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Precious and rare elements have traditionally dominated | |
inorganic photophysics and photochemistry, but now we are witnessing | |||
a paradigm shift toward cheaper and more abundant metals. Even
though emissive complexes based on selected first-row transition metals
have long been known, recent conceptual breakthroughs revealed that a
much broader range of elements in different oxidation states are useable
for this purpose. Coordination compounds of V, Cr, Mn, Fe, Co, Ni,
and Cu now show electronically excited states with unexpected
reactivity and photoluminescence behavior. Aside from providing a

N
compact survey of the recent conceptual key advances in this dynamic HEEEEEREREREREREERR
field, our Perspective identifies the main design strategies that enabled

the discovery of fundamentally new types of 3d-metal-based luminophores and photosensitizers operating in solution at room
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Many coordination compounds with platinum group metals
have rich photophysical and electrochemical properties,”” but
their electronic structures are difficult to emulate with first-row
transition metals. The key challenge is that a given
coordination environment imposes a considerably weaker
ligand field on a 3d-metal than on a 4d- or 5d-species, because
the more contracted 3d-orbitals have weaker spatial overlaps
with the relevant ligand orbitals than the 4d- or Sd-orbitals
(Figure 1a).” Consequently, complexes with partially filled 3d-
orbitals typically feature a multitude of metal-centered (MC)
excited states, which are energetically close to each other and
to the electronic ground state. This scenario is problematic,
because it can allow for a cascade of nonradiative relaxation
processes from one MC state to the other and finally back to
the ground state (Figure 1b)." Moreover, in some of the MC
states, the metal—ligand bonding situation is very different
from the ground state, for example, when d-electrons are
promoted from nonbonding to antibonding orbitals. The
respective excited states are then said to be “distorted”, and
this is captured by the displacement of potential wells along a
certain nuclear coordinate (Figure 1b/c), for instance, the
metal—ligand bond distance.” From the resulting overall
picture, it is quite obvious that the barriers for crossing from
one potential well into the next lower one can be undesirably
low, causing rapid nonradiative relaxation.

The stronger ligand fields of 4d- and Sd-metal complexes
typically do not only lead to greater energy gaps between the
individual MC states, but also to a sizable energy gap between
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the lowest MC state and the electronic ground state (Figure
Ic). In such cases, that lowest MC state can become
luminescent and photochemically active,” because nonradiative
relaxation becomes less efficient when the excitation energy has
to be dissipated by an increasing number of vibrational
quanta.® Energetically high lying MC states furthermore open
the possibility for the installment of fundamentally different
excited states at lower energies (while maintaining a sufficiently
large gap to the ground state), for instance states, in which
electron density is shifted from the metal to the ligands or vice
versa. Since the lowest excited state commonly governs the
photophysical and photochemical properties, that state is
usually the most important one, and the aforementioned
metal-to-ligand charge transfer (MLCT) and ligand-to-metal
charge transfer (LMCT) are very attractive for many
applications. The redox properties in these charge-transfer
states are drastically altered with respect to the ground state,
enabling them to engage in photoredox chemistry with organic
substrates”* or to act as dyes in inorganic semiconductor solar
cells.” Ligand-to-ligand charge transfer (LLCT), in which
electron density is shifted from one coordinated ligand to
another, can be similarly useful.'” This is fundamentally
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Figure 1. (a) Ilustration of the overlap between metal d-orbitals and
ligand orbitals. (b) Exemplary single configurational coordinate
diagram for a 3d-metal complex (c) Exemplary single configurational
coordinate diagram for a 4d- or Sd-metal complex. Q is a nuclear
coordinate.

different from so-called intraligand (IL) excitations, in which
the electron density redistribution typically occurs within the
m-conjugation system of a given (individual) ligand.

Contrary to typical organic compounds, many metal
complexes facilitate rapid intersystem crossing from initially
excited singlet to lower-lying triplet excited states by virtue of
strong spin—orbit coupling.’' This is important because triplet
states give access to photochemical reactivities that are
unattainable from singlets, they can have improved kinetic
reactivity due to longer lifetimes,'” and photoinduced electron
transfer from triplet states can produce primary photoproducts
that undergo less (undesired) charge recombination, leading to
inherently §reater quantum efficiencies of photoredox
reactions. "> Numerous applications underscore the impor-
tant role played by (so far mostly precious) metal-based
compounds, including luminophores in organic light emitting
diodes (OLEDs)'* and light-emitting electrochemical cells
(LEECs),"™'® photocatalysts in synthetic photochemistry and
artificial photosynthesis,"”'® light-harvesters in dye-sensitized
solar cells,'® and sensitizers in photochemical upconversion or
photodynamic therapy.””*" Thus, there are many good reasons
to search for photoactive complexes based on cheap and
abundant metals.”*~

Copper(I) emerged as an attractive candidate nearly 40
years ago,”” and furthermore, some chromium(III) complexes
had long been known to emit in solution at room temperature
(Figure 2).*° With both metal ions, key conceptual progress
has been made recently, and complexes with exceptional
luminescence quantum yields and excited-state lifetimes were
reported.”’” For other elements such as cobalt and nickel, there
had been a few selected reports on emission from molecular
complexes in the older literature,”® but just recently several
studies revived interest in these two elements that were long
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Figure 2. Red: Elements for which luminescent complexes have long
been known but important conceptual progress has been made
recently. Yellow: A few selected luminescent complexes were known
for these elements, and a few more examples have been added
recently. Green: New elements on the landscape of emissive
molecular complexes in solution at room temperature. Gray: Many
luminescent Zn" complexes are known, but they typically feature
ligand-centered emission. White: Elements for which room temper-
ature emission in solution still remains a challenge and no recent
reports have appeared. Spin states and appertaining oxidation states of
so far known examples of luminescent molecular complexes in
solution at room temperature are listed below the individual elements.

neglected in molecular photophysics and photochemistry. As
the most abundant transition metal element in Earth’s crust,
iron continuously attracts much attention, but two recent
landmark studies””*’ lead to unexpected insight that could
revolutionize the field.’’ Manganese and vanadium represent
two comparatively abundant d-metal elements that only just
appeared on the landscape of molecular complexes showing
luminescence in solution at room tempe1‘ature.32_34

The focus of our Perspective is on the recent conceptual key
discoveries in the field of molecular complexes with first-row
transition metals that luminesce in solution at room temper-
ature. When a compound emits under these conditions, this
typically implies excited-state lifetimes that are sufficiently long
for diffusion-controlled bimolecular reactions; hence, these
compounds can in principle become suitable for photo-
chemical applications that go far beyond simple lighting, and
we then call those complexes “photoactive”.”> Of particular
interest here is the direct involvement of the metal in shaping
the photophysical and photochemical properties, whereas
complexes in which IL excitations play a dominant role
(such as, for example, in many zinc(II) compouncls)3> are not
considered. Our Perspective is structured into four core
sections for the four main types of photoactive excited states
(LLCT, MLCT, LMCT, and MC) that are relevant for the
various 3d"-electron configurations (n = 2—10). Based on the
conceptual insights gained from this survey, we then give a
brief outlook into the possible future of luminescent base metal
complexes.

In the 3d" electron configuration, there are no energetically
low-lying MC states, and therefore, emissive MLCT and LLCT
excited states can be installed comparatively easily. Homoleptic
bis(a-diimine)copper(I) as well as heteroleptic variants
combining @-diimine with diphosphine ligands have attracted
much attention in the p:ist,19’36 but recent work demonstrated
that such four-coordinate tetrahedral Cu' MLCT lumino-
phores are outperformed by two-coordinate linear Cu' LLCT
emitters.”” The combination of unconventional N-heterocyclic
carbenes with N-bound amide ligands leads to charge-neutral
Cu' compounds featuring luminescence quantum yields
approaching 100% in the solid state and in solution at room
temperature (Figure 3a).”®”” The (anionic) amide ligands are
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Figure 3. (a) Linear molecular structure of two-coordinate CAAC-
Cu'-amido complexes (at the top) and structures of exemplary CAAC
and amido ligands.38 (b) Key frontier orbitals in CAAC-Cu'"-amido
complexes and direction of charge transfer upon LLCT excitation.*®
(c) Renner—Teller distortion upon MLCT excitation of linear d'°
complexes.*' (d) Energy-level diagram illustrating emission processes
of CAAC-Cu"-amido complexes. (e) Molecular structures of linear
Cu' complexes based on cyclic mono- or diamidocarbene ligands.>
(f) Molecular structures of some exemplary CAArC-Cu' complexes.*
R’ = H, CN.R” = H, CN. R* = CH,, Ph. R® = H, CH,. “¥Cz, when R’
=CNand R" = H.

strong 7-electron donors, whereas cyclic (alkyl)(amino)-
carbene (CAAC) ligands (or related unconventional N-
heterocyclic carbenes) act as m-acceptors, leading to
luminescence from an LLCT excited state. This is a key
conceptual difference to traditional four-coordinate Cu'
complexes, which have photoactive MLCT states that undergo
Jahn—Teller distortion with a consequent increase of non-
radiative decay rates.”” In the new linear compounds, the metal
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remains of key importance, as it mediates significant electronic
coupling between the donor and acceptor ligands through its
d-orbitals (Figure 3b) and furthermore facilitates intersystem
crossing (ISC) between singlet and triplet states. As long as
both ligands are coplanar (such as the case in the Sy and T,
states of suitably designed complexes), the LLCT is strongly
allowed both in absorption and emission,”® meaning that
extinction coefficients are sizable (4000—6000 M™' cm™)
despite considerable donor—acceptor distances (ca. 3.7 A) and
radiative decay rates (k,) are comparatively high (ca. 10°—10°
s™'). Nonradiative relaxation is decelerated by steric
encumbrance on the carbene ligands (Figure 3a), in part
because this prevents undesired bending (Renner—Teller)
distortions (Figure 3c).*! The limited metal character
associated with the photoactive excited state(s) is beneficial
for minimization of the Renner—Teller distortion.”

Since the HOMO and the LUMO are spatially well
separated, the singlet—triplet energy gap (AEgr) of the
emissive LLCT state can become small enough such that S,
can be repopulated from T, via reverse intersystem crossing
(RISC), causing a situation reminiscent of thermally activated
delayed fluorescence (TADF), though neither the singlet nor
the triplet is spin-pure in these Cu' complexes (Figure 3d).”>*”
Thus, AEgr remains small while k., of the luminescence
process is comparatively large, two properties which are usually
considered mutually exclusive but highly desirable for TADF
emitters. Consequently, light-emitting diodes with outstanding
quantum efficiencies become possible.****

Variations of the donor and acceptor ligands of the linear
Cu' complexes permit emission color tuning over the entire
visible spectral range (Table 1), for example, when combining
cyclic monoamidocarbene (MAC*) or cyclic diamidocarbene
(DAC¥*) ligands with carbazolates (Figure 3e).”” The carbonyl
groups of these carbenes enhance their 7-acceptor properties,
and their bulky 2,6-diisopropylphenyl (dipp) substituents
suppress the formation of exciplexes with solvent molecules;
one of the most common nonradiative deactivation pathways
for traditional Cu' complexes.*>**** Cyclic (amino)(aryl)-
carbenes (CAArCs) have a more extended 7z-system (Figure
3f) and are more electrophilic than their alkyl counterparts
(CAACs), leading to a substantial red-shift of the lowest-
energy UV—vis absorption bands and providing access to deep
red and near-infrared (NIR) luminophores.*’ High radiative
rate constants and small singlet—triplet energy gaps remain
accessible, making this a new subclass of compounds with
unusually low triplet energies and promising TADF properties.

Traditional four-coordinate Cu' complexes™® as well as
polynuclear Cu! compounds®*™*° continue to receive signifi-
cant attention,>’ % yet much of this work has been reviewed
and will not be considered further here,'>'**%%

Metal complexes with the 4d° and 5d° valence electron
configurations, in particular with Ru', Re!, Os, and Ir'Y, are
among the most widely employed MLCT emitters."”** The
idea of obtaining analogous *MLCT luminescence from 3d°
complexes is attractive, among other things because the above-
mentioned metals are all very precious and rare. Most efforts
until now have focused on iron, but no Fe'' complexes emitting
from an MLCT excited state under steady-state irradiation at
room temperature have been reported to date.”> The key
problem is that the more contracted 3d-orbitals of Fe''
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Table 1. Complexes Emitting from Charge-Transfer Excited States and Some of Their Key Photophysical Properties in

Deaerated Solution at Room Temperature

compd electron configuration solvent Aem [nm] @ @ [%] type of emission  ref
[Cu(MAC*)(“N2Cz)] 4w 2-MeTHF 448 2.3 us 24 LLCT 39
[Cu(MAC*)(“NCz)] dr 2-MeTHF 492 1.2 us ~100 LLCT 39
[Cu(MAC*)(Cz)] 4w 2-MeTHF 542 1.1 ps 55 LLCT 39
[Cu(DAC*)(“NCz)] 4 2-MeTHF 666 52 ns 2 LLCT 39
[Cu(CAAC,)(Cz)] dr 2-MeTHF 492 2.5 us ~100 LLCT 38
[Cu(CAAC,)(Cz)] 4w 2-MeTHF 510 2.3 us 68 LLCT 38
[Cu(CAAC,)(°M2Cz)] dr 2-MeTHF 558 0.28 ps 25 LLCT 38
[Cu(CAAC,)(NPh,)] 4w 2-MeTHF 580 0.87 us 16 LLCT 38
[Cr(L™),] d¢ THF 630 22 ns 0.001 MLCT 46
[Cr(LP7),] d¢ cyclooctane 682 6.10 ns“ 0.09 MLCT 47
[Mn(L),]* d¢ CH,CN 485 0.74 ns” 0.05 MLCT 32
[Mn(L"),]* d¢ CH,CN 525 1.73 ns® 0.03 MLCT 32
[Ni(Bulmp)(CH,CN)](PE) 4 solid state 5347 48
[Ni(dpb)(Cz)] dt solid state 6007 0.11 ps™e IL/MLCT 49
[Cp*,ScCl] d° isooctane/methylcyclohexane (1:1) 520 2.0 us 0.01 LMCT S0
[Fe(btz),]** &8 CH,CN 600 0.1 ns 0.03 LMCT 29
[Fe(PhB(Melm);),]* d CH,CN 655 2.0 ns 2.1 LMCT 30
[Fe(ImP),]* &8 CH,CN 450 42 ns MLCT 51

675 0.22 ns <1 LMCT

[Co(dgpy),]** d¢ CH,CN 440 5.07 ns 0.7 LMCT 52
[Co(dgpz),]** d¢ CH,CN 412 6.55 ns® 0.4 LMCT 52

“Weighted average from biexponential decay fit (4.0S ns (48%), 8.00 ns (52%)). bWeighted average from a triexponential decay fit (0.374 ns
(79.2%), 1.84 ns (19.3%), 5.85 ns (1.5%)). “Weighted average from a triexponential decay fit (0.635 ns (56.4%), 2.07 ns (33.6%), 6.74 ns
(10.0%)). “Data obtained in the solid state. “Measured at 77 K. The emission maximum at 77 K is at 468 nm.fAverage value, see original reference
for details. SWeighted average from a biexponential decay fit (3.21 ns (39%), 8.69 ns (61%)).

experience a substantially weaker ligand field than the 4d-
orbitals of Ru" (Figure 1a),” and in classical octahedral
polypyridine complexes the metal-centered 3T1g and STZg
excited states (Figure 4a) are energetically below the lowest
MLCT state. Consequently, relaxation from the MLCT to
these MC states is typically ultrafast (Figure 4b).°*®” The MC
states can indeed be exploited for photoredox reactions though
they are nonemissive.””~"" Recently, there has been important
progress in elongating the lifetimes of dark MLCT states, as
well as in understanding their population and deactivation
pathways.”””’® Much of this work has been reviewed,”””~"’
and since these compounds are nonluminescent, they are not
considered further here.

Following earlier work on W eu’ylisocyanides,81’82 we found
that chelating diisocyanide ligands give access to luminescent
Mo complexes.*> ™ This chemistry was further extendable to
the first row of transition metals and resulted in a Cr” complex
(L™ ligand in Figure 4c, complex structure in Figure 4d) that
emitted from a MLCT state in solution at room temper-
ature.*® The emission quantum yield of [Cr(L®"),] is very low
(ca. 107%), but the MLCT lifetime of 2.2 ns in deaerated THF
at 20 °C is remarkable (Table 1). The sterically demanding
tert-butyl substituents in ortho-position to the isocyanide
groups protect the metal center from the chemical environ-
ment and rigidify the overall complex. Such shielding and
rigidification strategies are generally quite successful for
improvement of chemical robustness and for the deceleration
of nonradiative excited-state relaxation processes in photo-
active metal complexes made from Earth-abundant met-
als.*****” Early studies reported on peculiar dual MLCT
emission from several [Cr(a-diimine)(CO),] complexes in
benzene at room temperature.gs’89 It is not a priori obvious
why two MLCT states, which are energetically relatively close
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and distorted to different extents relative to each other, can
both be emissive.”’ Furthermore, photoinduced CO-dissocia-
tion can be an important excited-state deactivation pathway in
this compound class.”’ Be that as it may, the [Cr(L®"),]
complex is a comparatively clear-cut 3d®* MLCT emitter under
continuous-wave irradiation at room temperature.

Attachment of pyrene moieties in the ligand backbone of the
diisocyanide ligands in [Cr(L®");] afforded the complex
[Cr(LP);] (LP" ligand in Figure 4c, complex structure in
4d).* [Cr(LP),] showed an MLCT lifetime of 6.10 ns and an
accompanying luminescence quantum yield of 0.09% in
deaerated cyclooctane at 20 °C. The largely improved
photophysical properties of [Cr(L?"),] relative to those of
[Cr(L™),] are due to the delocalization effect.””"* The
delocalization effect is a well-known strategy to improve
photophysical properties of ruthenium(II) polypyridines, and
[Cr(LP7),] is the first 3d° emitter to benefit from this concept.
Both the luminescence quantum yield and the MLCT lifetime
of [Cr(LP");] showed an unusual bell-shaped solvent depend-
ency, indicative of two counteracting effects controlling the
MLCT deactivation giving rise to optimal emissive conditions
in cyclooctane. The two effects were identified as predom-
inantly deactivation either through an energetically nearby
lying MC excited state in the most apolar solvents such as n-
hexane or alternatively via direct nonradiative relaxation to the
ground state in accordance with the energy gap law in more
polar solvents such as 1,4-dioxane. A tetracarbonyl complex of
Cr” with a bidentate pyridyl-mesoionic carbonyl ligand was
recently reported to show near-infrared-II emission, albeit
exclusively in the solid state.”

Recently, chelating isocyanide ligands enabled the synthesis
and characterization of the first luminescent Mn' complexes.*”
Isoelectronic with Fe! and Cr°, they are 3d® MLCT emitters,

https://doi.org/10.1021/jacsau.1c00353
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Figure 4. (a) Tanabe—Sugano diagram for the dS-electron
configuration in an octahedral ligand field. (b) Single configurational
coordinate diagram involving some key electronic states in [Fe-
(bpy)3]2+.66 (c) Molecular structures of the isocyanide ligands L™,
LY 1P, and L™ (d) Generic structures of homoleptic tris-
(diisocyanide) and bis(triisocyanide) complexes. M = Cr°, n = 0;
Mnl, n = 1.3%***7 (&) Molecular structures of Ni'! complexes showing
luminescence that strongly resembles ligand fluorescence (R
COOEt, COOMe; R’ = Me, CF3).80 (f) Molecular structure of
[Ni"(dpb)(Cz)].*

but the higher oxidation state with respect to Cr’ makes the
Mn' complexes more air-stable. The [Mn(L");]* and [Mn-
(L"),]* complexes (L and L™ ligands in Figure 4c, complex
structures in 4d) can be considered first-row analogues of the
well-known [Ru(bpy);]** and [Ru(tpy),]** compounds, and
they luminesce with quantum yields of 0.03—0.05% in
acetonitrile at room temperature (Table 1). The strong ligand

1864

field created by the m-acceptor isocyanide ligands shifts the
detrimental 3T1g and STZg MC states (Figure 4a) to sufficiently
high energies, such that blue MLCT emission can become
competitive with nonradiative relaxation, though the com-
paratively low quantum yields indicate that dissipation of
excitation energy by molecular vibrations remains the major
relaxation pathway in this compound class, at least until now.
The luminescence behavior of these tris(diisocyanide) and
bis(triisocyanide) manganese(I) compounds stands in contrast
to long-known Mn' tricarbonyl diimines, which undergo
efficient CO ligand release (due to the rapid population of
the above-mentioned dissociative MC states), but no emission
is accompanied by this process.””*""® The MLCT lifetimes of
[Mn(L"),]* and [Mn(L™),]* are on the order of 12 ns in
CH;CN at 20 °C, and this is long enough for bimolecular
electron and (triplet—triplet) energy transfer reactions.”” Thus,
the manganese(I) isocyanide compounds exhibit the same type
of photoreactivity as Ru" polypyridines and cyclometalated Ir'™
complexes. Though manganese is not as abundant as iron, its
natural abundance in Earth’s crust exceeds that of copper by a
factor 18, which seems noteworthy given the long-standing
interest of the photophysics and photochemistry community in
copper.

The photophysics and the photochemistry of molecular
nickel(II) complexes recently gained considerable attention in
the context of light-driven (or at least light-initiated) cross
coupling catalysis,'*°~'** though this typically involves non-
emissive Ni' compounds with energetically low-lying MC
states that deactivate nonradiatively.'”> A recent study
reported on unexpectedly intense photoluminescence from
square-planar Ni'! compounds, where it seems that the
emission is essentially due to a fluorescent ligand (Figure
4e).*" Another very recent study had a clear focus on installing
emissive charge-transfer states in Ni"' complexes and succeeded
in identifying some key design principles for obtaining square-
planar complexes that luminesce in the solid state at 298 K or
in frozen glasses at 77 K.** The carbazolylnickel(IT) complex in
Figure 4f has a lowest-lying UV—vis absorption band
attributable to a mixed IL (localized on the cyclometalating
terdentate ligand) and MLCT excitation according to TD-
DFT calculations. Weak luminescence at room temperature is
observed, and at 77 K its lifetime is 0.11 us, suggesting an
emissive triplet state. In the 77 K emission spectrum
vibrational progressions in a skeletal vibration mode of the
ligand framework (ca. 1400 cm™') point to a significant IL
contribution. Nevertheless, it seems clear that the use of
strong-field terdentate ligands is a promisin§ route toward Ni'
complexes exhibiting MLCT luminescence. 849 S0 far, this has
only been achievable with tetrahedral Ni’ complexes,'*>'"”
which exhibit comparable photophysical properties to four-
coordinate Cu' diimine complexes; however, tetrahedral Ni°
compounds tend to be very air-sensitive. Other new develop-
ments in Ni"" photochemistry involve the use of macrocyclic
ligands, but no emission has been reported so far.'’*'"

Energetically low-lying LMCT states call for electron-rich
ligands and electron-deficient metals. The most promising
valence electron configuration for achieving long-lived LMCT
states is d°, because in this specific case there are no MC states
through which the LMCT excited state can deactivate
nonradiatively. Consequently, group 3 metals in the +III
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oxidation state and group 4 metals in the +IV oxidation state
are very promising candidates. Early on, [Cp*,ScCl] was found
to emit in fluid solution at room temperature with a
luminescence lifetime of 2.0 us and the emissive excited state
was assigned as LMCT from the p-Cl nonbonding lone pair to
the S ion.’”"'" Many Ti'V based metallocenes with the
general formula Cp,TiX, also exhibit LMCT luminescence,'"
albeit typically only in the solid state at 77 K."'> More recently,
this compound class has become of interest for photoredox
catalysis."'¥"'"* A Ti'V carbene complex seemed to be
nonemissive in solution at room temperatures while its Zr'"
and Hf" analogues emitted under these conditions.'"> Recent
work on related work focused much on ZrV (and
comparatively little on Ti"), suggesting that room temperature
emission is much more tricky to obtain for Ti" than for
7,1V 87,116-118

The electron-donating tris(carbene)borate ligand PhB-
(MeIm); stabilizes manganese in its +IV oxidation state,' "’
and the homoleptic [Mn(PhB(Melm),),]** complex (Figure
5a, M = Mn", n = 2) shows ruby-like red emission in the solid
state at room temperature, similar to many isoelectronic 't
compounds. Unexpectedly, this compound furthermore shows
green luminescence from an LMCT excited state (up to room
temperature), even though several MC states of the d* valence
electron configuration are energetically lower. The green
emission spectrum mirrors a corresponding LMCT absorption
band with a high oscillator strength, indicative of a spin-
allowed transition, which implies a high radiative decay rate
constant that could be crucially important to make
luminescence competitive with nonradiative relaxation. An
emission lifetime of S0 ns at 85 K (where nonradiative
relaxation should be largely suppressed) is compatible with this
interpretation, and the vibrational fine structure in the
emission spectrum (featuring progressions in the typical
range of ligand breathing modes) further supports the
LMCT assignment. This Mn'" study was the first in a series
of recent reports on unexpected LMCT emissions from 3d-
metal complexes, in particular among the Fe'' compounds
considered in the following.

N-Heterocyclic carbene (NHC) ligands caught the attention
of the iron 1photophysics research community some time

o,/7712912% yet it was mostly the recent use of a mesoionic
carbene (MIC) ligand (Figure Sb) that led to a conceptual
breakthrough. While NHCs are merely strong o-donors, MICs
combine good o-donor with strong s-acceptor properties,
causing very strong ligand fields in which nonradiatively
deactivating MC states are energetically destabilized and
emissive charge-transfer excited states can instead become
accessible.”® The original aim with the btz ligand was likely to
obtain an Fe" compound with a long-lived MLCT state,'** but
the resulting homoleptic complex underwent facile oxidation
to Fe (Figure Sb). Strikingly, the resulting [Fe(btz);]**
complex turned out to be photoluminescent,” which was
not to be expected for a low-spin d° complex. Given the
presence of energetically low-lying MC states in this valence
electron configuration, the observation of LMCT emission at
room temperature is very surprising at first glance but can be
rationalized on the basis of detailed spectroscopic and
computational studies: First of all, the LMCT emission is
spin-allowed and therefore has a high radiative rate constant.
Second, the small Stokes shift between LMCT absorption and
emission bands (0.15 eV) indicates that the LMCT state is
only weakly distorted with respect to the ground state (Figure
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Figure 5. Molecular structures of (a) [M(PhB(Melm);),]"" (with M
=Mn"Y, n=2; M=Fe, n=1; M = Co', n = 1)°>""*'* and (b)
[Fe(btz);]%.> (c) Tanabe—Sugano diagram for the d° electron
configuration in an octahedral ligand field. (d) Single configurational
coordinate diagram with key electronic states in [Fe(btz);]**.*
Molecular structures of (e) [Fe(Imp),]* and (f) [Co(dgpy),]** (X =

CH) as well as [Co(dgpz)2]3+ (X = N).al,sz

5d), which limits the efficiency of direct nonradiative
relaxation. Third, although low-lying MC states are consid-
erably distorted with respect to the LMCT, the activation
barriers for internal conversion are sizable (4—22 kJ/mol), and
consequently nonradiative relaxation via the MC states is not
ultrafast, but instead permits LMCT luminescence with a
lifetime of 100 ps and a quantum yield of 3 X 107* at room
temperature (Table 1).

In a follow-up study, the energies of the low-lying “MC and
SMC states were further increased by creating an even stronger
ligand field with the more o-donating (anionic) PhB(Melm),
ligand (Figure Sa, M = Fe n = 1).*> According to an
Arrhenius-type analysis, the crossing frequency from the
emissive “LMCT to the dark *MC state in the [Fe(PhB-
(Melm);),]" complex is reduced by at least an order of
magnitude compared to [Fe(btz);]**, which is likely of key
importance for the observable improved photophysical proper-
ties. Though a luminescence quantum yield of 2% and an
excited-state lifetime of 2.0 ns may seem low compared to

. . 123 .
precious metal emitters, these figures of merit are
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spectacular for an open-shell first-row transition metal complex
(Table 1).

The spin-allowed nature of the relevant LMCT transition is
instrumental to make radiative relaxation competitive with
nonradiative excited-state deactivation in these Fe™ com-
pounds, but at the same time this has a detrimental effect on
the photoreactivity of the luminescent >LMCT state: Though
its reductive quenching by sacrificial electron donors is fast, the
photoreduction efficiencies are very low (5%), because
photogenerated electron—hole pairs rapidly recombine before
they are spatially separated into longer-lived reduction and
oxidation products.”* This so-called geminate recombination
within the “solvent cage” is a well-known phenomenon, which
becomes particularly cumbersome when the electron—hole
recombination is spin-allowed (i. e., associated with no net spin
change).'*® Unfortunately, this is the case for electron transfer
from tertiary amine donors to the *LMCT-excited Fe™
complex, because this yields a low-spin Fe" complex (a
singlet) and an oxidized amine (a doublet), which can undergo
spin-allowed reverse electron transfer to form the Fe' complex
in its doublet ground state and the neutral amine in its singlet
state.'””* In Ru!' complexes, photoreduction efficiencies are in
the range of 5—60%, indicating that this is a general problem,
which does however diminish when the electron—hole
recombination becomes spin-forbidden.'*®

The [Fe(PhB(Melm),),]* complex furthermore undergoes
“self-quenching” in sufficiently concentrated acetonitrile
solution (70 mM). In this reaction, the 2LMCT-excited Fe!
compound reacts with one equivalent of itself in the electronic
ground state, to afford the Fe' and Fe!V forms of this
complex.'”® This is likely the first clear-cut case of photo-
induced symmetry-breaking charge separation in a transition
metal complex, and it became possible due to the fact that the
[Fe(PhB(Melm);),]* complex features three different metal-
centered redox processes (without interfering ligand-based
redox events). As a consequence, the symmetry-breaking
charge separation reaction becomes strongly exergonic, and
although geminate in-cage charge recombination is rapid, the
Fe"" and Fe'" photoproducts form in 4% yield.

The [Fe(ImP),]* complex (Figure Se) seems to show even
more unusual luminescence behavior than the only other two
Fe'! emitters known so far.”' UV excitation of [Fe(ImP),]* in
CH,CN is thought to populate a “hot” *MLCT excited state,
from which a branching into the relaxed 2MLCT and a lower-
lying >LMCT states occurs. Strikingly, both of these states
seem to be luminescent (Table 1), one at 450 nm and the
other at 675 nm, with lifetimes of 4.2 and 0.2 ns, respectively.

The photophysical properties of the [Co(dgpy),]** and
[Co(dgpz),]** complexes (Figure 5f) are comparatively easy to
rationalize.”® Both complexes emit blue-green with nano-
second lifetime in acetonitrile at room temperature and
luminescence quantum yields of 0.4—0.7% (Table 1). The
combination of relatively electron-rich ligands with a metal
trication leads to a charge transfer reversal with respect to
classical Fe" polypyridines,'*”"*® and the emissive excited state
has ’LMCT character. The large bite angle of the dgpy and
dgpz ligands (in particular when compared to tpy as a
prototypical terdentate ligand in photoactive metal com-
plexes)'*” likely plays a key role in establishing a sufficiently
strong ligand field to shift MC states to high energies and to
decelerate *LMCT deactivation via such MC states. In this
sense, the molecular design of [Co(dgpy),]*" and [Co-
(dgpz),]** takes some of the lessons learned about the
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importance of bite angle optimization in Fe and Cr™
: 130,131
complexes into account.

Spin-flip transitions within a given d” electron configuration (n
= 2—8) typically give rise to excited states that are only weakly
distorted relative to the ground state, because they usually do
not lead to significant changes of the metal—ligand bonding
situation, and this is beneficial to decelerate nonradiative
deactivation. For octahedrally coordinated d* and d* complexes
such spin-flips are expected as lowest excited states in
sufficiently strong ligand fields (Figure 6a/b). Doped into
inorganic host materials, d? and & ions have long been known
to emit from the respective spin-flip excited states,"> and some
molecular Cr'™ complexes were shown to luminesce in solution
at room temperature, though until recently mostly with very
low quantum yields."**

The field of luminescent Cr'™ complexes recently experi-
enced a strong revival, initiated by the discovery of the
exceptional photophysical properties of [Cr(ddpd),]*" (Figure
6¢, M = Cr)."”" Compared to other tridentate ligands such as
tpy, the ddpd ligand offers a larger bite angle that causes a
stronger ligand field as a result of better overlap between metal
3d- and ligand-orbitals. This is helpful, because it widens the
energy gap between the emissive 2Eg and the higher-lying *T,
state (blue and orange in Figure 6b, respectively), leading to a
smaller thermal population of the latter via reverse intersystem
crossing and limiting nonradiative relaxation from this strongly
distorted excited state. Further optimizations were possible by
ligand deuteration, which decelerates unwanted nonradiative
processes and thereby leads to a luminescence quantum yield
of 30% paired with a E lifetime of 2.3 ms in solution at room
temperature (Table 2)."** Applications in temperature'*> and
pressure sensing were possible,”® and the singlet oxygen
sensitization capability of [Cr(ddpd),]** was exploited for
photocatalysis.">” Much of this work has been re-
viewed 22136139

In a very recent study, the NMe bridging units of ddpd were
replaced by —CH,— groups (Figure 6d), which induces a blue-
shift of the emission band maximum from 775 nm in
[Cr(ddpd),]** to 709 nm in the new [Cr(bpmp),]**
complex."*” As the ’E energy depends essentially on the
repulsion between metal d-electrons, this experimental
observation suggests that the extent of metal—ligand bond
covalence is different in [Cr(bpmp),]** than in [Cr(ddpd),]**.
Curiously, analysis of the spectroscopic properties of [Cr-
(bpmp),]** in terms of ligand field theory yielded a Racah B
parameter of 1003 cm™’, which is higher than the B-value for
the free Cr'" ion in the gas phase (918 cm™) and substantially
larger than the Racah B 2parameter determined for [Cr-
(dgp),J** (656 cm™)."*"'** The new complex furthermore
has a high luminescence quantum yield (20%), and it was
noted that [Cr(bpmp),]*>" surpasses [Ru(bpy);]**, though
spin-flip emission from a very weakly distorted MC excited
state and luminescence from an MLCT state are two very
different things. The comparison to an europium(III)-based
emitter also made in the respective study seems more
appropriate, because that compound’s emissive MC state is
likely more similarly weakly distorted as the luminescent (spin-
flip) MC state of [Cr(bpmp),]**.

The dqp ligand was known from previous work with Ru
and recently turned out to be applicable in Cr'™" coordination
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Figure 6. Tanabe—Sugano diagrams for the d* (a) and the d* (b)
electron configurations in an octahedral ligand field. (c) Molecular
structure of [M(ddpd)z]:H; M = CrIH or VIII.34,131,134—137,139 (d)
Molecular structure of [Cr(bpmp),]**.'** (e) Molecular structure of
[Cr(*dgp),]*, where R = H, OMe, Br or C=CH."*'**'* (f)
Enantiomeric pair PP-[Cr(*dqp),]** (upper) and MM-[Cr-
(®dqp),]*>* (lower). The Cr' ion is orange, N atoms are blue, and
the two P'dqp ligands are in red and green, respectively.'** (g)
Molecular structure of [Cr(tpe),]**."*” (h) Molecular structure of
[Cr(dpe),]" 1

chemistry as well."*” The development of a new synthetic
strategy gave access to heteroleptic Cr'™' compounds, in which
ddpd, dpq, and tpy (as well as substituted variants thereof)
were combined (Table 2). In the homoleptic [Cr(dqp),]**
complex (Figure 6e), the two meridionally coordinating dqp
ligands wrap around each other to result in a helical
conformation around a pseudo-C, axis, stabilized by intra-
molecular 7-stacking interactions (Figure 6f).'** The complex-
ation reaction leads exclusively to the PP-[Cr(dqp),]*" and
MM-[Cr(dgp),]** pair of enantiomers, while the PM
diastereomer is not formed. No racemization was observed
over several months and the absolute configurations of the two
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enantiomers were determined. PP-[Cr(dqp),]*" and MM-
[Cr(dgp),)*" show circularly polarized luminescence (CPL)
with dissymmetry factors (g,) that surpass those for
previously reported d-metal complexes by at least an order
of magnitude,144 owing to the fact that the two relevant
emission spin-flip transitions (°E — *A, and >T; — *A,) have
magnetic-dipole allowed and electric-dipole forbidden charac-
ter. For transitions of this type, g, theoretically maximizes to
values of —2 or +2 when either pure right- or left-handed
polarized light is emitted.'** [Cr(dgp),]*" in CH;CN gave
|gjuml = 0.2 for the *E emission at 749 nm,'** and nearly equally
high values were obtained for three congeners with modified
dgp ligands (Table 2)."* The functionalization of dgp with a
methoxy-group at the central pyridine ring improved the chiral
resolution and allowed for a larger scale preparation of the
[Cr(°™edqp),]*" luminophore with an emission quantum yield
of 17% and an excited-state lifetime of up to 1.35 ms at room
temperature in aqueous solution.'** Similar CPL studies were
performed with [Cr(ddpd),]*", for which the chiral resolution
of PP- and MM-enantiomers proved more difficult, and a
somewhat lower g, value of —0.093 was found, yet this
performance factor remains competitive with many lanthanoid-
based CPL emitters."*’

The ddpd and dqp ligands preferentially coordinate Cr'™! in a
meridional fashion (though facially coordinated dqp complexes
of Ru" are known);"*! hence, no inversion center is present in
these complexes and the parity selection rule for d—d
transitions does not hold true in a strict sense. In the
[Cr(tpe),]** complex (Figure 6g), the tridentate ligand is
forced to coordinate facially, which installs an inversion center
and renders the 2Eg - 4AZg luminescence transition Laporte-
forbidden.'”” The radiative E decay rate is therefore only on
the order of 20 s, similarly low as in centrosymmetric
[Cr(CN)¢]*~."*° Since nonradiative relaxation pathways
remain moderately efficient also in [Cr(tpe),]**, the new
design principle resulted in an exceptionally long luminescence
lifetime of 4.5 ms in aqueous solution at room temperature.

The Cr™ polypyridine complexes known until very recently
all had their emission band maxima in the rather narrow
spectral range between 709 and 778 nm. The [Cr(dpc),]*
complex (Figure 6h) is the first near-infrared-II emitter in this
compound family, featuring an emission band maximum at
1067 nm in frozen CH;CN at 77 K.'** This drastic red-shift
seems to be the result of increased metal—ligand bond
covalence achievable by the mixed amido and pyridine
coordination environment. This design principle of exploiting
the nephelauxetic effect, which operates particularly well on
intraconfigurational (spin-flip) states, is radically different from
the common approach of enhancing the ligand field strength,
which is typically applied to modulate the energies of
interconfigurational states.

While many molecular Cr™ complexes are emissive from
their 2E state, >> currently it seems that there exists only one
example of an isoelectronic molecular Mn' compound
showing the same type of photoluminescence.''” Specifically,
the [Mn(PhB(Melm),),](OTf), complex (Figure Sa, M =
Mn", n = 2) reported in section 4 shows visible LMCT
emission alongside NIR *E — *A, luminescence with a band
maximum at 814 nm in the solid state (Table 2). This is
significantly red-shifted compared to most of the molecular
Cr'™ complexes and likely reflects a high degree of metal—
ligand bond covalence in this Mn' complex.'"” Presumably,
the higher metal oxidation state leads to a stronger
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Table 2. Complexes Emitting from Metal-Centered Excited States and Some of Their Key Photophysical Properties in

Deaerated Solution at Room Temperature

compd electron configuration solvent
mer-[V(ddpd),]* d& CD,CN
[VCl;(ddpd)] d solid state
[Cr(CN)¢]* & H,0
fac-[Cr(tpe),]** & D,0/DCIO,
mer-[Cr([D,]-ddpd),]** & CD,CN
mer-[Cr(bpmp),]*>* & D,0/DClO,
[Cr(dpq)2]3+ & H,0
[Cr(dgp) (tpy)I** & CH,CN
[Cr(ddpd)(dqp)]** & CH,CN
[Cr(dgp)(°M dqp)]** & CH,CN
[Cr(°Medqp),]** & H,0
[Cr(dpc),]* & CH,CN*
[Mn(PhB(Melm),),](OTf), & solid state
[Co(CN)4J*~ d H,0
[Co(PhB(Melm);),]* d CH;CN

Aem [nm] @) @ [%] type of emission ref
396 5.4 ns* 2.1 MC/LMCT 34
1109/1123 1.35 us® 0.00018 MC 34
1102/1219/1256° 0.5 s MC 33
4 0.12 ps MC 146
748 4.5 ms 82 MC 147
738/778 2.3 ms 30.1 MC 134
709 1.8 ms 19.6 MC 140
724/747 1.2 ms 52 MC 144
724/746 578 us 02 MC 142
728/762 642 ys 6.0 MC 142
725/752 855 s 6.5 MC 142
720/756 1.35 ms 17 MC 145
1067¢ 2.0 pus” <0.00089¢ MC 148
8158 LS ps® MC 119
600 50 ns LMCT
726" 2.6 ns MC 28, 146
690 0.82 ps 0.01 MC 149

“Weighted average from a biexponential decay fit (3.2 ns (56%), 8.2 ns (44%)). bWeighted average from a biexponential decay fit (790 ns (93%),
8800 ns (7%)), measured at 77 K in "BuCN. “Data obtained in the solid state at 298 K. “No emission maximum was reported in the original work.
“Measured at 77 K. fWeighted average from a biexponential decay fit (1.4 us (88%), 6.3 us (12%), measured at 77 K. #Data obtained in the solid
state at 77 K. "Measured in an ethylene glycol/water mixture (60/40 vol %) at 165 K.

nephelauxetic effect, decreasing the mutual repulsion between
d-electrons and lowering the energy of the emissive E state.

Taking a leftward step from Cr'' in the periodic table, the d*
valence electron configuration is achievable with VL for
example in [V(bpy);]*" and [V(phen);]**. These compounds
have low-lying *MLCT states that mix with the lowest metal-
centered doublet states.'>*'** This produces geometric
distortion and energetic stabilization, causing efficient non-
radiative relaxation. The finding that a 2MLCT state is at lower
energy than the corresponding *MLCT implies that Hund’s
rule is not necessarily obeyed in cases with substantial overlap
between singly occupied ligand- and metal-centered orbitals. It
seems plausible that the use of bpy and phen ligands with
electron-donating ligands will elevate the MLCT energies to
the extent that 2E emission will become observable.">

As noted above, aside from the d® valence electron
configuration, octahedral d* complexes are obvious candidates
for a spin-flip as lowest-lying excited state (Figure 6a), but until
recently no molecular complexes of this type have been shown
to emit in solution. The [V(ddpd),]*" complex (Figure 6c, M
= V) features 1Eg/ szg - 3Tlg emission around 1100 nm with
1.8 X 107* % quantum yield in CH;CN at room temperature,
representing the first case of NIR-II emission by a 3d-metal
complex in fluid solution.”* The second overtone of aromatic
C—H vibrations has significant spectral overlap with this
emission, yet 17-fold deuteration of the ddpd ligand had no
clear effect on the luminescence quantum yield, hence the
nonradiative decay path could not be unraveled on this basis.
The most striking observation was the appearance of blue
fluorescence with a quantum yield of 2.1% upon UV excitation.
Higher excited-state emission from MC states had been
previously reported for d* species, but only at cryogenic
temperatures. > In [V(ddpd),]** this emission was tentatively
attributed to the 3T1g r) - 3T1g transition (purple and red in
Figure 6a, respectively) or to >LMCT transitions.”* Though
there is a large energy gap of ca. 2 eV between the two emissive
excited states, there are several other excited states in between,
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and it seems that intersystem crossing from the higher-lying
triplet states to the singlets is comparatively ineflicient.

The complex [VCl;(dppd)] likewise emits from the 'E,/'T,,
manifold but seemingly only in the solid state.”> Unlike in the
homoleptic [V(ddpd),]*" congener, excited-state relaxation is
strongly susceptible to ligand deuteration, confirming that
multiphonon relaxation involving C—H oscillators is a major
decay pathway. The large splitting of the electronic ground
state, manifesting in the appearance of multiple 1Eg/ szg -
3T1g emission band maxima, likely further facilitates non-
radiative excited-state relaxation by reducing the relevant
energy gap. Though vanadium has a very low spin—orbit
coupling constant, the rate of intersystem crossing following
excitation into singlet states is very high (kigc = 6.7 X 10" s7%),
and trajectory surface hopping simulations rationalized that
finding.*® This resonates with a previous study, which found
no direct correlation between the magnitude of the spin—orbit
coupling constant and the rate for intersystem crossing.">
Complexation of the V*' ion to the ligands (C¢F;)stren and
CNBu resulted in the trigonal bipyramidal complex [V-
[(CgFs)stren] (CN'Bu)] with a *A ground state, and the lowest
lying excited state is a 'E state due to the strong ligand field."**
The 'E — A transition is an intraconfigurational, spin-flip
transition, which radiates in the near-infrared, however only in
frozen matrices at 77 K. Cocrystallization of the V** ion with
the diamagnetic analogue Ga’' ion afforded
[Vo.023Gag.977[ (C¢Fs)stren] (CN'Bu) ], for which single crystals
were luminescent at room temperature.

[Co(CN)4J* is a rare (and long known) example of a 3d°
complex that emits from a strongly distorted MC state in
solution at room temperature.”*'*® With the PhB(Melm),
ligand, it was now possible to create a similarly strong ligand
field as with CN™ (10 Dq = 38600 cm™'), making the
[Co(PhB(Melm),),]* complex (Figure 5a, M = Co™, n = 1)
an MC emitter with a microsecond lifetime in CH;CN at room
temperature (Table 2)."* Excitation has to occur into charge-
transfer bands in the UV, from which the emissive 3Tlg state is
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populated via internal conversion and intersystem crossing.
While that 3T1g state is highly problematic for obtaining
MLCT emission from Fe'' complexes (because it depopulates
the MLCT and rapidly decays via nonradiative relaxation,
Figure 4a/b),%® in the cobalt complex, here this state maintains
a sizable energy gap to the ground state even in its relaxed
geometry, owing to the strong ligand field."*” The emission is
spin-forbidden and therefore associated with a comparatively
low radiative rate constant, which makes nonradiative
relaxation very competitive despite the large energy gap.
Consequently, the emission quantum yield at room temper-
ature is only 0.01%. Since the o- and #-bonding properties of
the PhB(Melm); scorpionate ligand can in principle be tuned,
this opens the perspective to further enhance the photo-
physical properties of Co'-based 3T1g emitters.

Traditional luminophores made from precious d® or d* metals
such as Ru®, Os, Re!, Ir'™, Pt and Au™ typically function on
the basis of MLCT (or the closely related MMLCT)
transitions.””** Using the less noble element copper in its +I
oxidation state with its completely filled d'® subshell, this
photophysical behavior was emulated already nearly 40 years
ago.” The absence of low-lying MC states in the d'° valence
electron configuration greatly facilitated this early discovery,
and nowadays four-coordinate Cu' MLCT emitters are a highly
developed compound class.'”***” With the open-shell 3d® and
3d® configurations, emissive MLCT excited states are much
harder to install, because nonradiative relaxation via low-lying
MC states tends to be ultrafast. Until now, most efforts to
obtain 3d® MLCT emitters have concentrated on Fe'
complexes, but despite considerable recent progress in
enhancing their MLCT lifetimes and in understanding their
electronic structures no Fe'' based MLCT luminophores are
yet known,®0 08727747778 1207122 Nrary recently, complexes of
isoelectronic Cr’ and Mn' have been identified as 3d®* MLCT
emitters showing analogous photophysical and photochemical
behavior as Ru" polzrzpyridines or cyclometalated Ir™
complexes (Figure 7a).”>***715%190 [ parallel, considerable
progress has been made toward 3d®* MLCT luminophores
based on Ni", though in this case the breakthrough has not yet
been made in the sense that room-temperature MLCT
emission has not been achievable until now."'*’

A paradigm change occurred with the recent emergence of
highly emissive two-coordinate Cu' complexes which are
LLCT luminophores (Figure 7b),”’**** and with the
discovery of Mn' and Fe™ LMCT emitters (Figure
72).2%%!"? The reversal of the charge transfer direction
when going from MLCT to LMCT has direct consequences
for possible applications in dye-sensitized solar cells;'®" yet as
far as the luminescence properties are concerned, LMCT or
LLCT emitters seem highly competitive with MLCT
luminophores.*”'*” This is particularly true for the new class
of linear Cu' LLCT emitters,”” >**** which represents a
conceptual breakthrough in the photophysics of copper(I)
after a long period with a dominant focus on tetrahedral Cu'
MLCT luminophores.*® The Fe' LMCT emitters reported so
far exhibit spin-allowed luminescence,””*%*""** which is
helpful to boost luminescence quantum yields because it
makes radiative relaxation kinetically more competitive with
nonradiative processes. On the other hand, the spin-allowed
character of the photoactive excited state is likely disadvanta-
geous for some photochemical applications, because spin-

1869

Traditional Compounds

and Properties New Developments

3d® MLCT non-emitters
Fe' carbene and amido complexes

|

3d5 LMCT emitters

Fe' carbene complexes

(@) 4d%5d°MLCT emitters —)

Iy, ’\L i
- | ~

M=Ru", Os", I etc.

= 3d° MLCT emitters
Isocyanide complexes
of Cr® and Mn'
(b)  3d'MLCT emitters —> 3d'0LLCT emitters
I““"Cu‘/ cu'
/ \ Highly efficient
(c) 3d%/3d® MC emitters —> 3d%3d® MC emitters

I, l\’/l it

/’\

Iy, ’L i
v d | ~N

M=cr'
Bright emitters

M=crl col
Weak emitters

M= Mn", Co"

Figure 7. Recent key developments summarized graphically.

allowed geminate charge recombination is expected to hamper
cage-escape yields,"”'*" thereby perhaps limiting the effective-
ness of these sensitizers for photoinduced electron transfer.

Analogously to the LMCT emitters made from Fe™ and
Mn", new MC luminophores based on Cr™ and V"' do not
have diamagnetic ground states, which represents another key
difference to the traditional d® and d'® MLCT luminophores.
In the case of Cr' this leads to the well-known ruby-like
emission that has been optimized and brought to new
applications in recent years (Figure
7¢), 1 3VI3=139, 142 14 145,147,148, 150162 (i erenc in the case of
V™ an analogous spin-flip transition has now become emissive
in a molecular complex.”* Similarly to the Cr' emitters
reported recently, a new Co™ based MC Iluminophore
outperforms an earlier investigated analogue and benefits
from new insights concerning the design of coordination
environments to maximize ligand field strength and minimize
unwanted nonradiative relaxation processes.'*” The spin-
forbidden nature of the MC emissions of these d* and d°
compounds is similar to the traditional *MLCT luminescence
in d° or 4" compounds, though different spin selection rules
will apply for energy transfer depending on the exact electron
configuration of the reactive excited states.'®® This could have
important implications in energy transfer ca‘calysis,164 because
not all photocatalyst/substrate combinations will represent
equally good donor—acceptor pairs in which energy transfer is
equally spin-allowed.

One particularly striking new finding is that several of the
newly reported first-row transition metal complexes emit from
higher excited states. In the Fe' carbene complexes, there are
two MC states with different spin multiplicities below the
emissive 2LMCT state.””*" In the Mn'" and V"' complexes, it
seems possible that their higher excited-state emissions even

https://doi.org/10.1021/jacsau.1c00353
JACS Au 2021, 1, 1860—1876


https://pubs.acs.org/doi/10.1021/jacsau.1c00353?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00353?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00353?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00353?fig=fig7&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

originate from states that have the same multiplicity as lower-
lying (MC) states”®'"” and as such would represent exceptions
to Kasha’s rule, according to which typically only the lowest
electronically excited state of a given multiplicity emits with
appreciable quantum yields.'®® In the solid state at cryogenic
temperatures, such behavior has been known for some first-row
transition metals (mcludlng Ti** and Ni** when doped into
halide host matrices),"*® but for molecular compounds at room
temperature this is very uncommon behavior.

Decelerating nonradiative excited-state relaxation remains
the most challenging part in the development of new emissive
metal complexes, particularly in the first row of transition
metals, where the ligand field is typically comparatively weak
and low-lying MC states can represent effective deactivation
channels (Figure 1b).*****%>”7 There is no single recipe that
is uniformly applicable to address this issue in different metals
and oxidation states, because each d" valence electron
configuration has its own characteristics. Fairly general
guidelines include however the design of rigid coordination
environments to limit vibrational degrees of free-
dom,**3?8%857 the enhancement of the h§and field strength
to shift MC states to higher energies,”>””7%!207121¢7 the
optimization of coordination geometries to minimize splitting
of degenerate states into several sublevels and to maximize
energy gaps between individual states,"**"*""**'* the install-
ment of an inversion center to influence radiative excited-state
decay rates,'’ and the introduction of push- and/or 7pull—
character to control the energies of charge-transfer states.”*'**
Perhaps less obvious but potentially interesting could be
strategies based on optimizing metal—ligand bond covalence to
minimize repulsion between spectroscopically relevant d-
orbitals'** as well as the exploitation of triplet reservoir and/
or delocalization effects*” in first-row transition metal-based
compounds with covalently attached organic chromo-
phores.””™* Ligand deuteration, a well-known strategy in the
field of lanthanide luminophores, is now successfully applied to
first-row transition metal emitters.'**

Aside from the broadened perspectives with regard to the
accessible emission types (including LMCT and LLCT in
addition to the traditionally explored MLCT and MC
transitions), there are very important recent developments
beyond the first-row of transition metals. On the one hand, this
includes comparatively abundant second- and third-row
transition metals (for example Zr,*”''® Mo,****?>1%0 or
WEZISIE0L69170Y 1 £ elements (for example Ce171 72). On
the other hand, molecular complexes of abundant main group
elements are now attracting increasing attention as lumino-
phores and provide additional insight into how nonradiative
relaxation can be tamed.'”*”'”° At the same time, further
develo?ments of Freaous metal-based complexes (for example,

167,176,177 pi, 178,179 R 1807182 1) 183-185 ) pyIS6=188Y
51gn1ﬁcantly advanced the field of inorganic photophysics and
photochemistry. Regardless of whether complexes of d-, f-, or
main group elements are considered, the interplay between
synthetic, spectroscopic, and computational work'® seems
crucial for the development of new designer luminophores.
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bpmp, 2,6-bis(2-pyridinmethyl)pyridine; bpy, 2,2'-bipyridine;
btz, 3,3'-dimethyl-1,1'-bis(p-tolyl)-4,4'-bis(1,2,3-triazol-5-yli-
dene)); CAAC, cyclic (alkyl)(amino)carbene; Cp, cyclo-
pentadienyl anion; Cp*, pentamethylcyclopentadienyl anion;
CPL, circularly polarized luminescence; Cz, carbazolyl; DAC*,
diamidocarbene; ddpd, N,N’-dimethyl-N,N’-dipyridine-2-yl-
pyridine-2,6-diamine); dgpy, 1,3-bis(3,4,7,8-tetrahydro-2H-
pyrimido[1,2-a]pyrimidin-1(6H)-yl)benzene; dgpz, 3,5-bis-
(3,4,7,8-tetrahydro-2H-pyrimido[ 1,2-a]pyrimidin-1(6H)-yl)-
pyridine; dipp, 2,6-diisopropylphenyl; dpb, 1,3-di(pyridine-2-
yl)benzene; dqp, 2,6-di(quinolin-8-yl)pyridine; dpc, 3,6-di-tert-
butyl-1,8-di(pyridine-2-yl)-carbazole; “™*dqp, 2,6-di(quinolin-
8-yl)-4-methoxy-pyridine; GS, ground state; HBulmP, 1,1'-
(1,3-phenylene)bis(3-butyl-1-imidazol-2-ylidene); HImP, 1,1'-
(1,3-phenylene )bis(3-methyl-1-imidazol-2-ylidene); HOMO,
highest occupied molecular orbital; ISC, intersystem crossing;
L™, 2,5-bis(3,5-di-tert-butyl-2-isocyanophenyl) thiophene;
LLCT, ligand-to-ligand charge transfer; LMCT, ligand-to-
metal charge transfer; L™, 3,3”,5,5"-tetra-tert-butyl-2,2"-
diisocyano-1,1":3',1”-terphenyl; L™, §,5'-(2-isocyano-S-meth-
yl-1,3-phenylene)bis(2-(3,5-di-tert-butyl-2-isocyanophenyl)-
thiophene); LUMO, lowest unoccupied molecular orbital;
MAC*, monoamido-aminocarbene; MC, metal-centered;
MLCT, metal-to-ligand charge transfer; MMLCT, metal—
metal-to-ligand charge transfer; OTf, triflate; PhB(Melm)s,,
tris(3-methylimidazolin-2-ylidene) (phenyl)borate; phen, 1,10-
phenanthroline); RISC, reverse intersystem crossing; TADF,
thermally activated delayed fluorescence; TD-DFT, time-
dependent density functional theory; tpe, 1,1,1-tris(pyrid-2-
yl)ethane); tpy, 2,2';6’,2"-terpyridine; tren tris(2-
aminoethyl)amine
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