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Ferromagnetically Coupled Chromium(lll) Dimer Shows
Luminescence and Sensitizes Photon Upconversion

Simon Trippmacher,” Serhiy Demeshko,” Alessandro Prescimone,
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Oliver S. Wenger,* and Cui Wang*

There has been much progress on mononuclear chromium(lll)
complexes featuring luminescence and photoredox activity, but
dinuclear chromium(lll) complexes have remained underex-
plored in these contexts until now. We identified a tridentate
chelate ligand able to accommodate both meridional and facial
coordination of chromium(lll), to either access a mono- or a
dinuclear chromium(lll) complex depending on reaction con-
ditions. This chelate ligand causes tetragonally distorted
primary coordination spheres around chromium(lll) in both
complexes, entailing comparatively short excited-state lifetimes
in the range of 400 to 800 ns in solution at room temperature

Introduction

Recently, remarkable progress has been made with luminescent
first-row transition metal complexes, based for example on
vanadium,” chromium,” manganese,” iron,” nickel,”’ copper,””
and zinc,” which provided important insights into molecular
design principles and the application potential of photoactive 3d
metal compounds® These new types of photoactive metal
complexes are promising alternatives to platinum group metal
compounds, due to their photophysical and photochemical
properties, 9 which allow their investigation in sensing,”
lighting,**' photon upconversion,”'" and photocatalysis.<¢*'?

Important progress has been made in recent years with
mononuclear luminescent Cr'" complexes with tridentate poly-
pyridyl ligands, which lead to large ligand field splittings, in
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and making photoluminescence essentially oxygen insensitive.
The two chromium(lll) ions in the dimer experience ferromag-
netic exchange interactions that result in a high spin (5=3)
ground state with a coupling constant of +9.3 cm™'. Photo-
induced energy transfer from the luminescent ferromagnetically
coupled dimer to an anthracene derivative results in sensitized
triplet-triplet annihilation upconversion. Based on these proof-
of-principle studies, dinuclear chromium(lll) complexes seem
attractive for the development of fundamentally new types of
photophysics and photochemistry enabled by magnetic ex-
change interactions.

many cases due to the strongly c-donating and m-accepting
character and the almost perfectly octahedral geometry (with N-
Cr"-N bite angles approaching 90°) reached in many of the
recently reported new complexes.? 93 These Cr" complexes
show spin-flip doublet excited states (*T,/’E), often with high
photoluminescence quantum yields and lifetimes up to the
millisecond-scale in solution at room temperature, /'3 and
some of these Cr'" complexes exhibit high excited state redox
potentials.'***' These photophysical and photochemical proper-
ties make photoactive Cr" complexes attractive for applications
relying on energy- and electron-transfer processes,!1>#12c-e14-151
for example energy transfer- or photoredox catalysis.

The long-lived spin-flip excited states of many mononuclear
Cr" complexes permit efficient oxygen quenching via a Dexter-
type energy transfer mechanism.”>'® A recent study showed that
charge-transfer based deactivation can also be a factor in the
oxygen quenching.l'”” Effective oxygen quenching makes lumi-
nescent Cr'" complexes promising oxygen sensors® and photo-
sensitizers for generating singlet oxygen ('0,) in photocatalysis"®
and photodynamic therapy.">'¥ However, the oxygen-sensitivity
restricts the application potential of the Cr'" complexes in lighting
or in energy transfer processes with other substrates under
ambient conditions. Therefore, different strategies have been
developed to suppress the oxygen sensitivity of luminescent Cr"
complexes, such as introducing bulky substituents to the
ligand,”” using sterically demanding counter anions* or
encapsulating the Cr" complexes into oxygen shielding
matrices.**"

Polynuclear Cr" complexes have so far been mostly explored
in the context of magnetic phenomena,”? but aside from
selected early studies”™ they have received limited attention yet
in contemporary optical spectroscopic studies. Dinuclear Cr"
complexes exhibiting room temperature luminescence while
preserving ferromagnetic exchange interactions seem attractive
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for developing luminescent single-molecule magnets, which until
now rely mostly on lanthanide ions.*¥ Numerous hydroxo- and
oxo-bridged dinuclear Cr'" complexes have been developed to
explore the magnetic exchange interactions, and in most cases,
the two Cr" centers are antiferromagnetically coupled in their
electronic ground states.”>* There have been only few examples
of dinuclear Cr" complexes with ferromagnetic coupling,”® but
there exist strategies for obtaining ferromagnetically coupled Cr"
compounds.”” Recently explored dinuclear Cr" complexes have a
Cr"(u-OR),(u, s-carboxylato)Cr'core  structure, exhibiting ferro-
magnetic coupling constants up to +8 cm~'*” Replacement of
the bis-u-alkoxido with bis-u-thiolato bridges increased the
ferromagnetic exchange coupling constant to J= 4 (24-34) cm™’
for the dinuclear Cr" complexes [Cr,L,(-SR),(u-O,CR)F* with an
amino-thiophenolato ligand (Figure 1).*® Attempts were made to
make dinuclear Cr'" complexes photoluminescent, while main-
taining the ferromagnetic coupling, but only few examples are
known and their photoluminescence at room temperature was
very weak.®

The tridentate chelate ligand dNinp (2,6-di(N-7-azaindol-1-
ylpyridine) is a structural analogue to dqp (2,6-di(quinolin-8-
yl)pyridine) and ddpd (N,N-dimethyl-N,N'-dipyridin-2-ylpyridine-
2,6-diamine), all of which fulfill the structural requirements to
form six-membered chelating rings and large N-M-N bite angles
near 90° with the coordinated metal center (Figure 1), such as
previously observed with Ru".*® Coordination of ddpd or dgp to
Cr'" jon led to mononuclear near-infrared (NIR) emitters with
favorable photophysical and photochemical properties as noted
above,?**41 \while luminescent Cr" complexes with the dNinp
ligand do not seem to have been reported yet.

In this study, we coordinated dNinp to Cr" ion, giving mono-
and dinuclear Cr" complexes that can be synthesized in a
controlled manner. Magnetic measurements of the hydroxo- and
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[Cr(ddpd),]** [Cr(dap)2]** [Cr(dNinp),]**
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N

[CraLa(u-SR)y(1-0,CPh)** [Cra(dNinp)y(u-OH)(1-0,CMe)**
Figure 1. Molecular structures of mononuclear luminescent [Cr(ddpd),]* "
(ddpd = N,N'-dimethyl-N,N'-dipyridin-2-ylpyridine-2,6-diamine),*® [Cr-
(ddpd),I** (dgp = 2,6-di(quinolin-8-yl)pyridine),** and [Cr(dNinp),I**
(dNinp = 2,6-di(N-7-azaindol-1-yl)pyridine) (this work), as well as dinuclear
luminescent Cr" complexes [Cr,L,(1-SR),(1-0,CPh)I* " and [Cr,dNinp,(u-
OH),(u-0,CMe)I** (this work).
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carboxylato-bridged dinuclear Cr" complex (Figure 1, bottom

right) indicated ferromagnetic exchange interactions between
the two Cr" centers in their electronic ground state with a
coupling constant of J=+49.3 cm™". Both the new mono- and
dinuclear Cr" complexes exhibit photoluminescence in solution
at room temperature with time constants of several hundreds of
nanoseconds. Spectroscopic investigations indicate that the
luminescence of these Cr" complexes is insensitive to oxygen,
contrasting the behavior of the vast majority of recently explored
luminescent Cr'" complexes. These excited state properties permit
the dinuclear ferromagnetically coupled Cr" complex to be used
as a photosensitizer for triplet-triplet annihilation upconversion.

Results and Discussion

Synthesis and characterization: The ligand dNinp was synthe-
sized by Ullman-type coupling of 2,6-dibromopyridine with 7-
azaindole by adapting a literature procedure,®” giving nearly
quantitative product yield (SI, section 2.1). Acetonitrile as the
reaction solvent allowed the formed ligand to precipitate, which
simplifies the product purification by filtration. The mono- and
the dinuclear Cr" complexes were then synthesized in a
controlled manner by either starting from a Cr(ll) or a Cr(lll)
precursor as illustrated in Figure 2. Coordination with dNinp
using more reactive chromium(ll)’® occurred in the presence of
silver triflate, and subsequent oxidation with oxygen from air in
the presence of potassium triflate gave the desired mononuclear
[Cr(dNinp),I** complex as a triflate salt with a complexation yield
of 73% (Figure 2, top right). Replacing silver triflate and
potassium triflate with their corresponding hexafluorophosphate
salts gave the PFgsalt of the [Cr(dNinp),’™ complex. Vapor
diffusion of diethyl ether into an acetonitrile solution of the
mononuclear complex gave single crystals suitable for X-ray
diffraction analysis.

For the preparation of [Cr,(dNinp),(u-OH),(u-O,CMe)*",
chromium(lll) chloride tetrahydrofuran complex was used as the
metal precursor (Figure 2b, S, section 2.3).29*" Using a multistep
microwave synthesis, which is a well-known procedure for the
preparation of heteroleptic Cr'" complexes,®" a dinuclear Cr"
complex (Cr,-OTf) bridged by two hydroxo-ligands and one
carboxylato-ligand was obtained, in which each Cr" center is
furthermore coordinated by one dNinp ligand (Figure 2b). The
bridging acetate and hydroxides are likely formed from
acetonitrile and water traces under the harsh reaction
conditions.®? Counter anion exchange with potassium hexafluor-
ophosphate gave the corresponding PF¢-salt of the dinuclear Cr"
complex (Cr,-PF¢). Red needle-shaped single crystals suitable for
X-ray diffraction analysis were obtained for both dinuclear salts.
Mass spectrometry and elemental analysis confirmed the
structures and the purity of the mono- and dinuclear Cr"
complexes.

X-ray diffractometric analysis: Single crystal analysis of
[Cr(dNinp),](PF¢); reveals a pseudo-octahedral CrNg coordination
geometry of the cation [Cr(dNinp),]’" with the N-Cr"-N bite
angles close to 90° and 180° (Table 1, Figure 3a). These angles
are favorable to induce a large ligand-field splitting, similar to the
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Figure 2. Synthetic procedures for preparing a) mononuclear [Cr(dNinp),]** complex and b) dinuclear [Cr,(dNinp),(u-OH),(u-0,CMe)** as the OTf-salt (Cr,-OTf)

and the PF4-salt (Cr,-PFy).

Table 1. Pertinent crystal structure parameters of a few selected Cr"

complexes bearing tridendate polypyridine ligands: [Cr(dgp),I**2? [Cr-

(ddpd),**,* and [Cr(dNinp),l(PFe); (this work). N, =lateral coordinating

pyridine nitrogen atom, N.=central coordinating pyridine nitrogen atom.

Complex [Cr(dgp),FP* [Cr(ddpd),P** [Cr(dNinp),P**
(ref. [2d]) (ref. [2a]) (this work)

N,-Cr-N, 87.6(1)/88.1(1) 85.7(3)/ 86.7(3) 87.5(1)/89.4(1)

angle/

Ne-Cr-N¢ 179.6(1) 178.6 (0.3) 179.7(4)

angle/®

N,-Cr-N, 175.8(1) 1723(2) 176.7(1)

angle/®

N,-Cr length/ 2.037(3)/ 2.028(6)/ 2.029(1)/

A 2.040(3) 2.041(6) 2.044(1)

Nc-Cr length/ 2.070(2) 2.054(7) 2.100(1)

A

that found for [Cr(dqp),l’*® and [Cr(ddpd),’*.* The Cr"-N,
distances are 2.029(1)/2.044(1) A for the lateral pyridines and
2.100(1) A for the central pyridine (Cr"-N., Table 1, Figure 3a).
Evidently, the CrNy; coordination geometry is tetragonally
elongated, similarly to what was previously found for the RuNg
unit in [Ru(dNinp),]**”* The dinuclear Cr" complex crystallizes
in a symmetrical butterfly-like structure with the two coordinated
dNinp ligands spreading outwards (Figure 3b). The Cr"-Cr"
distance of 2.948(2) A points to the absence of a formal metal-
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metal bond.?® Shorter lateral Cr"-N, distances (2.046-2.070 A)
than the central Cr"-N. distances (2.104-2.107 A) are also found
for the dinuclear Cr'" complex, which are all longer than the Cr"-
O bonds with the bridging hydroxo and carboxylato groups
(1.940-1.960 A, Table 2). The N,-Cr'"-N, bite angle of ~100° is
much smaller than that for the mononuclear Cr" complex
(176.7(1)°), implying a facial coordination character for the dNinp
ligand in the dinuclear compared to the mononuclear complex
(Figure 3b, Table 2). For each Cr" center in the dimer, coordina-
tion with one tridentate dNinp ligand and three O atoms from
the two hydroxides and the acetate results in distorted pseudo-
octahedral geometry. The Cr"-0,-Cr" bridging angle of ~98° is
similar to other dinuclear Cr'" complexes with the same bridging
units®”? but larger than the Cr'"-S-Cr" angle of ~93° in the
dimeric [Cr,L,(u-SR),(u-O,CPh)I** (Table 2).%®

Magnetic properties: Polynuclear Cr" complexes with ferro-
magnetic coupling between the octahedral metal centers are
attractive compounds for developing new magnetic materials,
because the 3d® ion Cr" usually possesses sizeable magnetic
moments due to the half-filled t,, orbital set.*¥ Temperature-
dependent magnetic susceptibility measurements were carried
out for the dinuclear Cr,-OTf (Fig. 4). Upon decreasing temper-
ature, the magnetic susceptibility steadily increases to reach a
maximum yuT value of 5.80 cm®*mol™' K at T=12 K, which drops
to 5.27 cm’mol™' K at T=2K likely due to saturation effects. At

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. X-ray single crystal structures of a) the mononuclear [Cr(dNinp),](PFs); and b) the dinuclear [Cr,(dNinp),(x-OH),(u-0,CMe)](PF4);. Hydrogen atoms,

counter ions, and solvents are omitted. Color code: Cr=dark blue; N=blue; O=red; C=grey. Thermal ellipsoids drawn at 50 % probability.

Table 2. Pertinent crystal structure parameters of the dinuclear Cr"
complexes [Cr,L,(11-SR),(1-O,CPh)I** ¥ and Cr,-OTf as well as Cr,-PF; (this
work) with respect to one Cr" center (Cr2). N, =lateral coordinating
pyridine nitrogen atom, N.=central coordinating pyridine nitrogen atom,
Oy=oxygen atom of the bridging hydroxide; O.=oxygen atom of the
bridging acetate.
Dinuclear Cr" [CrL,(u-SR), Cr,-OTf Cr,-PF
complex (u-O,CPh)FP*12 (this work) (this work)
N,-Cr2-N, - 86.5(2)/ 85.2(3)/
angle/® 86.2(2) 87.5(2)
N,-Cr2-N, - 100.9(2) 99.7(3)
angle/®
Nc-Cr2-O, - 174.2(2) 173.3(2)
angle/®
N,-Cr2-0,, - 167.7(2)/ 169.3(3)/
angle/ 170.3(2) 169.5(3)
Cr1-0,-Cr2 92.16(4)/94.01(4) 97.9(2)/ 98.5(3)/
angle/® (Cr1-S-Cr2) 97.8(2) 98.1(3)
Cr1-Cr2 length/A 3.545(1) 2.933(1) 2.948(2)
N,-Cr2 length/A 2.166(4)/2.213(4) 2.061(5)/ 2.046(6)/
2.070(8) 2.067(8)
Ne-Cr2 length/A 2.129(3) 2.107(5) 2.104(6)
O4-Cr2 Iength/A 2.434(1)/2.400(1) 1.940(4)/ 1.944(5)/
(S-Cr2) 1.944(5) 1.946(7)
0c-Cr2 length/A 1.954(3) 1.947(5) 1.960(6)

295 K, the y,T value of 4.00 is slightly higher than the expected
value for two non-interacting ions with $=3/2 and g=2.00
(3.75 cm®*mol~'K). These features indicate a ferromagnetic ex-
change interaction between the two Cr" centers to give rise to
an 5;=3 ground state. Magneto-structural studies found that di-
hydroxo-bridged dinuclear Cr'" complexes are typically antiferro-
magnetically coupled,”**** while the introduction of an addi-
tional carboxylato-bridge can lead to ferromagnetically coupled
systems,”” in agreement with our observations. Fitting to the

Chem. Eur. J. 2024, 30, 202400856 (4 of 10)

spin Hamiltonian H (eq.1) gives a coupling constant J of
+93cm™.

H= —2J§1§2 + gu3§(§1 + §2) (1)

where $, and §, stand for the electron spins of the two Cr" ions,

ug is the Bohr magneton, and B indicates the magnetic flux
density. The resulting J value is large when compared to other
ferromagnetically coupled dinuclear Cr" complexes with di-
hydroxo- and carboxylato-bridges.?>?” In comparison to the
[Cr,L,(u-SR),(1-0,CPh)I** complex, which holds an exceptionally
high J value of 34.8cm™ for ferromagnetically coupled Cr"
complexes,”® the smaller J value for the present dinuclear Cr
complex is likely attributable to the abovementioned larger Cr"-
0,-Cr" bridging angles according to systematic magneto-
structural correlation studies.””

Photophysical Properties

The UV-vis absorption spectrum of [Cr(dNinp),](OTf); shows an
absorption band at 312 and a shoulder at 352 nm (Figure 5a),
which are assigned to the typical ligand-based n—=* and ligand-
to-metal charge transfer (LMCT) transitions, respectively. Follow-
ing earlier studies of [Cr(tpy),’"and [Cr(ddpd),**,**® the
absorption band maximizing at 425 nm is attributed to the
energetically lowest-lying spin-allowed transition from the ‘A,
ground state to the *T, excited state. The molar extinction
coefficient at this wavelength is unusually large for an MC
transition in octahedral symmetry (6=3250 M~' cm™), but the
same observation has been previously made for [Cr(ddpd),]**.*”
Aside from the relaxation of the Laporte (parity) selection rule
owing to the lack of an inversion center, the tail of an LMCT
absorption band or the mixing with LMCT transitions could
contribute to the comparatively high € value at 425 nm.*? The

© 2024 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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*A,—"T, absorption band in [Cr(dNinp),I*" is found at very similar
wavelength as in [Cr(tpy),*" (422 nm)®® and in [Cr(ddpd),]**
(435 nm),” indicating a similarly strong ligand-field in all three
complexes. A weak absorption shoulder observed in the
spectrum of [Cr(dNinp),](OTf); at ~620 nm is tentatively attrib-
uted to spin-forbidden m—3n* transitions (inset of Fig. 5a), as
observed in [Cr(dgp),)*".***® The Laporte- and spin-forbidden
*A,—™T,/*T,/’E transitions, which are typically below 5 M~ ¢cm™
in six-coordinate complexes possessing an inversion center,
could not be identified under the applied measurement
conditions. Upon photoexcitation at 425 nm, spin-flip lumines-
cence from the doublet excited states °T,/’E is observed at
730/770 nm (full width at half maximum (FWHM)=370 cm™’ for
the 770 nm emission). These two excited states are typically in
thermal equilibrium (Figure 5a, Figure 5¢, left)®® The °T,/’E
emission wavelengths of [Cr(dNinp),](OTf); are energetically near
those of [Cr(tpy),’"(770 nm)®® and [Cr(ddpd),’" (738/
775 nm),?? but slightly longer than in [Cr(dgp),l’" (724/
747 nm).”¥ The excitation spectrum monitoring the emission
intensity at 770 nm (solid blue trace in Fig. 5a) follows the UV-vis
absorption spectrum closely between 550 and 380 nm, in line
with expectation. At shorter wavelengths, inner filter effects
cause the excitation spectrum to deviate from the absorption
spectrum, which is a common observation.

The dinuclear Cr" complex shows an LMCT absorption band
peaking at 347 nm, at a similar wavelength as in [Cr(dNinp),]*"
(352 nm), while the lowest-lying MC absorption band in the
dinuclear complex is shifted to ~500 nm (Figure 4b) and features
a substantially lower molar extinction coefficient (6=
148 M~'cm™") than in the monomer complex (3250 M~'cm™, see
above). The lower energy of this MC transition likely results from
the weaker ligand-field strength (10 Dg~20000cm™) in the
dinuclear complex than in [Cr(dNinp),]’™ (10 Dgq~23500 cm™),
caused by the bridging hydroxides and the acetate as weak-field
ligands, and perhaps additionally the more distorted octahedral
geometry for the Cr" ions in the dimer (see above). The ligand

7
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Figure 4. Variable-temperature magnetic susceptibility data for Cr,-OTf. The
red curve represents the best fit with the parameters: J= 4+9.3 cm ' and
g,=9,=1.97.
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field parameters 10 Dq given here were determined directly from
the lowest-energy UV-vis absorption band maxima, and they are
seen as crude approximations of the true values, due to the
partial overlap of the LMCT absorption tail with the MC
absorption band, or even possible LMCT/MC mixing as noted
above. For dinuclear Cr" complexes, only one of the two metal
ions is formally involved in the MC transitions,*” thus the lowest-
lying MC transition is referred to as *A,*A,—*T,’A,. The Laporte-
and spin-forbidden “A,*A,—T,*A,/’E*A, transitions were not
detectable under our measuring conditions. The excitation
spectrum monitoring the emission intensity at 728 nm (solid
blue trace in Figure 5b) matches the UV-Vis absorption spectrum
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(with exchange interactions)

Figure 5. a) UV-vis absorption spectra of the dNinp ligand in dichloro-
methane (green solid trace) and [Cr(dNinp),](OTf); in acetonitrile (dark red
solid trace) at 20 °C, together with the excitation spectrum (emission
detected at 770 nm) (bright blue solid trace) and normalized luminescence
spectrum of [Cr(dNinp),](OTf), in deaerated acetonitrile at 20 °C (excitation at
425 nm) (dotted dark red trace). Inset: UV-vis absorption spectrum of
[Cr(dNinp),](OTf), enlarged in the range from 400 to 800 nm. b) UV-vis
absorption spectrum of Cr,-PF, in acetonitrile (red solid trace) at 20°C,
together with the excitation spectrum (emission detected at 728 nm) (bright
blue solid trace) and the normalized luminescence spectrum in deaerated
acetonitrile at 20°C (excitation at 350 nm) (dotted red trace). Inset: UV-vis
absorption spectrum and excitation spectrum of Cr,-PF, enlarged in the
range from 400 to 800 nm. c) Simplified energy level diagram of the
mononuclear [Cr(dNinp),** (left) and the dinuclear [Cr,(dNinp),(-OH),(u-
0,CMe)]** complexes with exchange interactions (right). S stands for the
spin states resulting from exchange interactions in the dimeric complex,
here only shown for the emissive excited states *T,*A,/°E*A, and the *A,"A,
ground state. ISC: intersystem crossing, IC: internal conversion, VC: vibra-
tional cooling.
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within experimental accuracy, and inner filter effects can account
for their discrepancy at shorter wavelengths.

The luminescence spectra of Cr,-PF, and Cr,-OTf in
acetonitrile contain a band centered at 728 nm at room temper-
ature (Figure 5b), arising from the radiative decay from the
7T*A,/*E*A, excited states to the “A,*A, ground state (Figure 5¢,
right).”® The luminescence band (FWHM =550 cm™') is broader
than for [Cr(dNinp),I**, likely because more convoluted excited
and ground state manifolds are involved in the emission
transition due to the magnetic exchange interactions (Figure 5c),
in line with previous observations in [Cr,L,(u-SR),(u-0,CPh)]* 2
and other dinuclear analogues.”” Exchange interactions in the
excited state could not be determined, but previous studies
found that the emissive T,*A,/?E*A, states contain dinuclear spin
states S of 1 and 2.2**" Notably, the emission energy of Cr,-PF,
is higher than [Cr(dNinp),]*" (Figure 5¢) by 750 cm™', which
suggests that the degree of metal-ligand bond covalence in the
dimer complex is lower than in the monomer complex, implying
a larger Racah B parameter in the dinuclear complex.??*? Thus, it
seems that the charge-neutral pyridine ligands of dNinp form
more covalent bonds than the anionic O-donor ligands in the
dimer complex, leading to a weaker nephelauxetic effect in Cr,-
PF, than in [Cr(dNinp),]> 1243

The room temperature photoluminescence quantum yield
&, of [Cr(dNinp),](OTf); in deaerated acetonitrile is 0.03% (S,
section 6). The *T,/’E luminescence of [Cr(dNinp),J(OTf); decays
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——10ns
30+ ——100 ng|
1ps
20
- 520 nm
2" m
E 1
ol ! ,: el
-10+
-20 T T T T T
300 400 500 600 700 800
A/nm
c)
40
——10ns
—— 100 ns
300 ns

mAOD

yr

600 700 800

Al'nm

500

with a luminescence lifetime 7, of 856+ 13 ns in acetonitrile at
room temperature and is essentially unaffected by oxygen from
air (inset of Figure 6b, SI, Figure S7). These @,_and 7, values are
low compared to other recently investigated mononuclear Cr"
polypyridines.”>#%7 The [Cr(dNinp),I*" complex is tetragonally
distorted already in the electronic ground state (Figure 3,
Table 1), and it seems plausible that this can facilitate non-
radiative relaxation from the °T,/’E excited states. Similar
behavior has been observed for [Ru(dNinp),]*", which also
features a tetragonally elongated octahedral coordination envi-
ronment and which is non-luminescent in solution at room
temperature.”® Back-intersystem crossing from the emissive T,/
%E states to the “T, state in [Cr(dNinp),]*" seems difficult, due to
the large ligand-field splitting. For the energetically high-lying *T,
and ‘T, states, back- and forth intersystem crossing can in
principle occur according to quantum chemical calculations
performed for other Cr" complexes.*” Transient UV-vis absorp-
tion spectra of [Cr(dNinp),](OTf); in aerated acetonitrile feature
two negative signals centered at 355 nm and 425 nm (Figure 6a),
corresponding to the bleach of the LMCT and mixed MC/LMCT
absorption bands at these wavelengths (Figure 5a). The transient
absorption band centered at 520 nm is attributed to the typical
excited state absorption of the °T,/’E states."™*' This band
decays with a lifetime 868413 ns (Figure 6b), matching the
abovementioned luminescence lifetimes and showing no detect-
able response to oxygen from air.
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Figure 6. Transient absorption spectra of a) [Cr(dNinp),](OTf); (50 uM) and c) Cr,-PF, (80 uM) in aerated acetonitrile at 20 °C recorded with different time
delays. b) Normalized decays of the transient absorption signal of [Cr(dNinp),](OTf); at 520 nm recorded from a) together with the normalized luminescence
decay at 774 nm (inset), both in aerated and deaerated acetonitrile at 20 °C. d) Normalized decays of the transient absorption signal of Cr,-PF¢ at 389 nm from
) together with the normalized luminescence decay at 728 nm (inset), both in aerated and deaerated acetonitrile at 20 °C. Excitation occurred with a ns-
pulsed laser at 425 nm (pulse energy of ~8 mJ, pulse duration~ 10 ns) for [Cr(dNinp),](OTf); and at 355 nm (pulse energy of ~40 mJ, pulse duration~ 10 ns)

for Cry-PF.
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The luminescence of Cr'" polypyridine complexes is usually

very sensitive to oxygen, mostly because the T,/’E excited states
are very long-lived with 7, from tens of microseconds to
milliseconds.”9"*! The actual rate constants k, for quenching of
Cr" spin-flip excited states by oxygen are typically only on the
order of 10’ M~'s™" in solution at room temperature, 22924 far
lower than for Ru" complexes with luminescent *MLCT excited
states."” The roughly 100-fold lower k, values for Cr" complexes
are possibly related to the metal-centered character of their
emissive spin-flip excited states, which are more shielded from
the chemical environment (including dissolved O,) than the
*MLCT excited states of Ru"' polypyridine complexes.?**"
However, the micro- to millisecond °T,/’E lifetimes of Cr
polypyridines are between 1 and 3 orders of magnitude longer
than the typical 3MLCT lifetimes of Ru" polypyridines, and this is
the cause for the oxygen-sensitivity of Cr'" polypyridine lumines-
cence despite relatively low quenching rate constants. Assuming
that the rate constant for oxygen quenching k, for [Cr(dNinp),]**
equals 10' M~"s™", and given the oxygen solubility of ~2.4 mM in
aerated acetonitrile at room temperature,*” the expectable rate
for pseudo first order bimolecular reaction of °T,/’E-excited
[Cr(dNinp),* " with O, is 10" M's 'x2.4-10 > M=2.4-10%s"". The
inherent °T,/’E decay rate according to the luminescence and
transient absorption experiments reported above is (860 ns) ' =
1.16-10°s™", and thus the expectable luminescence lifetime
quenching by oxygen from air amounts to only a factor of
24-10°s7/1.16-10° s ' =0.02, which falls within the detection
limits of the respective experiments. This analysis leads to the
conclusion that the comparatively short luminescence lifetime
(860 ns) of [Cr(dNinp),]*", together with the comparatively low
rate constants expectable for bimolecular quenching of Cr" spin-
flip excited states by 0, 9"% can account for the unusual
insensitivity of their photoluminescence to oxygen from air.

For the dinuclear [Cr,dNinp,(u-OH),u-0,CMe)P™ complex,
the photoluminescence quantum yield @, is ~0.01% in aerated
acetonitrile at room temperature, with a luminescence lifetime of
44943 ns for Cr,-PFg and 457+7 ns for Cr,-OTf (inset of
Figure 6d, Figures S11/512). This &, value is a factor of 3 lower
than for [Cr(dNinp),I*" and the lifetime is a factor of ~2 shorter,
indicating more efficient non-radiative excited-state relaxation in
the dimer compared to the mononuclear complex. This finding
could be due to the more distorted octahedral geometry in the
ground- and excited states in the dimer, and perhaps also
because the hydroxo and acetato bridging units are particularly
efficient in dissipating the excitation energy into molecular
vibrations. The T,*A,/’E*A, energy of the dinuclear Cr" complex
(~13700 cm™) corresponds fairly well to the third overtone (v=
4) of the typical OH vibrational energy (~3400 cm™"),“¥ which
can lead to multiphonon relaxations due to the bridging OH
groups.®<942 Transient UV-vis absorption spectra show a bleach
at 350 nm, reflecting the disappearance of the LMCT ground-
state absorption, and a band peaking at 389 nm with a shoulder
~500 nm (Figure 6¢), reflecting excited state absorptions. Kinetic
measurement of the transient absorption signal at 389 nm gives
a time constant that is essentially identical to the luminescence
lifetimes, and all of these decays are oxygen-independent for the
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same reason as explained above for the mononuclear complex
(Figure 6d, Figures S13/514).

Energy Transfer and Upconversion

The °T,/’E excited states of Cr" emitters can undergo doublet-
doublet energy transfer (self-exchange reactions)“” and doublet-
triplet energy transfer (DTET) processes,"™ which are spin-
allowed as long as the total spin of the donor-acceptor pair is
conserved.® Doublet-triplet energy transfer from a previously
investigated mononuclear Cr" polypyridine complex to
anthracene molecules has been found to approach nearly unit
efficiency, and the 2E/’T, excited-state quenching rate constant
korer reached values that were more than one order of
magnitude above the typical k, values for *T,/’E excited state
quenching by oxygen (10" M~'s™, see above).?""™ Nonetheless,
quenching by oxygen can remain a competitive unwanted
reaction pathway, given the very long °T,/’E lifetimes of many
recently reported Cr" polypyridines. The oxygen insensitive
excited-state behavior of our new mono- and dinuclear Cr"
emitters seems attractive for DTET to organic chromophores,
because O, is an uncompetitive quencher, which could permit
energy transfer under aerobic conditions without forming
aggressive '0, species that induce unwanted photo-degradation.
However, the possibility of undesirable reactions between O, and
a long-lived triplet excited state of the energy acceptor remains
in this scenario.

9,10-bis((triisopropylsilyl)ethynyl)anthracene (AnTIPS,) is a
well-known blue-emissive fluorophore that is frequently used in
sensitized triplet-triplet annihilation upconversion (sTTA-UC)
systems."">*" The lowest triplet (T,) excited state of AnTIPS, (~
1.39-1.55 eV)*'¥ is energetically below the emissive *T,*A,/°E*A,
excited states of the dinuclear [Cr,dNinp,(u-OH),(u-0,CMe)]**
(1.70 eV), and hence an exergonic DTET is expected. Stern-Volmer
study shows a luminescence lifetime quenching by AnTIPS, with
a rate constant kprer of 1.63x10° M™'s™' in deaerated acetonitrile/
toluene (1:1) at 20°C (Figure 7a, Sl, section 7), which is below
the diffusion limit of the employed solvents (kys>
1.0x10"° M~"'s7").5? The kprer value determined here is more than
25 fold higher than that found for a mononuclear Cr"
polypyridine and anthracenes in N, N-dimethylformamide ((5.6-
6.4)x10” M~"s ). This is likely attributable to the larger driving
force for DTET from our Cr" dimer to AnTIPS, (—(0.15-0.31) eV) in
comparison to the previously investigated system comprised of a
mononuclear Cr" complex to anthracenes (> —0.03 eV).*”

Selective photoexcitation of Cr,-OTf at 532nm in the
presence of 2.3 mM AnTIPS, leads to a blue emission from the
singlet state of ANTIPS, centered at 470nm and a red
phosphorescence from the T,*A,/°E*A, states of Cr,-OTf. Whilst
the prompt °T,*A,/’E*A, phosphorescence of Cr,-OTf is only
observable at comparatively short delays after laser excitation
(red trace in Figure 7b), the blue ANTIPS, emission remains
detectable after a delay time of 50 us (blue trace in Figure 7b).
The upconversion emission intensity at 470 nm decays with a
lifetime of 222 us (Figure 7b, inset), exceeding the prompt
fluorescence lifetime of AnNTIPS, (5.2ns) more than 40000
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Figure 7. a) Stern-Volmer study of Cr,-OTf (150 uM) in deaerated acetonitrile/toluene (1:1) at 20 °C with An-TIPS,: normalized luminescence decay of Cr,-OTf
at 728 nm with An-TIPS, of different concentrations under excitation with a ~ 10 ns pulsed 532 nm laser (pulse energy ~50 mJ). Mono-exponential fit of the
decays yields the lifetimes 7 for any given quencher concentration. Inset: Stern-Volmer plot based on lifetime quenching derived from the decays in the main
plot. b) Luminescence spectra of Cr,-OTf (100 uM) 4+ An-TIPS, (2.3 mM) in deaerated acetonitrile/toluene (1:1) at 20 °C recorded with different time delays and
the luminescence decay at 470 nm (inset). Excitation occurred with a ns-pulsed laser at 532 nm (pulse energy of ~50 mJ). Mono-exponential fit of the decay in

the inset of b) gives an upconversion luminescence lifetime of 222 ps.

times,"™ confirming the delayed nature of the upconverted

luminescence that reflects the T, lifetime of AnTIPS,."'® Collec-
tively, the data set in Figure 7 demonstrates that luminescent
dinuclear Cr'" complexes are amenable to energy transfer
catalysis and photon upconversion.

Conclusions

Numerous recent works on photoactive coordination compounds
including mononuclear Cr" polypyridines and other first-row
transition metal complexes concentrated on optimizing the
octahedral coordination symmetry.?<49328253 Hare we used a
tridentate chelate ligand that leads to tetragonally elongated
primary coordination spheres around Cr", causing lifetimes of the
luminescent spin-flip excited states that are considerably shorter
than those of recently reported Cr" polypyridines yet remain
similarly long as the *MLCT lifetimes of Ru" polypyridines and Cu'
diimines.®*?'*¥ Unlike these *MLCT emitters, the luminescent
spin-flip excited states of our Cr'" complexes are insensitive to
oxygen from air, presumably because the spin-flip excitation is
electronically more decoupled from the chemical environment.
This oxygen insensitivity paired with lifetimes in the hundreds of
nanoseconds seems fundamentally attractive for Cr" based
photoredox catalysis, because it avoids the formation of 'O,
which can interfere in Cr" based photoredox cycles."*** Cleaner
and more predictable photochemistry could in principle result.
Many tridentate ligands explored recently for photoactive
metal complexes lead to either meridional or facial coordination
modes, whereas the ligand used herein is sufficiently flexible to
allow for both meridional and facial coordination. This in turn
enabled the synthesis of either a mononuclear or a dinuclear Cr"
complex depending on well-controllable reaction conditions. The
obtained Cr" dimer features ferromagnetic exchange interactions
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in the electronic ground state, and its luminescent excited state
undergoes energy transfer and photon upconversion with an
anthracene derivative under green light excitation.

So far, dinuclear Cr" complexes have been mostly explored
with regard to their magnetic properties, while their photo-
luminescence behavior has received very limited attention and
often was restricted to cryogenic temperatures.?>?**" This can be
likely attributed to the comparatively weak ligand fields estab-
lished in such Cr" dimers until now, leading to rapid energy
dissipation by efficient back intersystem crossing from the
luminescent spin-flip excited states into higher-lying non-
radiatively deactivating excited states.”® Our study reveals new
guidelines for controlled synthetic access to Iluminescent
dinuclear Cr" complexes with ferromagnetic coupling and
sufficiently strong ligand fields for room temperature lumines-
cence. These insights could open the door to fundamentally new
discoveries at the interface of molecular magnetism, photo-
physics, and photochemistry.®®!

Crystallographic Data

Deposition Number(s) 2342690 (for [Cr(dNinp),*"), 2342691 (for
PF¢-salt of Cr(lll) dimer), 2342692 (for OTf-salt of Cr(lll) dimer)
contain(s) the supplementary crystallographic data for this paper.
These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karls-
ruhe Access Structures service.
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