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Cr(ppy)s, a structural analog of the green phosphorescent Ir(ppy)s,
emits even in solution at room temperature from a weakly distorted
spin—flip state at 910 nm (Hppy = 2-phenylpyridine). The low
energy arises from an enhanced covalence of the Cr-C bonds as
compared to Cr—N bonds. Lower temperature reduces thermally
activated decay increasing the emission intensity.

Cyclometalated complexes, in particular of d® metal ions such
as Ru"," I'"™* or Fe™” possessing intense metal-to-ligand
charge transfer (MLCT) absorptions, have shaped the field of
organometallic photochemistry. The prototypical complex fac-
Ir(ppy); (Hppy = 2-phenylpyridine)®® with its intense green
*MLCT luminescence has paved the way to efficient lumines-
cent materials for PHOLED applications,'®*" while cyclometa-
lated Ru" complexes are less luminescent.™* The first reported
cyclometalated Fe"" counterparts are even non-luminescent™®
and a phosphorescent iron(n) complex was reported only
recently.” In all d® cases, Y>MLCT states play key roles for
absorption and emission, while highly distorted metal centered
excited triplet/quintet states (**MC) provide non-radiative
decay pathways in Ru" and Fe" complexes, which hamper
efficient *MLCT luminescence."”' Novel developments in
the field of Earth-abundant complex chromophores beyond
precious metal phosphors led to a paradigm change.>™"°
Beside CT states, metal-centered spin-flip excited states can
be highly luminescent between 709-775 nm as demonstrated
with polypyridine Cr'™ complexes.'”** A higher covalent bonding
in a carbazolato pyridine Cr™ complex [Cr(dpc),]" (dpc = 3,6-di-
tert-butyl-1,8-di(pyridine-2-yl)-carbazolato) shifted the emission to
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lower energy (Zem = 1067 nm, 77 K). However, this went along with
a poor quantum yield (® < 0.00089%).>

We investigate the effect of cyclometalation on the spin-flip
emission of Cr' reporting the structure and photophysical
properties of Cr(ppy)s; as a 3d® structural analog of the 5d°
complex Ir'™(ppy)s.*° Cr(ppy); was first prepared in 1967 by
treating CrCl;x3THF with 2-(ortho-lithiophenyl)pyridine** and
later (1991) by treating CrPhs(thf);>*> with 2-phenylpyridine.”®
Despite its existence for decades, neither the stereochemistry,
nor emission properties of Cr(ppy); were reported.>*>°

Single crystals of the facial isomer fac-Cr(ppy); suitable for
X-ray diffraction (XRD) analysis were obtained after heating
CrPh;(thf); with 2-phenylpyridine in THF and recrystallisation
from CH,Cl,/toluene (Fig. 1). fac-Cr(ppy)s; crystallised in the
tetragonal space group P42:c as fac-Ir(ppy); obtained from
sublimation,”” while Ir(ppy); crystallised from solution as
twinned crystals in the trigonal space group P3, resulting in
superimposed Ir-coordinated C/N positions.*®

Fig. 1 Molecular structure of fac-Cr(ppy)s in the solid state with «- - -m and
CH- - -t contacts between 4 and A isomers shown as yellow dashed lines.
Hydrogen atoms (except those involved in CH-- -t contacts) are omitted
for clarity. The m---n contact is denoted by the distance between ring
centroids. CH- - - contacts are denoted by the distance from the hydrogen
atom to the ring centroid.
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In the present XRD analysis, the C/N assignment and the
facial configuration were confirmed by inspection of the ther-
mal ellipsoids of the atoms of the alternative assignment and
the resulting R factors. The Cr-C distances are shorter than the
Cr-N distances (d,,(Cr-C) = 2.059(2) A, d,,(Cr-N) = 2.145(2) A;
ESLt Table S1 and Fig. S1). The Cr-N distances in [Cr(bpy)s]
[PFe5>° (bpy = 2,2"-bipyridine; d(Cr-N) = 2.042(5) A) are signifi-
cantly smaller, substantiating a trans influence of the carbon
donor in fac-Cr(ppy);. Quantum chemical calculations yield
d(Cr-C) = 2.063 A and d(Cr-N) = 2.146 A in very good agreement
with the XRD data (ESL,t Table S1 and Fig. S1). The geometry of
the [CrCs;N;] coordination sphere in fac-Cr(ppy)s is close to
octahedral, similar to the [CrNg] coordination of [Cr(bpy)s]**
(ESI,¥ Table S2). mn---m and CH---m contacts are observed
between A and A isomers in the solid state of fac-Cr(ppy);
(Fig. 1), while no such contacts appear in the salt
[Cr(bpy)s][PFs]s.>° Analytical data of fac-Cr(ppy)s are compiled
in the ESIt (Fig. S3 and S4).

While polypyridine Cr™ complexes are reduced either at the
ligand to give radical anions or at the metal center to give
Cr'| 1720223031 fac.Cr(ppy); is not reduced up to potentials of
—2.2 V vs. ferrocene (ESL T Fig. S3), likely due to the electron-
rich ppy  ligand. An irreversible oxidation is observed at a peak
potential E, = +0.24 V vs. ferrocene, which is assigned to an
oxidation of the Cr-aryl moiety with a covalent Cr-C bond.

The optical properties of fac-Cr(ppy); were probed in
solution and in the solid state (ESL,T Fig. S5-5S10). The absorp-
tion band at 440 nm (¢ = 3000 M~ cm™ " in CH,Cl,, Fig. 2a)
and around 450 nm in a KBr pellet (ESI, Fig. S7) is assigned
to transitions with ILCT/MLCT character (caled. at
414 nm, f = 0.0016 (E); 409 nm, f = 0.0041 (A)) according to
time-dependent DFT calculations and CT number analyses
(Fig. 2a; ESI, Fig. S2).*>*° The energetically next higher absorp-
tion band possesses a larger MLCT character (caled. at
395 nm, f= 0.0294 (E); 387 nm, f= 0.0016 (A)) while the largely
metal centered “T, states are calculated at 350/348 nm
(f=0.0108/0.0025 (A/E)). The MLCT bands are responsible for
the yellow-orange colour of the complex (Fig. 2b, inset). Excited
states with MLCT/ILCT character are compatible with the
oxidation of fac-Cr(ppy); at Ej, = 0.24 V and the reduction below
—2.2 Vvs. ferrocene (ESL Fig. S3), similar to the redox processes
assigned for fac-Ir(ppy); at 0.31 and —2.7 V in DMF.**

Excitation of fac-Cr(ppy); dissolved in deaerated 2-MeTHF or
CH,CI, at 293 K results in sharp emission bands peaking at
910 nm with FWHM,o;x ~ 1185/1068 c¢cm ', respectively
(Fig. 2b; ESL Fig. S5). The band shifts to 890 nm and sharpens
to FWHM,,¢ ~ 540 cm ™! at 77 K in frozen 2-MeTHF, revealing
some fine structure (890, 910 (sh), 1020 (sh) nm). The inte-
grated emission intensity increases ca. fivefold (Fig. 2b). The
excitation spectra at 298 and 77 K in 2-MeTHF solution follow
the absorption spectrum (ESIL, Fig. S6). This confirms that
the emission arises from initially excited ILCT/MLCT states
(350-500 nm) of fac-Cr(ppy)s, which efficiently evolve to the
emissive state in 2-MeTHF (ESL,T Fig. S6a). This also holds for
excitation and emission properties in CH,Cl, at 293 K (ESL+
Fig. S5 and S6b) and in the solid state (ESILt Fig. S7). The
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Fig. 2 (a) UV/Vis absorption spectrum of fac-Cr(ppy)s (black) in CH,Cl, at
293 K including TD-DFT calculated transitions. The code indicates the
character of the transition according to CT number analysis (green: MC,
red: ILCT yellow: MLCT, orange: LMCT, blue: LLCT) and difference
densities of the three lowest energy transitions (E and A, isosurface at
0.005 a.u., purple = electron depletion, orange = electron gain). (b)
Emission spectra of fac-Cr(ppy)s in 2-MeTHF at 293 K (red) and 77 K (blue)
(Zexc = 420 nm) with the energies of CH overtones® v* and v* indicated in
green and a photograph of fac-Cr(ppy)s in 2-MeTHF (inset). (c) Quartet
(green) and doublet (orange) energy levels of [Cr(bpy)®** and fac-Cr(ppy)s
from CASSCF(7,12)-NEVPT2 calculations showing the increased ligand
field splitting (blue arrows) and decreased spin—flip state energy (red
arrows) for fac-Cr(ppy)s (labels according to octahedral symmetry,
although the actual symmetry is lower).

luminescence lifetimes at 293 and 77 K in 2-MeTHF amount to
9.5 and 48 ps, respectively and to 9.3 ps in CH,Cl, at 293 K
(ESL Fig. S8 and S9). In the powder the decay is biexponential
with 10 ps (76%) and 3 ps (24%) (ESL Fig. $10), possibly due to
energy migration in the solid via the n- - -m and CH- - -7 contacts
(Fig. 1) as has been observed e.g. for Ir(ppy)s.>>>®

This journal is © The Royal Society of Chemistry 2022
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Nanosecond laser flash photolysis experiments of fac-
Cr(ppy)s in Ar-saturated CH,Cl, yielded a transient absorption
(TA) spectrum with excited state absorptions (ESA) throughout
the visible region, superimposed to the ground state bleach
below 500 nm (ESL Fig. S11). The TA spectrum of fac-Cr(ppy)s
differs from reported TA spectra of pyridine and acetylaceto-
nato Cr'" complexes displaying only a single ESA around
520-540 nm.?>*”7*° The apparent ESA bands at 485 nm and
640 nm decay monoexponentially with 7 = 10.2 ps and 9.9 ps,
respectively (ESL,1 Fig. S11 and S12), in agreement with the
luminescence decay.

Compared to [Cr(bpy)s]*" (Aem = 729 nm, HCl,),*" the spin-
flip emission band of fac-Cr(ppy); is bathochromically shifted
by ~ 2730 cm '. CASSCF(7,12)-NEVPT2 calculations on
geometry-optimised [Cr(bpy);]*" and fac-Cr(ppy); complexes
correctly predict the bathochromic shift of the spin—flip lumi-
nescence (1773 cm™'; Fig. 2c; ESI, T Table S5). With respect to
the carbazolato pyridine Cr'™ complex [Cr(dpc),]™** the lumi-
nescence band of fac-Cr(ppy); appears at higher energy by
~ 1860 cm ' (77 K). Obviously, the combination of o/n-
donating carbanionic donors and m-accepting pyridines along
all axes x, y and z in fac-Cr(ppy)s, achieves a metal-ligand bond
covalence in-between that of [Cr(bpy);]>*** and [Cr(dpc),]".>

Contrary to [Cr(dpc),]" emitting only at 77 K,** fac-Cr(ppy)s
emits at 293 K in fluid 2-MeTHF or CH,Cl, (¢ = 0.03% in
CH,Cl,; @ = 0.02% as powder). Although these quantum yields
are still below the record values of molecular rubies of up to
@ = 20% in solution,"”">* this marks a great advancement for
open-shell complexes made from abundant transition metals
emitting in the NIR region above 800 nm in fluid solution.

As the quantum yields increase at lower temperature, a ther-
mally activated decay pathway is likely operative.”’ For the
tris(bidentate) Cr'™ complex [Cr(bpy);]** (® = 0.25 £ 0.02%,
T=69 + 2 ps in 1 M HCI at 296-297 K) an activation barrier for
thermal non-radiative deactivation of 43 + 1 k] mol~* has been
determined.”’ A thermally activated trigonal twist has been sug-
gested as possible non-radiative pathway for tris(bidentate) quasi-
cage Cr'" complexes.*”> Compared to the rather flexible bpy ligand
in [Cr(bpy)s]**, the more rigid 1,10-phenanthroline ligand phen
endows a higher @ and 7 in [Cr(phen),]*" (& = 1.2 + 0.1%,
7=304 & 4 ps in 1 M HCI at 296-297 K).*" Therefore, trigonal
twisting and intraligand torsional modes might be operating in
the excited fac-Cr(ppy)s complex as well, leading to thermally
activated surface crossing. This implies that the relaxed excited
doublet state is distorted relative to the ground state (see below).

Non-radiative multiphonon relaxation, ie. electronic to
vibrational energy transfer to overtones of high-energy oscilla-
tors, such as C-H modes, might not be very important for fac-
Cr(ppy)s as the relevant overtones determined from a model
ligand (Me,-bpy; v* = 8792 cm™* (1137 nm) and +* = 11493 cm ™"
(870 nm))"® possess only a small spectral overlap with the
emission band of fac-Cr(ppy); at 910 nm (Fig. 2b). A further
non-radiative pathway involving back-intersystem crossing
to the metal centered quartet states appears unlikely as
well, considering the strongfield ligand ppy . TDDFT and
CASSCF(7,12)-NEVPT2 calculations suggest an even larger

This journal is © The Royal Society of Chemistry 2022
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ligand field splitting (energy difference between *T, and “A,
states) in fac-Cr(ppy)s than in [Cr(bpy);]*" (by 2285 cm™;
Fig. 2c). Finally, energy transfer between uncharged fac-
Cr(ppy); complexes in solution and in the solid is a possible
self-quenching pathway mediated by n- - -m and CH- - -1 contacts
(Fig. 1), while self-quenching of charged Cr'"" complexes
requires high chloride concentrations to form ion clusters in
solution."***

To obtain information on the potential distortion of the
excited doublet state, step-scan FTIR spectra of fac-Cr(ppy)s
were collected (KBr pellet, Aeye = 355 nm, 20 K). The spectra
display ESA and bleaching bands (ESL,T Fig. S13a). The excited
state FTIR spectrum consequently differs from the ground state
spectrum (ESL+ Fig. S13b), confirming that the long-lived
doublet state is distorted with respect to the ground state. At
20 K in KBr, this doublet state decays monoexponentially with
7 = 9.8 ps, as derived from a global fit of decay traces at 1286,
1397, 1442, 1461 and 1475 cm ™' (ESL,T Fig. S14 and Table S3).
DFT geometry optimisations and frequency analyses (ESI,T
Fig. S15 and S16) substantiate that the lowest energy doublet
state is indeed distorted relative to the quartet ground state:
Cr-C and Cr-N distances change from 2.063 A to 2.044, 2.053
and 2.055 A and from 2.146 A to 2.138, 2.147, 2.153 A,
respectively, while the X-Cr-Y angles remain rather constant
(ESIL,f Fig. S17 and Table S1). In agreement with the experi-
mentally obtained data, the DFT calculated vibrational frequen-
cies for the quartet ground and the excited doublet state show
similar shifts in energy (ESI,f Fig. S15 and S16, calculated
frequencies scaled by 0.975).

The NIR luminescence of fac-Cr(ppy)s; recorded in a KBr
pellet between 290-5 K strongly increases below 100 K (ESIL, T
Fig. S18). While in solution the emission intensity increases ca.
fivefold already at 77 K (Fig. 2b), the gain in intensity of the KBr
pellet starts below ca. 80 K. This is compatible with a distorted
excited state, which decays by thermal activation to the ground
state. While the energy barriers appear higher in rigid matrices
thanks to less distorted and hence more nested excited states
the temperature dependence in frozen 2-MeTHF and KBr
matrices is different (Fig. 2b, ESL,T Fig. S18).

Complexes cis-[Cr(bpy),(Ar),]" reductively eliminate Ar-Ar
under irradiation,”® while fac-Cr(ppy); is photostable in
2-MeTHF (Jeye = 420 nm, ESLt Fig. $19) thanks to the
absence of cis-positioned Ar ligands. Similarly, t¢rans-[Cr
(cyclam)(C=C-C¢H,R),]" appear to be photostable.*® In
CH,Cl,, some photoreactivity is observed for fac-Cr(ppy)s
(ESILt Fig. S20). Rather than photoreduction of CH,Cl, itself
(E = —2.6 V)" by the excited complex (E(*Cr(ppy)s/[Cr(ppy)s]’) =
—1.12 V), which is thermodynamically unfavourable, traces of
HCI in the CH,CI, could lead to irreversible photooxidation of
*Cr(ppy)s (ESL{ Fig. S3) and H" reduction. Photo- and redox
stable cyclometalated Cr'™" complexes might by developed into
useful photoreductants in the future.

fac-Cr(ppy); is the first Cr'™ spin—flip emitter with emission
above 900 nm in solution at 293 K. The effect of carbanionic
donors in place of pyridine donors is two-fold, namely the
increase in energy of the metal centred quartet states, owing to
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the larger ligand field strength, and the decrease of the energy
of the spin-flip states, owing to the stronger Cr-C bond
covalence (nephelauxetic effect). These insights on the photo-
physics of the cyclometalated Cr'™ complex fac-Cr(ppy); are
complementary to recent discoveries for first row transition
metal CT emitters”**>* and demonstrate that fundamental
ground-breaking studies can pave the way to fully exploiting
Earth-abundant metals, e.g. in light harvesting, sensing, photo-
catalysis and optical devices.
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