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as photocatalysis and circularly polarized luminescence.

=

Abstract: Transition metal complexes with photoactive charge-transfer excited states are pervasive throughout the
literature. In particular, [Ru(bpy);]** (bpy=2,2-bipyridine), with its metal-to-ligand charge-transfer emission, has been
established as a key complex. Meanwhile, interest in so-called spin-flip metal-centered states has risen dramatically after
the molecular ruby [Cr(ddpd),’* (ddpd=N,N'-dimethyl-N,N'-dipyridin-2-yl-pyridine-2,6-diamine) led to design
principles to access strong, long-lived emission from photostable chromium(IIT) complexes. This Review contrasts the
properties of emissive charge-transfer and spin-flip states by using [Ru(bpy);
examples. We discuss the relevant excited states, the tunability of their energy and lifetimes, and their response to
external stimuli. Finally, we identify strengths and weaknesses of charge-transfer and spin-flip states in applications such

~

P

and [Cr(ddpd),]’" as prototypical

/

1. Introduction

Photoactive and (often) emissive transition metal complexes
are of high interest for fundamental research!™ as well as
applications such as photocatalysis,’”'” sensing,"'"*! and
solar-energy conversion.*'! In many cases it is insufficient
to select a complex for a certain use solely based on simple
parameters such as the energy, lifetime, and redox potential
of the excited state or its photoluminescence quantum yield.
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Figure 1. Chemical structures and electronic configurations of the
ground and excited states involved in luminescence and excited-state
reactions for the prototypical charge-transfer (CT) emitter [Ru(bpy)]*"
(top) and spin-flip (SF) emitter [Cr(ddpd),]** (bottom). Schematic
representations of the quenching reactions of the excited states with a
generic quencher molecule Q are shown. *MLCT and SF states can be
quenched oxidatively, reductively, or through energy transfer, thereby
resulting in a reduced (Q"), oxidized (Q™), and electronically excited
quencher (Q*), respectively.
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Instead, a deep understanding of the underlying photo-
physical properties of the involved excited states and of the
excited-state dynamics is essential, as specific types and
properties of excited states are required in different
contexts,!¢-1%]

Traditionally, investigating and exploiting charge-trans-
fer (CT) excited states was the main focus thanks to their
tunability and versatility in different applications.'”*! The
most prominent examples are the 4d and 5d metal com-
plexes [Ru(bpy),]**, first reported in 1936 by Burstall (bpy =
2,2"-bipyridine, Figure 1),” and Ir(ppy)s, first reported in
1985 by Watts (ppy =anion of 2-phenylpyridine, Fig-
ure 2),”! which show intense long-lived phosphorescence
arising from triplet metal-to-ligand CT (*MLCT) states with
quantum yields @ and excited-state lifetimes 7 of ®=9.5%
and several hundred nanoseconds and ®=40% and 7=
1.9 ps, respectively, under O,-free conditions.?**! Thou-
sands of articles and dozens of reviews cover these
complexes and their derivatives.['%25+]

The MLCT states can be described in a first approxima-
tion by an oxidized metal center and a ligand radical anion,
namely through depopulation of a metal d orbital (z,,) and
population of a ligand n* orbital (Figure 1). On the other
hand, occupation of M—L antibonding d orbitals (e,*) gives
rise to metal-centered (MC) excited states, for example in
the Ru" and Ir'™ low-spin d® systems. These MC excited
states are strongly distorted and thus facilitate nonradiative
deactivation of the *MLCT states when populated.” Hence,
MC states are commonly considered “parasitic” and detri-
mental to the emission and bimolecular reactivity of the
excited states.**** In complexes of the noble metal ions
ruthenium(II) and iridium(II), for example [Ru(bpy);]*"
and Ir(ppy)s, these MC states are typically higher in energy
than the *MLCT states because of the primogenic
effect.***! Homologous complexes of the base metals (3d
metals) such as iron(II) are typically nonluminescent and
unsuited for bimolecular reactions in their excited states
because of efficient decay via low-energy MC states.?24745]

The detrimental MC states in question are so-called
inter-configurational states, which means that they have a
different electronic configuration than the ground state
(GS), for example, through the occupation of antibonding
e,* orbitals in a d-d transition.

In contrast, certain electronic configurations such as d’ in
an octahedral ligand field give rise to intra-configurational
MC states. As the name implies, the electron configuration
does not change with respect to the GS. Instead, these
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excited states just feature one flipped electron spin in a first
approximation without changing the bonding situation and
without significantly changing the geometry (Figure 1).
These weakly distorted intra-configurational MC states can
show phosphorescence with very long lifetimes (us to ms),
with the so-called spin-flip (SF) emission contrasting the
essentially nonluminescent inter-configurational distorted
MC states.™! It is important to note, that while phosphor-
escence of any kind (e.g. from *MLCT states) always implies
a change in multiplicity and thus the flipping of an electron
spin, SF phosphorescence only consists of a spin-flip with no
change in the electron configuration.

The most prominent example of a SF emitter is the
gemstone ruby Al,O,:Cr’", which shows intense red phos-
phorescence at 694 nm with a quantum yield of 90+5 % and
an excited-state lifetime of 4.27 ms.'** Molecular Cr™
complexes such as [Cr(bpy);]’" and [Cr(tpy),]’" (tpy=
2,2':6'2"-terpyridine, Figure 2) have been known for deca-
des, but their performance did not live up to their solid-state
counterparts. The highest quantum yield in water of 0.15 %
was reported for [Cr(phen);]*" (phen=1,10-phenanthroline,
Figure 2).1-3-8

In 2015, the polypyridine chromium(III) complex [Cr-
(ddpd),]** (ddpd = N,N'’-dimethyl-N,N'-dipyridin-2-yl-
pyridine-2,6-diamine, Figure 1) was reported to show a
strong, sharp, dual phosphorescence at 738 and 775 nm, with
an exceptionally high quantum yield of 13.7% and an
excited-state lifetime of 1.12 ms in acetonitrile solution.”>"
The secret to its success is the ligand ddpd, which forms six-
membered chelate rings with the chromium(III) ion in an
almost ideal octahedral coordination geometry. The result-
ing large ligand-field splitting shifts the detrimental inter-
configurational MC states to a high enough energy to avoid
nonradiative deactivation of the emissive SF states through
back intersystem crossing (ISC).’**¥ This complex turned
out to be the prototype for a new class of highly emissive
and photoactive Cr'™ complexes, the “molecular rubies”, all
of which rely on the above-mentioned design strategy.[®’]

SF emission is, however, not limited to Cr'™ complexes
nor d electronic configurations. In fact, d*, d*, and d®
electron configurations also give rise to SF states.[*
Examples using VHI,UO’”] MOIII’[74.75] W1117[74] CrIV’[76,77] MnIV’[78]
and Re™™! have been reported, but with the exception of
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their use as optically addressable qubits,”™ 7! their applica-
tions are not as advanced as for molecular rubies. Nonethe-
less, all these complexes share the typical characteristics of
SF emission.*”

This Review describes the fundamental differences
between CT and SF excited states and their applications.
After introducing the optical properties of and photo-
physical processes in [Ru(bpy);]** and [Cr(ddpd),]’" as
prototypical and well-understood CT and SF emitters,
respectively, we compare their traits and highlight advan-
tages for different applications.

2. Electronic Nature of Charge Transfer and
Spin-Flip States

In a simple picture, the electronically excited states of most
mononuclear transition metal complexes can be categorized
in three groups: metal-centered (MC), ligand-centered (LC),
and charge-transfer (CT) states. MC states only involve the
d orbitals of the metal center, LC states include transitions
between ligand-based orbitals (e.g. n-n* and n-n* transi-
tions), and CT transitions can be understood as intra-
molecular redox processes. The names for the CT states are
derived from the nature of the donating and accepting
orbitals. In a metal-to-ligand CT (MLCT) transition, an
electron is transferred from metal-based d orbitals to a
ligand-based n* orbital. This formally results in an oxidized
metal center and a ligand radical anion. Other types of CT
states include ligand-to-metal CT (LMCT), ligand-to-ligand
CT (LL'CT), and intraligand CT (ILCT).*

MC states are further differentiated in inter-configura-
tional and intra-configurational states that show a different
or the same electronic configuration as the GS, respectively.
In the following, we will refer to intra-configurational states
as SF states, as they only differ from the GS by a flipped
electron spin.[*}
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[M(bpy)s]™
(M=Fe', Ru", 0s", cr")
[M(phen)3]™*
(incl. dashed bonds, M = Ru"', cr'h)
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[M(ddpd),]** (X = NMe, M = Cr, V)
[Cr(bpmp),]** (X = CHp, M = Cr)

[Cr(dap)2]**

[Ru(bpz);]**

Figure 2. Selected chemical structures of complexes discussed in this
manuscript (bpy=2,2'-bipyridine, phen=1,10-phenanthroline,

ppy =deprotonated 2-phenylpyridine, tpy=2,2":6,2"-terpyridine,
ddpd = N,N'-dimethyl-N,N'-dipyridin-2-yl-pyridine-2,6-diamine,

bpmp =2,6-bis(2-pyridylmethyl) pyridine, dgp=2,6-bis (8-
quinolinyl)pyridine, tpe =1,1,1-tris (pyrid-2-yl)ethane, bpz=2,2"-bipyra-
zine).

2.1. Charge-Transfer States

CT transitions involve the redistribution of charge within a
molecule. The Coulomb attraction between the separated
charges, the depopulation of (weakly) bonding orbitals, and
the occupation of antibonding orbitals lead to a geometric

Angew. Chem. Int. Ed. 2023, 202213207 (4 of 17)
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distortion of the CT state. In a simplified single configura-
tional coordinate diagram, this can be understood as a
horizontal displacement of the potential energy well (Fig-
ure 3a). The result is a strong vibronic coupling between the
GS and the CT state as well as broad absorption and
emission bands (strong coupling limit).*! CT transitions are
not restricted by parity rules and, thus, feature large
transition dipole moments as well as high oscillator
strengths, thereby resulting in large molar absorption
coefficients ¢ in the range of 10% to 10°M'cm™ and high
radiative rates k.81

For comparison with SF emitters, it is interesting to note
that CT luminescence can occur as fluorescence or phos-
phorescence. Although ISC to long-lived triplet excited
states after initial spin-allowed excitation is very common,
often ultrafast, and highly efficient in organometallic CT
emitters, there are complexes that show CT fluorescence or
thermally activated delayed fluorescence (TADF, see
Section 3.2).>8341 [SC is facilitated by the heavy atom
effect by spin-orbit coupling (SOC) or vibronic coupling,®!
which also affects the radiative rates k, of phosphorescence
of typically 10* to 10° s[5l

For a detailed discussion, we take a look at [Ru(bpy)s;
and its photophysics as the prototypical CT chromophore
with CT dynamics (Figures 1 and 4a). [Ru(bpy);]*" has a
low-spin 4d°® electron configuration (tzg)6 with a singlet
ground state (GS). Blue and green light excites the complex
to its 'MLCT states. Quantitative ISC to the MLCT states
occurs within 15+10 fs thanks to strong SOC.®!! During
and after vibrational cooling (VC) within 300 fs,[*2%] the
complex shows a broad phosphorescence, which reaches a
maximum at 620 nm with a lifetime of 806ns and an
emission quantum yield of 9.5% in acetonitrile under
deaerated conditions (Figure Sa, Table 1).2%%%

Apart from the MLCT states, inter-configurational *MC
and °MC states with electrons occupying M—L antibonding
e,* orbitals can play an important role. Population of these
*MC/’MC states leads to large geometric distortions or even
ligand dissociation and facilitates nonradiative deactivation
of the *MLCT states.’"*#>%! The MC energies are deter-
mined by the ligand-field splitting and the geometric
distortion. Strong bpy ligands in combination with the large
Ru" ion place the energy of the relaxed *MC states about

]2+

=) A Charge- b) A
E transfer E Spin-flip
emission emission
A A
>
d(M-L) 1 d(M-L) I

Figure 3. Single configurational coordinate (“potential well”) diagrams
with schematic emission spectra for a) charge-transfer emission with
large excited-state distortion to a shorter M—L bond length and b) spin-
flip emission with nested states./**4
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Figure 4. Jablonski diagrams of a) [Ru(bpy);]*" and b) [Cr(ddpd),]**
with experimental time constants for ultrafast processes (ISC=inter-
system crossing, IC=internal conversion, VC =vibrational cooling,
blue arrow = spin-allowed absorption, blue dashed arrow =fluores-
cence, red arrow = phosphorescence, black dashed arrow =nonradia-
tive process).l""¢"##I The splitting of the (in octahedral symmetry
degenerate) states in (b) was derived from CASSCF(7,12)-NEVPT2
calculations® and the relative energies of the different state sets were
derived from experimental data.l*"!

3600 cm™! above the energy of the lowest MLCT state.* In
this case, thermally activated nonradiative relaxation via
these *MC states is a relevant deactivation pathway for the
SMLCT states at room temperature.’” The *MC states in
[Ru(bpy);]*" are at very high energy due to the large ligand-
field spitting imposed by the 4d ion and consequently play
no further role.”?

As the 3d transition metal ions have a much lower
intrinsic ligand-field splitting, CT states can efficiently relax
nonradiatively via the low-energy *MC and *MC states.*”
For example, [Fe(bpy);]*" (Figure 2) is nonluminescent, as
its "MLCT state evolves to the **MC states within 50 fs and
decays back to the 'GS via the *MC state within 650 ps.[*!!
Only recently, *MLCT emissions with 3d® metals such as Cr,
Mn', and Fe" were achieved by using very strong ligands
that raised the energy of the **MC states sufficiently to
prevent efficient depopulation of the *MLCT state, thereby
allowing competitive phosphorescence and
photocatalysis.*-1%!

A different strategy to avoid this problem entirely is
using metal centers with a d° or d'° electronic configurations
such as Ti"V, Zr", or Cu .15 A a consequence of
their full or empty d-shells, no excited MC states exist. For

Angew. Chem. Int. Ed. 2023, 202213207 (5 of 17)
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Figure 5. Absorption (blue trace) and luminescence spectra (red trace)
of a) [Ru(bpy)s][PF], in deaerated acetonitrile solution and b) [Cr-
(ddpd),][BF,]; in deaerated aqueous solution at room temperature with
molar absorption coefficients €, emission lifetimes 7, emission
quantum yields @, and spin densities of emissive states.?®?**"%4 The
emission spectra are scaled according to the respective emission
quantum yields.”®® The spin densities of the respective a) lowest
*MLCT (generated using Orca®”*® from coordinates and parameters
reported earlier)®” and b) E excited state® are shown at an isosurface
value of 0.05 a.u. (orange =spin up, purple=spin down, gray=-carbon,
blue =nitrogen, hydrogen atoms omitted for clarity).

Table 1: Emission wavelengths A, excited-state lifetimes 7, and
phosphorescence quantum yields @ of [Ru(bpy);*" and [Cr(ddpd),]**
in acetonitrile (subscripts: Ar=deaerated solution, air=aerated sol-
ution).

[Ru(bpy)s]** [Cr(ddpd),]’*
Aem/NM 620 738, 77569
Tar/VS (Taie/ HS) 0.806 (0.160)%*"" 1122 (52)*
D [% (D] %) 9.5 (1.8)% 13.7 (0.8)1"

linear Cu' complexes, nonradiative deactivation of the
LL'CT states could be shut down completely, thereby
resulting in emission quantum yields of >999% in
solution.!"'®!

2.2. Spin-Flip States
In contrast to CT states, SF transitions effect the smallest

possible change in the electronic structure of a molecule: the
flipping of a single electron spin. Since the electron
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configuration of the GS is preserved, no bonding orbitals
are depopulated and no antibonding orbitals are occupied,
SF states are only weakly distorted, and their potential wells
are nested with the GS potential (weak coupling limit,
Figure 3b). Therefore, SF emission bands are generally
sharp (Figure 5).*) Exceptions may occur when several
individual SF transitions overlap"'® or when unsymmetric
(ungerade) modes are activated in centrosymmetric com-
plexes to enable the emission.[*!"]

SF transitions might bear some similarity to transitions
observed in electron paramagnetic resonance (EPR) spec-
troscopy, as in both cases the relative orientation of
unpaired electron spins is important. However, EPR probes
transitions between states that mainly arise from differences
in the orientation of the electron spins relative to an external
magnetic field (different spin quantum number my),™"
whereas SF transitions occur between electronic states with
a different orientation of the electron spins with respect to
each other (different total spin S).

Transition dipole moments of MC transitions are gen-
erally small. Moreover, SF transitions are spin and Laporte
forbidden, which is especially pronounced in centrosymmet-
ric complexes. Consequently, radiative rates k; are low (20—
200s7"), leading to very long emission lifetimes of up to ms
provided that the nonradiative rates are also low.[*->%¢1:6¢]

The nature of SF states requires a spin change by AS=
—1 with respect to the GS (which obeys Hund’s rule of
maximum multiplicity) and thus an ISC process after the
initial spin-allowed excitation to the Franck—Condon
state.! Alternatively, SF states can be directly populated by
energy-transfer (EnT) processes (see Sections 4.3 and
5).2121 The prime example is 'O,, which is commonly
sensitized by EnT'>'! and shows a weak long-lived SF
phosphorescence at 1275 nm from its lowest excited singlet
state ('A,) with two electrons paired in a 7 orbital.l'*> "

As a prototypical SF emitter, we selected [Cr(ddpd),
which has the nickname “molecular ruby”. This chromium-
(IIT) complex possesses a d* electron configuration, which
gives a ‘A, GS with three unpaired electrons occupying the
b, orbitals (Figure 4b). The complex can be excited to the
inter-configurational metal-centered “T, state by irradiation
at 435 nm.P”! Ultrafast ISC (<200 fs) from vibrationally hot
*T, states to the intra-configurational doublet excited states
is facilitated by a large density of T, states in this energy
region. Vibrational cooling (VC) and internal conversion
(IC) within 3.2 ps yield the two long-lived doublet SF states
of °T, and ’E character.’! Whereas the three electrons are
evenly distributed in the f,, orbitals in the ’E state but with
one spin flipped, two of the electrons are paired in the T
state (Figure 4b), so these states differ in orbital angular
momentum. Please note that the orbitals and terms are
given in the O notation, but in fact the D, symmetry of the
complex splits the E and T terms into two and three states,
respectively.®"! Interestingly, the electronic situation of the
lowest doublet states of [Cr(ddpd),]** is similar to that in
singlet oxygen. The two singlet states in 'O,, 'A, and 'Z,”,
feature two electrons in nt orbitals that are spin-paired in the
same orbital or occupy different orbitals with antiparallel
spin, respectively. However, the spin-paired 'A, state is

]3+

s
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markedly stabilized by its favorable orbital angular
momentum. !>

The molecular ruby shows a sharp dual phosphorescence
reaching maxima at 738 and 775 nm with a common lifetime
of 1.12 ms and a quantum yield of 13.7 % from the thermally
equilibrated lowest °T; and E derived states in deaerated
acetonitrile (Figure 5b, Table 1).5%! Residual fluorescence
from the distorted ‘T, states is very weak (©=0.01%), in
agreement with the fast ISC process."

For a 3d" metal complex (n < 10), the emission lifetime,
quantum yield, as well as the photostability of [Cr(ddpd),]**
are exceptionally high and achieved by a large ligand-field
splitting, which raises the energy of the *T, states above the
’T\/E states in the Franck-Condon geometry. This large
energy gap prevents thermally activated back-ISC occurring
to the ‘T, states followed by nonradiative deactivation,
(delayed) fluorescence, or dissociation.F 6162

3. Tuning of Excited-State Properties
3.1. Tuning of the Excited-State Energy

The simplest way to modulate the energy of CT states is by
changing the (solvent) environment. As a result of their
charge-separated nature, CT states are usually quite sensi-
tive to the surrounding matrix (solvatochromism, see
Section 4.3 for more details). Furthermore, the emission
energy of CT emitters can be tuned by modifications of the
complex changing the energy gap between the donating and
accepting orbitals (Figure 6a)."?! In MLCT transitions, an
electron is formally transferred from a d orbital to a ligand’s
n* orbital, which results in an oxidized metal center and a
ligand radical anion. Consequently, the excited state energy
can be tuned by using a different metal center or by
modifying the ligands.F" 2513

Changing the metal center of a complex results in
different energies for the donating d orbitals. For example,
using Os" instead of Ru" yields lower MLCT energies
because of the higher energy of the 5d orbitals compared to
the 4d orbitals (Figure 6a).!

In principle, it is expected that the energy of an MLCT
state will decrease on introducing electron-withdrawing
substituents that lower the accepting n* orbital energy and
will increase with electron-donating substituents that raise
the n* orbital energy. However, ligand modifications also
affect the energy of the d orbitals. For example, an electron-
donating substituent also increases the energy of the metal’s
d orbitals in addition to destabilizing the ligands’ n*
orbitals."®! Introducing two diethylamino substituents onto
the bpy ligands red-shifts the emission band to 700 nm for
the homoleptic ruthenium(II) complex because the destabi-
lizing effect on the d orbitals is stronger than on the n*
orbitals, thereby leading to a lower energy gap between the
two levels.!"*!]

As a consequence of this intricate interplay between the
ligand and metal center outlined above, careful control of
the donating and accepting orbital energies is needed to
achieve MLCT emission in the near-infrared (NIR) spectral
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Figure 6. Strategies for tuning the emission energy as illustrated using
normalized emission spectra of key examples of a) *MLCT emitters and
b) SF emitters (ppy” =anion of 2-phenylpyridine, bpmp =2,6-bis (2-
pyridylmethyl) pyridine, Figure 2).P¢"613¢140

region. For example, a combination of electron-rich ligands
to destabilize the d orbitals and an electron-poor ligand to
provide a low-energy n* accepting orbital enabled NIR
phosphorescence to be achieved.” Other designs include
extended aromatic systems on the ligands and polynuclear
complexes, amongst others.['?13¢1313 In any case, the low-
energy excited states required for NIR emission suffer from
enhanced rates of nonradiative deactivation according to the
energy gap law, which negatively impacts lifetimes and
quantum yields."*! In contrast, efficient green or even blue
emission from CT states is readily achieved, for example
from complexes derived from Ir(ppy); (Figure 6a).? 130137

The typical spectral range for SF emission is deep-red to
NIR-I (780-1000 nm) or even NIR-II (1000-1700 nm)./*) No
charge separation and no (or only a slight) change in orbital
occupation occurs in SF transitions. Instead, the energy of
SF states results from additional repulsive interactions
between the electrons in nearly degenerate orbitals caused
by a lower exchange energy, which are often quantified with
the Racah parameters B and C derived from ligand-field
theory.[* 811411921 Hence, strategies for tuning emission
energy are less obvious than in the CT case.[*’)

Successful strategies are changing the covalency of the
metal-ligand bonds and varying the size of the d orbitals.
More covalent M—L bonds lower the energies of the SF state
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because the interelectronic repulsion is reduced by delocal-
ization of the electrons onto the ligands (nephelauxetic
effect). This principle was demonstrated with Cr'™ com-
plexes containing carbanionic ligands such as ppy~ (Fig-
ure 6b) or amido ligands leading to NIR emission band
maxima up to 1067 nm.[*14214]

More ionic M—-L bonds result in higher emission
energies, but this is difficult to achieve in molecular systems.
Recently, [Cr(bpmp),]’" (Figure2, bpmp=2,6-bis(2-
pyridylmethyl)pyridine) was reported, which emits at
709 nm (1.75 eV) with a high quantum yield of 19.6 % and a
millisecond lifetime. The ligand design was guided by high-
level quantum mechanical calculations.*”

The central metal ion profoundly affects the energy of
the SF state. Metal centers with larger d orbitals (lower
effective charge, higher period) reduce the interelectronic
repulsion and hence the SF state energy, while those with
small d orbitals (higher effective charge, lower period)
increase the SF energy.* For example, the Racah parame-
ter B of the free ions qualitatively predicts that V" [B(V*")-
=861cm'] and Mo"™ complexes [B(Mo’")=610cm ']
should possess lower energy SF states than Cr'™ complexes
[B(Cr’")=918 cm™'] in similar environments and assuming a
similar ratio C/B.** In fact, [V(ddpd),]*" (Figure 2) and
MoCly(urea); emit between 982-1109 nm"” and at
1095 nm,"™ respectively, while the emission from Cr'
complexes is usually located between 720 and
800 nm."5433:381 We would like to point out that the Racah
parameters B and C should be used with caution for
quantitative comparisons, as the assumptions in the under-
lying ligand-field theory (ligands treated as point charges,
ideal coordination geometries)®! might not be valid,
especially for complexes with low symmetry and highly
anisotropic bonding situations.

In contrast to CT emitters, it is challenging to blue-shift
SF emission by varying the metal center. One problem is
that ions in high oxidation states such as Mn' with
contracted d orbitals can form highly covalent M—L bonds,
eventually leading to low-energy SF states.”™ Additionally,
very high or low oxidation states of the metal center can
also introduce low-energy CT states, which can facilitate
nonradiative deactivation, for example through mixing with
the luminescent SF states.[**7%14]

3.2. Tuning the Emission Lifetime

Control over the luminescence lifetime 7 is crucial, as
requirements vary depending on the application. For
example, a long lifetime is generally desirable for photo-
catalysts, because it increases the quenching efficiency.*" In
contrast, shorter lifetimes arising from higher radiative rates
k. are preferred for chromophores in organic light-emitting
diodes (OLEDs) to limit photodegradation and maximize
performance.” A variety of strategies exist to influence the
lifetime 7 through the radiative and nonradiative rates k, and
k. [Eq. (1), Figure 7].18
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An efficient way of prolonging r is rigidification of the
ligand scaffold (Figure 7). This can decrease k,, through the
restriction of intramolecular motions in the excited state.
This strategy succeeded for CT, SF, and organic emitters
alike [0 For example, the phen complexes of Ru'' and
Cr'™ (Figure 2) have emission lifetimes that are longer by
factors of about 1.5 and 4, respectively, compared to their
bpy analogues.”"™ Furthermore, Cr' complexes with
tris(bidentate) chelation such as [Cr(bpy);]*" show a trigonal
distortion in the excited state that facilitates nonradiative
deactivation of the SF states.'”"'*? This mode can be shut
down by employing tridentate ligands, such as in [Cr-
(ddpd), ]+
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In CT states, the geometric distortion can be reduced by
stronger delocalization of the excited state on an extended
n-system of the ligand (Figure 7).1%!*! This diminishes the
impact of the charge separation on individual bonds and,
thus, coupling to the GS. In SF emitters, a delocalization of
the excited state, for example by mixing with CT states, has
the contrary effect: it increases the geometric distortion and
facilitates nonradiative deactivation.’s14214]

Lifetimes of Ru" complexes were prolonged by a larger
*MLCT-"MC energy gap limiting nonradiative decay via the
detrimental *MC states (Figure 7). For example, a larger
bite-angle of the chelating ligand raises the ligand-field
splitting and, thus, the *MC energy, while electron-with-
drawing substituents on the ligands lower the *MLCT
states.'™ Similarly, increasing the energy of the “T, MC
states in [Cr(ddpd),]*" proved to be key to its remarkable
optical properties, as it prevents deactivation of the SF states
via back-I1SC.[*¢!62

Deuteration of the ligands or solvents is a particularly
useful strategy that lowers k,, for low-energy luminescence
of any kind (Figure 7).!"*'*! Above an emission wavelength
of about 700 nm (< 14300 cm™"), the energy of the electroni-
cally excited state is in the region of X-H (X=C, N, O,
3000-3500 cm™") overtone vibrations of the ligand or
solvent, and deactivation through energy transfer becomes
relevant. This process requires a spectral overlap between
the emission band of the complex and the overtone
absorption band. Deuteration mitigates the negative effect
of these oscillators, as X—D vibrations are significantly lower
in energy than their X—H counterparts [? (C—H)
~3000 cm ™, #(C-D)~22200 cm '], thus requiring a higher
overtone to match the emission energy. The lower molar
absorption coefficient of the higher overtone leads to a
smaller spectral overlap and reduced deactivation. For the
molecular ruby, statistical deuteration of the ddpd ligand
increases the emission lifetime from 1.12 to 2.3 ms and the
quantum yield from 13.7 to 30 %." Since the rate of energy
transfer strongly decreases with the M--X—H distance (=
r™%), the a—C—H oscillators are the most important ones.
Hence, deuteration of the o—C—H groups of the bpmp
ligands in [Cr(bpmp),]*" (Figure 2) boosts the lifetime from
1.8 to 2.5 ms and the quantum yield from 19.6 to 24.6 %.1*’]
Similarly, but to a lesser extent, perdeuteration of [Ru-
(bpy)s]*" increases the emission lifetime by about 20 % in
aqueous solution.® The smaller effect arises from the
higher emission energy of [Ru(bpy);]*".

The lifetime of CT emitters such as [Ru(bpy);]** can be
increased by exploiting the so-called reservoir effect (Fig-
ure 7). The ligands are decorated with aryl substituents, such
as pyrene, that possess similar triplet energies as the parent
complex.#¢1381921 After photoexcitation and ISC, a thermal
equilibrium between the MLCT state and the pyrene-based
*(n-*) state is established through an intramolecular energy
transfer. The very long-lived pyrene triplet state (r=9.4 ms
in ethanol)!'® serves as a reservoir that slowly repopulates
the emissive MLCT state and leads to microsecond
emission lifetimes.")  Adding 9,10-diphenylanthracene
(DPA, Figure 8) to a solution of [Cr(bpmp),]*" (Figure 2)
also prolongs the lifetime through a doublet-triplet energy-
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transfer equilibrium between the SF states and triplet state
of DPA. However, unlike the CT emitters, the lifetime was
not increased beyond the value of 1.8 ms found for the
complex without additives."* As excited-state lifetimes are
already very long, this also seems unnecessary as a
molecular design strategy for SF emitters.

As a consequence of the spin-forbidden nature of
phosphorescence transitions, the possibilities to increase
their radiative rates include increasing the metal character
of the involved wavefunctions (e.g. by changing the charac-
ter of the lowest state from LL'CT to MLCT),'! installing
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heavy atoms to increase spin-orbit coupling (SOC)!'**'*" and
to increase the density of states which can interact with the
emissive state through SOC, for example, by a multi-metal
approach.['® Another strategy that was thoroughly explored
for CT emitters is thermally activated delayed fluorescence
(TADF, Figure 7).5419113] Here, an emissive triplet state
is in thermal equilibrium with an energetically higher lying
singlet state (AEgr < 1600 cm ™)™ through back-ISC. The
repopulated singlet state decays through fluorescence to the
'GS with a high radiative rate, as no change in multiplicity is
involved.

For Cr'™ complexes as prototypical SF emitters, TADF
occurs in cases where back-ISC from the 2E/*T, states to the
‘T, state is thermodynamically possible.”® However, apart
from fluorescence, other deactivation pathways of the *T,
state, such as ligand dissociation and surface crossing, are
available due to the strong Jahn-Teller distortion of the *T,
state.’"1 Hence, enabling back-ISC in Cr'™ complexes
comes at the cost of poor quantum yields, as discussed
above. Therefore, TADF cannot be considered a viable
strategy to tune SF emitters, at least with the chromium(I1I)
complexes developed so far.

The metal-confined nature of the SF states enables
tuning of the radiative rate constant k, by exploiting
Laporte’s rule (Figure 7).l By introducing an inversion
center in [Cr(tpe),]*" using the tripodal ligand tpe (=1,1,1-
tris(pyrid-2-yl)ethane, Figure 2), the radiative rate of the
spin- and Laporte-forbidden °E,/T,,—*A,, transitions was
lowered to merely k,=18s™', thereby resulting in a record
luminescence lifetime of 4.5 ms.*! This strategy is not
available for CT emitters, since the charge separation does
not occur in orbitals of the same parity and always leads to
symmetry breaking.

4. External Effects
4.1. Temperature

Some of the effects of temperature on the *CT and SF
luminescence, such as thermal deactivation via MC states
and TADF, have been discussed in the previous sections.

Equilibria can also exist between phosphorescent states
of different character. For example, temperature-dependent
dual emission arises from an excited-state equilibrium
between a *MLCT and a ligand-centered °LC state in an
[Ir(ppy).(N~N)]* complex featuring a pyrimidyltriazole
ligand (N~N).[%

In SF emitters such as the molecular ruby, temperature-
dependent changes in the number of emission bands and
their shape are largely governed by the population of close-
lying SF states that arise from the splitting of SF states
degenerate in an ideal octahedral symmetry (°E, T,, Fig-
ure 4b). As the energy gaps amount to around 200-800 cm ™'
with small barriers, the population follows a Boltzmann
distribution.[*463641781 Hence, the molecular ruby has been
used as a  self-referencing ratiometric  optical
thermometer.'”!”! The three *MLCT states in derivatives
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of [Ru(phen);]*" (Figure 2) are also split in D; symmetry,
but only by about 10 and 60 cm~.F"'*

Although the population of the close-lying SF states
varies with temperature, the energies of the individual states
generally remain unaffected in most cases®™ ! with rare
exceptions.m] In contrast, drastic changes in the emission
energy and band shape can be observed for CT emitters
upon freezing of the solution. This phenomenon, known as
rigidochromism, will be discussed in more detail in Sec-
tion 4.3 as it is not primarily a temperature effect.

4.2. Pressure

Pressure can increase the excited-state lifetimes and photo-
luminescence quantum yields of some CT and SF emitters.
This can be explained by a stronger interaction between the
metal center and the ligands under pressure, which increases
the ligand-field splitting and thus the energy of deactivating
MC states.”!81182 For [NH,];[CrFg] in the solid state, this
effect even causes a change in the emission type: at low
pressures the complex fluoresces weakly from the inter-
configurational *T, MC state, while SF phosphorescence
occurs at pressures above 71 kbar.'™ In [Ru(bpy);]**, the
pressure response of the luminescence intensity is strongly
dependent on the environment. While the emission quantum
yield increases in acetonitrile solution and doped solids, a
decrease in @ was found in single crystals.’>18118415] Hijoh
pressures can restrict vibrational modes and limit non-
radiative deactivation, as shown for [Ru(bpy),(py),]*" with
the more flexible pyridine ligands (py).!'*'*"]

Hydrostatic pressure can also affect the energy of the SF
emission. The most well-known example is the shift of about
—0.8 cm™'kbar™" of the SF emission from the gemstone ruby
(AL,05:Cr’™), which is exploited for optical measurements
of high pressures in diamond anvil cells."**®! Much stronger
shifts of up to —14.8 cm 'kbar ™' are found in the molecular
ruby [Cr(ddpd),]’* in solution and the solid state.” This
pressure effect on the SF emission is caused by subtle
changes in the coordination geometry and the n(M-L)
overlap affecting the M—L covalency and the nephelauxetic
effect.l””

For CT emitters, the effect is usually less pronounced.
The emission energy of [Ru(bpy);]** shows red-shifts of —2
to —6cm 'kbar™' depending on the matrix and pressure
range.”> 8187 For some CT emitters, the shift can be traced
back to pressure-induced changes of solvent parameters (see
Section 4.3)."" A strong shift of —13 cm 'kbar™' was found
in single crystals of a heteroleptic ruthenium(II) complex,
which was ascribed to a pressure-dependent hydrogen
bonding of the complex to a salt bridge.!"!)

4.3. Environment

The influence of the solvent on the emission properties is
very much tied to the nature of the excited states involved.
CT transitions are more sensitive to changes in the environ-
ment because of their large change in the dipole moment.!'””
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SF states only show a minimal electron redistribution with
respect to the GS. Here, effects of the matrix are limited to
changes in the emission quantum vyields and lifetimes,*”
whereas for CT states the energy can strongly vary with
solvent parameters.'™ 'l If the excited state has a lower
dipole moment than the GS, the emissive state is destabi-
lized in more polar solvents, which leads to a higher
emission energy (negative solvatochromism). Excited states
that are more polar than the GS show a red-shift in more
polar solvents (positive solvatochromism).!"”*'*”! For exam-
ple, the positive solvatochromism of [Ru(bpy),(CN),]"
enables tuning of the emission energy in the range of 623 to
712 nm.P*

Apart from solvent, charged complexes can also be
affected by interactions with their counterions. For example,
variations in ion pairing can open different reaction
pathways.?"?”2l With regards to luminescence, strong effects
have been observed for CT emitters.””*?*! The emission
quantum yield of an iridium(I1I) *MLCT emitter in the solid
state could be increased 12-fold by employing bulky
counterions. The effect was rationalized by a larger average
distance between the complex molecules leading to reduced
self-quenching.”*

In the molecular ruby, counterions and the solvent
influence the emission lifetime and quantum yield, but not
the ultrafast ISC and internal conversion (IC) processes
after excitation.™"® For [Cr(bpy),]**, it was shown that the
counterions and co-solutes help to rigidify the ligand
scaffold and reduce nonradiative decay.”

In general, phosphorescence can be quenched by °O,
through a Dexter energy transfer (EnT) which leads to the
formation of 'O, and significantly reduced excited-state
lifetimes (Table 1).1%2%21 10, can be a useful reagent, for
example, for the a-cyanation of amines™®*!! or photo-
dynamic therapy,>?" but in some cases quenching by O, is
undesired.” In principle, steric shielding can help to limit
the EnT process, as it requires orbital overlap between the
energy donor and energy acceptor. For CT emitters with
spatially extended excited states, however, such a steric
protection is challenging due to large delocalization of the
SMLCT wavefunction onto the ligands.”'¥ The SF states in
the molecular ruby, on the other hand, can be efficiently
protected from external influence by shielding the metal
center.”"

A phenomenon that can be found in CT emitters is
rigidochromism. It describes the blue-shift of the emission
band upon rigidification of the environment."">*" Although
it can occur during freezing of a solution, rigidochromism is
not a temperature effect, as similar shifts can be observed
when comparing the emission spectra recorded in a frozen
solution and in the solid state at room temperature. For
example, the emission of [Ru(bpy);]*" shifts from 601 nm at
room temperature®” to 580 nm in a frozen diethyl ether:i-
isopentane : ethanol solution at 77 K*'® as well as in the solid
state at room temperature.*"!
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5. Applications

When choosing transition metal complexes for an applica-
tion it is crucial to consider their ground- and excited-state
properties, as they have important implications for different
scenarios.

One of the most common applications of photoactive
complexes is photoredox catalysis, which exploits a photo-
excited complex having a stronger oxidative and reductive
power than the GS.

Hence photoexcited complexes can be used to drive
redox reactions under mild conditions with high selectivity."
The excited-state redox potentials E£* for an electron donor
D or electron acceptor A can be estimated from the redox
potentials £ of the GS and the energy of the excited state
Ey, using the modified Rehm-Weller equations [Egs. (2)
and (3), respectively], where e is the elementary charge and
the work term for the charge separation is omitted.?*%!

E"(D*/D") = E(D*/D) — Ey/e )

E*(A"JA") = E(AJA") + Ey/e 3)

A common rationalization for the stronger redox powers
of excited states has been that the charge separation, for
example in MLCT states, results in an electron hole that is
easier to fill and an electron radical in a n* orbital that is
easier to remove.**?>! In fact, there is a plethora of
complexes of various metal centers such as Ru", Ir'™, Mo°,
ZrV, WY or Cu' with 3CT states that have been used as
oxidative and reductive photocatalysts and have supported
the explanation given above,[¢10.28.107.224-226]

Interestingly, Cr'™ complexes can also be applied in
photoredox reactions and catalysis even though they lack
charge separation in their SF states.[?2731 Most recently,
[Cr(tpe),]’" was applied for a light-induced radical cation [4
+2] cycloaddition (Figures 2 and 8), and [Cr(dqp),]*" (dgp=
2,6-bis(8-quinolinyl)pyridine, Figure 2) catalyzed a variety
of transformations such as bromination, oxygenation, hy-
droxylation, and vinylation reactions.[®>?*! Importantly, the
excited-state reduction potential of [Cr(dgp),]’" can be
estimated in the same way as for *MLCT states for photo-
induced electron transfer [Eq.(3)], despite lacking any
charge separation.”! Possibly the simplistic orbital picture
with holes and electrons that has served as an explanation
needs to be replaced with a model that focuses more on
excited electronic states instead.”!

One advantage of Cr'™ catalysts of the molecular ruby
type over traditional Ru" catalysts is their remarkable
photostability. [Cr(tpe),]*" is stable under catalytic condi-
tions for a Diels—Alder reaction and can be re-used, whereas
[Ru(bpz),]*" (bpz=2,2"-bipyrazine, Figure 2) decomposes
after 30 min under the applied conditions. Similarly, under
anaerobic conditions, the photodecomposition quantum
yield @ge,, of [Cr(dgp),]** (Figure 2) is very low (0.0019 %)
and comparable to that of Ir(ppy)s;, whereas no degradation
was observed when irradiating in the presence of O,.*%?
The ligand-centered reduction of [Cr(tpe),]’" and [Cr-
(dgp),J** in photocatalysis®™** is beneficial for stability, as
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it prevents the formation of genuine chromium(II) com-
plexes that are prone to follow-up reactions, as exemplified
by [Cr(ddpd)2]2+.[233.234]

One of the more fundamental differences between Cr
and Ru" complexes lies in the multiplicity of their photo-
excited states (doublet vs. triplet). As a consequence, the
radical pairs formed after photoinduced electron transfer
can have different total spins depending on the catalyst. It
was suggested that this might affect the recombination
dynamics and cage escape yields of the radical pairs.”*
Furthermore, the charges of the Cr'" and Ru" photocatalysts
differ, which might also affect the cage escape yields.
However, more data is required to allow for a generalized
conclusion.

Unlike many precious metal complexes, the application
of Cr'™ complexes in photoredox catalysis is currently
limited to mechanisms involving reductive quenching of the
excited state (Figure 8).2%20.24] Transformations driven
by oxidative quenching of molecular Cr™ catalysts have not
yet been reported. This is possibly due to the difficulty in
accessing a reversible Cr'"—Cr'V oxidation®™ and not
because of an intrinsic limitation of SF states in this regard,
as oxidative quenching of doublet SF states has been
observed in Mo™" complexes."™

CT and SF excited states can also be quenched by
energy-transfer (EnT) pathways.[#60:122164.2228] The most
common example is the quenching of phosphorescence by
*0, to form 'O, through a Dexter-type energy-transfer
process (see Section 4.3). With substituted acceptors such as
DPA (Figure 8), green-to-blue photon upconversion proc-
esses involving triplet-triplet annihilation (TTA) of *DPA
become feasible.?****! [Ru(bpy);]*" in the *MLCT state
undergoes triplet-triplet EnT to form °*DPA, while [Cr-
(bpmp),]** in its °T,/°E states shows doublet-triplet EnT to
DPA.'*1 Although this difference in excited state multi-
plicities affects some details of the process, the overall
mechanism of the TTA upconversion remains the same in
both cases.'™ The system [Cr(bpmp),]**/DPA reached an
upconversion quantum yield @y of 12.0 %, which is close to
the theoretical maximum,'* whereas [Ru(bpy),(phen)]**/
DPA only gave a @y of 0.9 % because of the much shorter
*MLCT lifetime (Figure 8)." Less-substituted anthracenes
can undergo a [4+4] cycloaddition to give anthracene dimers
using green light instead of the required UV-blue light
without a sensitizer.!'%*2%!

In general, the metal-confined nature of the SF states
represents a downside for electron transfer and EnT
processes, as low orbital overlap with substrates may limit
the quenching efficiency.*! In contrast, CT states extend
over large parts of the molecule and are also delocalized
onto the periphery of ligands, thereby ensuring sufficient
overlap with substrate orbitals. Cr'™" complexes may partially
compensate this disadvantage with their very long excited-
state lifetimes of ps to ms. 22

By means of clever ligand design, CT and SF emitters
have been successfully employed for a variety of sensing
applications (Figure 8): The introduction of acidic or basic
groups on the ligands enabled pH sensing, ™27 (O,
sensing was achieved by exploiting the quenching of
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phosphorescence by >0, with the formation of '0,,'”>*" and
a variety of mechanisms such as TADF, close-lying thermal-
ized SF states, and thermally activated nonradiative decay
can enable temperature sensing (see Sections 3.2 and
4.1).%2 At this point we want to highlight that the large
spatial extent of CT states can lead to specific interactions
with ions in solution, thus enabling optical ion sensing.**
SF emitters, on the other hand, are more suitable as
hydrostatic pressure sensors in solution as a consequence of
the uniquely large pressure response of their emission
energy (see Section 4.2).1""

Chiral luminophores can show circularly polarized
luminescence (CPL), which holds great promise for applica-
tions such as security inks, polarized microscopy, and display
technology.”*»>2%! CPL is commonly quantified using the
dissymmetry factor g, which describes the excess of left-
handed circularly polarized light over right-handed CPL
[Eq. (4), —2< gum <2].P%%% The theoretical description of
the dissymmetry factor reveals that a high value can be
expected for electronic transitions that are spin-forbidden
(low electronic transition dipole moment |ii,,|) and magneti-
cally allowed [high magnetic transition dipole moment ||,
Eq. (4)]; 7, is the angle between the two vectors.”*

Gum = (I = 1g)/[0.5(I 1, + Ig)] = 4]ty |COST,p, /|| 4)

These selection rules are very favorable for SF emitters,
and result in g, values up to 0.20,046%23.262%1 whereas CT
emitters typically have values below 0.005.23%:260.267.2681 The A
and A enantiomers of [Ru(bpy);]** show only weak CPL,
with |gum| =0.0007 at 625nm (Figure 8)."*% In [Cr-
(ddpd),]**, the tridentate ligands coordinate the metal ion
forming a double helix which generates (P,P) and (M,M)
enantiomers. After separation of the enantiomers by HPLC
on chiral stationary phases, a high luminescence dissymme-
try factor |g,| of 0.093 was obtained for the emission at
775 nm.”! Enantiomerically pure substituted [Cr(dqp),]**
complexes can even achieve | gy, | =0.17-0.20.64

6. Summary and Outlook

Charge-transfer emitters have been at the center of photo-
chemical and photophysical research for decades. The
tunability of their ground- and excited-state properties over
a wide range made them versatile assets for a variety of
applications. Over the past years, the dominance of charge-
transfer emitters based on precious metal ions such as Ru",
Re!, Os", or Ir'™ in the scientific literature has been
challenged by other metal centers, including many base
metals. By means of creative ligand design, more and more
reports feature photoactive 3d and Earth-abundant 4d metal
complexes, !+ 78103:106.2692771 Ty the midst of this shift in focus,
there has been a revival of Cr'™ complexes with long-lived
excited states and strong spin-flip
emission.[53,59.61.63—67,139.142,278,279]

In some regards, spin-flip luminescence can be consid-
ered complementary to its charge-transfer counterpart. The
most apparent difference is the localization of spin-flip states
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on the metal center with no change in orbital occupation
compared to the ground state, whereas charge-transfer
transitions can be considered as intramolecular redox
reactions that can spread over large parts of the molecule.
With this fundamental distinction in mind, it is possible to
understand the differences between charge-transfer and
spin-flip emitters with respect to bandwidths (broad vs.
sharp), photostability (low vs. high), photoelectron transfer
efficiency (high vs. moderate), emission lifetimes (short vs.
long), matrix effects (strong vs. weak), and circularly
polarized luminescence efficiency (low vs. high) amongst
others.

Furthermore, typical charge-transfer and spin-flip state
energies cover complementary spectral regions. Although
the energy of charge-transfer states is readily tuned over the
full visible spectrum, low-energy emission in the near-
infrared is challenging to achieve. In contrast, spin-flip
phosphorescence is commonly found in the deep-red to
near-infrared spectral region. Tuning the emission energy,
especially blue-shifting, is not straightforward and, hence,
spin-flip energies above 1.85eV (670 nm) have yet to be
reported.[543

It is also worth noting where charge-transfer and spin-
flip states behave similarly: Both can be used successfully in
energy-transfer reactions. Importantly, spin-flip states can
also drive photoredox catalytic reactions, which had long
been thought to be a unique feature of charge-separated
states. In fact, Cr'™ complexes with their very long excited-
state lifetimes and high photostability are attractive photo-
catalysts, since they also employ an Earth-abundant metal.
However, there are still some practical limitations, such as
the lack of redox stability to support transformations
requiring oxidative quenching. Research in this field has just
begun, after much effort was spent on understanding the
fundamental properties of the new class of highly lumines-
cent ChrOmium(III) ComplexeS.[SO,ﬁz—ﬁs,139,142,178‘210‘279—281]

With the paradigm change from merely parasitic metal-
centered excited states to well-performing spin-flip excited
state, it is anticipated that spin-flip emitters will join their
charge-transfer relatives in a versatile toolbox and drive
scientific research beyond the boundaries of individual
academic fields.
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Spin-Flip S I

Charge-transfer excited states have been nited by a new type of photoactive

at the focus of inorganic photochemistry  chromium(lll) complex. This Review
for decades, together with their stron- delineates similarities and unique fea-
gest opponents: detrimental metal-cen-  tures of charge-transfer and spin-flip
tered states. In recent years, interestin  states, from fundamentals to applica-
metal-centered spin-flip states was reig-  tions.
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