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ABSTRACT

The gemstone ruby, corundum (a-Al,03)* with AI** ions partially substituted by Cr3* ions (Al,03:Cr3*) possesses
exceptional photophysical properties with an extremely long-lived (4270 ps) spin-flip phosphorescence at 694
nm with very high photoluminescence quantum yield (90%). The phosphorescent soluble molecular congener
[Cr(ddpd),]3* called “Molecular Ruby”, emitting at 738 and 775 nm also shows record values in the field of
chromium(Ill) complexes in photoluminescence lifetime (1122 ps) and quantum yield (13.7%). The comparably
lower photophysical parameters stress the huge challenge of designing high-performance photoluminescent
molecular systems. This tutorial review discusses general design concepts of Molecular Rubies, which are
transferable to other photoactive molecular complexes. An introductory theoretical frame is given, including
crystal field, ligand field and molecular orbital theory of transition metal complexes, also highlighting
photophysical processes in vertical (absorption and emission) and horizontal (internal conversion, intersystem
crossing, inductive resonant energy transfer to high-energy oscillators) transitions. These challenges or
disadvantages at first sight also include possibilities or levers to significantly tune specifically the photophysical
properties and reactivity, such as emission energy and to enable applications in photocatalysis and sensing.
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I. INTRODUCTION

The prominent gemstone ruby, which is corundum (a-Al,0s)' with AI** ions partially substituted by Cr* ions
(AI,03:Cr**) [Fig. 1(a)], has inspired the design of photoactive transition metal complexes (TMCs), showing so-
called spin-flip (SF) photoluminescence (PL) [Fig. 1(b)].2 The chromium(lll) center is the color center in this
material. Spin-allowed excitation of the ground state (GS) of the chromium(lll) ion (*Ay) to the
interconfigurational ligand field excited state (ES, “T,g) of ruby at 551 nm results in the famous strong ruby SF
phosphorescence at 694 nm from the lowest-energy intraconfigurational ligand field excited state (2Eg) with an
extremely long PL lifetime T = 4270 ps and a high PL quantum yield @, = 90% [Fig. 1(c), 1(d)].>” The term
‘spin-flip’ specifies that the GS and ES electron configurations are the same, here (tzg)?, but with one electron’s
spin formally flipped. This is pictorially illustrated by the microstates of the *A,, and 2Eg states [Fig. 1(d)]. Hund's
rule® can be invoked to qualitatively understand the destabilization of the 2Eg over the *A,; ground state. A small
trigonal deviation in a-Al,03 from octahedral (Oy) symmetry of the Cr®* sites combined with spin-orbit coupling
with concomitant splitting of the electronic states into two pairs of Kramers doublets splits the ruby SF emission
band into two very sharp bands at 694.3 and 692.9 nm (Ry, R.), respectively [Fig. 1(a), 1(c)].3® The PL lifetime T =
4270 ps is hence the averaged lifetime of the thermally equilibrated population of the 2E, sublevels.*® As 90% of
the absorbed photons are converted to emitted photons of lower energy, nonradiative loss processes are
practically negligible in this solid-state material. Indeed, population transfer from the initially excited T, ligand
field state to the 2E states occurs efficiently via direct *T,;—2Eg intersystem crossing (ISC, k;s¢) or via an indirect
path (k;sc’) transiently populating the higher-energy 2T, state followed by internal conversion (IC, k') and
vibrational relaxation (VR) processes within the doublet manifold [Fig. 1(d)]. While VR leads to energy dissipation,
IC and ISC processes are (nonradiative) isoenergetic hopping processes between electronic states of identical
and different spin multiplicities, respectively.>° In this solid-state material ruby, all these ISC and IC processes
are very efficient, while loss channels appear inefficient, resulting in the observed very high PL quantum yield.

Molecular chromium(lll) complexes can show SF emission as well, however typically with only very poor PL
quantum yields below 2% ([Cr(phen),]**) [Scheme 1, Table S1, supplementary material].}*~*¢ A breakthrough in
molecular SF emitters was achieved, when our group reported the polypyridyl chromium(lll) complex
[Cr(ddpd),]3* (ddpd = N2,N°-dimethyl-N2,Ne-di(pyridin-2-yl)pyridine-2,6-diamine) in 2015 [Fig. 1(b)]. [Cr(ddpd)2]**
possesses an exceptionally intense sharp dual SF phosphorescence emission in the near-infrared (NIR) spectral
region peaking at 738 (2Eg—>*Azg) and 775 nm (3T1g—>%Ayg), respectively. PL lifetimes 7 = 898 ps and 1136 ps and
PL quantum yields of ®,,, = 11.0% and 13.7% in aqueous and acetonitrile solution, respectively, mark record
values for open-shell 3d TMCs in solution at room temperature [Fig. 1(c), Table S1, supplementary material]. %"
Hence, inspired by the photophysical properties cognate to ruby, [Cr(ddpd),]>* was denominated “Molecular
Ruby” .**2! However decisive differences exist, despite the phenomenologically similar photophysical properties
of ruby and the Molecular Ruby. These are predominantly based on the differences in the chemical environment,
particularly the imposed ligand field strengths, the donor properties of the coordinating ligands, the site
symmetry, the coordination sphere rigidity and the absence (ruby) or presence (Molecular Ruby) of high-energy
oscillators in the vicinity of the chromium center. For example, the emission band width of ruby is much smaller
than for Molecular Ruby [Fig. 1(c)], the emission energy of the Molecular Ruby is lower than that of ruby [Fig.
1(c)],%>” the emission intensity of the Molecular Ruby significantly increases at lower temperature?? in contrast to
that of ruby,? the emission energy shifts with increasing pressure much stronger in the Molecular Ruby’ than in
ruby?*?” and the lowest-energy emissive state of [Cr(ddpd),]** derives from a 2T;, microstate in contrast to the
commonly accepted doublet state order for chromium(lll) ions in (pseudo-)octahedral environments such as in
ruby [Fig. 1(d)].2%?® All these decisive experimental observations will be addressed and contextualized in this
review to arrive at an understanding of the unique photophysical properties of Molecular Ruby-type complexes.
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FIG. 1. (a) Excerpt of the corundum (a-Al,O3 space group R3c) solid-state structure (view along the b axis) with filled
octahedral voids and the trigonally distorted octahedral coordination geometry of the Al** and Cr3* cations in the octahedral
void (right), photographs of a mineral containing ruby crystallites (left), which show red phosphorescence under UV light
(right). (b) Molecular structure of the Molecular Ruby [Cr(ddpd),]** (hydrogen atoms are omitted) with a photograph of
orange crystals of [Cr(ddpd),][BFa]; in a yellow CH3CN solution of the complex. Photograph reproduced with permission from
Angew. Chem. Int. Ed. 54, 11572 (2015). Copyright 2015, John Wiley and Sons. (c) Phosphorescence spectra of ruby and the
Molecular Ruby [Cr(ddpd),]** in acetonitrile. (d) Simplified energy diagram showing quartet and doublet Franck-Condon (FC)
state energies with exemplary microstates, illustrating relaxation pathways in a d>-TMC of O, symmetry after photoexcitation.
Rate constants for various processes are indicated: ISC, k;s¢; back-ISC, ky;sc; internal conversion, k;¢; back-IC, kyc;
fluorescence, kf; phosphorescence, kp; vibrational relaxation, kyg; photoreactivity in energy transfer, kg,r and
photoinduced electron transfer, kpgy.
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SCHEME 1. Molecular structures of pseudo-octahedral TMCs with specification of central and terminal pyridine donors of the

meridional tripyridine ligands derived from ddpd.

Several reviews about the phenomenological photophysical properties and numerous applications of Molecular
Ruby-type complexes are available.11%21.28-34 Rather than giving a further updated overview over chromium(lll)
complex derivatives and specific applications of Molecular Ruby-type systems, this tutorial and pedagogical
review aims to trace the way to develop and understand a molecular SF chromophore with photophysical
properties in fluid solution akin to the solid-state material ruby. Compared to molecular complexes of
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isoelectronic transition metal ions of the neighboring elements V>*/Mn* and Mo3*/W?3*, chromium(lll) seems to
mark the sweet spot for strong, long-lived SF PL and high (photo)chemical stability. Consequently, we will focus
on d? systems, in particular pseudo-octahedral chromium(lll) complexes. Although the NIR PL quantum yield of
the Molecular Ruby is very high for a molecular chromophore (®,,, = 13.7%)*® [Table S1, supplementary
material], it is still inferior to that of ruby (® = 90%)° suggesting additional loss processes in the flexible molecular
chromophore in fluid solution [Fig. 1(d)]. Such loss channels comprise unimolecular nonradiative ES—GS
deactivation processes (k;civr, Kiscevr's Kiscevr”') and 2Tig/?E—*Tag bISC (kyisc, kpisc’), intramolecular processes
(ligand dissociation, ky;ss and energy transfer EnT, kg,r) and bimolecular photoreactivity (energy transfer EnT,
kgnr and photoinduced electron transfer PET, kpzr) [Fig. 1(d)].>*%%28 While ruby cannot engage in bimolecular
reactions, the bimolecular reactivity of Molecular Ruby-type systems in fluid solution enables applications such
as sensing,”?%3%3% photo(redox) catalysis'”*’~* and triplet-triplet annihilation upconversion** unattainable for
ruby.?83 Further applications are in NIR light-emitting electrochemical cells* or organic light-emitting diodes.*®
In principle, absorption energy, absorption coefficient, emission energy, ES lifetimes and quantum yields can be
tuned by ligand design?>4->8 in the molecular systems, which is much more challenging for solid-state systems,
setting Molecular Ruby-type systems apart from ruby itself.

This tutorial review starts with a section on the relevant energy levels of the d* electron configuration as seen
from crystal and ligand field (LF, CF) theory. The view on the LF states is supplemented by molecular orbital (MO)
theory that also includes charge transfer (CT) ESs. This section will make use of quantum chemical methods,
namely (time-dependent) density functional theory ((TD)DFT) and multi-reference complete-active space self-
consistent field (CASSCF) calculations, to describe and illustrate the energetics of LF and CT ESs arising from the
d? electron configuration of series of isoelectronic pseudo-octahedral complexes of V#, Cr3*, Mn** and Cr**, Mo**,
W3* central ions. This Franck-Condon (FC) picture of the electronic states is then refined to adiabatic potential
energy surfaces (PESs) along significant excited state distortions, especially the Jahn-Teller (JT) distortion of
interconfigurational LF states. These PESs form the basis for the discussion of relevant radiative (vertical),
nonradiative (horizontal) and thermally activated photophysical processes in general and in complexes with d?
electron configuration in particular. The two major loss channels in molecular chromium(lil) complexes are
discussed in the frameworks of PES crossings invoked by excited state distortions and of the inductive-resonant
mechanism (IRM) of nonradiative transitions, which involve high-energy oscillators close to the chromium center.
With these pieces of information put together covering the entire excited state dynamics from absorption of a
photon to the recovery of the ground state, the reader will be able to comprehend the unique photophysical
properties of Molecular Ruby-type systems with respect to other isoelectronic d* metal complexes and the solid
material ruby.

1l. ENERGY LEVELS OF THE d® CONFIGURATION IN THE CRYSTAL FIELD, LIGAND FIELD AND MOLECULAR ORBITAL
THEORY MODELS (FRANCK-CONDON PICTURE)

Both CF theory and LF theory are topics of classic®®® and modern®-57 textbooks of inorganic and coordination

chemistry. CF theory, as basis of the more elaborate LF theory, deals solely with the metal d orbitals and the
respective d electrons in the one-electron approximation, while the ligands are simplified as negative point-
charges. In a CF of O, symmetry, the degeneracy of the five d orbitals is partially lifted forming a set of triply
degenerate ty (dyy, dw, dyz) and a set of doubly degenerate eg (dy2.y2, dz2) orbitals [Fig. 2(a)]. The latter orbitals are
often highlighted with an asterisk * (eg*), implying antibonding character, a notation, which stems from MO
theory (vide infra). The index ‘g’ denotes a symmetric behavior towards the inversion center, which applies to all
pure d orbitals. The energy difference between the t,; and e;* orbital sets is called crystal field splitting A, = 10
Dq [Fig. 2(a)]. In this purely electrostatic CF model, the product Dg depends on the radial part of the d electron
wavefunctions, the charges of the ligands and metal centers and the metal-ligand distances.

While the CF model suffices to the interpret the electronic absorption spectra of TMCs with d* and d° electron
configurations, d electron-electron interaction depends on the relative orbital occupation for systems with more
than one d electron (or one d hole). For example, this holds for the d* electron configuration (tz)3(eg*)° of the
Cr* ion. Spin-allowed interconfigurational electronic transitions in the d® case result in the (t2)?(eg*)* electron
configuration [Fig. 2(a)]. However, these electronic transitions with AE = hv involving six microstates in total
cannot be described by the CF splitting A, alone as the energies also depend on the electron-electron repulsion
in the respective microstates. To gain a qualitative pictorial understanding of this observation, we inspect two
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transitions involving the dy, orbital of the ty; set and the two eg* orbitals, namely the dy,—dy-2 and dy—dz
transitions [Fig. 2(a)].®” For the dyy—>dx-y2 transition, the electron density is merely redistributed in the xy plane
by a 45° rotation compared to the GS with (tzg)* electron configuration as illustrated by the difference electron
density plot p(dxz-y2)—p(dxy) [Fig. 2(b)]. On the other hand, the d,,—d,, excitation shifts electron density from the
xy plane to the electron-rich z direction with singly occupied dy; and d,; orbitals already pointing in this direction
as the difference electron density plot p(d.2)—p(dy) illustrates [Fig. 2(b)]. Consequently, the (dx)!(dy;)}(dxz-y2)*
microstate is lower in energy than the (dx)(dy.)}(d:2)! microstate due to differences in the d interelectronic
repulsion. In this many-electron picture of the (txg)*(eg*) electron configuration, three microstates belong to
triply orbitally-degenerate lower- and higher-energy states each, denoted by their Mulliken symbols *T,g and *Tg
with the left superscript giving the (quartet) spin multiplicity M (M = 25 + 1, with the total spin S = 3/2).
Experimentally, two absorption bands are thus observed for the spin-allowed one-electron transitions “A,—>*Tyg
and *A,;—"Ty, at energies A, E and A, E, respectively [Fig. 2(a)].
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FIG. 2. (a) Schematic energy level diagram for an octahedral d*> TMC (O,) with microstates for spin-allowed one electron
transitions (*A2g—>*Ty and *A;;—>*T1,) and (b) CF orbitals (isosurface value 0.1 a.u.) and selected difference densities p
(isosurface value 0.02 a.u.; blue = electron density depletion, red = electron density gain) to highlight the electron
redistribution in two LF transitions.

The refinement of CF theory leads to LF theory considering both the LF strength and the d interelectronic
interaction in a perturbative approach. The strong field approximation assumes a comparably strong ligand field,
which is perturbed by a weaker d electron-electron interaction. Hence, CF theory represents a limiting case of
the strong field approximation with a vanishing d electron interaction. On the other side, the weak field
approximation starts from free ion terms, i.e. in the absence of a crystal field. These free ion terms are obtained
from the Russel-Saunders coupling scheme as a combination of the total angular momentum L with the total spin
S implying a strong d electron interaction. Then the free ion terms are perturbed by a weak ligand field. The d
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electron ion term energies are parametrized by the so-called Racah parameters A, B and C. Table 1 summarizes
the ion term energies for a d* ion [Eq. (1), (2)]. While parameter A represents a general increase in term energy,
B and C can be understood as interelectronic repulsion parameters [Table 1].60.61,66

TABLE 1. Selected free ion term energies and ligand field term energies described by Racah parameters A, B and C and ligand
field splitting A,= 10 D for d* ions.5*

free ion term energies ligand field term energies
E(*F) = 3A—15B (1) E("‘ng) - E(“Azg) =47, (3)

E(*Tyy) — E(*Ayg) = 150, + 7.5B — 0.5 [225B% + A, — 18,8  (4)

E(*G) = 34—11B+3C (2) E(zEg)—E(4Azg):9B+3C—50‘Z—2 (5)

E(Tyg) — E(*435) = 9B +3C — 24%: )

E(*Ty,) — E(*Ay,) = 15B + 5C — 176j—: (7)

They are introduced as mathematical tool to describe the (unknown) two-electron Coulomb and exchange
integrals of the radial part of Slater-type wavefunctions representing the d electrons. Energies of ESs with
identical spin multiplicity are calculated from the parameters A and B only. ESs of different spin multiplicity
require the additional parameter C, which considers the vanishing exchange integrals between spin orbitals of
different spin. Combination of these mathematical approaches leads to the so-called Tanabe-Sugano diagrams.
These diagrams display the energies and term symbols of LF states in O, notation originating from the respective
free ion d electron configurations. Tanabe-Sugano diagrams depict the LF term energies E versus the LF splitting
A,, both given in the unit of the Racah parameter B at a fixed C /B ratio, often with C/B = 4. This ratio originates
from the observation that C /B is assumed to be nearly constant with values between 4-5 for all central ions and
a ratio of C/B = 3.97 is almost independent on the nuclear charge of Slater-type wavefunctions [Table 2].6%¢%
Fig. 3 shows the Tanabe-Sugano diagram for the d? electron configuration with quartet and doublet terms shown
in blue and red/purple, respectively.®®® Exemplary relevant microstates are depicted as well.
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FIG. 3. Tanabe-Sugano diagram for octahedral TMCs (On point group notation) with d* electron configuration (C/B = 4).
Quartet/doublet ES crossing points are highlighted with a square and a circle, respectively, and exemplary microstates of
relevant LF states are shown on the right side of the diagram.

TABLE 2. Free ion Racah parameters B;,,, and C;,, for selected ions in cm™.5

ion Bion Cion Cion/Bion
3d3 Sc* 480 | ng? -
v 766 | 2855 3.72
Cr¥* | 918 | 3850 4.19
Mn* | 1064 | (4919)% | 4.62
4d? Mo* | 610 | n.g? -
° not given
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Energies of interconfigurational states, such as “T, and *Ty, states, scale with the ligand field splitting A,, [Eq.
(3), (4)], while the intraconfigurational states of the d* configuration 2Eg, *T1; and 2T, depend only weakly on the
ligand field splitting A, [Table 1, Eq. (5)—(7), Fig. 3].5* This different behavior of intra- and interconfigurational
terms leads to crossing points of the lowest-energy quartet state T, with the lowest-energy doublet states 2E,
2T, and 2T, at distinct ligand field splittings A, as indicated in the Tanabe-Sugano diagram in Fig. 3 by a square
and a circle, respectively. Potential energy curves corresponding to electronic states of the same irreducible
representation and spin multiplicity cannot cross (non-crossing rule). This avoided crossing leads to term energies
with nonlinear behavior with respect to A,, as can be seen, for example, for the Ty, states of the d* electron
configuration [Table 1, Eq. (4), Fig. 3]. Similarly, the 2E,, 2T, and ?T,, states of the d* electron configuration show
nonlinear behavior due to avoided crossings [Table 1, Eq. (5)—(7), Fig. 3]. In summary, LF theory describes term
energies of TMCs by the Racah parameters A, B and C and the LF splitting A,.5%%%%° When only energy differences
are required, the A parameter vanishes [Table 1], and when a fixed C /B ratio is assumed, term energies can be
described by the two parameters B and A, only [Table 1].

As A, and B influence the LF term energies, we will inspect these in more detail, starting with A,. The LF splitting
A, empirically depends on the coordinated ligands (spectrochemical series of the ligands) and the central ions
(spectrochemical series of the central ions) as summarized in Table 3. The order of ligands is largely independent
of the central ion and analogously the order of the metal ions is largely independent of the ligand. Minor
deviations from the general series given in Table 3 are, however, possible.?7 In some cases, the spectrochemical
series of the ligands seems to contradict the purely electrostatic model assumed in CF/LF theory. For example,
the charged, small fluorido ligand should induce a much stronger LF than the neutral CO ligand from an
electrostatic point of view. This apparent contradiction is resolved by MO theory, considering o and 7 bonding
effects of the ligands (vide infra), and not merely a point charge of the ligands. 7 donating ligands (e.g. Cl-, NO;")
are found on the left side, pure odonor ligands (e.g. CHsCN, NH3s, en) in the center and 7 accepting ligands (e.g.
CN~, CO) on the right end of this series. Pyridines and especially conjugated polypyridines are medium to strong
ligands like aliphatic amines [Table 3(a)].

TABLE 3. Empirical spectrochemical series of the ligands (a) and central ions (b).667 Donor atoms of ambidentate ligands
are underlined. Metal ions with d? electron configurations relevant to this review are highlighted in bold.

(a) | I"<Br <SCN-<Cl"<NO;" < N* < F- < urea < OH™ < ox*” < 0" < H,0 < NCS™ < CH3CN < py = NH; < en < bpy = phen <
NO, < PPh3 < CN" < CO

(b) | Mn?* < Ni?* < Co?* < Fe?* < V#* (3d3) < Fe3* < Cr?* (3d3) < V3* < Co®* < Ru?* < Mn** (3d?) < Mo?* (4d3) < Rh3* < Ru3* <Pd**
< Ir3* < pt#

The LF splitting A, increases with the oxidation state of the central ion (e.g. Mn2*/#, Co?*/3*, Fe2*/3*, y2*/>) and
with increasing ionic charge within an isoelectronic series (e.g. the 3d® ions V?*, Cr¥*, Mn*) [Table 3(b)]. These
trends can be explained in the framework of CF theory: decreasing ionic radii leads to shorter metal-ligand
distances d strongly increasing the LF splitting as A, scales with d~5.5%%° Thanks to the smaller lattice parameter
of Al,03,* defined by the smaller ionic radius of AI** (67.5 pm), the Cr-0 distances in ruby, for example, are shorter
than in isostructural Cr,03 itself with the larger Cr3* ion (75.5 pm).”° The large Cr3* ion forced into the small
octahedral void of corundum leads to a larger ligand field splitting and thus a blue-shifted *A,;—*T,, absorption
band, with Cr,03 and ruby being of green and red color, respectively, despite the identical [CrOg] coordination
environment.®’%72 Similarly, hydrostatic pressure compresses the Cr—0 bonds of [Cr(urea)¢]** and the Cr—N bonds
of the Molecular Ruby, which increases the LF splittings in these complexes.3%73

Within a group triad (e.g. the d® ions Co®, Rh%, Ir*), the ligand field splitting A, increases as well [Table 3(b)].
This effect cannot be understood by a purely electrostatic model but requires metal-ligand bonding as described
by MO theory (vide infra). While the 3d orbitals are very compact, the 4d and 5d orbitals are much more
expanded leading to a better metal-ligand orbital overlap and thus a larger A, at constant M-L distance.®%6>¢
The so-called primogenic effect describes the small radial expansion of the first wavefunctions without radial
nodes (1s, 2p, 3d and 4f).”*7° The radial nodal structure and contraction of the 3d orbitals, for example, leads to
an increased Pauli repulsion of the filled 2s and 2p orbitals of the 3d TM central ion with the occupied ligand
donor orbitals. This results in comparably longer metal-ligand bonds with a smaller overlap of the metal d orbitals
with the ligand orbitals. Consequently, cantibonding eg* and weakly bonding t,¢ orbitals are lower and higher in
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energy, respectively, furnishing a smaller LF splitting A, for 3d TMCs. The small LF splitting intrinsic to 3d TMCs
can lead to high-spin configurations with weak-field ligands, while the low-spin configuration prevails in 4d and
5d TMCs essentially independent from the ligand strenghs. Excited states of 3d TMs with higher spin multiplicities
are also lower in energy as compared to those of heavier 4d/5d TMs.

Beyond ligand field splitting A,, the Racah parameters B and C modulate LF state energies [Tables 1, 2].5! Both
parameters increase with the oxidation state (e.g. V?* < V3*) and with the ionic charge for isoelectronic ions (e.g.
V¥ < Cr** < Mn*). These trends can be traced back to d orbital contraction with increasing charge and
consequently a stronger d electron repulsion. Apart from these purely electrostatic effects, metal-ligand bonding
affects B and C as well. With increasing metal-ligand covalence, the largely metal-centered t;; and e * orbitals
acquire contributions from ligand-centered orbitals. Hence, d electrons can partially delocalize onto the ligands.
This leads to a radial expansion of the molecular orbitals, or in other words, an expansion of the electron clouds.
The “average” distance between d electrons increases, decreasing the d interelectronic repulsion. This effect is
termed nephelauxetic effect (cloud-expansion effect).” Compared to the free ion values B;,,, and C;,,, the Racah
parameters B and C of TMCs are lowered by this cloud-expansion. Nephelauxetic effects of ligands and central
ions are arranged in the empirical nephelauxetic series of ligands and central ions,’® respectively [Table 4].6+66
The nephelauxetic parameter 3 gives a measure for the covalency of the metal-ligand bonds [Eq. (8)]. A smaller
value of 8 indicates a dominating covalent character of the metal-ligand bond, while a larger value describes a
more ionic character.’5%77 According to the empirical nephelauxetic series, B follows the decreasing
electronegativity of the donor atom of the ligands (F~ > H,O > NH3 > CN") [Table 4(a)], the increasing charge of
isoelectronic central ions in one period (e.g. V?* > Cr** > Mn*") and increases within one group (Cr** < Mo**) [Table
4(b)].6+%576 The LF parameters of TMCs can be experimentally determined from the energies of the MC transitions
in electronic absorption spectra. For d* TMCs, A, is directly obtained from the energy of the A;;—>*T,; transition
[Eq. (3)]. B can be obtained from the energy of the *A—>*Ty, transition [Eq. (4)] with the help of mathematical
programs or directly from the energy differences of the *A;;—2E, and “Ax—>?Ty, transitions [Eq. (5), (6)]. With
the knowledge of A, and B, C can be extracted from the 2E, state energy [Eq. (5), Tables 1,51 5507782,

B

B=5—108)

Bion
TABLE 4. Empirical nephelauxetic series of ligands (a) and central ions (b) ordered with decreasing f (increasing nephelauxetic
effect).81%¢ Donor atoms of ambidentate ligands are underlined. Metal ions with d* electron configuration relevant to this
review are given in bold.

| (a) | F~>H,0 > urea > NH3 >en >o0x* >NCS™ > Cl">CN">Br™ > |- |
| (b) | Mn?* = V2* (3d3) > NiZ* = Co?* > Mo3* (4d3) > Cr3* (3d3) > Fe3* > Ir3* = Rh3* > Co®* > Mn* (3d3) = Pt** |

The nephelauxetic shift for C is larger as for B with AC > AB with C being more sensitive to changes in metal-
ligand covalency.®® In principle, the ratio A,/B, corresponding to the unit of the x-axis in Tanabe-Sugano
diagrams, enables a comparative classification of TMCs with the help of the diagrams. Importantly, this only holds
for TMCs with similar C parameters. However, as C /B ratios can strongly differ, as exemplary shown in the series
of selected d*® TMCs [Table 5, Scheme 1],°°77-82 the nephelauxetic parameter 8 alone might be insufficient
without the parameter C to predict SF energies (*Eg/?T1g) of chromium(lll) complexes [Table 1]. Nevertheless,
[CrF]® possesses a weak LF splitting placing the “T,g state below the 2E, state, i.e. to the left side of the first
quartet/doublet crossing point “Toe/?E, in the Tanabe-Sugano diagram [Table 5, Fig. 3, square], while [Cr(CN)e]*
possesses a very strong LF splitting placing the *T,, state even above the 2T state, i.e. to the right side of the
second quartet/doublet crossing point “T»e/?T, in the Tanabe-Sugano diagram [Table 5, Fig. 3, circle]. The LF
splittings of [Cr(NH3)s]>* and [Cr(tpy);]** are medium strong placing these complexes above the first
quartet/doublet crossing point *T/2Eg in the Tanabe-Sugano diagram, while [Cr(bpy)s]** and [Cr(ddpd),]** can
be classified as TMCs with very strong ligand field splittings placing these complexes close to the second
quartet/doublet crossing point “T,/?Tog in the Tanabe-Sugano diagram [Table 5, Fig. 3, Scheme 1]. Although both
[Cr(tpy)2]** and [Cr(ddpd),]3* possess six pyridine donors, their LF splittings are unexpectedly very different [Table
5]. The Cr—N bond lengths in these complexes are rather similar, disqualifying these as underlying reason for the
different A,, which has been invoked for Al,03:Cr and Cr,0; (vide supra). However, the N-Cr-N bite angles
strongly differ due to the five- and six-membered chelate rings in M(tpy) and M(ddpd) units,**#84-8¢ which results
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in differently strong metal-ligand orbital overlap. Hence, this observed difference in ligand field strength must
be accounted for by MO theory (vide infra).

TABLE 5. Ligand field parameters (cm™) of selected (pseudo-)octahedral d*> TMCs of chromium(lll), vanadium(ll),
manganese(lV), molybdenum(lll) and ruby.

Complex | [CrFel>"77 | [Cr(H20)sl** | [Cr(NHs)e]** | [Cr(CN)e]* 78 [Cr(bpy)s]** | [Cr(tpy)2l** | [Cr(ddpd)]**
77 77 79 80 50,81
A, (*Tz) 14900 17400 21500 26700 23400 ? 18800 22500 *°
Tig 22700 24600 28400 32600 289002 -
zEg 15700 15000 15200 12500 13800 12900 14000 °
Ty - - - 13100 14400° 13800° 13600 °
B 907 726 652 530 496 790 -
C 3430 3320 3450 2740 3280 2480 -
C/B 3.78 4.58 5.30 5.17 6.61 3.14 -¢
B 0.99 0.79 0.71 0.58 0.54 0.86 -
C/Cion 0.89 0.86 0.90 0.71 0.85 0.65 -¢
A,/B 25.1 24.0 33.0 50.3 47.2 23.8 -
Complex | [MnFg]> | [V(H20)s]* | Al,03:Cr®* €€ | Cs;NaYClg:Mo>*
77 77 ”[Moclsla—" 82
A, (‘T | 21700 12300 18100 18800
Tig 28200 18500 24600 23200
2E, 16300 (13100) ¢ 14400 9291
T 96722
B 599 686 630 487
C 3900 - 3280 1487
C/B 6.51 - 5.20 3.05
B 0.56 0.90 0.69 0.80
C/Cion 0.79 - 0.85 -
A./B 36.3 18.0 28.7 38.6
2 averaged value of split bands, ® from Magnetic Circular Dichroism (MCD) spectroscopy, ¢ indeterminable due to different
2E/?T1g order, © uncertain, © values obtained from resonant inelastic X-ray scattering: B = 573 cm™, C = 3460 cm™, C/B =
6.04.5

Determining all LF parameters of octahedral TMCs from absorption spectroscopy can become demanding (if not
even meaningless in extreme cases), if the complex symmetry strongly deviates from O, symmetry. Symmetry
lowering lifts the t,g and/or eg* orbital degeneracies, subsequently removing the degeneracy of excited states
belonging to E and T irreducible representations. Additionally, intense charge-transfer (CT) or ligand-centered
bands can obscure the weak interconfigurational LF and very weak SF absorption bands, making the direct
identification of the LF energies by absorption spectroscopy virtually impossible (vide infra). Magnetic Circular
Dichroism (MCD)®%% or Resonant Inelastic X-ray Scattering (RIXS)®” offer alternative experimental options to
determine energies of ligand field excited states.®>°° However, these techniques are not commonly available.

Quantum chemical calculations on a suitably high level of theory can deliver energies of LF excited states and
derived LF parameters. In the simplest conceivable active space for d* chromium(lIl) complexes, five d orbitals
and three d electrons are considered (CASSCF(3,5)). Electron correlation effects can be included by second-order
N-electron valence state perturbation theory (NEVPT2) correction (CASSCF(3,5)-NEVPT2).° Combination with ab
initio LF theory (AILFT)°** gives access to calculated LF parameters. Even though the absolute energies calculated
by this method are often too high, trends of the experimental LF parameters are well reproduced with this
method using DFT optimized GS geometries of chromium(lll) complexes [Scheme 1; Tables 5, S2, supplementary
material].>® For example, the trends for LF splitting and Racah parameters B and C for [Cr(CN)e]3~ and [Cr(NH3)e]3*
are correctly reproduced by this simple approach. These calculations also deliver LF parameters for systems with
lower symmetry, for example the polypyridine complexes [Cr(tpy).]3*, [Cr(bpy)s]** and [Cr(ddpd),]** [Table S2,
supplementary material]. To obtain more accurate excited state energies, the active space should be expanded
according to Roos,*>** encompassing the five 3d orbitals (tz/eg*), the two o bonding e counterparts and a 4d
shell (double shell effect) giving a CASSCF(7,12) active space for the Molecular Ruby [Cr(ddpd),]** [Fig. S1,
supplementary material]. In this system, the ty; orbitals are essentially 7 non-bonding and the ligand-centered
counterparts are weakly correlated and can thus be neglected. The number of states (seven quartet (*Azg, “Tog,
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T1g) and eight doublet roots (%Eg, 2T1g, 2T5g)) calculated by CASSCF is chosen so that a balanced population in the
tog and the eg* orbital sets is obtained, allowing to correlate the excited state energies (multi-electron picture)
with the active space orbital energies (one-electron picture). CASSCF(7,12) calculations — augmented by the
NEVPT2 correction — (with different numbers of roots) give quite accurate quartet and doublet energies with
respect to experimental data and even allow differentiating Molecular Rubies with very subtle structural changes
in the ligand backbone.>®5! Even very small variations of the energy of interconfigurational excited states of
[Cr(ddpd),]3* with hydrostatic pressure could be successfully reproduced by this method with CASSCF(13,10)-
NEVPT2 calculations, which include 7 bonding effects that operate at high pressure and short Cr-N distances.3®

Analogous DFT/CASSCF(7,12)-NEVPT2 calculations on [Cr(CN)e]*-, [Cr(bpy)s]®*, [Cr(tpy)2]®* reveal an increasing
deviation of the local [CrLs] coordination sphere from octahedral symmetry as reflected in different Cr—L bond
lengths and L-Cr—L bond angles differing from 90 and 180° [Table S3, supplementary material]. These changes in
nuclear symmetry are reflected in the splitting of E and T states, which are doubly and triply degenerate in Oy
symmetry [Fig. 4(a)]. The average interconfigurational LF and SF state energies still correspond to the Oy LF
picture. However, for the understanding of photophysical properties of a particular complex, the exact ES order
and splitting become important.

The ES order obtained from the calculations (multi-electron picture) [Fig. 4(a)] can be traced back to the energy
order of the active space orbitals (single-electron picture), which in turn is determined by the complex geometry
[Fig. 4(b), Table 5]. In the relevant ES energy region shown in Fig. 4(b), lifting the t,; orbital degeneracy splits both
SF and interconfigurational LF states as exemplified for [Cr(bpy)s]** and [Cr(ddpd),]**, while lifting the eg* orbital
degeneracy exclusively acts on the T states as seen for [Cr(tpy),]** and [Cr(ddpd).]** [Fig. 4]. This splitting of the
4T, state is very pronounced for [Cr(tpy)-]** giving a significantly lowered “B; state, expressed in Amin and a *E
state at higher energy (D,q point group). This splitting strongly diminishes the energy gap AEarzg/se between the
“T,g-derived lowest-energy quartet state and the lowest SF states, which profoundly impacts the photophysics
(vide infra). Furthermore, the E(%Eg) < E(*T1g) SF state ordering expected from Tanabe-Sugano diagrams based on
On symmetry can be inverted, when the 2E; and 2Ty, levels split to a different extent due to symmetry lowering
[Fig. 4, 5]. Inspection of the energies of the lowest-energy microstates 2E¢(1) and 2T,(1) of [Cr(ddpd),]** shows
that the energy gain from double occupation of an orbital (bs) at lower energy compensates the required spin-
paring energy [Fig. 5]. CASSCF(13,10)-NEVPT2 calculations reproduce the experimentally observed stronger
impact of hydrostatic pressure on the 2Ti4(1) state energy of [Cr(ddpd),]3* as compared to the 2Eg(1) state
energy.>®
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FIG. 4. (a) Energy diagram of electronic states, derived from CASSCF(7,12)-NEVPT2 calculations at the DFT optimized GS
geometries of selected chromium(l1l) complexes with energies (in cm™) of the lowest-energy *Toq, 2T and 2Eg derived states
(blue, red and purple) and (b) idealized point groups of the complexes with energies of the 3d-derived active orbitals. Blue
arrows indicate the transitions of the “T,g-derived states. Orange boxes highlight the splitting of t,g and eg* orbitals, which
are degenerate in Oy, (supplementary material).

Consequently, analysis of the LF and the influence of the nephelauxetic effect based on experimental data of
TMCs with symmetry lower than Oy should be done carefully in combination with CASSCF calculations by
considering symmetry-related splittings of orbitals and ESs and an energy order of ESs that may differ from the
one displayed in Tanabe-Sugano diagrams, which are based on O, symmetry. CASSCF calculations are thus a
valuable tool to reveal structure-property relationships for chromium(lll) complexes a posteriori and furthermore
to predict suitably designed ligands for chromium(lll)-based chromophores a priori.>**> Mixed-ligand
chromium(lIl) complexes using ddpd, bpmp, bptp and dgp ligands [Scheme 1] possess SF energies averaged from
the homoleptic complexes, i.e. averaged nephelauxetic effects [Table S1, supplementary material].>05%53:56:95,9

13



AIP
ﬁé_ Publishing

£h e

E/10%cm™ e
254 /E‘ng(s) Ta L _?_2ng(2)
4 B —

T

(Eq(2)

T15(3)

T1g(2)

Ea(1)

“Tig(1)

Fig. 5. Energy diagram of metal centered electronic states derived from CASSCF(7,12)-NEVPT2 calculations at the DFT
optimized GS geometry of [Cr(ddpd);]** with dominating electron configurations in the microstates illustrating the actual
order and splitting of the states (hydrogen atoms are omitted, supplementary material, adapted with permission from
Advances in Inorganic Chemistry. Photochemistry and Photophysics of Earth-Abundant Transition Metal Complexes, edited
by R. van Eldik, Vol. 83, p. 111 (2024). Copyright 2024, Elsevier.)

In the electrostatic CF and LF models, we have focused on the d orbitals and d electrons, while neglecting ligand-
based orbitals and metal s and p orbitals. This led to unexpected relative orderings of some charged and
uncharged ligands in the spectrochemical series, e.g. fluoride and carbon monoxide [vide supra, Table 3(a)].5¢”
The LF strengths of tpy and ddpd ligands strongly differ by 3700 cm™, when coordinated to chromium(lll) [Table
5], which is unexpected from CF/LF theory. Furthermore, charge-transfer excited states involving occupied and
virtual ligand orbitals are not covered by CF and LF theories. MO theory operating on a basis set involving ligand
orbitals of suitable symmetry as well as metal d, s and p valence orbitals can explain the spectrochemical series
as well as provide a means to include lower-symmetry effects and CT ESs.

In On symmetry, six oand six 6* MOs of ayg, tiu and eg (ag*, ta* and eg*) character form from metal s, p and d
orbitals and six symmetry-adapted linear combinations (SALCs) of ligand orbitals (a1, t1, and eg) [Fig. 6(a)].?%7
Ligands with low-lying SALCs of unoccupied orbitals (ta(7*)) can form 7 bonding MOs (7 backbonding) and 7
antibonding MOs with the metal tg orbitals [tyg, t2¢*, Fig. 6(a)]. Analogously, ligands with high-energy SALCs of
occupied 7 orbitals (ty(71)) can form metal-ligand 7 bonding MOs (7 bonding) and 7 antibonding MOs. The tg
and eg* orbitals highlighted in the resulting molecular orbital diagram are of high TM character and qualitatively
correspond to the LF orbitals with the LF splitting A, in LF theory. It is interesting to note that CF/LF and MO
theories arrive at a similar frontier orbital ordering of the t,; and eg* orbitals, yet based on different physical
origins, namely electrostatic repulsion and covalent interactions, respectively.

SALCs of occupied 7 orbitals with symmetries different from tyg, namely tiu(7), tau(7) and tig(7) can engage in
ligand-to-metal CT (LMCT) transitions, while SALCs of empty 7* orbitals with symmetries different from ta,
namely tiu(7*), tau(m*) and tig(7*) can contribute to metal-to-ligand CT (MLCT) transitions [Fig. 6(a), 6(b)].
Typically, all resulting MOs are formally divided into (rather) ligand or (rather) metal-centered moieties and the
resulting ESs are further categorized in CT states (LMCT, MLCT, ligand-to-ligand CT (LLCT), intervalence CT (IVCT)

14



AlIP
% Publishing

in mixed-valent systems) and more localized transitions, namely LF or metal-centered (MC) and ligand-centered
(LC) transitions [Fig. 6(b)].>>*8 The relative order and occupation of MOs (one-electron picture) determines the
order of the ESs (many-electron picture). Hence, from this line of argumentation, energies of ESs can be
modulated via GS MO energies. This energy modulation can in principle be achieved by variation of the ligands,
the central atoms and the coordination geometry. We will see, however, that this convenient categorization has
limitations, when the MOs involved in the electronic transitions are strongly mixed in a more covalent bond
situation and not of relatively pure metal or ligand character in a more ionic bonding situation.

First, we look at the influence of metal-ligand o-and 7 bonding on the LF splitting (ligand and metal effects) and
then we discuss CT states within MO theory. Ligands are typically o donors, which can additionally possess
orbitals for 7 bonding or 7 backbonding. Pure o donors (central part of the spectrochemical series, e.g. NHs,
Table 3(a)) only form o bonding and o antibonding molecular orbitals [Fig. 6(c)], while the metal t; orbitals
remain nonbonding. The LF splitting arises from the increased energy of the eg* orbitals. 7 donor ligands [Fig.
6(c)], such as CI, increase the energy of the metal t,; orbitals diminishing the LF splitting (left region of the
spectrochemical series). On the other hand, 7acceptor ligands, such as CO, decrease the energy of the metal tz
orbitals increasing the LF splitting (right region of the spectrochemical series) [Fig. 6(c)]. Hence, the o-donor and
ndonor/acceptor character of the ligands deliver two chemical screws to tune the LF splitting A,, although these
ligand properties are not entirely independent. The MO diagram further implies that o bonding affects the LF
splitting A, stronger than 7 effects.
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FIG. 6. (a) Molecular orbital diagram for octahedral MLs complexes with © backbonding and (b) categorization of derived
electronically ESs and (c) influence of oand 7 bonding on A,,.
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Effects of the central metal will be discussed with the aid of two instructive isoelectronic series of d*> metal ions,
namely V%, Cr**, Mn* and Cr*, Mo, W3*. Although numerous Cr'"-based SF emitters are reported in the
literature,1716:28:31-3499 jsgelectronic 3d?, i.e. V** and Mn*" and 4d3/5d3, e.g. Mo3* and W?3*, SF emitters are very
rare.'® Complete V?*, Cr®*, Mn** and Cr®*, Mo, W3* experimental series with identical ligands are unfortunately
unavailable. However, a few pairs (V%*, Cr**; Cr**, Mo*') have been reported using the ddpd ligand, although with
different topologies in some cases (cisfac-[Mo(ddpd),]*>* instead of mer-[Mo(ddpd),]**) [Scheme 1, Table S1,
supplementary material].1%°! To elucidate the unique role of chromium(lll) as color center, we consider
isoelectronic and isostructural series [M(ddpd),]™ (M = V", Cr', Mn"V and Cr'", Mo", W" with the aid of CASSCF
and TDDFT calculations, for MC and CT states, respectively [Fig. 7, 8] (supplementary material).

In the series of isoelectronic 3d complexes mer-[M(ddpd),]™* of V%, Cr3* and Mn**, the CASSCF calculated LF
strength A, [Fig. 7(a)] increases with the charge of the central ion as expected from the spectrochemical series
of central ions [Scheme 1, Table 3(b)]. Expectedly, the calculated SF state energies increase in this series with
increasing Racah parameters B and C of the central ions [Table 2], which is not compensated by the increasing
nephelauxetic effect from V2* to Mn** [Table 4]. Interestingly, the slightly different pyridine donors of the ddpd
ligand (terminal vs. central pyridine, Scheme 1) split the ty orbitals with the dy, orbital being slightly above the
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dy and d,, orbitals. This orbital splitting increases from V2* to Mn*, suggesting a stronger 7 bonding interaction
of the increasingly charged central metal to the more electron-rich central pyridine of the polypyridine ligand.
This pronounced splitting of the t,; orbitals inverts the 2E4(1)/*T1,(1) levels for [Cr(ddpd),]** and [Mn(ddpd),]** as
compared to [V(ddpd),]?* and the expected order in ideal O, symmetry [Fig. 3, 7(a)]. According to the calculations,
the overall d orbital energies (tzg, €;) strongly decrease with increasing charge, while the energies of the more
ligand-centered 7 and 7* orbitals decrease to a lesser extent. Consequently, low-energy MLCT and LMCT
transitions are expected for [V(ddpd);]* and [Mn(ddpd);]*, respectively, while for [Cr(ddpd),]** the
corresponding MLCT and LMCT energies should be higher [Fig. 7(b)]. TDDFT calculations and charge transfer
number analyses on [V(ddpd),]?*, [Cr(ddpd),]** and [Mn(ddpd),]** reveal that the lowest-energy quartet ESs
indeed possess large MLCT and LMCT character for [V(ddpd),]?* and [Mn(ddpd),]*, respectively, while the lowest
energy transitions of [Cr(ddpd);]** possess more mixed character [Fig. S2, supplementary material]. This
prediction from TDDFT calculations and charge transfer number analysis matches the experimental observations
for [V(ddpd),]>,*%° [Cr(ddpd),]3" #8281 and a comparable manganese(IV) complex [Mn(dgpy).]** [Scheme
1].102103 However, the simplified discrimination between MLCT, LMCT, LLCT, LC and MC states is not strictly valid
when M-L bonding becomes more covalent.
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FIG. 7. (a) Energy diagram of LF states, derived from CASSCF(7,12)-NEVPT2 calculations at the DFT optimized GS geometries
of mer-[M(ddpd),]™ complexes of 3d3 ions (M™ = V2*, Cr3*, Mn*) with energies (cm™) of the lowest “Tg, 2Ty, and 2E, states
and (b) energies of the 3d-derived active orbitals and highest occupied and lowest unoccupied ligand-centered 7 and 7*
orbitals (supplementary material).

The lowest quartet ESs in [V(ddpd),]?" are essentially of “MLCT character with varying amounts of MC state
admixture [Fig. S2(a), supplementary material].1®® The two lowest quartet ESs of [Cr(ddpd),]** are predominantly
of “LMCT character, followed by states, which can be characterized as “MC states (states 3, 4 and 6)[Fig. S2(b),
supplementary material].>>! The electronic spectrum of the experimentally unknown [Mn(ddpd),]* complex
should be dominated by allowed transitions to “LMCT states [Fig. S2(c), supplementary material]. Such intense
low-energy absorption bands have indeed been observed in the manganese(lV) complex [Mn(dgpy)]*. This
complex shows a corresponding weak phosphorescence from a 2LMCT state with small 2MC admixture [Scheme
1, Table S1, supplementary material].102103
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As expected from the spectrochemical series of central ions [Table 3(b)], the calculated, photophysical relevant
LF splitting Amin (as indicated by the minimal energy gap between the lowest-energy *T microstate and the *Aj,
ground state) increases from Cr3* to W3* in the nd® series mer-[M(ddpd),]** with M3* = Cr3*, Mo**, and W3* [Fig.
8)]. The calculated increase from Mo to W3* is less pronounced than that from Cr* to Mo [Fig. 8a)]. The
decreasing Racah parameter B in this series lowers the energy of the SF states [Table 2, Fig. 8]. The splitting of
the tyz and importantly of the eg* orbital sets increases from Cr** to W3*. This splitting together with the
decreasing interelectronic repulsion places one *Ti4(1) microstate below the “To, states in mer-[W(ddpd),]** [Fig.
8]. The d orbital energies increase from Cr* to W3* together with the LF splitting. The higher LF splitting of Mo3*
places “LMCT states as lowest-energy ESs with approximately constant energy of the ligand 7 donor orbital.
Indeed, the lowest-energy quartet ES of cisfac-[Mo(ddpd),]** is of *LMCT character [Table S1, supplementary
material].1®* Furthermore, the higher d orbital energies in W3* complexes should lead to spin-allowed low-energy
4MLCT transitions [Fig. S3, supplementary material].
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FIG. 8. (a) Energy diagram of electronic states, derived from CASSCF(7,12)-NEVPT2 calculations at the DFT optimized GS
geometries of mer-[M(ddpd),]>* complexes of d* ions (M3* = Cr¥*, Mo®, W3*) with energies (in cm™) of the lowest “Tyg, 2Ty,
and 2Eg states and (b) energies of the d-derived active orbitals. The blue and turquoise arrows indicate transitions to Tz and
Ty derived states, respectively (supplementary material).

The preceding section gave a detailed view on the ES landscape of pseudo-octahedral d*> TMCs, including the
effects of LF splitting, electron-electron repulsion, symmetry-lowering and the presence of CT states. However,
this static picture as illustrated in Tanabe-Sugano or Jablonski-type diagrams [Fig. 3, 4a, 5, 7a, 8a] valid for the FC
geometry neglects the effects of nuclear motion on ES energies, which occur due to the change in electron
density after photon absorption. The following section hence includes nuclear motion in ESs as described by
adiabatic potential energy surfaces (APESs). As often only a few nuclear degrees of freedom become relevant for
the ES dynamics, projection of a combination of respective normal modes on a single axis is often convenient,
resulting in very intuitive two-dimensional graphs. The most important distortions of ESs of pseudo-octahedral
d® TMCs arise from an unsymmetric occupation of the eg* orbitals, namely (eg*)?, which is prone to Jahn-Teller
(JT) distortions. These distortions, which dramatically shape the APESs, are discussed in the next section.

Ill. ADIABATIC POTENTIAL ENERGY SURFACES (APESs), THE JAHN-TELLER EFFECT AND EXCITED STATE
DISTORTIONS

SF emission in octahedral d* TMCs requires that the T1,/?E, states are lower in energy than the “Ty, states. This
is achieved with A, > 20 B at the first crossing point in the Tanabe-Sugano diagram [square in Fig. 3]. However,
this is only true at fixed nuclear coordinates, i.e. at the GS (FC) geometry. Changes in nuclear coordinates (bond
lengths and angles), however, can stabilize certain excited states. SF states with (t,)? electron configurations
matching that of the GS will be rather undistorted relative to the GS. Yet, antibonding orbitals are occupied in
T,y and “Ty states with (tzg)*(eg*)! electron configurations, which will provoke M-L bond elongation.
Furthermore, all states with (eg*)! electron configuration (*Tog and “Ti; and LMCT states with (tz)*(m)!(eg*)*
electron configuration) fulfill the requirements of the Jahn-Teller (JT) theorem,'%1%7 which states, that “A
nonlinear molecule in an orbitally degenerate electronic state is unstable with respect to spontaneous distortion
of the nuclear configuration that removes the degeneracy”. In other words, nonlinear molecules with two or
more electronic distributions with the same energy are JT active and should distort so that the degeneracy is
removed.%>71%7 Key for the treatment of the JT effect (as well as radiative and nonradiative processes, vide infra)
is perturbation theory of degenerate and nondegenerate states, as well as time-dependent perturbation theory.
Introductions to perturbation theory can be found in textbooks.®1%%-110 The JT effect describes nuclear and
electronic motion by vibronic (word contraction of vibrational/electronic) coupling. The JT effect is typically
introduced in textbooks on octahedral d° TMCs (copper(ll)), leading to a tetragonally compressed (Dax°) or
elongated (Dan®) octahedron. Both distortions are energetically equivalent with constant mean orbital energies
[Fig. 9(a)-(c)].5%7 Oy—>Dan symmetry lowering partially lifts the degeneracy of the t,, and more importantly of
the eg* orbitals with splittings &1 and &, respectively [Fig. 9].12* The & splitting of the e* o antibonding orbitals
with their orbital lobes directly pointing towards the ligands is larger than the o, splitting of the t,g orbitals, which
have essentially 7 nonbonding character [Fig. 2(b), S1, supplementary material]. The symmetry lowering by t4
bending modes exclusively acts on the degeneracy of the t,¢(-derived) orbitals, which is depicted in Fig. 9(d) and
vide infra. Consequently, an unsymmetric occupation of eg* orbitals causes a stronger JT effect with a larger
distortion (e, stretching modes) than an unsymmetric occupation of t,g orbitals (combination of eg stretching and
t,; bending modes). The latter effect of unsymmetric t,; orbital occupation is hence often neglected.
Furthermore, the 3d,, orbital (ai;) energy can be lowered by mixing with the 4s orbital (a),5%%° so that
tetragonally elongated octahedron geometries are preferred for 3d° ((t2g)%(eg*)?) (e.g. copper(ll)) and high-spin
3d* ((t2g)*(eg*)?) (e.g. chromium(ll)) electron configurations.!12-114
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FIG. 9. Schematic energy diagrams of the LF orbitals in (a) an octahedral (Oy), (b) a tetragonally compressed and (c) an
elongated TMC (Da with upper indices ¢ and e indicating compressed and elongated, T,y ® e, coupling) and for (d) a
tetragonally elongated octahedral TMC with symmetry lowering by coupling with a t;4 (On) bending mode (Dah, T2z ® (eg +
t2) coupling)). Adapted with permission from Coord. Chem. Rev. 254, 2703 (2010). Copyright 2010, Elsevier.

After this qualitative description of the JT effect in octahedral TMCs with unsymmetric occupation of eg* orbitals,
we will now employ perturbation theory and group theory to identify the JT active modes that are relevant for
states with (eg*)* electron configuration and their respective adiabatic potential energy surfaces (APESs) on the
basis of the Born-Oppenheimer approximation.'®1% The Born-Oppenheimer approximation relies on the
assumption that the wavefunctions of nuclei and electrons can be treated separately due to the huge mass
differences of the particles. Hence, the positions of nuclei are assumed to be fixed with zero nuclear kinetic
energy and constant nuclear-nuclear repulsion.®108-110.115116 The perturbative treatment of this problem is
sketched in the supplementary material [Eq. (51)—(523)]. The resulting Hamiltonian H of the perturbed system is
based on the unperturbed electronic Hamiltonian H® = ﬁ(Q = 0) at reference/equilibrium configuration Q =
0, which is corrected by a first-order Taylor expansion in @ = 0 as the vector of normal coordinates Q =
(Q1,Q5, ..., @), weighted by the normal coordinates Q; [Eq. (9)].1%571%7 A concise, didactically well-presented
perturbative description of the Jahn-Teller effect is provided in ref. 4,

H=0O +Zi:_:;_ Qi =HO® + QH®D (9)
ilg=0

The simplest case is a doubly degenerate state with unperturbed electronic wavefunctions 1,[11(0) and 1/)2(0) being
orthonormal eigenfunctions of H® and their corresponding energy eigenvalues set to zero without restriction
El(o) = Ez(o) = 0. We now consider a single JT active vibrational mode of the irreducible representation I of a
given point group along the corresponding normal coordinate Qr. The resulting perturbed wavefunction is a
linear combination of the unperturbed ones ¥ = xlzplm) +)(21/)2(°) with the developing coefficients y; =
x:(Qr) that depend on the nuclear positions (Qr). Solution of the secular determinant set to zero yields a
quadratic equation with the solution giving a linear dependence of the energy correction & on the coupling matrix
element le(l). This linear vibronic coupling constant is a volume integral and has the form of a force F{}? in the
direction of the JT active vibrational mode I' driving the distortion [Eq. (10), (11)].195-1%7 Neglecting anharmonicity,
the force of distortion F? is balanced by the harmonic restoring force of the normal vibrational mode I" in the
absence of vibronic coupling with force constant k) [Fig. 10(a)].15-1%7 Eq. (12) gives the energies of the PESs
of the two states including vibronic coupling E; ,(Qr) [Fig. 10(b)]. The minima of the two PESs are determined

2
with the JT stabilization energy Ejr = — ZZF(U).1°5'
T

197, The horizontal (JT distortion; Qrq) and vertical (JT stabilization; Ejr) displacements of the JT distorted PESs

from the first derivatives of Eq. (12) being zero at Qrp = + —kF(ro)
T
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depend on the force constant of kr(o) of the JTmode and on the linear vibronic coupling constant Fy as simplified

notation of F#2. A large force constant with a steep PES hampers distortion, while a large linear vibronic coupling
constant with large slope of the energy correction € induces a large distortion [Fig. 10].

€12 = iQFle(U = iQrFF12 (10)
H, W = <¢1(0)|FI(1)|¢2(0)) = [y, Q" HOy,Odr (11)

* Indicates the complex conjugate.

1

E1,(Qr) = ;kr(O)Qrz + FrQr (12)

@ Ao E FiQr

(b) E4

—Qro Qro _
Ex] i i Q

Fig. 10. (a) Schematic representation of the APES of a doubly degenerate state in the absence of vibronic coupling (gray) with
linear vibronic coupling functions (red, blue) and (b) after considering the vibronic coupling leading to two (horizontally and
vertically shifted) PESs with minima at +Qr, and JT stabilization energy E]T of the distorted system. (b) adapted with
permission from Chem. Rev. 121, 1463 (2021). Copyright 2021, American Chemical Society.

Identification of potential JT active modes is possible using group theory with the knowledge of the irreducible
representation of the degenerate state. In general, the coupling matrix element Hmn(l) = F™" of two electronic
states m and n is nonzero, only when the direct product I3, X I' X I, of the irreducible representations contains
the totally symmetric irreducible representation (A or equivalent).® For the present JT case, the two states m
and n are degenerate and belong to the same irreducible representation I'. Thus, a vibrational mode can be JT
active, if the irreducible representation T' belongs to the direct product of the irreducible representation I'" of
the degenerate electronic states (I' € [I x I']).}%51%7 To distinguish between electronic states, orbital
representations and vibrational modes, large and small italic capitals are used in the following for the respective
irreducible representations. The perturbational discussion of a doubly orbitally degenerate electronic state (E)
with a vibrational mode (b) thus corresponds to the E ® b JT problem.05-107

We now consider the JT active Ty state of octahedral d> TMCs with a (t,g)%(eg*)* electron configuration [Fig. 2].
The symmetric direct product Tog X Tog of the “Tog state yields the vibrational modes ai4, €5 and tyg (t1g does not
exist in molecules with seven atoms only, i.e. [MLg]). The totally symmetric a;4 stretching mode does not remove
the degeneracy of the T, state and is thus not JT active. However, this mode describes the decreased metal-
ligand bond strength in the “T,, state as compared to the A, GS. The ey and ty, stretching and bending modes
are JT active and correspond to tetragonal and trigonal distortions, respectively [Fig. 11].106:107,111
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FIG. 11. Vibrational normal modes derived from direct product Tz X Tog Of the JT active T, state with JT active e, and tyg
modes. The red and blue arrows indicate the displacements of the ligands L in ML.

The normal coordinates can be described by deviations of bond lengths (Aa, stretching) and bond angles (A,
bending) from the Oy equilibrium geometry values. Plus and minus signs indicate increasing and decreasing bond
lengths/angles Aa; = Aa_; / Aa; = Aa_;,i = x,y,z [Eq (13)—(16)].296111 The factor of two in Eq (14) accounts for
the doubled bond length change in z direction for Qcgg) [Fig. 11].

Quig = %(Aaz +Aa_, + Aay + Aa_, + Aa, + Aa_y) (13)
Qeg(0) = 75 (28a, + 28a_, — Aa, — Aa_, — Aay — Aa_y) (14)
Qegie) =5 (B, + Aa_y, — Aay — Aa_y)  (15)
Quzg) = 5 By + Bar_, — by — Aa_y) (16)

All three modes a;4, €4 and t,, are required to fully describe the distortion of the T, state. However, FC factor
analyses of *Ay—>*T,, absorption and *T,g—*A,¢ fluorescence spectra of octahedral chromium(lll) complexes
identified the aig and ey stretching modes as main contributors to the ES distortion.}¥”-12! Consequently, we
neglect the t,5 bending modes and focus on the a4 and e, stretching modes [Fig. 11]. Based on Eq. (13)—(15), the
vector of the normal coordinates (Qq14,Qeg(6), Qeg(e)) Of the relevant aig and e; modes can be written as product
of the coefficient matrix with the vector of total bond length changes (Aa,, Aa,, Aa,) [Eq. (17)]. Matrix inversion
then delivers the “T,; state distortion as metal-ligand bond length changes [Eq. (18)].1'! For example, the
hexaammine chromium(ll) complex [Cr(NH3)s]** is tetragonally compressed in the “Tog state with Aa, = Aa, =
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+0.12 A and Aa, = —0.02 A relative to the symmetric 4Ayg GS, respectively [Fig. 12].17 The PES of the *T,g state
coupled with the e, mode indeed corresponds to three equivalent paraboloids. The intersection point is at Q =
0. The three minima M; correspond to tetragonally compressed octahedra, which is illustrated on M; being on
the negative side of the Qgg) axis [Fig. S4, supplementary material].1%1*

2 2 2
Qalg ﬁ \/_g ﬁ Aa,
Qegoy | = _L _x 2|{day] (17)
Qeg(e) 1‘/5 _‘{g ‘6§ Aaz
A _ 1 1
Aa, ‘/lg 2‘1/§ 21 Qaly
bay |=|= =35 ~7[|Qs® | (18)
Aa, R Y AU
Ve V3
4A29 4ng
s e HaN,  NHs i, [3+
HaN,,, ‘ «NH3 a,, + 6, modes 3 / ‘ ‘ 3
Crl2.18 (+0.12)
NH3
NH;
NH; 2.04 (-0.02)
O, Dyy®

Fig. 12. Equilibrium geometries of [Cr(NHs)g]** in the Ay, GS (Oy) and tetragonally compressed “Tyg ES (Dan®), Cr-N bond
lengths given in A and GS-ES bond length changes given in parentheses in A.

Beyond the strongly JT distorted “T,g states, degenerate doublet states arising from (t)? electron configuration
should be JT active as well. However, these intraconfigurational states are only very weakly JT coupled and
remain largely undistorted.’? The essentially nonbonding character of the ty, orbitals can serve as a qualitative
explanation for the small JT effect. A LF and DFT study on halido model TMCs supports this observation.!'! Indeed,
a huge JT stabilization energy E;r and JT distortion Qr, arise for the high-spin d* electron configuration, which is
ascribed to the significant reduction of the force constant kr(o) by occupation of oantibonding eg* orbitals. The
vibronic coupling of states with an unsymmetric occupation of the eg* orbitals is determined as approximately
three times larger as for JT active states with an unsymmetric occupation in the t; orbital manifold.*!
Consequently, “Tog and “Tyg states ((t2g)2(eg*)?) as well as #2LMCT states ((r)*(t2g)*(eg*)?) can decrease dramatically
in energy along JT active modes, while the 2Eg, 2T1g and 2T, doublet ESs remain essentially undistorted without
energy gain.

CASSCF(3,5)-NEVPT2 calculations on the hexahydridochromate(lll) model d* complex [CrHe]*" illustrate the
energy lowering of *T states along the az, mode with minima at d(Cr-H) = 1.80 A, while the calculated PESs of
the lower-energy intraconfigurational 2Eg, Ty, and 2Ty states run essentially parallel to the *Ay, GS PES with
minimum at metal-ligand distances of d(Cr-H) = 1.69 A [Fig. 13(a)] (supplementary material). Hence, the SF states
are indeed only very weakly distorted. This situation is described as ‘nested potentials’ or ‘nested states’. The
PESs of the “T,/SF states cross at d(Cr-H) = 2.05 A with comparably high energy barrier E,(bISC) = 2.10 eV
relative to the SF PES minimum. Consequently, thermally activated SF—“Tog bISC along the a;; mode alone would
require high energies. However, the barriers for bISC E, (bISC) = 1.26 and 0.96 eV are lowered in compressed
(Darf) or elongated (Dan®) octahedral geometries, respectively, after considering the JT distortion of the “T,g state
along the Q.g4(s) stretching vibration of the e; modes with splitting into *B,, and “Eg states and JT stabilization
energies E;r of 0.30 and 0.33 eV, respectively [Fig. 13(b)]. Again, the PESs of the SF states run parallel to the GS
PES without significant splitting of the states. In the one-electron picture, the large and minor effects on the *Tyg
and SF state energies upon a;g/ey distortion resulting in surface crossings can be traced back to the active space
orbital energies with large eg* and small ty orbital splittings, respectively [Fig. S5, supplementary material, and
Fig. 9].
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FIG. 13. PES of the model TMC [CrHg]*~ derived from CASSCF(3,5)-NEVPT2 calculations (a) along the az, normal mode and (b)
along the Qeg(e) stretching vibration of the e; normal modes with O symmetry at d(Cr-H) = 1.8 A, corresponding to the Ty
minimum from the a;5 normal mode. “T,/?Eg/?T1, crossing points highlighted by orange circles.

Strain, as imposed by chelate ligands or a solid-state environment, can influence the PES of JT active states.!!!
Chelate ligands, such as the tridentate ddpd ligand, induce binding strain. Chelation can hamper large amplitude
motions in ESs, for example JT active states, which reduces their energy gain due to restricted distortion. This
can strongly influence the ES dynamics beyond the FC states. To obtain a detailed picture on the distortions of
relevant excited states of the parent Molecular Ruby [Cr(ddpd),]3>* beyond the idealized view on octahedral
chromium(lll) complexes, quartet and doublet LF and LMCT states of [Cr(ddpd),]>* were optimized by (TD)DFT
calculations [Fig. 14] (supplementary material).?® As DFT calculated energies of SF states are at odds with the
CASSCF results and experimental data, we focus on the structural and electronic features of the optimized ESs,
rather than on their relative energies. Hence for JT active states, we discuss the JT distortion Qr rather than the
JT stabilization energy Ejr. The most important structural differences of the [CrNe] coordination polyhedron arise
from the Cr—N bond lengths to the terminal and central pyridines Cr-N*™ and Cr-N°®", respectively [Scheme 1].
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Due to differences in these bond lengths, a one-dimensional projection, as suitable for [CrHe]*, is insufficient
here. Thus, we project the optimized ESs of [Cr(ddpd),]** onto a two-dimensional representation along the
maximum change in Cr-N'*"™ and Cr-N°" distances relative to the GS geometry [Fig. 15, Table S4, supplementary
material].2® Expectedly, large distortions are calculated for the interconfigurational *T,g(1) and “Txg(2) microstates
with elongated Cr-N bonds to a single ddpd ligand and to the four terminal pyridine donors (Cr—N®*™),
respectively. In the one-electron picture, these distortions can be traced back to the singly occupied antibonding
d2 and dyo-y, orbitals, respectively [Fig. 14, 15, Table S4, supplementary material]. The optimized *LMCT(1) and
4LMCT(2) states are characterized by a reduced chromium center (Cr'") and a single radical cation [ddpd]** ligand
with the spin density distributed over the central pyridine and the bridging nitrogen atoms [Fig. 14]. The main
differences between these two “LMCT states arise from the d orbital occupation and the magnetic coupling of
the ligand radical spin with the d electron spins. *LMCT(1) and “LMCT(2) states possess formally low-spin (t;g)*
and high-spin (tz)*(eg*)* chromium(ll) centers coupled ferromagnetically and antiferromagnetically to the ligand
centered spin, respectively. As the (t,5)*(eg*)* electron configuration is prone to a JT distortion, the corresponding
4LMCT(2) state is strongly JT distorted due to occupation of the d,, orbital with significant elongation of two
Cr-N*™ bonds [Fig. 15, Table S4, supplementary material]. A fully analogous elongation is observed
experimentally and computationally for the high-spin chromium(ll) complex [Cr(ddpd)2]?* with (tg)3(eg*)*
electron configuration, while the low-spin congener ((t2)*(e¢*)°) is much more symmetric.** Correspondingly,
4LMCT(1) and 2LMCT(1) states with low-spin chromium(ll) centers are only weakly distorted [Fig. 14, 15, Table
S4, supplementary material]. The LF doublet states 2Tig(1) and 2Eg(1) are much less distorted with slightly
contracted [CrNg] coordination polyhedra [Fig. 15, Table S4, supplementary material]. The Cr—N bonds are slightly
more contracted in the 2Tig(1) state than in the 2Eg(1) state. Residual S spin density in the TDDFT geometry
optimized molecular structure indicates a multiconfigurational character of the 2T1,(1) state [Fig. 14].8
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FIG. 15. Projection of (TD)DFT geometry optimized structures of electronic states of [Cr(ddpd),]** on two dimensions spanned
by the chromium-nitrogen distances Cr-N'™ and Cr-N¢" in A, respectively, that display the largest difference to the
respective distances in the %Az GS geometry (supplementary material).

This section has provided insight into the multidimensional APESs of octahedral chromium(lll) complexes in
general, and the Molecular Ruby [Cr(ddpd),]** in particular. Perturbation theory described the coupling of
electron and nuclear motion in JT active “T; and “LMCT(2) states with an (eg*)* electron configuration. Similarly,
perturbation theory aids to describe transitions between electronic states, including vertical radiative transitions
(absorption, emission), horizontal transitions (IC, ISC) and thermally activated transitions involving excited states.
This photophysical background for transitions between electronic states will be summarized in the following
section and subsequently applied to chromium(lll) complexes.

IV. PHOTOPHYSICAL BACKGROUND: VERTICAL, HORIZONTAL AND THERMALLY ACTIVATED TRANSITIONS
BETWEEN ELECTRONIC STATES

This section provides a compact overview on the photophysical background, which is required to understand the
excited state dynamics of chromium(lll) complexes. Quantum mechanics textbooks®108110.115116123 gng
photochemical/-physical textbooks and reviews*!%124125 detail mathematical foundations for the interested
reader. Caution is advisable when referring to physical laws from different sources, as different units and unit
systems, e.g. Sl, cgs or atomic units (a.u.), are employed, which has been stressed previously.'?6?” The following
equations refer to Sl units, unless noted otherwise.

Experimentally, the photophysics and ES dynamics of molecules can be investigated by time-resolved
spectroscopic techniques, such as time-resolved PL and transient absorption (TA) spectroscopy. These
techniques allow determining the rate constants for processes occurring on femto- to millisecond timescales.
The primary monomolecular photophysical processes after absorption of a photon are divided in radiative (index
r) and nonradiative (index nr) processes, which can be described by first-order kinetics and their respective rate
constants k, and k,,,..>1124125 Radiative processes (absorption, PL), occurring with constant nuclear positions,
can either be spin-allowed (AS = 0; fluorescence, index f) or spin-forbidden (AS = 1; phosphorescence, index p)
with their respective rate constants k and k,,. Similarly, monomolecular nonradiative processes, occurring with
constant energy, can be spin-allowed (AS = 0; internal conversion, IC) or spin-forbidden (AS = 1; intersystem
crossing, ISC) with their respective rate constants k;c and k;g¢. The fluorescence/phosphorescence and IC/ISC
processes are displayed in APES diagrams as vertical and horizontal arrows, accounting for constant geometry
and constant energy, respectively. The rates of some excited state processes can be temperature dependent, i.e.
occur with an activation barrier. Examples are thermally activated nonradiative and radiative processes k. (T)
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and k,.(T), which involve crossings of PESs, such as thermally activated bISC or thermally activated delayed
fluorescence (TADF). In many cases, such thermally activated excited state processes can be described by
Arrhenius or Eyring equations.®10:124125

An ES with a starting population N, of molecules being in this state decays with a total rate constant k = k, +
k., for two processes with first-order rate laws [Eq. (19)].>1%12412° The time evolution of the population of a
luminescent ES can be experimentally accessed by recording the PL intensity I(t) over time. I(t) is defined as
the number of photons emitted per unit time (s) and unit volume of a solution and is typically given in mol s™ I
1 [Eq. (20)].*>* Other spectroscopic techniques, such as TA spectroscopy, allow to observe the evolution of ‘dark’,
i.e. non-luminescent, states over time as well.*?8

N(t) = Noe~Crtknndt— (19)
I(t) = Ioe~(artknr)t (20)

The ES lifetime 7, or PL lifetime 7,,, for luminescent states, is given by the reciprocal of the total rate constant,

which corresponds to the sum over the rate constants of all processes that depopulate the ES [Eq (21)].%10124125

Tem is the time, in which the PL intensity decreased to I(Tlﬂ) =e~1 = 0.37 of the initial intensity I, [Eq. (20),
0

(22)].

1 1 (21)

Tom = ==
M ketkny  Ziki

The “efficiency” of a primary process is defined by the quantum yield ® and is determined by the ratio of the
respective rate constant of this primary process and the total rate constant comprising the sum over the rate
constants of all deactivating processes. For example, the PL quantum yield ®,,, increases with an increasing
radiative rate constant k,. and with a decreasing nonradiative rate constant k. [Eq (22)].%1%124125 Experimentally,
the absolute PL quantum yield ®,,, can be determined by single-photon counting as the ratio between absorbed
to emitted photons [Eq. (23)].%1%124125 Alternatively, PL quantum yields can be determined relative to that of
suitable luminescent standards [Table S1, supplementary material].?2%-13!

— _kr
Ky t+knr

D =kiTem (22)

® __ number of emitted photons
em number of absorbed photons

(23)

Molecules are suitable for photophysical or photochemical applications when the desired process, e.g. PL, is
kinetically competitive to all deactivating processes described by k.. For diffusion controlled bimolecular
reactions of an ES (dynamic quenching) as often required for photocatalytic reactions, the lifetime of the reacting
ES should be as large as possible, at least in the nanosecond time regime.*32 Hence, nonradiative processes should
be retarded for high PL quantum yields for efficient diffusion-controlled bimolecular reactions. A small k,. in
addition to a small k,,,. is required to achieve high ES lifetimes. To achieve high PL quantum yields, a large k, can
be beneficial, but this is not required. For example, the chromium(lll) complex [Cr(tpe),]*>* possesses a high PL
quantum yield with a very small k,, however with a strongly diminished k,, [Table S1, supplementary
material].172857

Numerous parameters affect the lifetimes of ESs such as selection rules for radiative and nonradiative transitions,
the ES ordering, ES distortions and coupling of states. First, we discuss radiative (vertical) transitions, i.e. light
absorption and PL including the pertinent selection rules, followed by horizontal transitions (IC, ISC) in the weak
and strong coupling limits and finally energy transfer to the environment.

IVA. Vertical radiative transitions: absorption and emission

Absorption of one photon of light with frequency v,, by a molecule induces an electronic transition between an
initial (index 1) state, most often the GS, with energy E; and a final ES (index 2) with energy E;, so that the
resonance condition of the so-called Bohr equation, essentially energy conservation, [Eq. (24)] is fulfilled.®10:108
The square of the absolute electric transition dipole moment |u4,|? is proportional to the probability of an
electronic transition between two electronic states with wavefunctions 1; and 1, and the dipole moment
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operator for the electric part fi [Eq. (25), (26)].21%8133 We will see that the probability of an electronic transition
is linked to the symmetry of the orbital wavefunctions and the spin functions of the initial and final states
(selection rules), while the shape of an absorption or emission band is related to the horizontal displacement of
the involved PESs. Finally, we will see how vibrational coupling and spin-orbit coupling (SOC) serve to overcome
strict selection rules.

AE =E,—E; =hvy, (24)
h = Planck constant

M1z = (alBIYy) = fw;ﬁlpl dr (25)

A=—-e)r; (26) e is the elementary charge, which is multiplied by the sum over the locations r; (a
vector) of the electrons.

To enable an electronic transition with absorption (state 1-—>state 2) or emission (state 2—state 1) of radiation,
the electric transition dipole moment pt15, must be nonzero.®1%133 A transition is called electric dipole allowed
(|12]? > 0) or electric dipole forbidden (|p12|? = 0). Electronic states with their wavefunctions are determined
by the quantum numbers (n, I, ni, ms in the one-electron scheme), which leads to selection rules for electric
dipole allowed transitions.®!%®33 The orbital angular momentum quantum number [ must change by +1. In
centrosymmetric molecules, this corresponds to a parity change of the wavefunction, i.e. the behavior under an
inversion symmetry operation. Consequently, electronic transitions between states of gerade g and ungerade u
symmetry are allowed in centrosymmetric molecules, which is called parity selection rule or Laporte’s selection
rule [Table 6].21%%133 Hence, LF transitions, i.e. transitions between d orbitals, e.g. toz—>eg* [Fig. 2], are Laporte-
forbidden in complexes with O, symmetry. The magnetic quantum number selection rule depends on the
polarization of the incident light. These rules can be transferred to many electron systems, described with the
Russel-Saunders or LS-coupling scheme with total orbital angular momentum L and total spin S combined to the
total angular momentum J with respective magnetic quantum numbers (M;,i = L, S, J).21%133 These magnetic
dipole-allowed transitions are ca. 10° times less probable than electric dipole-allowed transitions.? Yet, magnetic
dipole-allowed transitions are of interest in the circularly polarized luminescence of chiral enantioenriched
chromium(lll) complexes.*65558889596134-136 A third type of transitions are electric quadrupole-allowed
transitions, which are 10° times weaker compared to electric dipole-allowed transitions.®

The spin selection rule states that the total spin S must be conserved in an electric dipole allowed electronic
transition [Table 6].51%8133 Hence, electronic transitions are either spin-allowed (AS = 0) or spin-forbidden (AS #
0). Compared to the parity and the magnetic quantum number selection rules, this spin conservation rule is the
strictest one, resulting in often very small electric transition dipole moments p, for spin-forbidden
transitions.1% However, as the spin S is only well defined in systems with negligible or weak spin-orbit coupling,
SOC provides a means to relax the strict spin selection rule. The SOC constant ¢ for a hydrogen-like atom roughly
scales with the effective nuclear charge of an atom to the power of four Z~Zeff4 (vide infra).® This inclusion of
SOC provided by atoms with high effective nuclear charge, leads to the so-called heavy-atom effect, that enables
formally spin-forbidden transitions such as optical excitation to an ES with different spin, phosphorescence and
also ISC (vide infra). As the total spin Sremains well defined in the LS-coupling scheme, an extended selection
rule for the change in total angular momentum can be derived for systems that can be described by the LS-
coupling scheme [Table 6].5108:133

TABLE 6. Selection rules for electric dipole allowed electronic transitions. 5108133

Parity selection rule/Laporte’s selection rule
Al = +1 (g < u) (one-electron system)

AL = 41 (multi-electron system, LS-coupling)
magnetic quantum number selection rule

Am; = +1 (circularly polarized light)
Am; = 0 (linearly polarized light)

(analogous for M;, multi-electron system)
spin selection rule AS = 0

total angular momentum selection rule

A =0,+1 (for J # 0)
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[A) = £1 (forJ = 0) |

The oscillator strength f;, of an absorption connects the probability of an electronic transition |g4|? with the
molar absorption coefficient £(v) in the decadic logarithm representation as experimentally accessible quantity
[Eq. (27)].8108126127 The frequency v, in this expression is assumed to be constant over the entire absorption
band, which is typically fulfilled for sharp bands.® Importantly, f;, is proportional to the energy difference AE;,
between the initial and final state (most often the GS and an ES), as well as to the square of the absolute electric
transition dipole moment |p;,|2. The oscillator strength approaches f;, = 1 for electric dipole allowed and
f12 < 1 for forbidden transitions.®1%8126127 |n computational chemistry, f;, is a common quantity, which can be
obtained from TDDFT calculations. Experimentally, the oscillator strength can be obtained from the absorption
band by integrating the band over the molar absorption coefficient in decadic logarithm e(v) or £(¥) in m? mol™
and M cm™, respectively, with frequency in s™* and wavenumbers ¥ in cm™ [Eq. (28)].% A rectangle given by the
molar absorption coefficient at the absorption maximum &,,,, (¥) and the full width at half maximum FWHM (V)
[Eq. 29] approximates the integral over a nearly Gaussian shaped absorption band [Fig. S6, supplementary
material]. Hence the oscillator strength f;, of the underlying transition can be easily estimated from &4, (V)
and FWHM (V) of spectrally isolated absorption bands. This useful approximation of an integral over a Gaussian
shaped band is also used in the Marcus-Hush theory for the analyses of intervalence CT bands,*"*4 as
didactically well presented in reference *!. If absorption bands overlap, the band pattern can be fitted by a
suitable number of Gaussian or Voigt functions. Integration over the fitted band delivers the respective oscillator
strength fi, [Eq. (28)].

4mecegy

__ 4mmevyy
f12 - Ngye?

3e2h

2m,
12 l? = 228 AB 5 |yo 2 = 252010 (10) [ e(v) dv (27)
m, electron mass, e elementary charge, i reduced Planck’s constant, ¢ speed of light, N, Avogadro’s constant,
£ vacuum permittivity.

fiz = 6257 x 1071°In(10) [ e(v) dv = 1.876 x 10~°In(10) [ £(¥) d¥ = 4319 x 10~ [e(¥)dv  (28)
e(v) is given in m? mol™ and (%) in M~ cm™ with v in s™* and ¥ in cm™%, respectively.
fra = 4319 X 10~ (£ (7) X FWHM(%)) (29)

For the reverse radiative process between states 2 and 1, i.e. PL, a corresponding oscillator strength f,, is defined
as well.3108126127 Both oscillator strengths are related by the degeneracies g, and g, of the lower and upper
states, respectively [Eq. (30)].1%%126127 As an oscillator strength is proportional to the square of the absolute
electric transition dipole moment |u|? [Eq. (27)], the transition dipole moments for absorption |g;,|? and PL
|1£21|? are related by the state degeneracies g; and g, as well [Eq. (31)]. For example, the orbital degeneracies
of “Ayg and *Tyg states of octahedral chromium(lll) complexes amount to 1 and 3, respectively, which affects the
integrated intensities of this LF absorption and the corresponding LF fluorescence band.

91fi2 = —G2f2 (30)

91lta2l? = g2lpa11? (31)

Now, we want to connect |4 |? with the experimentally accessible radiative rate constant k,. for a PL process.
Oscillator strengths can be deduced from the Einstein coefficients of induced absorption B;, and stimulated
emission B4, which are proportionality factors of the respective transition rate constants. The descriptions
‘induced’ and ‘stimulated’ indicate, that the electronic transitions are “forced” by the interaction, i.e. coupling,
of the electronic wavefunction with the oscillating electric field of light [Eq. (32), (33)].%108126127 Continuous
irradiation with light of frequency v;, = v,; would populate lower and upper states 1 and 2 equally, which
conflicts with the Boltzmann distribution.®1%%126127 |ntroducing the Einstein coefficient for spontaneous emission
A4, which is a transition rate constant, removes this discrepancy. If stimulated emission is negligible, then A,
equals the overall radiative rate constant k, of emission [Eq. (34)].%10%126127 According to the Strickler-Berg
relation,'* k,. has to be multiplied with the square of the refractive index n? for the experimental determination
of the emission rate constants in solution (but not in vacuo).*** Importantly, k,. depends on the third power of
the emission energy AE213 [Eq. (34)]. For example, assuming identical transition dipole moments p,4 for red/NIR
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and blue PL, a PL process at 800 nm (AE,; = 12500 cm™?) is hence eight times slower than a PL process at 400
nm (AE,; = 25000 cm™). This assessment clearly highlights one challenge of obtaining chromophores emitting
in the NIR spectral region with high PL quantum yields. As the energies of E, and 2T, SF states of chromium(lll)
complexes are typically below 700 nm (14285 cm™?), the respective radiative rate constants k, will be intrinsically
small based on this relationship [Eq. (34)]. The radiative rate constants k,. being diminished by the low PL energy
AE,, represents not the only challenge for SF phosphorescence of chromium(lIl) complexes, as the spin selection
rule and Laporte’s selection rule reduce k,. for the SF PL even further. Circumvention of the spin selection rule by
SOC will be discussed next.

2
__T 2 €
By, = Py, |11zl Pr———— fiz (32)
91B12 = 92821 (33)
_ _ 8mhvy,® _ 8m?vy,® 2 _ LE° 2
ky =4 =—05%Bu = 3eghc? lp2q|? = Pe—— l21l? (34)

Phosphorescence is a spin-forbidden radiative process, leading to a vanishing transition dipole moment (spin
selection rule) [Table 6].21%8133 Without SOC, the radiative rate constant k, would be zero. A perturbative
treatment of the transition dipole moment can take SOC into account.!®!% Perturbation theory of
nondegenerate states as required in this context can be found in textbooks.®%-11° The following exemplary
discussion of SOC considers phosphorescence from a lowest-energy triplet ES to a singlet GS (T;—S,). Triplet
states consist of three spin sublevels with Mg = —1, 0, +1, which are eigenfunctions of the §Z and 3’; operators.
SOC lifts the degeneracy of these three sublevels of the T; state. The triplet spin wavefunctions for the SOC
treatment are conveniently expressed by the zero projections onto the Cartesian axes T{* (& = x,y, z).24*1% The
wavefunctions of the S, and the T, states are then perturbed by admixing triplet and singlet state character,
respectively.1##145 The first-order SOC corrected triplet and singlet wavefunctions 7% and S, are described by Eq.
(35) and (36), respectively.1#4145 The amount of singlet and triplet mixing to T;* and S, scales with the respective
reciprocal energy differences (E(T;) — E(S,)) ' and (E(Sy) — E(T,,))~* [Eq. (35), (36)]. Asthe E(S,) — E(Ty)
gap is typically larger than the E(T;) — E(S,,) gaps withn > 1 and a higher density of singlet states S,, is present
in this energy region, perturbation of T; levels is often more pronounced than perturbation of the S, GS. The
expectation value Hrss for the electronic transition dipole moment for the T#—S, transition of the perturbed
electronic states is obtained as Eq. (37) [Eq. (524)—(S26), supplementary material]. Inspection of Eq. 37 indicates
that the singlet triplet admixture borrows intensity from the non-vanishing electric transition dipole moments
between states of like multiplicity Sy/S,, and T;/T,,, weighted by SOC and the respective singlet-triplet energy
differences E(Ty) — E(S,) and E(S,) — E(T;,).}**** The radiative rate constant k& [Eq. (34)] for one triplet
spin function T is given by Eq. (38). Provided that zero-field splitting of the triplet state is small, the singlet-
triplet energy gap AErs of the unperturbed states can be employed. Then, the radiative rate k7 depends on
AErs® and |FT’1’§|2 [Eq. (38)].14+14 If the spin-allowed singlet-singlet and triplet-triplet transitions possess small
or vanishing electric transition dipole moments (S,|filS,) and (T,Z|@|T{) themselves [Eq. 25], intensity
borrowing will be inefficient. For example, this is the case for spin-allowed, but Laporte-forbidden LF transitions
in centrosymmetric TMCs (in the absence of vibronic coupling, vide infra).

(5n|ﬁsa|T1a)

I =T+ I srs6m

Su (35)
(Tl so[So)

o B
L=t g5 ™ (36)

So=S0+Z5"

B=xy2z

(Sn|ﬁSO|Tla>
E(r)—E(Sw)

(1| AsolSo)

(SolflS,) + 22=1m

ez = (SolR|TE) = o (TElplTy)  (37)
* indicates the complex conjugate.
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ki = %M‘f%ﬂz (38)

In fact, transferring these considerations on the T;—S, phosphorescence to the SF PL of centrosymmetric
chromium(Ill) complexes shows that quartet admixture to the doublet SF states solely from quartet LF states
(*T2¢) has only a minor effect on the intensity borrowing, due to the Laporte-forbidden nature of the LF
transitions. Symmetry breaking, either static by a non-centrosymmetric coordination environment or dynamic
by suitable ungerade vibrations, is thus required to enable SF PL. Beyond intensity borrowing from quartet LF
transitions via symmetry breaking, intense low-energy parity- and spin-allowed “CT transitions can in principle
provide an intensity borrowing pathway for SF PL.

Now, we describe the possible associated nuclear motion that can follow an electronic transition. Nonlinear
molecules with N atoms have 3N-6 vibrational degrees of freedom (normal modes). Hence, each electronic state
consists of 3N-6 series of vibrational sublevels, one series for each normal mode. Similarly to the Born-
Oppenheimer approximation (vide supra for the JT effect, supplementary material), the Franck-Condon (FC)
principle states that the nuclear configuration of a molecule experiences no change during an electronic
transition, thanks to the much larger mass of nuclei compared to that of electrons.®%133 Redistribution of
electron density is much faster than the duration of a vibration (nuclear motion). The nuclear kinetic energy
remains constant due to the negligible small kinetic momentum of a photon.**® Transitions with conservation of
the nuclear positions are called vertical transitions and displayed in PES diagrams as vertical arrows. During an
electronic transition, the spatial electron density distribution changes, i.e. the potential energy of the nuclear
wavefunction and the nuclei follow the electron density along an energy gradient to the minimum geometry. The
resulting nuclear motion after an electronic transition can be described by normal modes or a combination
thereof. These combinations of electronic transitions with vibrational transitions are called vibronic transitions.?

We now discuss the situation where a single vibration, either a normal or a combination mode, is activated.
Within the Born-Oppenheimer approximation, the total wavefunction ¥, , (", R) is described as product of the
electronic wavefunction 1, (1, R) of the electronic state n and the nuclear wavefunction x,,(R) of the
electronic state nn and the vibrational state v [Eq. (39)].2 For simplification, we abbreviate 1, (7, R) and x,,,, (R)
as P, and x,,,, respectively, by omitting the coordinates in the following. The expectation value for the electric
transition dipole moment 4 ,2(,s) for two electronic states 1 and 2 in their vibrational (sub)levels v and v,
respectively, is given by Eq. (40) as product of the electronic part g4, and the vibrational overlap integral S(v', v)
of two vibrational states v and v’ [Eq. (S27), (528), supplementary material]. As long as the nuclear displacement
is small, the electronic part gy, does not depend on the nuclear coordinates R.% The vibrational overlap integral
S(v',v) describes the influence of the differences of the PESs of states 1 and 2. As the intensity of an electronic

transition is proportional to the square of the absolute of the electric transition dipole moment |u1(u)z(u,)| , the

intensity depends on the square of the absolute of the vibrational overlap integrals |S(v’, v)|2, which are called
Franck-Condon factors (FC factors).®108133

‘"Pn,v(T:R) =, (r, R)Xn,v(R) = wn)(n,v (39)

Hiwyzeon = Ba2{X20 | X10) = H12S@', V) (40)

For the absorption GS—ES, only the lowest vibrational level of the GS (v = 0) is populated at ambient
temperatures, hence only the FC factors |S(V/, ())lZ need to be considered. Likewise, the emission ES—GS occurs
primarily from the zero vibrational level (v’ = 0) of the electronic ES requiring only the FC factors |S(0,v)|? for
the calculation of the electric transition dipole moment [Fig. 16]. For simplicity, we assume harmonic potentials
for GS and ES with identical vibrational frequencies in the following.

A small (zero) ES distortion, i.e. small horizontal displacement of the ES potential or nested states, results in sharp
absorption and emission bands as illustrated in Fig. 16(a) as projection on y axes for absorption (blue) and
emission (red).1%!2* Only the vibrational overlap integral between the zero vibrational levels $(0,0) (v = v’ = 0)
does not vanish, so that absorption and emission energies coincide (Eqo). The Stokes shift is defined as the energy
difference between absorption and emission band maximum of transitions between the same ES and GS. A weak
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(zero) ES distortion leads to a small (zero) Stokes shift [Fig. 16(a)]. Hence, the experimentally observable Stokes
shift is a good indicator for ES distortions, provided that the observed transitions involve the same GS and ES.

For a distorted ES, described by a horizontal displacement of the ES PES, the non-vanishing vibrational overlap
integrals S(v’,0) and S(0,v) result in vibrational progressions [Fig. 16(b)]. These progressions can be
experimentally resolved in some cases, for example at lower temperature. However, more frequently broad
absorption and emission bands result due to anharmonicity and the presence of more than one activated
vibration. As the absorption and emission band maxima are found at higher and lower energy than Eo,
respectively, a large Stokes shift results. One half of the Stokes shift arises from the hypsochromically shifted
absorption band maximum, and the other half from the bathochromically shifted emission band maximum. The
absolute value of the Stokes shift thus depends on the degree of the distortion and the frequency of the relevant
distortional mode. Provided that the vibrational frequencies of the GS and ES are very similar, absorption and
emission bands behave like mirror images [Fig. 16(b)]. This mirror image relationship can assist assignment of
the bands.'®!?* The energy difference between the zero vibrational levels Eq can be estimated from the
intersection of the intensity normalized absorption and emission spectra [Fig. 16(b)].

(a) Eavs o ES

intensity

(b) Eabs g Es; (
intensity

5 Stokes shift

WIS S8Y0IS 0

distortional coordinate

FIG. 16. Schematic PES diagrams along a distortional coordinate with relevant vibrational wavefunctions in a harmonic
potential (a) for a nested ES and (b) for a distorted ES with intensities of vibronic transitions as projection for absorption
(blue) and emission (red). GS and ES are colored blue and red, respectively.

So far, we had based our discussion merely on a single vibrational mode [Fig. 16]. However, for nonlinear many-
atom molecules the FC factors of all 3N-6 normal modes must be considered. In many cases, the geometric
differences between GS and ES can be described by a distortional coordinate as a combination of a small number
of normal modes, so that the conclusions made above for a single mode remain valid. For example, a t;z—>eg* LF
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transition in an octahedral TMC reduces the formal M-L bond order by depopulation of a rather nonbonding tz
and occupation of a oantibonding e.* orbital [Fig. 2, 6, 13(a)]. The geometries at the GS and ES PES minima, with
smaller and larger M—L bond lengths, respectively, are connected by the totally symmetric stretching vibration
(a1g) [Fig. 11, 13(a)]. Hence, only the FC factors of the a;4 vibrational mode must be calculated, while neglecting
all other 3N-6-1 normal modes. However, in this case, a JT distortion is additionally present, and additional
modes must be included, for example the e; modes for a tetragonal distortion of a JT active Ty, state (vide supra,
Fig. 11).

The interplay between excited state distortion and Stokes shift becomes obvious with the inspection of the
absorption and emission spectra of [Cr(ddpd),]**. The JT distortion Qr, and JT stabilization energy Ejr of the *T
state is seen experimentally by the Stokes shift of ca. 2400 cm™ between *A,—*T,¢ absorption, determined by
MCD spectroscopy and fluorescence band, respectively [Fig. 17(a), S7, supplementary material].>?%288!
Compared to the JT induced Stokes shift of 14000 cm™ measured for the “Toz—>*Ay fluorescence of [Cr(CN)g]*
lacking chelating ligands,'*® the Stokes shift of [Cr(ddpd),]>* is substantially smaller. Consequently, both
horizontal (JT distortion; Qro) and vertical (JT stabilization; E)r) displacements of the “T,g PES are reduced in
[Cr(ddpd),]** as compared to [Cr(CN)s]*", very likely due to the chelating nature of the ddpd ligand. In stark
contrast, the Stokes shifts of the significantly sharper SF bands are much smaller with 80 cm™ and <40 cm™* for
the 2T1g(1) and 2Eg(1) state, respectively. These small numbers underpin the nested nature of SF states. The
smaller ES distortion of the 2E4(1) state as determined from DFT calculations (vide supra) [Fig. 15] becomes
experimentally obvious from the slightly smaller Stokes shift as for the 2T14(1) state [Fig. 17(a), S7, supplementary
material].2>*! The appearance of three discernable SF absorption bands indicates a deviation of the [Cr(ddpd),]3*
geometry from Oy, symmetry lifting the 2T1,/2E; degeneracy. The red-NIR absorption spectrum can be fitted with
five Voigt functions, representing the five 2T15/E; microstates [Fig. 17(b)].>* Scaling of the CASSCF(7,12)-NEVPT2
energies by a factor of 0.88 of a series of (homo- and heteroleptic) Molecular Rubies excellently fits the
experimental data of the fitted SF absorption bands, allowing the factorization of the nephelauxetic effect of
ligands.>05t
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FIG. 17. (a) Absorption (black), fluorescence (blue, scaled to 0.1) and phosphorescence (red) spectra of [Cr(ddpd),]** in
solution and (b) baseline corrected NIR absorption spectrum (black) of [Cr(ddpd),]3* with sum fit (red) consisting of five Voigt
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functions (gray). (a) adapted with permission from Advances in Inorganic Chemistry. Photochemistry and Photophysics of
Earth-Abundant Transition Metal Complexes, edited by R. van Eldik, Vol. 83, p. 111 (2024). Copyright 2024, Elsevier.

Beyond the vibrational modes, that describe the distortion of ESs [Fig. 16(b)], so-called enabling modes can be
required additionally for parity- (Laporte-)forbidden transitions. For example, LF transitions in centrosymmetric
complexes, e.g. tyz—>€g* (On) in [Cr(CN)e]*, are Laporte-forbidden with a vanishing electric transition dipole
moment p [Eq. (25)].%1%8133 Breaking the inversion symmetry by vibronic coupling with normal modes of
ungerade symmetry enables mixing with orbitals (actually states) of ungerade symmetry, e.g. a p orbital
admixture (u character) to the d orbital wavefunction (g character). Hence, beyond the Born-Oppenheimer or
Condon approximation with strict separation of electronic and nuclear degrees of freedom, suitable vibrations
can open a path to nonadiabatic coupling or vibronic coupling. High molecular flexibility and the resulting low-
energy vibrations favor vibronic coupling.

We now discuss the perturbational treatment of a Laporte-forbidden GS—ES absorption process with the two
electronic wavefunctions 1/;1(0) (GS) and 1,[)2(0) (ES). Assuming a weak dependence on nuclear coordinates, we
employ the Hamiltonian used to describe the vibronic coupling of degenerate states — which in fact represents
the JT problem [vide supra, Eq (9)]. The perturbation (of nondegenerate states) by vibronic coupling is now only
considered for the final state 1/)2(0’ (ES), which gives the first-order corrected wavefunction 1[)2(1) in analogy to
Eq. (35) [Eq. (41)].% The electric transition dipole moment p,3 can be calculated between the GS and the
vibronically perturbed ES from Eq. 42. [Eq. (529), supplementary material].?

The formerly Laporte-forbidden 1/;1(0) - 1,[12(0) transition now gains intensity from allowed transitions 1[)1(0) -
lpn("), due to the vibronic admixture of states I/)n(o) to the ES 1/)2(0). This admixture is induced by the vibronic
coupling matrix element weighted by the electric transition dipole moments a,,* t1,,.2 The zeroth-order element
41 refers to the FC approximation, when considering the FC factors [Eq. (39), (40), (42)] and the first-order
elements refer to the vibronic coupling.

© ﬁl
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with QA = 3 22 oo 0 15091

Mz = (¢2(1)|ﬁ|¢'1(0)) =p t+ anz an* (¢n(0)|ﬁ|¢1(0)> = anz an*ﬂln (42)
with pq, = 0 for parity- or Laporte-forbidden transitions.

Symmetry considerations can help to identify the required allowed transitions between 1/)1(0) and lpn“’) and the
vibronic coupling of 1, with ,, . The electric transition dipole moments py,, = (b, @|f|p, ) are nonzero
if the direct product of the irreducible representations I'; X Iz X I}, of the electronic states 1 and n and the dipole
moment operator [; contains the totally symmetric irreducible representation Asg or equivalent. The reader
might note the analogy to the JT problem (vide supra).® The coefficients a, are nonzero if the matrix elements

<¢n(0) il

2Q; Q=0

1p2(°)> in Eq. (41) are nonzero. The Hamiltonian H [Eqg. (9)] transforms as Asg, so that Zig_g. Q;
ilg=0

oH . . .
transforms as A;g as well. Hence, 70 belongs to the same irreducible representation I; as the normal mode
ilg=0

with normal coordinate Q;. The direct product of irreducible representations I3, X I; X I, of the electronic states
n and 2 and the normal mode i contains the totally symmetric irreducible representation Ay or equivalent
enabling vibronic coupling.

Exemplary, we discuss the *A,—>*T,g transitions of a chromium(lll) complex in the Oy point group. With the dipole
moment operator fi transforming as Ty, these transitions are Laporte-forbidden as the product Tog X T1u X Agg =
A+ Ey + T1u + Tou does not contain the irreducible representation Asg. Intensity can be borrowed only from states
n of ungerade parity with nonzero p4,,, according to the parity selection rule. Consequently, the T, state must
vibronically mix with states of ungerade parity u, which is only possible for vibrational modes of ungerade parity

36



AIP
é Publishing

u according to the matrix elements in Eq. (41). To have a chance of obtaining Asg, the direct product must be of
gerade parity, following from u(state n) x u(vibrational mode) X g(Tz) = g(A1g). Assuming an MLs complex with
seven atoms and hence 15 normal modes that transform as aig, €, 2 ti, tzg and to, in Oy, the tz, and tz, normal
modes enable vibronic coupling and hence LF transitions. The electronic transition is accompanied by a
vibrational transition of an ungerade normal mode (enabling mode) and the ES wavefunction at the FC geometry
is no longer of pure d orbital character (g). Typically, only the lowest energy vibrational levels of ungerade
symmetry have to be considered.®® The 0-0 transition is not observed and the absorption bands are shifted
hypsochromically by the 0-1 vibrational transition energy of the ungerade enabling mode(s).

The absorption and emission spectra of the three Molecular Rubies [Cr(tpe),]**, [Cr(bpmp).]** and [Cr(ddpd),]**
[Scheme 1] are instructive: all LF transitions are in principle Laporte-forbidden and hence very weak. However,
the molar absorption coefficients in the spectral region of the LF transitions increase from [Cr(tpe).]*,
[Cr(bpmp).]** to [Cr(ddpd),]** [Fig. 17, 18, Scheme 1, Table S1, supplementary material]. [Cr(tpe),]** is
centrosymmetric and hence the transitions require intensity borrowing from ungerade states, while
[Cr(bpmp),]** and [Cr(ddpd),]>* possess no center of symmetry, intrinsically mitigating Laporte’s rule.
Additionally, [Cr(ddpd),]3* possesses parity-allowed *“LMCT transitions in the spectral region of the LF transitions,
further increasing the molar absorption coefficients in this spectral region. Analogous considerations apply to
Laporte-forbidden emission bands, e.g. the 2Eg—*Ay, and 2T1,—>*Ay, transitions of octahedral chromium(lll)
complexes. The centrosymmetric complex [Cr(tpe),]** indeed shows emission bands with a very rich vibrational
fine structure that arises from ungerade enabling modes [Fig. 18(a)].}”*’ On the other side, the non-
centrosymmetric complexes [Cr(ddpd),]3* or [Cr(bpmp),]** display sharp (vibrationally unstructured) SF emission
bands [Fig. 16(a), 17(b)].2*"*8215153 The radiative rate constants for the SF PL observed experimentally for
[Cr(tpe)2]?*, [Cr(bpmp),]3* and [Cr(ddpd),]** of 19-20, 88-109 and 121-122 s~* reflect the presence and absence
of a center of symmetry, respectively [Table S1, supplementary material].>*71853 The spin selection rule is much
stricter than Laporte’s rule, when comparing the molar absorption coefficients of LF bands (*A—>*Tzg, only
Laporte-forbidden) with those of SF bands (*Ax;—>2T1/?Eg, Laporte- and spin-forbidden) [Fig. 17(b), 18(a)].
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FIG. 18. Absorption (black) and emission spectra (red) of (a) [Cr(tpe).]*>* and (b) [Cr(bpmp),]3* in solution.

IVB. Nonradiative transitions: internal conversion (IC), intersystem crossing (ISC) and multiphonon relaxation

Beside vertical transitions between electronic states, i.e. absorption or emission of a photon at constant nuclear
coordinates, nonradiative processes — horizontal processes at constant energy, such as IC and ISC — play an
important role in the ES dynamics. The rates of such processes can be obtained in the frame of Fermi’s golden
rule.1¥”148 |ts formulation can be found in textbooks of quantum chemistry.®108110116123133 The rate of a
nonradiative transition from state 1 to a continuum of states 2 with density of states p(E) at energy E; = E, =
E can be calculated using Fermi’s golden rule. Conservation of energy requires that initial and final states have
the same energy as no radiation is emitted. The Hamiltonian H_,, describes the coupling between states 1 and
2 [Eq. (43)]. Vibronic coupling drives IC and the Hamiltonian has the form of a nuclear kinetic operator Ty for
nuclear motion.’¥” SOC drives ISC and the SOC Hamiltonian Hg, is applied for ISC processes. 146150

This description assumes that the matrix coupling elements are the same for all final states at energy E [Eq. (43)].
A more general expression includes the sum over all final states, allowing for different coupling matrix elements
[Eq. (44)]. For a degenerate final state, for example, the sum can be formed over the quantum numbers (index
i). The Dirac delta function 8§ (E; — E, ;) takes care of the energy conservation [Eq. (44)].}% The nonradiative rate
constant for transitions from state 1 in vibrational level v can be expressed within the Condon approximation,
according to Eq. (45) with electron and nuclear wavefunctions Y., ; X , [EQ. (39)]. The last sum over all FC factors
of final states describes the so-called FC weighted density of final states (FCWD) [Eq (45)].14%14° The following
discussion is based on horizontal transitions between an ES and the GS. Fully analogous descriptions pertain to
horizontal transitions between two ESs as initial and final states.
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e = 2 Sl i Aaa|02) | Bl o o) 6By = Enr) = 2 Bl B )| FCwD (45)

The FCWD and hence the rate constant for nonradiative transitions k,, depend exponentially on the energy
difference AE of the adiabatic electronic states. This dependency is expressed by the energy gap law (EGL) by
Englman and Jortner.**®'5! The EGL is valid to describe the nonradiative processes IC and ISC between different
ESs and between the GS and ESs.}*®'>! For harmonic potentials of the GS and ES with identical vibrational
frequencies, two limiting cases of the ES distortion can be defined, namely the weak coupling limit (WCL, weak
ES distortion, nested ES) and the strong coupling limit (SCL, strong ES distortion) [Fig. 19].1148

In the WCL, the FCWD and hence k,, scales with k,, ~ (AE)_%e'AE, with AE = Egg — Eg being the ES-GS
energy gap [Eq. (45), (46); Fig. 19(a), (b)].1*¥*>! Neglecting contributions of low-energy vibrations to k., the
maximum vibrational angular frequency w,, of the normal mode with non-vanishing displacement AQ,, between
GS and ES dominates. A normal mode with no ES-GS displacement leads to vanishing FC factors and hence no
contribution to k.. A simplified form for k,, in the WCL assumes the prefactor as constant (C,) compared to
the dominating exponential dependence on the ES energy so that k,,,. ~ e ™2 [Eq. (47)] results.'s%152

An interesting PES situation is observed for the two lowest-energy SF states 2Tig(1) and 2Eg(1) of [Cr(ddpd),]**
(and other Molecular Rubies) and the IC process between these states. These states are essentially, but not
exactly, nested (WCL) [Fig. 14, 15] and possess a very small energy gap of AE ~ 650 cm~.222 Likely, only one or
two vibrational quanta are required to overcome this small energy gap. The DFT-calculated optimized geometries
of 2T14(1) and 2Eg(1) states [Fig. 15] suggest that the combination of the totally symmetric azg and the e, modes
[cf. Fig. 11] connects these two PES. The small PES displacement AQ enables vibronic coupling that drives fast IC
between these states [Fig. 19(c)]. Indeed, the *T1;—?E, IC, corresponding to a one-phonon process in the solid-
state material ruby, was determined being in the order of 2.5 ns from 2T state pump experiments.!*'5* Hence,
an equilibrium between these two ESs is established so that the PL lifetimes of the ESs are identical. The thermal
population of these states follows a Boltzmann distribution. Consequently, the PL intensities of the two states
vary with temperature and ratiometric Boltzmann thermometry'*® is realized with this unique PES landscape in
ruby and a related oxynitridoborate as well as for the molecular congener [Cr(ddpd),]3*.2215¢

(b)
E4

- > :
normal coordinate normal coordinate
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FIG. 19. Harmonic PES diagrams along a normal (distortional) coordinate with relevant vibrational wavefunctions (a) for
nested high-energy ES (weak vibrational wavefunction overlap and weak coupling limit), (b) a lower-energy nested ES (strong
vibrational wavefunction overlap and weak coupling limit), (c) two nested, close-lying excited states enabling ES(1) — ES(2)
IC (strong vibrational wavefunction overlap and weak coupling limit) and (d) a low-energy, strongly distorted ES (strong
vibrational wavefunction overlap and strong coupling limit). The GS and ESs are colored blue, red and purple, respectively.

YAE

L Thon (46) [WCL]

\2mhwpmAE

y is a positive parameter.!5*

FCWD =

Ky = C; - o (o) (47)

In the SCL, the pronounced ES distortion AQ leads to a larger overlap of the GS and ES vibrational wavefunctions
[Fig. 19(d)] and hence a faster nonradiative ES-GS transition.’>! The reorganization energy A describes the extent
of the ES distortion. Marcus theory connects A with the activation barrier E, for the ES/GS surface crossing [Fig.
20].13%-141 The FCWD for the SCL case is given by Eq. (48) in the low temperature regime, i.e. with the mean
vibrational energy being smaller than the thermal energy (h{w) < kgT, kg: Boltzmann constant).}4815! Eq. (48)
is hence valid at room temperature. The dependence on the mean vibrational angular frequency (w) =
N~1 ¥V w; indicates that isotope effects on k.. are expected to be only moderate in the SCL. On the other hand,
a single normal mode of maximum frequency dominates k. in the WCL and isotope effects can be substantial.
In the SCL, the maximum rate constant k,, occurs at vanishing E, at 1 = AE as E, = (AE — 1)?/44 (Marcus
normal region) [Fig. 20(a)].1*®>! At even larger distortions, an increase in the barrier E, is observed (Marcus
inverted region) [Fig. 20(b)]. At high temperature (kzT >» h(w)), ky, is determined by the thermal energy and a
semiclassical Marcus-type*3®4! behavior results [Eq. (49)—(53)].14815%

1 _(AE-2)?
FCWD = ‘/Th(m)e 2AR(w) (48) [SCL]
(a) AQ

—
k=3

Gs 3
normal coordinate
(b) AQ
Ep ES oo
A P\
AE
GS \U

normal coordinate

FIG. 20. Harmonic PES diagrams of the GS (blue) and ESs (red) along a normal (distortional) coordinate with increasing ES
distortion AQ, described by increasing reorganization energy 4, lowering the activation barrier E, for ES/GS surface crossing
(a) in the Marcus normal region and (b) in the Marcus inverted region.
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_(AE-1)?

1 4AkpT (49)

JATAkgT €

In the WCL, the horizontal nonradiative ES to GS transition corresponds to a tunneling process, while in the SCL
a direct surface crossing between the PES of ES and GS occurs.?® Importantly, in the SCL and high temperature
limit, k,,,- depends on temperature and direct surface crossing becomes a thermally activated process. Assuming
negligible changes in entropy, AE = —AG° in Eq. (49) transforms Eq. (45) into Eq (50) with Hp, being the
electronic coupling matrix element between the two electronic states.?*14! This Marcus-type!*-14! expression
can be related to the Arrhenius equation [Eq. (51)] by identifying the pre-exponential factor A and the activation
energy E, according to Eq. (52) and (53).157 Hence, an Arrhenius fit of k,.(T) together with prior knowledge or
estimation of AG® can give valuable information on the reorganization energy A and the electronic coupling Hp4
between the involved electronic states. For example, this connection has been exploited for the understanding
of horizontal processes of electronically excited iron(ll) complexes in the SCL, such as high-spin to low-spin ISC
and 3MLCT to 3MC IC transitions. 157158

FCWD =

2 Hpal? _(86%+2)?
— 2 Al 42kgT
e (M) = 3 g ™% (50)
_Ea
kny (T) = Ae *8T (51)
_2m_|Hpal®
A= h JanAkgT (52)
_ (86°+)?
E, = - (53)

We now inspect deactivating vibrational modes of instructive examples in the WCL. C-H stretching vibrations
have been identified as deactivating modes fiw,, (=<3000 cm™) for aromatic hydrocarbons with weakly distorted
n-* ESs (WCL). A substantial isotope effect arises upon deuteration with C-D stretching vibrations (<2200 cm™)
becoming the deactivating modes Awy, [Eq. (45), (46)].2 In contrast, 3MLCT ESs of polypyridine osmium(ll)
complexes in the WCL deactivate to the GS via ring-breathing modes of the pyridine ligands (*1300 cm™) with
only small C-H/C-D isotope effects.'*® The intraconfigurational SF states of chromium(lll) complexes are very
weakly distorted (vide supra) and the WCL for nonradiative deactivation applies. In a series of SF luminescent
chromium(lll) complexes [Cr(bpif¥/R?),]* with anionic pincer-type ligands and varying PL energy AE, the
experimentally determined nonradiative rate constants k. [Eq. (22)] correlate with the SF PL energy AE giving
a low-frequency deactivating mode fiw,, [Eq. (47), Scheme 1, Table S1, supplementary material].16%1% The metal-
confined nature of the SF state wavefunctions requires deactivating modes hwy, that involve the metal-ligand
bonds. Hence, the deactivating modes, representing the ES distortion, were tentatively assigned to Cr-N(imido)
stretching vibrations (560 cm™).1%° The excited state distortion was attributed to admixture of 2LMCT state
character to the nested SF state in the related [Cr(dpc).]* complex [Scheme 1, Table S1, supplementary
material].>* To contribute to k,,,, a mode Aiw, must lead to a non-vanishing displacement AQ,, resulting in non-
vanishing FC factors.'®® In contrast to n-n* ESs of aromatic hydrocarbons, C-H displacement in the ligands of
TMCs can be expected to be very weak to negligible for MLCT and MC states (e.g. SF states), respectively.
Consequently, ligand deuteration of TMCs with MLCT ESs should lead only to small kinetic isotope effects. Ligand
deuteration of TMCs with metal-centered ESs should have essentially no effect on k,,,.. However, strong C-H/C-D
and N-H/N-D isotope effects were observed for k., of the Molecular Rubies [Cr(ddpd),]**, [Cr(bpmp),]3* and
[Cr(Hatpda),]?*/[Cr(Datpda),]?, respectively [Scheme 1, Table S1, supplementary material].2%%31%2 This
phenomenon will be discussed below in more detail.

Beyond the Condon approximation, vibronic coupling induces nonradiative (IC, ISC) and radiative processes
(fluorescence, phosphorescence). Direct vibronic coupling between an initial and a final state can be described
by a Taylor expansion of the SOC matric element, truncated at first (Herzberg-Teller, HT) or higher orders,143-150
A singlet—>triplet ISC transition S; —» T%, with @ = x,y,z denoting the three spin sublevels, serves to
demonstrate the vibronic coupling. The spin-orbit coupling matrix element (SOCME) (51|I750|T{’)|Q=0 at a
reference configuration Q = 0 [Eq. (54)] describes the ISC process and the singlet and triplet wavefunctions
Siand T have the form ¥, x,,, with electron and nuclear wavefunctions according to Eq. (39). The first term in
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the Taylor expansion at Q = 0 describes the direct SOC (Condon approximation, vide supra) and the second term
the vibronic spin-orbit interaction (HT) [Eq. (54)].1481%0
o o a Sl|ﬁS0‘T1a

(5 solTE) = (5. ol + 2, 0N g sy

i 0=0

Finally, indirect vibronic coupling is achieved by spin-vibronic coupling allowing SOC of S; and T with
intermediate triplet T,% and singlet S, states, respectively [Eq. (55)].2487%%° This approach is analogous to the
intensity borrowing in phosphorescence processes by replacing the dipole moment operator fi with the first-

order term of the Taylor expansion in Q = 0 of the electronic Hamiltonian QH® = Zi%| Q; representing
ilg=0

the vibronic coupling [Eq. (9)].1° In this approach, singlet state character S, is mixed to the triplet state T{* via
SOC (S, |Hgo|T) with the vibronic coupling between S, and S; states being introduced by (S;|QA®|S,,). A
direct vibronic coupling between unperturbed S; and T states is impossible as (51|QFI(1)|T1"‘) = 0. Hence, T{
and S, states are indirectly vibronically coupled via intermediate singlet states S,, in the first term and via triplet
states T,% in the second term [Eq. (55)].14°

(SnlHso|TF)
ETD-E(Sw)

T Hgo|S,)
(S:lQAWFs) = 3, (s:lQA™]s,) + zm%mloﬁ“)lm (55)

The qualitative E/-Sayed rules provide a convenient estimation of the nonradiative transition probability between
states of different spin multiplicity.'®® These rules have been generalized by Marian.'*® In a simple one-electron
picture in the Condon approximation, ISC will be fast if a change in spin is accompanied by a change in orbital
occupation so that the total angular momentum is conserved provided that the conditions given in Table 7 are
met.*® With respect to metal-centered ISC transitions, the generalized El-Sayed rules provide combinations of d
orbitals that enable couplings and hence fast ISC [Table 8]. Details of this derivation are collected in the
supplementary material [Eq. (S30)—(S51)].144%45148 The rotation properties of the angular momentum
components decide whether SOC is operative between the wavefunctions. These rules from the one-electron

picture can be transferred to electronic states using group theory and character tables.®

SOC-CASSCF(7,12)-NEVPT2 calculations?®5! for [Cr(ddpd),]3* deliver a large SOC constant (SOCC)*** of 315 cm™
between 2Ti5(1) [(dxy)Y(dy2)2] and *Txg(2) [(dyy)*(dyz)}(d:2)!] states [Table 9]. Indeed, this large SOCC can be
rationalized by the generalized El-Sayed rules for ISC transitions between MC states [Table 8]. The change in
orbital occupation corresponds to a one-electron excitation d,.<>d;, [Fig. 5] with an E/-Sayed-allowed change in
magnetic quantum number m; = +1 [Table 8]. In contrast, (dy,/dy.)¢>(dxo-y2/dx.) double-excitation or retaining
orbital occupations (dy,<>dy,) lead to small SOCCs for the 2T15(1)/*T2g(1) [(dey) (dyz)?1/[(dxe)*(dy2) (dxa-y2)] and
2E4(1)/*Asg [(dxy)*(dxz)*(dy2) ]/ [(dwy) H(dxz)(dly) '] state combinations, respectively [Fig. 5, Table 9].

Table 7. Generalized E/-Sayed rules.

Requirements for a fast ISC process between two states/electron configurations:

1. The transition corresponds to a one-electron excitation, a formal one-electron shift.
2. The transition is local, i.e. between orbitals with coefficients on same atoms.
3. The local angular momentum [ must be conserved (Al = 0) with change in magnetic quantum number m; of
_(0form;#0
Am; = { +1 .
4. The total Spin S changes by AS = +1.

Table 8. Cartesian d orbitals with change in magnetic quantum numbers Am,; for allowed couplings according to the
generalized El-Sayed rules.

dyy [ dy [ do dye ooy
dy 1 +1 0
dye +1 +1 0 +1
dz 1 +1
due +1 0 +1 +1
dya-y2 0 +1 +1
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Table 9. SOC constants (SOCCs) as square root of the sum of the squares of SOC matrix elements (SOCME) in cm™ between
doublet states and the “Te-derived states of [Cr(ddpd),]** from SOC-CASSCF(7,12)-NEVPT2 calculations. Large and medium
SOCCs are highlighted in red and orange, respectively.

| 4T2g(1)

Excitation of [Cr(ddpd),]3* at 435 nm initially leads mainly to the population of the *LMCT state compared to the
T, state, according to Laporte’s rule [Fig. 17(a)]. Several photophysical pathways to the ?T1,/?E, state manifold
are conceivable [Fig. 21].28 *Tg¢>*LMCT and 2LMCT—?Ty,5 IC might be slow and fast, respectively, as these
transitions are two- and one-electron transitions, respectively. Again, EI-Sayed rules give a rationale for the
relative rates of ISC processes. “LMCT—>2LMCT ISC might be rather slow due to the retained orbital occupation.
ALMCT—>2T1g/2¢/%E¢ ISC should be less efficient as well due to violating rule 2 [Table 7].248
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Fig. 21. Possible quartet—doublet ISC and IC pathways with representative microstates. Solid and dashed arrows indicate
efficient and less efficient ISC and IC processes, respectively. Dotted arrows indicate the changes in orbital occupations for
ISC processes indicated by the respective color. Adapted with permission from Advances in Inorganic Chemistry.
Photochemistry and Photophysics of Earth-Abundant Transition Metal Complexes, edited by R. van Eldik, Vol. 83, p. 111
(2024). Copyright 2024, Elsevier.

We now apply group theory to metal-centered ISC transitions in an octahedral chromium(lll) complex considering
the lowest-energy quartet states “Ayg, “Tog and *Tig. In O, symmetry, the rotation transforms as Ty, The direct
products of the irreducible representation of the rotation with the representations of the lowest quartet states
Asg, *Tog and *Tyg yields the irreducible representations of doublet states capable of SOC [Table 10]. According to
SOC matrices and Table 9,516 SOC can be operative between *Ax/?Tag, “Tog/?Eg,*T1g,2T2g and “T1g/(%Eg),*T1g,2T2g
state combinations. SOC between these states mediates both ISC and phosphorescence. This SOC coupling
signature in O, symmetry is retained also for complexes with slightly lower symmetry, such as [Cr(ddpd),]** with
strong “Aze/?Tag and *Tag/?Eg,’T1g (> 300 cm™) and medium *Tzg/?To (> 150 cm™) SOC as derived from SOC-
CASSCF(7,12)-NEVPT2 calculations [Table 9].25! This finding agrees with the fast quartet-doublet ISC processes
“Tog t0 2T2g,°Eg,*T1g Observed in Molecular Rubies, which are often faster than the instrument resolution (< 200
fs).22843 For [Cr(ddpd),]** the *T,-derived states are close in energy to the 2T,,-derived states allowing for fast

43



AIP
ﬁé_ Publishing

ISC already in the FC region mediated by SOC [Fig. 3, second quartet-doublet crossing point, highlighted with a
circle]. Similarly, fast SOC-mediated “T,,—2T1 ISC is observed for Cr(acac); [Scheme 1] due to surface crossing in
the FCregion (t;5c = 50 fs; k;5c = 2.0x10*3 s7%) [Scheme 1, Fig. 3, first quartet-doublet crossing point, highlighted
with a square].’®”1%8 On the other hand, the ISC rate constants for [Cr(bpmp),]** and [Cr(btmp),]** with
intermediate ligand field strengths at the FC geometry are smaller with k;gc = 1.9x10'2 s7* and 1.2x10'2 7!
(T15c = 540 fs and 823 fs), respectively [Scheme 1].*#1%° More data are, however, required to generalize this
apparent trend with fast SOC-mediated ISC to doublet states close to the FC region providing a high density of
states (Fermi’s golden rule). Yet even with k;sc = 1.9x10%? s7%, [Cr(bpmp),]** achieves a very high ISC quantum
yield of >92.5%, possibly because fluorescence from Ty, states as a potentially competitive process to ISC is slow
due to Laporte’s rule.*

Table 10. Direct products between the irreducible representations of the quartet states “Ag, Tz and “Ty, of d* TMCs with
the irreducible representation of rotation (Ty) in the Oy point group.

Agg X Tygrot.) = Tog
Tag X Tig(rot.) = Agg + Eg + Tag + Tog
Tig X Tyg(rot.) = Ag + Eg + Tog + Tog

SOC between the nested SF states (2Eg, 2T1g) and the *T,g states in principle allows for thermally activated bISC.
The SOCCs vary along the JT coordinates (Qr) of the *T,g-derived states and in the 2Eg,?T15—>Tog transition states.
The nested SF state geometries can be approximated by the FC geometry. The resulting 2Eg,?T1,—>*To, bISC rate
kpisc(T) then depends on the activation barriers E,(bISC) along the JT coordinates Qr in the SCL and the
electronic coupling matrix element Hj 4, with SOC as electronic coupling mechanism in this case [Fig. 20, 22, Eq.
(50)—(53)]. The activation barriers E,(bISC) are determined by the “T,,/SF state energy gaps AE and the
reorganization energy A [Fig. 22]. The latter corresponds to the JT stabilization energy A = E;r, which scales with
the degree of the JT distortion (AQ,r) [Fig. 10, 22]. Large “T,/SF state energy gaps at the FC geometry AEy; =
Ejp + AE and a small AQ,y arising from a large ligand field splitting A, and a rigid environment, respectively, lead
to a small E;r, with AEg; = AE as the limiting case. Hence, a large ligand field splitting and a rigidified system
can slow down the detrimental bISC process that reduces the SF PL quantum vyield. This is perfectly realized in
the solid-state material ruby Al,05:Cr** explaining its high SF PL quantum yield.

Ea *T,g JT distortion suppressed

T,y JT distorted

E,(bISC)

JT coordinate Q;

FIG. 22. Harmonic PES diagram of the “Ty, state, JT distorted (blue) and undistorted (suppressed JT distortion, gray) and of an
SF state along the JT distortional coordinate Qr with JT distortion AQ;r, reorganization/JT stabilization energy A = Er, bISC
barrier E,(bISC), energy differences AE. and AE between SF state and “Tag state at the FC geometry and at the JT distorted
geometry, respectively.

Interestingly, SOC between the SF states (2Eg, 2T1g) and the GS (*Ayg) of octahedral chromium(lll) complexes is
very small [Tables 9 and 10], suggesting that ISC will be slow also from the SOC perspective, in addition to the
parity penalty for k, of the phosphorescence and the penalty from the almost nested PESs for k,,. (vide supra).
These effects together account for a large part of the enormous SF state lifetimes of Molecular Rubies of up to
T =3.5ms.*®

44



ing

AlIP
lﬁ_ Publish

A heavy atom effect has been observed when bridging oxygen atoms are replaced by bridging sulfur atoms in
[Cr(bpop)2]** to give [Cr(bptp)2]** [Scheme 1]. The nonradiative rate constant k., dramatically increases by orders
of magnitude from 1059 to 606000 s~* and k, approximately halves from 138 to 61 s™%.° An Arrhenius study finds
that the pre-exponential factor of [Cr(bptp),]** is larger by almost five orders of magnitude. SOC in this complex
might be increased by indirect vibronic coupling with low-energy LMCT states that have large orbital
contributions from the sulfur atoms. This indirect vibronic coupling with LMCT states might in principle apply to
bISC from SF states to “T,;-derived states and to ISC from the SF states to the A,y GS. However, as the radiative
rate constant for the SF — %A, process has not increased, the influence of the sulfur atoms on the bISC process
is more pronounced.”® On the other hand, incorporation of four iodine atoms in the ligand periphery in
[Cr(Mebipzp),]*, yielding [Cr(IMebipzp),]**, increases k, from 74 to 288 s (factor of 3.9), and simultaneously
increases k. to a similar extent from 738 to 2900 s™* (factor 3.9) [Scheme 1, Table S1, supplementary material].
This suggests that the four iodine atoms at these positions affect the SF — %Ay, ISC and phosphorescence to a
similar extent via SOC.17°

Beyond SOC-mediated ISC and blISC, the low energy of the SF states opens different nonradiative relaxation
pathways, namely via the so-called Inductive-Resonant Mechanism (IRM) of nonradiative transitions.>%17%172
Within this treatment, the ES energy is transferred to overtones of high-energy oscillators (e.g. C-H, N-H, O-H
overtones) of the environment, e.g. of the ligands and/or the solvent, via an electric dipole-dipole interaction
with multiphonon relaxation.'>>7172 This mechanism is conceptually similar to the Férster Resonance Energy
Transfer (FRET)'”3 describing the Coulombic nonradiative EnT between different electronic states.®'° For a single
oscillator, the nonradiative rate constant k., is given by Eq. (56) in the IRM.%171,172
- 2
Ky = 20mA0E | ke o) = 5857 . 10-25ﬁ-501 (56)

1287m5N4 n4ré

k2 denotes an orientation factor of dipoles amounting to 2 in the dynamic isotropic limit, N, Avogadro’s constant,
n the refractive index of the medium and k, the radiative rate constant of the photoluminescent molecule. The
most decisive factors in Eq. 56 are the distance r (in cm) between the central ion (for an ES wavefunction
centered on the central ion) and the oscillator (the molecular entity involved in the vibration) and the spectral
overlap integral SOI on a wavenumber scale (cm™) with the unit M cm? [Eq (57)].15217%172

501 = [ e @ ® g (57)

The SOl is given by the integral over the product of the area-normalized emission intensity I, (V) [Eq. (58)]
and the decadic molar absorption coefficient &,;;, (¥) (in M cm™) of the oscillator scaled by 7~*.152174172 The
overall multiphonon relaxation rate k. is obtained by summation over the contributions of all
oscillators.'5#171172 As the molar absorption coefficient €,;;, (¥) rapidly decreases for higher vibrational overtones
and as the SOI depends on #~*, the SOI and hence IRM become only relevant for low-energy PL.
Tem (¥

Tnorm = J’l::% (58)

SF PL from chromium(lll) complexes typically occurs at energies below 700 nm (14285 cm™). Consequently, the
SOI with high-energy oscillators and hence IRM can become significant. For [Cr(ddpd),]>* with PL at 775 and 738
nm, the inductive-resonant EnT from the SF (*Ti/?Eg) states to vibrational overtones of C-H groups of the
pyridine donors is accidentally not very effective. Rather small SOIs with the third and fourth C-H overtones +*
and V* is one reason for its comparably small k,, and the resulting long SF state lifetime 7z; = 1.1 ms [Fig. 23].
Statistical deuteration of the ddpd ligand raises the luminescence lifetime of [Cr([Ds]-ddpd),]3* even further to
Tpr = 2.3 ms [Scheme 1, Table S1, supplementary material].?® With the deuterated ddpd ligand, the only
significant, but even smaller SOI of the 2T14/2Eg emission bands arises with the fifth C-D overtone V#, which has a
much smaller molar absorption coefficient &,;;, (V) [Fig. 23].2° By reducing k. via the IRM, the PL quantum yield
increases from @, = 13.7% to 30.1% in acetonitrile and ds-acetonitrile, respectively (factor ~2.2).182° Similarly,
the PL lifetime and PL quantum yield of [Cr(bpmp).]** increase by deuteration of the a-positions of the bpmp
ligand from 1.8 ms to 2.5 ms and from 19.6% to 24.6%, respectively (factor ~1.3) [Scheme 1, Table S1,
supplementary material].>® The smaller isotope effect for [Cr(bpmp),]** likely arises from the higher PL energy
(709 nm, 14100 cm™) and the resulting smaller SOI with the third C-H overtone 1#, so that the gain from
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deuteration is less prominent.> Deuteration of the CH, bridges of the bpmp ligand to CD, moieties also increases
the PL lifetime and quantum vyield, but merely from 1.55 ms to 1.8 ms and from 15.8% to 19.6%, respectively
(factor ~1.2). A small solvent isotope effect (H,0/D,0) might also contribute to the observed overall effect here.>?
In addition to the higher PL energy of [Cr(bpmp),]**, the larger distance r of this C—H oscillator at the bridge to
the chromium center might explain the rather small effect. The C—H overtone energies for CH, CH, and CHs units
have been estimated so that “C—H overtone-free” spectral regions with minor nonradiative decay via IRM can be
identified.*®

Only small solvent isotope effects on PL lifetimes and PL quantum yields are typically observed for the SF PL of
chromium(lI1) complexes. The strong distance dependence of k,,.~r~° [Eq. (56)] might account for this weak
effect, as the metal center is well shielded from solvent molecules by the coordinating ligands. Similar to the
CH—CD isotope exchange, NH—ND deuteration of the bridge in [Cr(H,tpda),]>*/[Cr(D,tpda),]** including a
significant solvent isotope effect (H,0/D,0) increases the PL lifetime and quantum yield from 0.67 ms to 1.5 ms
and from 6.3% to 15.2%, respectively (factor ~2) [Scheme 1, Table S1, supplementary material].1%?

This significant enhancement highlights the high quenching efficiency of N-H oscillators (free N—H: 3400 cm™)
that arises from the very broad and intense vibrational N-H bands that can give rise to large SOIs.*?? k,,,
decreases dramatically upon deuteration for amine and heteroleptic ammine-aqua chromium(lll) complexes, e.g.
[Cr(NH3)e]**/[Cr(ND3)¢]** (factor ~600), [Cr(en)s]>*/[Cr([Ds]-en)s]** (factor ~600), [Cr(NDs)e-n(H20)n]** and
[Cr(NH3)6-n(D20)n]?*, underpinning the detrimental influence of a high number of high-energy NH and OH
oscillators in very close proximity to the central ion on ES lifetimes.}’#17> These findings parallel the observation
that radiative low-energy 4f-4f transitions of lanthanide(lll) ions can be strongly quenched by the presence of
coordinated water (O—H vibrations, free OH: 3600 cm™).17¢
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Fig. 23. Normalized C-H and C-D vibrational overtone spectra of model pyridine ligands (orange, green, blue) and qualitative
indication of their spectral overlap integrals (SOIs) with the SF PL bands of [Cr(ddpd)2]**.

The nonradiative decay of SF states, which are split by lower symmetry, via IRM can also be thermally activated.
The splitting of SF states due to lower symmetry can reach a few hundred wavenumbers in polypyridine
chromium(lll) complexes and the SF lifetime is long enough to allow establishing a Boltzmann distribution
between the lowest-energy SF states (vide supra).?? Hence, at higher temperature, emission occurs from the two
lowest SF states, while at lower temperature emission occurs only from the lowest-energy SF state. This change
of PL band pattern has been shown to reduce the SOI and hence k., at lower temperature.®! Similarly, spectral
narrowing of the PL band of [Cr(dgpy).]** [Scheme 1] at lower temperature in a frozen matrix reduces the SOI
with C-H overtone bands and hence k,,..*®

V. CONCLUSION

This tutorial review comprehensively discussed the photophysics of molecular chromium(lll) complexes in
relation to solid chromium(lll) materials such as ruby with an emphasis on the understanding of the unique
photophysical properties of Molecular Rubies. The review covers fundamental theories for transition metal
complexes, namely crystal field, ligand field and molecular orbital theory, the perturbational treatment of Jahn-
Teller effects as well as vertical, horizontal and thermally activated processes and multiphonon relaxation that
are relevant for the description and understanding of the photophysics and light-induced dynamics of
chromium(Ill) complexes. Required physical concepts and mathematical relations and equations, such as ligand
field term energies, selection rules, vibronic and spin-orbit coupling are introduced, explained and applied to the
Molecular Rubies.
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The high photoluminescence lifetime and quantum yield of the solid-state material ruby Al,05:Cr3* relies on the
following key features: a) despite the weak oxido ligands, the interconfigurational “T, ligand field states are
higher in energy than the nested 2E/?T1, spin-flip states at the *Ay, ground state geometry thanks to a large ligand
field splitting A, in the small trigonally distorted octahedral void of the Al,Os3 lattice; b) intersystem crossing from
4T,g to 2Eg/?Tyq states is fast and efficient; c) Jahn-Teller distortions cannot strongly stabilize the “T,, states as the
crystal lattice enforces a rigid environment, so that back-intersystem crossing from SF to “T, states is
thermodynamically unfeasible; d) high-energy C—H, N—H or O-H oscillators are absent in the vicinity of the
chromium(lll) center so that multiphonon relaxation from spin-flip states to vibrational modes is impossible and
e) the radiative rate constant k,, = 210 s™* is comparably large due to the trigonal, non-centrosymmetric crystal
environment.>56

This review has discussed that Molecular Ruby [Cr(ddpd),]** and its siblings feature similar features, but
sometimes for different underlying reasons: a) strong pyridine donor ligands arranged to give a local close-to-
octahedral [CrNg] coordination sphere gives a large ligand field splitting, so that “T,g ligand field states are much
higher in energy than the nested 2E,/?T: spin-flip states at the “A;, geometry (close to the *Toe/?T5g crossing point
in the Tanabe-Sugano diagram); b) intersystem crossing from *T,g to 2E¢/?T14/?Tog states is efficient and fast at the
Franck-Condon geometry with k;sc > 5.0x10%? s7%; ¢) the quite rigid tridentate chelate ligands do not allow large-
amplitude Jahn-Teller distortions (as compared to mono- and bidentate ligands), so that thermally activated
back-intersystem crossing from spin-flip to “T, states is kinetically retarded; d) only four C—H oscillators are close
to the chromium(lll) center and their overtone energies (accidentally) do not match the photoluminescence
energy, so that quite inefficient multiphonon relaxation results; e) thanks to the absence of a center of symmetry
the radiative rate constant k,. = 122 s 21738 js |]arge as compared to truly centrosymmetric complexes with k,. <
1s7for [Cr(CN)g]®> Y77 or k,. = 20 57! [Cr(tpe),]?*,13% respectively.

In addition to the excellent photoluminescence properties of [Cr(ddpd),]*, its visible light absorption is boosted
by productive LMCT states, so that a very high brightness B(436 nm) = @ 436 nm) =516 M~ cm™ results. These
unique features of the Molecular Rubies and other chromium(lll) complexes enable a multitude of applications,
ranging from sensing,”2>3>% lighting,*>*® upconversion,*’® circularly polarized emission®®:°558889596,134-136

to photocatalysis.17,37-43179-183

Supplementary material
Appendix and details of the computational methods and Cartesian coordinates of all optimized geometries,
including additional references.84218
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acac”
bpi~
bpiMe/H-
bpiEt/Hf
bpiOMe/H-
bpiNMez/Hf
bpiH/OMef
bpmp
bpop
bptp

bpy
btmp
ddpd
ddpd™e
dddees
ddpdiep
dgpy
dpc”

Hotpda
Mebipzp
IMebipzp
phen

py

tpe

tpy

acetylacetonato(1-)

1,3-bis(pyridin-2-ylimino)isoindolinato(1-)

1,3-bis((4-methylpyridin-2-yl)imino)isoindolinato(1-)

1,3-bis((4-ethylpyridin-2-yl)imino)isoindolinato(1-)

1,3-bis((4-methoxypyridin-2-yl)imino)isoindolinato(1-)

1,3-bis((4-(dimethylamino)pyridin-2-yl)imino)isoindolinato(1-)

1,3-bis((5-methoxypyridin-2-yl)imino)isoindolinato(1-)

2,6-bis(pyridin-2-ylmethyl)pyridine

2,6-bis(pyridin-2-yloxy)pyridine

2,6-bis(pyridin-2-ylthio)pyridine

2,2’-bipyridine

2,6-bis((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)pyridine

N2,N®-dimethyl-N2,N®-di(pyridin-2-yl)pyridine-2,6-diamine

N2,N®-dimethyl-N2,N®-bis(5-methylpyridin-2-yl)pyridine-2,6-diamine

N?,N®-dimethyl-N?,N®-bis(5-mesitylpyridin-2-yl)pyridine-2,6-diamine

N2,N®-dimethyl-N2,N®-bis(5-(2,4,6-triisopopylphenyl)pyridin-2-yl)pyridine-2,6-diamine

2,6-diguanidylpyridine

3,6-di-tert-butyl-1,8-di(pyridin-2-yl)-carbazolato(1-)

2,6-di(quinolin-8-yl)pyridine

8,8'-(4-bromopyridine-2,6-diyl)diquinoline

8,8'-(4-ethynylpyridine-2,6-diyl)diquinoline

8,8'-(4-methoxypyridine-2,6-diyl)diquinoline

ethylenediamine

N2,N®-di(pyridin-2-yl)pyridine-2,6-diamine
2,6-bis((3,5-dimethyl-1H-pyrazol-1-yl)methyl)pyridine

2,6-bis((4-iodo-3,5-dimethyl-1H-pyrazol-1-yl)methyl)pyridine

1,10-phenanthroline

pyridine

2,2',2"-(ethane-1,1,1-triyl)tripyridine

2,2':6’,2"-terpyridine
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