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Abstract: The combination of m-donating amido with m-
accepting pyridine coordination units in a tridentate chelate
ligand causes a strong nephelauxetic effect in a homoleptic Cr'™
complex, which shifts its luminescence to the NIR-II spectral
range. Previously explored Cr'" polypyridine complexes
typically emit between 727 and 778 nm (in the red to NIR-I
spectral region), and ligand design strategies have so far
concentrated on optimizing the ligand field strength. The
present work takes a fundamentally different approach and
focusses on increasing metal-ligand bond covalence to shift the
ruby-like °E emission of Cr'" to 1067 nm at 77 K.

Introduction

Chromium(IIT) complexes played a central role in the
development of coordination chemistry, and nowadays serve
as textbook examples of substitution-inert compounds with
rich optical spectroscopic and magnetic properties.!! Many
Cr*' containing materials show photo-luminescence in the
solid state,”” and carefully designed molecular complexes of
Cr'™ emit in solution at room temperature. However, under
these latter conditions the luminescence quantum yields (¢)
of classical polypyridine complexes such as those in Fig-
ure 1a—c are typically on the order of 0.1% or lower."

For the recently disclosed [Cr(ddpd),]*" complex (Fig-
ure 1d),>” ¢-values up to 30 % were achievable in solution,
and this represented a quantum leap for the photophysics of
molecular Cr'™ compounds. The ability of ddpd to chelate Cr™
with significantly larger bite angles than the ligands in
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Figure 1. Molecular structures of (a) [Cr(bpy)s]*" (bpy=2,2"-bipyridi-
ne),’>* (b) [Cr(phen);** (phen=1,10-phenanthroline),t>* (c) [Cr-
(tpy)]*" (tpy=2,2":6',2"-terpyridine),*>* (d) [Cr(ddpd),**

(ddpd = N,N’"-dimethyl-N,N'-dipyridine-2-yl-2,6-diamine)," and (e) [Cr-
(dgp),I*" (dqp =2,6-di(quinoline-8-yl)pyridine)¥ along with their lumi-
nescence quantum yields (¢) in solution at room temperature and
wavelengths of emission band maxima (A..,). (f) Molecular structure
of the new [Cr(dpc),]" complex reported herein (dpc = 3,6-di-tert-butyl-
1,8-di(pyridine-2-yl)-carbazolato) and its emission peak wavelength.

Figure 1a—c is a key factor contributing to the favorable
luminescence behavior of [Cr(ddpd),]*", and a similar concept
was later exploited with the tridentate dqp ligand (Fig-
ure 1¢).[%! The nearly ideal octahedral coordination of Cr'!
by ddpd and dqp implies strong spatial overlaps between the
spectroscopically relevant metal 3d- and ligand-orbitals,
resulting in a strong ligand field created by the m-acceptor
units pyridine and quinoline. As the coordination environ-
ments of [Cr(ddpd),]*" and [Cr(dqp),]*" deviate only rela-
tively little from O, symmetry, undesirable splitting of
degenerate excited states by symmetry lowering (such as the
case for example in the trigonally distorted [Cr(phen);]*"
complex) can be kept minimal. These combined effects of
high symmetry and strong ligand field are helpful, because
they increase the energy gap between the emissive °E and the
higher-lying ‘T, state (Figure 2a), thereby diminishing the
thermal population of the latter (via reverse intersystem
crossing) and minimizing nonradiative relaxation from the
strongly distorted *T, excited state. The enhancement of
ligand field strength (captured by an increase of the param-
eter 10 Dq) predominantly acts on the “T, energy, but affects
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Figure 2. (a) Tanabe-Sugano diagram for the d* valence electron configuration in O, symmetry. Single configurational coordinate diagrams
illustrating (b) the influence of an increase in ligand field parameter (10 Dq) on the %E, ?T,, and ‘T, energies and (c) the influence of an increase in
metal-ligand bond covalence (decrease of Racah B parameter) on the respective energies.

the energy of the *E spin-flip transition much less (Figure 2b),
and consequently the emission peak wavelengths (4.,) of the
Cr'™ complexes in Figure 1a—e are relatively similar (727-
778 nm). In other words, the strategy pursued with the
complexes in Figure 1d/e (and its congeners)® ! is highly
successful for the optimization of luminescence quantum
yields, but it is not well suited for emission color tuning.

The energy of the °E — *A, spin-flip transition of Cr'! is
more susceptible to electron-electron repulsion than ligand
field strength (Figure 2¢). The mutual repulsion between d-
electrons is quantified by the Racah B parameter, which
adopts a value of 918 cm™' for the free Cr’" ion in the gas
phase." In coordination environments, the formation of
metal-ligand bonds with covalent character leads to the
nephelauxetic effect, meaning that d-electrons are spatially
more distributed and less confined to the metal core.
Consequently, their mutual repulsion diminishes, manifesting
in B-values on the order of 650-810 cm™' for polypyridine
complexes of Cr'™. We reasoned that if metal-ligand bond
covalence was further increased, the *E emission wavelength
could possibly be shifted into the NIR-II region beyond
1000 nm. To the best of our knowledge, this has not been
achievable yet with molecular Cr' complexes.™!

NIR emitters have applications in light-emitting devi-
ces,l fiber-optic telecommunications,"” anti-counterfeit
inks," oxygen sensing,>!”! bio-sensing and bio-imaging,"”
as well as in night-vision readable displays.'"¥ Many of the
respective luminophores are based on lanthanide com-
plexes!'”! or coordination compounds with second- or third-
row transition metal elements, ' whilst others are made from
organic dyes or a combination of organic chromophores with
precious metal complexes.”” NIR-II luminescence is partic-
ularly advantageous for in vivo imaging, for example to locate
malignant tissue due to its deep penetration, high signal to
background ratio, and reduced interfering signals.*!! The
recent surge of interest in photoactive complexes made from
Earth-abundant metals resulted in several compounds emit-

ting in the NIR-I region between 700 and 950 nm,”” but NIR-
II emitters are extremely scarce among base metal complexes
so far.”®! Obvious economic advantages can result from the
replacement of precious and rare metals by more abundant
and cheaper alternatives, but furthermore the question how
NIR-II emission can become competitive with undesired
excited-state relaxation processes in first-row transition metal
complexes is of considerable fundamental interest.?*!

Inspired by recent advances in iron(I) photophysics
where the change from classical polypyridine ligands to
chelates with amido donors led to a drastically altered
electronic structure,® we identified the tridentate dpc ligand
(Figure 1f) as a promising candidate for Cr"" complexes with
red-shifted E luminescence. In the earlier Fe" work,? so-
called “HOMO inversion” was in key focus,?” whilst here the
conceptually much different aspect of increased metal-ligand
bond covalence is of central interest. Comprised of a central
n-donating amido donor flanked by two o-donating and -
accepting pyridine units, this chelate can be expected to
coordinate Cr'" in nearly optimal octahedral fashion %!
hence the design of this ligand takes some of the lessons
learned from the coordination bite-angle optimized com-
pounds in Figure 1d/e into account. The key difference to the
previously investigated complexes is the presence of an
anionic coordination unit, which strongly affects the electron
density at the metal. m-donor ligands commonly weaken the
ligand field due to energetic destabilization of the metal-
based t,,-like orbitals,* which is in clear contrast to the
design principle of maximizing 10 Dq pursued in recent
studies (Figure 1d/e). We speculated that the dpc ligand
would enable increased overall metal-ligand bond covalence
by offering a coordination environment in which m-electron
density is shifted multi-directionally from amido-donors to
Cr'™ and from Cr'" to pyridine-acceptors. This seems indeed
to be the case, and our investigation points to a substantially
lowered Racah B parameter, which gives rise to the first NIR-
11 emissive Cr'™ complex.
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Results and Discussion
Synthesis, Structure and Electrochemistry

The tridentate ligand precursor, 3,6-di-tert-butyl-1,8-di(-
pyridine-2-yl)-carbazole (H-dpc), was synthesized following
a known procedure.*” This compound was deprotonated with
lithium diisopropylamide (LDA), and subsequent addition of
CrCl, (99.99% purity) and halide exchange with potassium
hexafluorophosphate under air resulted in the formation of
[Cr(dpc),](PF) as a dark red solid in 41 % yield (Scheme 1).
The new complex is stable under both acidic and basic
conditions (Figure S4/S5).

1. LDA, THF, -78 °C
—_—
2.CrClp, rt.,48h

3. KPFg, H20, 18 h

41%

H-dpc
light yellow solid

[Cr(dpc)](PFs)
dark red solid

Scheme 1. Synthesis of the new chromium(lIl) complex, [Cr(dpc),]-
(PFe).

Red colored single crystals of [Cr(dpc),|(PF,)-2.5-
(GH,CL,) for an X-ray diffraction study were obtained by
slow vapor diffusion of n-hexane into a saturated solution of
[Cr(dpc),](PF) in dichloroethane at 4°C. The structure
analysis revealed the expected mononuclear chromium(IIT)
complex cation bearing two dpc ligands, which is shown in
Figure 3. The complex cation features close to octahedral
geometry for the six bound nitrogen atoms around the
chromium(III) center. The N(amido)-Cr-N(amido) angle is
173.69(8)°, and the N(pyridine)-Cr-N(pyridine) angles are
173.16(7) and 173.66(7)°. These bond angles are very similar
to those reported for [Cr(ddpd),]**.F*! The Cr-N(amido)
bond lengths (1.962(3) and 1.969(2) A) are shorter than the
Cr-N(pyridine) bonds (2.109(3)-2.133(2) A), which is com-
patible with the more covalent nature of the Cr-N(amido)
bonds. A recent study of lithium amides revealed significant
covalent Li—N bonding character, and comparatively short
bond distances.® The two pyridine rings of a given dpc ligand
are tilted from the plane of the central carbazole ring in such
a way that the tridentate ligand adopts a helical twist
compatible with P and M chirality according to Cahn-
Ingold-Prelog notation.’” As previously reported for [Cr-
(dgp),J** ' and [Cr(ddpd),]**,*™ the homochiral PP and MM
pairs are more stable than the heterochiral PM assembly in
the chromium(IIT) complex, which therefore exists as a pair of
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Figure 3. Molecular structure of [Cr(dpc),]" in [Cr(dpc),](PFg)-2.5-
(C,H,4Cly) (H atoms, the counter ion and solvent molecules are
omitted for clarity, 50% probability ellipsoids). Selected bond angles
(°) and bond distances (A): N2-Cr1-N5, 173.69(8); N1-Cr1-N3, 173.66-
(7); N4-Cr1-N6, 173.16(7); Cr1-N2, 1.969(2); Cr1-N5, 1.962(3); Crl-
N1, 2.133(2); Cr1-N3, 2.115(3); Cr1-N4, 2.109(3); Cr1-N6, 2.133(2).
CCDC 2082071 ([Cr(dpc),](PFe)-2.5(C,H.Cl,)) contains the supplemen-
tary crystallographic data for this paper. These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre.

PP-[Cr(dpc),]/MM-[Cr(dpc),]* enantiomers in the crystal
structure.

The uncommon electronic structure of [Cr(dpc),]* readily
manifests in cyclic voltammetry (Figure 4a), where the first
reduction event is observable at —1.51 V vs. Fc' (—0.88 V vs.
NHE),* cathodically shifted by ca. 1.0 V relative to [Cr-
(tpy),]*" and at ca. 0.4 V more negative potential than in
[Cr(ddpd),]**.P! The electron-poor pyridine ligands of fused-
five-membered tpy chelates in [Cr(tpy),]*" lead to a situation
in which the first reduction process is ligand-centered,
occurring at +0.1 V vs. NHE to give [Cr'™(tpy-")(tpy)]*" with
no trace of Cr'’.® On the other hand, [Cr(ddpd),]** with its
fused six-membered electron-rich ddpd chelates exhibits
metal-centered reduction at —0.48 V vs. NHE to give the
spin-crossover compound [Cr"(ddpd),]> *.**®! The electron-
rich character of our anionic dpc ligand, combined with its six-
membered chelate rings suggest an analogous metal-centered
reduction to give [Cr'(dpc),]’, but cathodically shifted with
respect to [Cr(ddpd),]*" due to the high electron density at the
metal center. The latter characteristics furthermore facilitate
the observation of a Cr'¥™ redox couple at 0.46 V vs. Fc*"
(—0.17 V vs. NHE), which does not seem to be detectable for
the other complexes in Figure 1. An additional wave at 0.78 V
vs. Fc™ in Figure 4a is attributable to ligand oxidation,
because a similar (though less reversible) wave (due to
possible deprotonation) is observed for the ligand precursor
H-dpc (Figure S6). See SI page S9 for a further discussion
regarding the assignment of the individual redox waves.
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Figure 4. (a) Cyclic voltammogram of 1 mM [Cr(dpc),](PFe) in acetonitrile with 0.1 M ("Bu,N) (PF¢) as supporting electrolyte, recorded at a scan
rate of 100 mVs™'. (The Fc'/° potential corresponds to 0.63 V vs. NHE).B“ (b) UV/Vis absorption spectrum of [Cr(dpc),](PFe) in acetonitrile at
20°C (black trace). The red trace shows the long-wavelength part of this spectrum on a magnified ¢-scale (right y-axis, recorded on a more
concentrated solution, see inset). The vertical black and red bars mark the energies of DFT-calculated vertical transitions, the heights of these
bars reflect relative oscillator strengths. The heights of the vertical red bars were multiplied by a factor of 10 relative to the vertical black bars.

(c) Luminescence spectrum of [Cr(dpc),](PFe) in acetonitrile at 77 K, obtained after excitation at 450 nm.

UV/Vis Absorption Spectroscopy

The UV/Vis absorption spectrum of [Cr(dpc),]" in
acetonitrile (Figure 4b) exhibits ligand-centered m-m* ab-
sorption bands between 220 and 330 nm with molar extinction
coefficients (¢) exceeding 30000 M~'cm . The spectral range
between 330 and 450 nm is dominated by (spin-allowed)
ligand-to-metal charge transfer (LMCT) absorptions accord-
ing to time-dependent DFT calculations (Tables S2-S3), along
with some metal-to-ligand charge transfer (MLCT) and
(weaker) metal-centered (MC) absorption features. Given
the anionic nature of the amido donor group, the observation
of ‘LMCT absorptions is unsurprising, and based on the
electrochemical data in Figure 4a one would expect some of
them to fall into the visible range near 2.4 eV. At 500 nm there
is a distinct absorption band (e=4660 M 'ecm™') which,
according to the TD-DFT calculations, is attributable to an
intraligand charge transfer (ILCT) between carbazole and
pyridine units. The presence of all these comparatively
intense charge transfer (CT) absorption bands makes the
observation of the parity-forbidden MC absorptions difficult.
The absorption band at 521 nm (¢ =3000 M'cm™') contains
significant “A, — *T, character according to the TD-DFT
calculations. For comparison, in the [Cr(ddpd),]*" and [Cr-
(dgp),J*" complexes the *T, absorption maximum appears at
434 and 401 nm, respectively.”® A red-shift of the ‘A, — T,
absorption band in [Cr(dpc),]" is expected, as the amido -
donor unit of dpc destabilizes the t,,-like metal orbitals and
thereby weakens the ligand field compared to the pyridine
and quinoline m-acceptor units of ddpd and dqp.

Aiming to detect the spin-forbidden transitions from the
*A, ground state to the °E and T} excited states, an absorption
spectrum of a more concentrated solution of [Cr(dpc),](PFy)
in acetonitrile was recorded (red trace in Figure 4b), but
instead of the anticipated rather narrow spectral features, two
comparatively broad bands were observable. The first of these
two bands peaks at 690 nm with e =84 M'cm™' and corre-
sponds to a spin-forbidden ’LMCT according to TD-DFT. The
second band around 970 nm is yet an order of magnitude
weaker (e=6 M 'cm™') and will be discussed below along-
side luminescence data.

Photoluminescence

Following excitation of [Cr(dpc),|(PFs) at 450 nm in
acetonitrile at 77 K, the luminescence spectrum in Figure 4¢
was recorded. The emission peak is at 1067 nm, flanked by
a tail extending to 1350 nm and a weaker shoulder at shorter
wavelengths. The excitation spectrum of the emission at
1067 nm matches the absorption spectrum between 350 and
550 nm well (Figure S12). Pulsed excitation at 350 nm reveals
a bi-exponential decay of the luminescence signal at 1067 nm
(Figure S11) with lifetimes (t) of 1.4 us (88%) and 6.3 us
(12%). Three facts seem particularly noteworthy concerning
this emission: (i) its long wavelength compared to the other
complexes from Figure 1 for which ’E — *A, luminescence
typically peaked between 727 and 778 nm; (ii) its compara-
tively broad spectral bandwidth; (iii)its relatively short
lifetime, falling into the single-digit microsecond regime.

The long emission wavelength is compatible with the UV/
Vis absorption spectrum showing its lowest absorption band
around 970 nm with e=6 M~'cm™!, and therefore seems in
line with a 2E-like emission of [Cr(dpc),]". The uncommon
emission spectral bandwidth could have its origin in the
energetic proximity of the LMCT state (absorption max-
imum at 690 nm, but extending to nearly 900 nm) and
consequent admixture of LMCT character to the emissive
excited state. It seems plausible that this contributes to the
width of the emission band in Figure 4 ¢, because the LMCT
character implies distortions along additional nuclear coor-
dinates.

Similarly, it seems plausible that the comparatively short
luminescence lifetime of [Cr(dpc),]* is related to LMCT
admixture to the *E-like emission, introducing more parity-
allowed character to the resulting electronic transition and
thereby enhancing the radiative decay rate. The determina-
tion of luminescence quantum yields on frozen solutions at
77 K are technically very demanding and were not performed
in the current study, hence we cannot exclude that non-
radiative relaxation contributes substantially to the emission
decay even at cryogenic temperature.

No luminescence was detectable at room temperature,
using experimental conditions under which we were able to
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detect the weak luminescence emitted by [Cr(tpy),]*". This
indicates that the luminescence quantum yield of [Cr(dpc),]"
under these conditions is below 0.00089 % (Figure 1c). This
could be related to the possibility that the emission transition
is not a pure spin-flip, but contains some LMCT character that
entails more significant excited-state distortions than in
common Cr™ polypyridines. Furthermore, the energy gap of
ca. 9400 cm ™' between the emissive excited state and the
electronic ground state in [Cr(dpc),]" merely corresponds to
approximately 3 quanta of C—H stretching vibrations (with an
approximate frequency of ca. 3000 cm™). Consequently,
electronic-vibrational coupling to such high-frequency modes
could readily entail efficient nonradiative relaxation, even in
a scenario in which overall excited-state distortion is rela-
tively modest. In [Cr(ddpd),]*", the aromatic C—H bonds of
the pyridine units contributed most to the nonradiative
excited-state decay, and it seems plausible that this is also
the case for [Cr(dpc),]*.

Ligand Field Parameters

The optical spectroscopic properties of Cr’* doped
inorganic materials and molecular complexes of Cr'" are
traditionally analyzed in the framework of ligand field theory.
The two key figures of merit are the ligand field parameter
10 Dq and the Racah B parameter, which are measures for
the magnitude of the energetic splitting between metal-based
t,- and eg-orbitals and for metal-ligand bond covalence.
Despite the fact that the symmetry of [Cr(dpc),]" is lower
than octahedral and even though very limited information
concerning the energies of MC states is available for this
compound, we consider a brief analysis in terms of ligand field
theory useful, particularly because this will allow comparison
to previously investigated chromium(III) compounds. As
noted above, most MC states are masked by intense charge
transfer transitions in the UV/Vis absorption spectrum of
[Cr(dpc),]", but the *A, — *T, transition is calculated to occur
at 521 nm, hence 10 Dq is estimated to roughly 19200 cm '
(equation S1). Since the ’E — T, emission peaks at 1067 nm,
we approximate the energy of the °E state as 9400 cm .
Lacking further experimental information about MC state
energies in [Cr(dpc),]", we assume that the relationship C =
4-B is applicable, which represents an approximation made by
many textbooks.*® C is an additional electron-electron
repulsion parameter required to calculate the energy of the
’E state (equation S2), and using the above-mentioned
relationship, a value of 470 cm ™' is obtained for the Racah
B parameter. For the previously investigated [Cr(ddpd),]*"
and [Cr(dgp);]*" compounds B-values of 760 cm™' and
660 cm™! have been reported (Table 1),>*! falling into the
typical range of Racah B parameters of Cr’" doped oxides,
fluorides, and chlorides (600-750 cm™).F"!

Given the various approximations and experimental
limitations outlined above, our own estimate for B is
undoubtedly associated with considerable uncertainty, yet it
seems clear that the value of 470 cm™! stands out. Even if we
assume a relationship of C=3.2-B (as was the case for
[Cr(ddpd),]*"),)! we obtain B=550cm™!, which remains
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Table 1: Ligand field parameters for selected molecular Cr'"' complexes
and Cr’" doped inorganic materials.!
Compound 10 Dq [em ] Blem™]
[Cr(ddpd),J*! 22900 760
[Cr(dqp);* 24925 660
[Cr(phen) P 22075 780
[Cr(dpc),] @ 19200 470
Cr'*:0-AlLO; (ruby)f! 18000 650
CrY,AL0,, M1 16400 650
Cr*:LiCaAlF ! 16075 750
Cr**:Cs,NaScCl e 12800 600
Cr*:Cs,NaScYCl 12800 600

[a] 10 Dg-values rounded to increments of 25 cm™, B-values rounded to
increments of 10 cm™". [b] From ref.[5]; [c] from ref.[9b]; [d] from
ref.[38]; [e] this work; [f] from ref.[37]; [g] from ref.[39]; [h] from ref.[40].

significantly lower than all other Racah B parameter sum-
marized in Table 1. It follows that the nephelauxetic param-
eter 3, which corresponds to the ratio of B-values in a given
complex and in the corresponding free ion,['?! is in the range
of 0.5 to 0.6 for [Cr(dpc),]™ (the B-value for the free Cr** ion
is 918 cm™'," see above). Within the framework of the
simplifications made for this analysis, notably the assumption
of octahedral symmetry, this implies that the average metal—
ligand bond in [Cr(dpc),]" has unusually strong covalent
character.[*!]

Conclusion

Previously reported spin-flip emissions of chromium(III)
complexes were typically in the range between 727 and
778 nm, but the NIR-II luminescence measured for [Cr-
(dpc),]" at 1067 nm is unprecedented to the best of our
knowledge. This strong red-shift seems to be the consequence
of unusually strong metal-ligand bond covalence, which
weakens the mutual repulsion between d-electrons in the
emissive excited state, thereby lowering its energy such that
NIR-II luminescence results. An energetically low-lying
*LMCT excited state furthermore influences the lumines-
cence of [Cr(dpc),]", manifesting in an overall excited-state
distortion that is more substantial than in previously explored
compounds and leading to a comparatively broad emission
band shape. As a further consequence of this LMCT
admixture and the lowered *E energy, nonradiative relaxation
from the emissive excited state is more efficient than in
previously investigated Cr™ polypyridines.

The combination of a m-donating amido unit flanked by
two m-accepting pyridine moieties in a bite-angle optimized,
six-membered terdentate chelate ligand enables the coordi-
nation of Cr'™ in a manner that m-electron density can shift
from the ligands to the metal in axial direction, whereas in the
equatorial plane m-electron density flows from the metal
towards the ligands. These combined push- and pull-inter-
actions can act strongly on the spectroscopically relevant dr-
electrons of Cr'™, and this seems to be the key to inducing
a strong nephelauxetic effect and the ensuing highly uncom-
mon photophysical properties. Thus, our study unravels a new
design principle for luminescent Cr'™ compounds; whilst prior

23726 www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH ~ Angew. Chem. Int. Ed. 2021, 60, 2372223728


http://www.angewandte.org

GDCh
~~

studies have focused on maximizing ligand field strength and
on optimizing ligand bite angles, our work demonstrates that
increasing the metal-ligand bond covalence through com-
bined m-donor and m-acceptor interactions allows emission
color tuning and can lead to NIR-II luminescence. Moreover,
the inert and chiral nature of the [Cr(dpc),]" chromophore
opens perspectives for the induction of circularly polarized
emission in the NIR-II domain while using an abundant 3d-
metal.

These insights complement recent ground-breaking dis-
coveries in the photophysics and the photochemistry of
complexes with other first-row transition metals, including
VII/III’[23,42] an,[43] Fen’[zs] Fem,[44] Com,[45] NiH,[%] and
Cul.?*#1 It seems that much fundamental work is yet needed
to fully elucidate the potential of 3d-metals for applications in
luminophores, light harvesting, sensing, photocatalysis and
beyond.
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