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Luminescent Dinuclear Chromium(lll) Complexes with
Ferromagnetic Exchange Interactions

Dennis Fritzler and Cui Wang*

Recent advances with luminescent mononuclear chromium(lll)
complexes have provided important molecular design guidelines
for enhancing their photoluminescence properties. Applying
these modern aspects of coordination chemistry to dinuclear Cr"
complexes, which are mostly not luminescent but show inter-
esting magnetic properties, seems attractive for exploring
functional coordination compounds with magnetic exchange
interactions and light-induced activity. In this concept, the
key structural requirements for dinuclear Cr" complexes with

ferromagnetic exchange interactions and with photoluminescence
properties, respectively, are analyzed. Rational merger of these
key magneto-optical-structural correlations leads to new types
of dinuclear Cr" complexes with ferromagnetic coupling and
room temperature luminescence, and their photophysical prop-
erties make them promising photosensitizers for energy transfer.
These design concepts open the door of exploring novel dinuclear
Cr" complexes, which can allow the crosstalk of photophysics,
photochemistry, and magnetic exchange interactions.
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1. Introduction

Polynuclear coordination compounds based on 3d® Cr" have
been an active research topic since several decades due to their
unique magnetic and optical properties."™ For dinuclear Cr"
complexes, the exchange interactions between the paramagnetic
Cr" ions determine the magnetic properties, leading to either
antiferromagnetic (AFM) or ferromagnetic (FM) coupling between
the metal ions in their ground states (Figure 1a)."”’ The latter is
potentially attractive for molecular-based magnets, which currently
rely mostly on lanthanide ions.” However, AFM exchange interac-
tions between the Cr'" ions remain the majority for such dinuclear
complexes,>”® whereas only a few examples of FM-coupled
dinuclear Cr'" complexes have been reported.”™* In contrast
to the substantial magnetostructural studies for dinuclear Cr"
complexes,**” only limited attention has been paid to explore
their luminescence properties."*'®" FM-coupled dinuclear Cr"
complexes that show room temperature luminescence remain
severely scarce.

Since recent years, the desire for sustainable chemistry
has led to remarkable achievements with photoactive mononu-
clear complexes based on first-row transition metals, such as
chromium,"7=2? manganese,’*>?*¥ iron,**?" and copper.?®=3"

D. Fritzler, C. Wang

Department of Biology and Chemistry
Osnabriick University

BarbarastralBe 7, 49076 Osnabriick, Germany
E-mail: cuiwang@uni-konstanz.de

D. Fritzler, C. Wang
Department of Chemistry
University of Konstanz
Universitdtsstrale 10, 78465 Konstanz, Germany

© © 2025 The Author(s). ChemPhotoChem published by Wiley-VCH GmbH. This
is an open access article under the terms of the Creative Commons Attribution
License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

ChemPhotoChem 2025, 9, 202500094 (1 of 9)

Rational molecular design for these coordination compounds
leads to favorable photophysical and photochemical
properties,®' 31 which make them promising alternatives to
those based on platinum group metals in the fields of bioimaging
and sensing,**>® lighting,2®***°! photon upconversion,*'*% and
photocatalysis.’?'?*°? |n particular, important molecular design
guidelines for mononuclear luminescent Cr" complexes (molec-
ular rubies) with spin-flip doublet excited states (*T,/?E) were
gained over the past decade.['’7202263-63 Thege Cr'" complexes
show highly emissive doublet excited states with lifetimes of up
to milliseconds in solution at room temperature,!'’-20-2263-65]
and some of them are photoredox active.>**>%¢ These
favorable excited state properties make photoactive Cr"
complexes promising photosensitizers for photoinduced
processes.[41,54,55,62,66—69]

Applying the abovementioned molecular design principles to
dinuclear Cr" complexes has recently led to new types of dimers
that exhibit room-temperature luminescence and FM coupling.""®
In this concept, we will provide comprehensive and thorough
analysis of the magneto-structural correlations for FM-coupled
Cr" dimers (Section 2.1), the key structural requirements for
luminescent Cr'" complexes (Section 2.2), the combined design
principles for luminescent dinuclear Cr" complexes with FM
coupling (Section 2.3), and the investigation of a luminescent
Cr" dimer for sensitizing energy transfer and photon upconversion
(Section 2.4).

2. Molecular Design Principles for Dinuclear
Cr'"' Complexes

2.1. Ferromagnetically Coupled Dinuclear Cr" Complexes

The type of magnetic coupling in dinuclear complexes depends

on the alignment of the electron spins between two metal ions.
Parallel alignment of the electron spins of two Cr" ions (S =3/2)
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Figure 1. a) Electronic configurations of two bridged Cr"

(top), while their parallel alignment gives FM coupling (bottom). b) Simplified schematic illustration of the d,, orbital overlap between two Cr
edge-sharing dimer with bi-hydroxo-bridges. A small Cr—O—Cr bridging angle often leads to strong orbital overlap between the Cr

weak orbital overlap
favored for FM

ions in octahedral ligand fields. Antiparallel alignment of the electron spins leads to AFM coupling

jons in an

" jons and consequently

AFM exchange interactions, whereas a large bridging angle results in a weak orbital overlap and therefore FM coupling.

gives the dinuclear complex with FM coupling (S = 3), while their
antiparallel arrangement leads to AFM exchange interactions
(§=0) (Figure 1a). The magnitude of such coupling can be
described by the coupling constant J, which arises from the
spin Hamiltonian A (Equation (1)), with the positive J values
corresponding to FM coupling:

A= —2J5,5, + 29uB(S, +S,) M

S: and $, are the electron spins of the two Cr'" ions, ug is
the Bohr magneton, and B stands for the magnetic flux
density. The g-factors are assumed to be identical for the
two Cr" ions.

The alignment of the electron spins depends on the molecular
orbital overlap of the singly occupied d-orbitals of the metal
centers, which can be mediated by the - or z*-orbitals of the
bridging units.®’® The extent of this orbital overlap determines
the energy levels of the resulting molecular orbitals, which are
either occupied by paired electrons (AFM coupling) for strong
overlap or unpaired electrons (FM coupling) for a weak overlap.®””
Figure 1b exemplarily shows bi-hydroxo-bridged Cr" dimers with
different Cr—O—Cr bridging angles representing strong orbital
overlap favored for AFM and weak orbital overlap for FM coupling.
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Dinuclear Cr" complexes involve mostly oxo- or hydroxo-bridging

units, and they exhibit predominantly AFM interactions.*”® The
magnetic interactions depend strongly on the structural factors,
including the Cr—O bond length, the Cr—Cr distances, the
Cr—O—Cr bridging angle, and the OR vector of the bridging
group.?®”" These structural factors have different influences on
the magnetic exchange interactions, depending on the general
geometry of the dimer, e.g, corner-sharing, edge-sharing, or
face-sharing bridging geometry."*7? Despite the well understood
magneto-structural correlations, examples of FM-coupled dinu-
clear Cr'" complexes have long remained the exceptions until
recently (Figure 2).°-137"73

Early reports of FM-coupled Cr'" dimers contain mostly
di-hydroxo or di-fluoro-bridging groups, all of which exhibit very
weak coupling with J values of up to = +5 cm™" (Figure 2).51"73
A recent report found that addition of a carboxylato-bridge to the
di-alkoxido-bridged dinuclear Cr" complexes yields FM-coupled
dimers [Cry(u-OR"),(u-O,CR?)CL,]" with J ranging from +0.37
to +8.02cm™' (Figure 2)."" This is attributed to the so-called
counter-complementarity effect”® caused by the interaction of
the 7*-orbital of the carboxylate with the metal orbitals.”" The
absence of either one alkoxido- or the carboxylato-bridge leads
to dominating AFM exchange interactions.”" Replacing the
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Figure 2. Molecular structures of reported dinuclear Cr"

di-alkoxido-bridges with di-thiolato-groups while preserving
the carboxylate bridge leads to FM-coupled dinuclear Cr"
complexes [Cr,L,(u-SR),(u-O,CR?)PH with high J values of up to
348 cm~ 'Y The thiolato-bridged Cr" dimer shows a Cr—Cr
distance of =3.5 A,""? which is clearly longer than 2.9-3.0 A found
in the alkoxido-bridged dimers.”"! The efficient decoupling of
the two Cr" ions by the thiolato-groups seems to suppress the
contribution from the direct AFM exchange,'®”*' which gives
higher FM-coupled J values in the thiolato-bridged Cr" dimers
than the alkoxido-bridged ones.
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complexes with FM exchange interactions and their corresponding coupling constant J.

2.2. Luminescent Dinuclear Cr" Complexes

Photoexcitation of Cr'" complexes in the metal-centered (MC)
transition (*A, — “T,) populates the Cr" ion in the doublet spin-flip
T,/’E excited states that are found in thermal equilibrium.>”
Luminescence occurs slowly from these excited states, due
to the spin-forbidden nature of the *T,/’E — “A, transition, as
typically seen with mononuclear Cr'" complexes (Figure 3a). For
dinuclear Cr'" complexes, photoexcitation in the MC transition
occurs formally only to one of the two Cr" ions,"7® giving singly

© 2025 The Author(s). ChemPhotoChem published by Wiley-VCH GmbH
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Figure 3. Simplified energy level diagram of a) mononuclear and b) dinuclear Cr'

Dinuclear Cr'" complex (with
exchange interactions)

" complex with their corresponding microstates. ISC, intersystem crossing;

b-ISC, back-intersystem crossing; IC, internal conversion; VR, vibrational relaxation.

excited states *T,*A,/°E*A, as seen in Figure 3b. The ground and
excited states of one Cr" ion undergo convoluted exchange inter-
actions with another Cr" ion, leading to manifolds of the ground
and excited states (Figure 3b).'"*'%7778 | uminescence bands from
these exchange-coupled 2T,*A,/?E*A, excited states are therefore
often broader in dinuclear Cr'" complexes than those observed in
mononuclear ones."*”® The magnetic exchange interactions in
these excited states yield dinuclear spin states of S=1 or 2
(Figure 3b), according to early reports.>”

Photoluminescence from dinuclear Cr" complexes was
observed only in a few cases at very low temperatures (<80K)

or in single crystals, yet with very weak luminescence in the
red spectral regime below 700 nm.['*'%7778 The Cr" ions in these
complexes are often hydroxo-bridged and octahedrally coordi-
nated with small amine-based ligands, such as NH; or ethylenedi-
amine (en) (Figure 4a).l"*'%7778 These ligands yield relatively
weak ligand field splitting, as evidenced with the small energy
gap between the lowest energetic absorption band and lumines-
cence bands in dinuclear Cr'" complexes.”””® Such weak ligand
field splitting can lead to back-intersystem crossing from the
doublet excited states to the *T,*A, state (Figure 3b), therefore
severely diminishing the luminescence behavior.®># For these
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Figure 4. Molecular structures of a) earlier reported dinuclear Cr"

complexes exhibiting luminescence at very low temperatures!-'%7778 and b) selected

examples of recently developed highly luminescent molecular rubies [Cr(ddpd),]** (ddpd = N,N’-dimethyl-N,N’-dipyridin-2-ylpyridine-2,6-diamine),"'”!
[Cr(dgp),I** (dgp = 2,6-di(quinolin-8-yl)pyridine),*?" and [Cr(bpmp),1** (bpmp = 2,6-bis(2-pyridylmethyl)pyridine)?® with their corresponding luminescence

quantum yield and lifetime.
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dinuclear Cr'" complexes shown in Figure 4a, substantial nonradia-  poly- or dinuclear Cr'" complexes, but extremely few attempts

tive relaxations occur additionally to the excited states via multi-
phonon relaxations with high energetic N—H oscillators from
the amine-based ligands and O—H bridges.'®%®! Collectively, the
photoluminescence properties of dinuclear Cr'" complexes have
remained very poor until recently.

Replacing the small amine-based ligands with a macrocyclic
binucleating hexaamine-dithiophenolate ligand yields the
abovementioned [Cr,L,(u-SR),(u-0,CR)*T complex (Figure 2)
with improved molecular rigidity, which can suppress the
nonradiative relaxations of the excited states.'®® This
thiolato- and carboxylato-bridged dinuclear Cr" complex
shows broad deep red spin-flip luminescence maximized at
750 nm (Figure 5b),['? which corresponds to a lower excited
state energy than that of the abovementioned Cr" dimer with
hydroxo-bridges,'*'%7778 due to a stronger nephelauxetic
effect caused by the thiolato ligands.®>#>-%71 This enlarges
the energy gap between the *T,*A, and the ?T,*A,/?E*A, excited
states and prevents the back-intersystem crossing (Figure 5a),
which leads, together with the higher molecular rigidity, to a
high luminescence quantum yield of =45% and a long lifetime
of =114 ps for this dinuclear Cr" complex at 77 K (Figure 5¢)."?
However, the photoluminescence becomes very weak at room
temperature.'?

Recent advances with mononuclear Cr" complexes have
offered important molecular design guidelines for improving
their photoluminescence quantum yields and lifetimes.['7-202263-651
As exemplarily shown in Figure 4b with [Cr(ddpd),]** (ddpd = N,
N'-dimethyl-N,N'-dipyridin-2-ylpyridine-2,6-diamine),” " [Cr(dqp),]*
(dgp = 2,6-di(quinolin-8-yl)pyridine),?? and [Cr(bpmp),I** (bpmp =
2,6-bis(2-pyridylmethyl)pyridine),*® these complexes bear mostly
two tridentate chelating ligands with strong o-donating and
n-accepting character, leading to large ligand field splitting
that prevents back intersystem crossing.®'#"" Importantly, these
tridentate ligands form six-membered chelating rings with the
Cr'" center to reach an almost perfect octahedral geometry
(with N—Cr—N bite angles approaching 90°), together with a
high molecular rigidity.['7-202263-65 These fundamentally novel
design principles could be attractive for exploring luminescent

have been made so far.[®®

2.3. Luminescent Dinuclear Cr"

Ferromagnetic Coupling

Complexes with

Luminescent dinuclear Cr'" complexes with FM exchange interac-

tions could be fundamentally interesting compounds to explore
the interface of molecular magnetism, photophysics, and photo-
chemistry.®”! Such complexes can now be made by applying
design principles that involve the magneto-structural correla-
tions (Section 2.1) and the ligand field theory as well as the coor-
dination geometry for the Cr" ions (Section 2.2), as recently
shown by us.'

Based on the recent progress with molecular rubies,!'7-202263-631
the choice of tridentate chelating ligands with strong o-donating/
n-accepting character and the ability to form six-membered rings
is crucial to make Cr'" complexes luminescent. The flexibility of
these six-membered rings allows in principle both the meridional
and facial coordination mode,®” as observed with [Co(ddpd),]*"
complexes with both coordination configuration.”'* For dinu-
clear or polynuclear metal complexes, facial coordination mode
allows a better spatial orientation for packing'®® and is therefore
often observed.®*® As a structural analogue to the ddpd
and dqgp ligands in the well-known molecular rubies, dNinp
(2,6-di(N-7-azaindol-1-yl)pyridine) is chosen as the ligand to
form six-membered chelating rings with the metal center and
a nearly octahedral geometry.”” Depending on the reaction
conditions, coordination of dNinp with the Cr'" center yields either
a meridionally coordinated mononuclear complex [Cr(dNinp),]*"
or a dimer [Cr,(dNinp),(z-OH),(u-0,CMe)** (Figure 2) featuring a
facial coordination character."?

The two Cr'" centers in [Cry(dNinp),(u-OH),(u-0,CMe)** are
triply bridged by two hydroxo- and one carboxylato-groups
(Figure 6b), which contribute synergistically to a FM coupling
between the metal ions, in line with previous studies
(Section 2.1).”" The coupling constant J was determined with
magnetic susceptibility measurements at variable tempera-
tures to be 493 cm™' for [Cry(dNinp),(u-OH),(u-0,CMe)]**

()
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Figure 5. a) Simplified energy-level diagram of dinuclear [Cr,L,(u-SR),(u-O,CR?)]*". b) Excitation spectrum monitored at 750 nm and luminescence

spectrum for [Cr,L,(u-SR),(u-0,CR?)]*™ with excitation at 405 nm. Spectra were obtained with the dinuclear Cr
complex at 77 K under UV light irradiation." Reproduced with permission.!'? Copyright 2021,

MeOH 1:1 glassy matrix. c) Image of the dinuclear Cr"'

Wiley-VCH.
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" complex at 77K in a frozen CH,Cl,/
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Figure 6. a) Variable-temperature magnetic susceptibility data for dinuclear [Cr,(dNinp),(«-OH),(u-0,CMe)]**. The red curve represents the best fit with the

parameters: J=+93cm ' and g, =g, = 1.97. b) Single-crystal structure of the dinuclear Cr

" complex. Hydrogen atoms, counter ions, and solvents are omit-

ted. Thermal ellipsoids drawn at 50% probability. ¢) UV/vis absorption spectrum of [Cr,(dNinp),(u-OH),(u-0,CMe)]**, together with the excitation spectrum
(emission at 728 nm) (bright blue solid trace) and the normalized luminescence spectrum in deaerated acetonitrile at 20 °C (excitation at 350 nm) (red dot-

ted trace). Inset: Enlarged UV/vis absorption and excitation spectra. d) Transient absorption spectra of the dinuclear Cr

" complex (80 uM) in aerated acetoni-

trile at 20 °C recorded with different time delays after excitation with a ns-pulsed laser at 355 nm. e) Normalized decays of the transient absorption signal
of the Cr" dimer at 389 nm from (d) together with the normalized luminescence decay at 728 nm (inset) in aerated and deaerated acetonitrile at 20 °C.
Reproduced under the terms of the CC-BY license.l'¥ Copyright 2024, The Authors. Published by Wiley-VCH.

(Figure 6a), which is comparable to those for Cr'" dimers featuring

the same bridging moieties,”" but clearly lower than that
found in di-thiolato- and carboxylato-bridged [Cr,L,(u-SR),
(u-0,CR)IPT.'? This is predominantly attributed to the shorter
Cr—Cr distances for the alkoxido-bridged dimers than those with
the thiolato-bridges, as previously discussed in Section 2.1.

For the dinuclear Cr'" complex, each metal center is
tridentately coordinated with a dNinp ligand with strong
o-donating character, which gives an octahedral CrN;O; coordi-
nation sphere with a ligand-field strength approximated to
10 Dg = 20,000 cm ™', according to the lowest-lying MC absorp-
tion band maximized at = 500 nm (Figure 6¢, inset).l'*! This
ligand-field strength is larger than that observed for the
CrNsS,0 coordination environment in [Cr,L,(u-SR),(u-O,CR?)**
(10 Dg = 17,500 cm '), due to the stronger s-donating character
of dNinp than the amine-based ligand."? Photoexcitation of
[Cry(dNinp),(u-OH),(u-0,CMe)** with green light leads to deep
red luminescence maximized at = 728 nm (Figure 6c, red dotted
trace), with a luminescence quantum yield of ®p = 0.01 % and a
lifetime of = 450 ns in acetonitrile at room temperature."® UV/vis
transient absorption studies with nanosecond-pulsed lasers
revealed the same decay kinetics of the excited state absorption
signal at 389 nm (Figure 6d,e). These photophysical properties
are remarkable for dinuclear Cr'" complexes, and this study

ChemPhotoChem 2025, 9, 202500094 (6 of 9)

provides a novel design concept for luminescent Cr'" dimers with

FM coupling.
I

2.4. Luminescent Dinuclear Cr"' Complexes for Energy
Transfer and Photon Upconversion

Oxygen quenching of the spin-flip excited states occurs to
many mononuclear Cr" complexes via energy transfer with rela-
tively low quenching rate constants in the order of 10" M~"s™'
in solution at room temperature.'”20%8-1°1 Eor [Cr,(dNinp),
(u-OH),(u-0,CMe) 1™, this quenching event is kinetically hindered
due to the relatively short lifetime of the T,*A,/’E*A, excited
states, which corresponds to a faster intrinsic decay from the
excited states than the energy transfer to molecular oxygen."™
However, this lifetime is sufficiently long for bimolecular energy
transfer from the exchange-coupled quintet (S = 2) °T;*A,/?E*A,
excited states to the lowest triplet state (T,) of an organic chro-
mophore (Figure 7a). This process is in principle a doublet-triplet
energy transfer (DTET) because only one Cr'" ion is formally
excited and involved in the energy transfer"’® DTET is a
spin-allowed process according to the Wigner spin conservation
rule, in which the total spin of the donor/acceptor pair remains
constant (Figure 7a)."°>7'°¥ This fundamentally novel type of
bimolecular reaction allows the utilization of photosensitizers

© 2025 The Author(s). ChemPhotoChem published by Wiley-VCH GmbH
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complex and An-TIPS via DTET with their corresponding electronic microstates. b) Normalized

luminescence lifetime quenching of [Cr,(dNinp),(u-OH),(u-0,CMe)*™ at 728 nm by An-TIPS with different concentrations in deaerated acetonitrile/toluene
(1:1) at 20 °C. Excitation occurred at 532 nm with a ns-pulsed laser. Inset: Stern-Volmer plot based on lifetime quenching derived from the decays in the
main plot. ¢) Luminescence spectra of the Cr" dimer (100 pM)/An-TIPS (2.3 mM) pair 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). Reproduced under
the terms of the CC-BY license.l"® Copyright 2024, The Authors. Published by Wiley-VCH.

with doublet excited states for energy transfer-based applications,
as recently investigated in photon upconversion with a mononu-
clear Cr'" complex,”" Fe(lll) complexes with a doublet ligand-to-
metal charge transfer state,*75%1%51%1 and organic n-radicals with
a doublet excited state.l”:1%8!

Exergonic DTET occurs from the dinuclear Cr'" complex
to An-TIPS (9,10-bis((triisopropylsilyl)ethynyl)anthracene), a
frequently used blue-emissive annihilator,*>'°9"1% a5 evidenced
with the quenched luminescence lifetime of the Cr" dimer. This
gives a rate constant kprer of 1.63 x 10° M~" s that is below the
diffusion limit of the employed solvents.'¥ For the Cr" dimer/
An-TIPS pair, selective excitation at 532 nm gives blue upconver-
sion luminescence from An-TIPS maximized at 470 nm, which
shows a delayed nature with a lifetime of 222 ps.['®! This study
opens the door of using photoluminescent dinuclear Cr"
complexes for energy transfer-based applications.

3. Summary and Outlook

In this concept, we analyzed the recent methodologies for
preparing ferromagnetically coupled dinuclear Cr'" complexes,
reviewed the photophysical properties of dinuclear Cr'" com-
plexes from the modern aspects of coordination chemistry,
and provided a design strategy of developing dinuclear Cr" com-
plexes featuring both ferromagnetic exchange interactions and
promising photoluminescence properties. To do so, the two
Cr'" ions can be triply bridged with one carboxylate- and two
hydroxo- or thiolato-groups to make ferromagnetic exchange

ChemPhotoChem 2025, 9, 202500094 (7 of 9)
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interactions dominant.">’" To make dinuclear Cr" complexes
photoluminescent, multidentate chelating ligands with strong
o-donating/m accepting character are desired to generate a large
ligand field splitting, which diminishes the back intersystem
crossing.B®" Meanwhile, six-membered rings are expected to
be formed with the metal center, leading to a nearly octahedral
geometry with high molecular rigidity that suppresses the
nonradiative decays of the excited states."®®! Following these
guidelines, the obtained dinuclear Cr" complex shows ferromag-
netic coupling in the ground state and deep red luminescence
from the excited states with sub-microsecond lifetime in solution
at room temperature.'® The exchange-coupled excited states
in such dinuclear Cr'" complexes enable spin-allowed energy
transfer to the triplet state of an organic chromophore, making
them promising photosensitizers for energy transfer-based
applications, such as photon upconversion and energy transfer
catalysis. Such dinuclear Cr'" complexes, which feature ferro-
magnetic coupling and photoluminescence properties, could
be attractive photomagnetic molecules for quantum data
storage®'"" or fundamentally novel photosensitizers that allow
light energy conversion facilitated by magnetism.
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