The lowest-energy bands of
several bismuth(m) halide complexes bearing pyrrolide or
dipyrrolide ligands 68-78 (Fig. 10) were computed to be of the
LMXCT character with electron density shifting from the electron-
rich ligands to MOs with a distinct Bi-halide antibonding
character.'*>'**'78 These complexes are non-emissive at r.t. but
phosphorescent in glassy matrices with quantum yields of up to
@Pphos = 50.8%.'>° Other bismuth(m) halide complexes 31-36
(Fig. 6) with N,C,N pincer ligands and LMXCT type transitions as
their lowest-energy excitation exhibit weak fluorescence emission
in solution at r.t., but stronger phosphorescence emission of up
t0 @phos = 47% at cryogenic temperatures.'* LMXCT transitions
were reported for 88 with bismuth(v) (Fig. 12), which is non-emis-
sive at r.t. but phosphoresces at 77 K.**® Finally, a complex in
which the lowest-energy transitions were determined to be of a
partial MXLCT nature is 39 (Fig. 6) which is non-emissive at r.t.
but phosphorescent at Aphos = 500 nm at 77 K.'*°

Further supportive of the CT argument is the fact that those
complexes wherein predominantly n-n* transitions are observed
are generally not phosphorescent at r.t. Instead, these compounds
are either non-emissive or fluorescent at r.t. in solution with low
quantum yields compared to the corresponding pure ligands or
ChrOmOphOreS.136_138’140_143’146_148’159’160’172_174’176’177
Interestingly, a few such emitters were shown to produce singlet
oxygen, indicating that a relatively long-lived dark triplet state
with lifetime at least in the ns regime is quenched by triplet
oxygen.146’147

Contradictory to the CT argument are two reports on room-
temperature phosphorescent Bi complexes in which all rele-
vant electronic transitions were calculated to be of a =—n* char-
acter. Both the so-called dithienobismoles 19-22 (Fig. 5) and
metal-organic Bi compounds with boron acceptor units 11
and 12 (Fig. 4) were shown to be dually emissive at r.t. in
solution.'?®'?” Here, the population of the excited triplet state
is assumed to rely on small energy differences between the
excited singlet and triplet states and large SOCCs between
these states. In both instances the authors nevertheless
emphasize the importance of the remote heavy atom effect
of Bi.

Enhancing stability through coordinating ligands and
sterically demanding substituents

The long Bi-C bonds of ~2.27 A’* and the low bond dis-
sociation energy of Bi-C bonds of 46 kcal mol™*,®® which arise
from the poor orbital overlap between the C-atoms and Bi’s
large, diffuse and polarizable AOs, may render them labile. A
host of publications report homolytic cleavage of Bi-C bonds
in organometallic Bi complexes,®® and unsurprisingly,
homolytic bond cleavage of Bi-0%”"*® Bi-S,*® Bi-N°*" or Bi-
Br’> and Bi-I1”°° bonds through either light or thermal
energy has been reported as well. Moreover, Bi-halide bonds
are sensitive towards moisture as noted by Greenwood and
Earnshaw.>!!
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The general sensitivity of Bi compounds is reflected in
several reports on Bi emitters. Exemplarily, 51 (Fig. 7 and 14)
decomposes within a few seconds upon irradiation at Aey <
390 nm in solution,'™® and complexes 23-26 in which Bi is
incorporated into a Rhodamine-type scaffold (Fig. 5) are
reported to degrade by ca. 15% over the course of 60 min
under irradiation with red light at e = 625 nm.**® Irradiation
of Bi complexes with arylthiolate ligands 27-30 (Fig. 6) at r.t.
in solution leads to the isolation of the corresponding di-
sulfide ArS-SAr.*® Rivard and colleagues note the decompo-
sition of bismole derivatives under ambient conditions'*!
while Ohshita et al. note moisture sensitivity for thienylbis-
muth compounds 10-12 (Fig. 4)."*°

The most common strategy for enhancing the stability of Bi
complexes is to employ multidentate anionic ligands,”® usually
with nitrogen or oxygen donors. Exemplarily, the incorporation
of additional oxygen donors on the ligands of Bi complexes 66
and 67 (Fig. 9) with dipyrrin ligands is reported to lead to “a
significantly increased stability in solution” compared to the
unsubstituted congeners reported previously by the same
authors."”>"’” The incorporation of ligands with donating
capabilities was also pursued for several Bi complexes 31-37
and 39 with tridentate diamine or diimine N,C,N-pincer
ligands (Fig. 6), which were found to be stable towards light
upon irradiation at 365 nm
minutes.110’124'142

Another strategy for increasing the stability of Bi complexes
is to add steric bulk around the Bi centre. Exemplarily, the
addition of sterically demanding groups such as xylyl (Xyl),
‘butyl (‘Bu) or others at the ligands of Dostal-type bismuth(i)
complexes such as 83 and 84 (Fig. 11) shields the reactive
bismuth(1) centre and prevents these complexes from dimeriz-
ing.'** Similarly, the use of mesityl- (Mes-) or ‘Bu-substituted
pyridine dipyrrolide ligands in complexes 68 and 72 (Fig. 10)
enhances their stability compared to the equivalent -CH; sub-
stituted compounds 69-71."*> Ohshita and colleagues
observed rapid decomposition in dilute solutions and even in
the solid state for dithienobismoles 20 and 21 (Fig. 5) lacking
sterically shielding groups, while those with methyl substitu-
ents and benzo-annulated rings 19 and 22 (Fig. 5) were
stable.'*”

Aexc over several

Conclusions

With this literature overview, we have presented several strat-
egies for the generation of phosphorescent Bi compounds.
Most studies have focussed on bismuth(u) phosphors and
only two reports each on bismuth(i) and bismuth(v) emitters
are presently available.

On the one hand, the large SOC constant of Bi and its good
availability, affordable pricing and low toxicity make it an
attractive element for the generation of phosphorescent
materials. On the other hand, Bi compounds are accompanied
by a number of challenges depending on their oxidation state:
(i) weak Bi-E bonds, which may lead to light-, moisture- or
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temperature-sensitive compounds; (ii) generally long Bi-E
bonds can lead to reduced structural rigidity that enables the
non-radiative dissipation of energy through structural reorgan-
isation in the photoexcited state; (iii) the capability to engage
in hypervalent bonding through 3-centre-4-electron bonds
leading to energetically low-lying unoccupied Bi-ligand anti-
bonding orbitals whose population may quench luminescence
through homolytic bond cleavage or large-amplitude structural
distortions in the excited state; (iv) a generally high reactivity
for bismuth(1) compounds; (v) low hybridization of the 6s and
6p atomic orbitals for bismuth(m) compounds, giving rise to a
largely inert s-type lone pair at Bi that does not interact with
ligand orbitals and prevents energetically low-lying electronic
transitions with a (partial) metal character. Addressing these
challenges is not trivial and consequently, only six instances of
r.t. phosphorescence in solution have been reported for mono-
meric Bi complexes thus far,!'%'181257127:188 [nqtead most Bi
complexes investigated for their solution luminescent behav-
iour are non-emissive or weakly fluorescent at r.t., although
investigations on these same complexes within the solid state
or in frozen solutions at 77 K reveal phosphorescence emis-
sion. The limited number of phosphorescent solution emitters
is accompanied by an abundance of solid-state emissive
bismuth compounds and a few studies show that, despite the
lack of an emissive triplet state at r.t., bismuth complexes are
nevertheless able to generate singlet oxygen, which is promis-
ing for future applications and shows that triplet states are
indeed being populated.

Several strategies have emerged as promising for the gene-
ration of phosphorescent Bi materials:

(1) The use of multidentate, rigid ligands hampers the non-
radiative dissipation of energy to the environment.

(2) The use of multidentate ligands may alleviate the issues
of light sensitivity that many bismuth(m) and bismuth(v) com-
pounds face.

(3) The propensity of especially bismuth(i) complexes to
hypercoordination opens pathways toward aggregation-
induced phosphorescence. For this, the use of ligands with
heteroatoms capable of bridging Bi-monomers or the incorpor-
ation of ligands with n-stacking capabilities have been success-
ful in the literature.

(4) Sterically demanding or additional donor substituents
capable of coordinating to the Bi ion enhance the stability of
Bi phosphors by shielding the metal ions.

(5) The use of ligands with neutral donors capable of coor-
dinating to the Bi ion provides MOs that can interact with Bi
to endow energetically low-lying electronic transitions with a
(partial) metal character, which enhances ISC and phosphor-
escence rate constants. MLCT transitions appear especially
promising as seen by the room-temperature NIR emission of
bismuthinidenes.
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