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New Insights into Circularly Polarized
Luminescence from Chromium(lll) Spin-Flip
Emitters
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Abstract: Circularly Polarized Luminescence (CPL) is emerging as a central tool for chiral photonics, enabling
applications ranging from sensing and security inks to circularly polarized organic light-emitting diodes (OLEDs).
While most highly developed CPL emitters are organic chromophores, lanthanide complexes, or 4d/5d transi-
tion-metal compounds, recent work has placed kinetically inert chromium(lll) polypyridines at the forefront of the
field. Their near-infrared (NIR) metal-centered ‘spin-flip’ emissions produce long-lived and relatively large dis-
symmetry factors (|g,,.|  2-107") when chirality is encoded through helically wrapped di-tridentate ligands. This
mini-review summarizes the physical origin of large CPL in Cr(lll) and highlights recent advances in rational tuning
of g,,., and CPL brightness through modifications of the metal-ligand covalency (nephelauxetic effect). Finally,
we outline emerging directions including magnetically induced CPL (M-CPL) and the first proof-of-concept for

Cr(lll) complex-based CP-NIR-OLEDs.
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1. Introduction

Circularly polarized light carries angular momentum and of-
fers an additional degree of freedom for information encoding and
discrimination with respect to non-polarized light.['-31 In emis-
sive chiral systems, Circularly Polarized Luminescence (CPL)
refers to light emission displaying an asymmetry between left-
(1) and right-handed (/) circularly polarized components. For
a given electronic transition, the magnitude of the CPL signal is

*Correspondence: Dr J.-R. Jiménez, E-mail: jrjimenez@ugr.es.

governed by the corresponding rotatory strength (R).[*] The im-
balance between I, and I is quantified by the dissymmetry factor
8. defined as the difference between the two circularly polarized
components (/, — ) normalized to the total emission intensity
V(I +1,). The g can reach limiting values of +2 or -2 when
purely right- or left-handed circularly polarized light is emitted af-
ter standard excitation (Eqn. 1). This factor ultimately depends on
the magnitude of the electric dipole (u) and magnetic dipole (m)
transition moments and their relative orientation (6) as follow:[>!
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From Eqn. 1, it can be deduced that the maximum value of g,
is achieved when the electric (1) and magnetic (m) transition di-
pole moments are collinear and equal in magnitude. In most or-
ganic fluorophores u >> m which intrinsically limits g_ .l By
contrast, in metal-centred scaffolds, formally forbidden transi-
tions (e.g. spin- and/or Laporte-forbidden) u can be strongly sup-
pressed, bringing it closer to m and thereby enabling substantially
larger dissymmetry factors.>7! In practice, the g, value must be
considered together with photoluminescence brightness (B),
which takes into account the molar absorption coefficient (¢) and
the photoluminescence quantum yield (¢) (Eqn. 2). This provides
a useful criterion to identify emitters that display both strong cir-
cular polarization and high luminescence efficiency.l8!
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Within this context, highly luminescent chiral chromium(III)
complexes exploiting spin-flip (SF) emissions constitute attrac-
tive molecular platforms for circularly polarized luminescence.
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Their emissions generally fall at the edge of the biological opti-
cal window and in the telecommunication-relevant near-infrared
(NIR) region, %191 making them particularly attractive for applica-
tions where deeper penetration, reduced scattering, and improved
signal discrimination (timed-gated detection) are required. In
this contribution, we summarize the main concepts and design
principles governing circularly polarized luminescence in Cr(III)
complexes and highlight recent advances in molecular tuning and
emerging applications.

2. Photophysical Features of Cr(lll) Complexes and
Their Implications for Improving B,

Under a strong ligand field, Cr(III) complexes display discrim-
inated low-lying, metal-centred doublet excited states (°E and °T')
derived from the tzg3 electronic configuration (Fig. 1). Radiative
decay from these doublets to the quartet ground state (*A.) produc-
es the characteristic ‘spin-flip” emissions (Fig. 1). Because these
transitions are (i) parity-forbidden (predominantly metal-cen-
tred d—d in a near-centrosymmetric coordination environment)
and (Lii) spin-forbidden (AS # 0), their radiative rates (k_,) are
small, leading to long excited-state lifetimes, typically hundreds
of microseconds to milliseconds.['"] The doubly forbidden nature
of Cr(IIl) spin-flip transitions strongly attenuates the electric-di-
pole transition moment (u), making it comparable in magnitude
to the intrinsically small parity-allowed magnetic-dipole transi-
tion moment (m).[12] This near balance is favourable for achieving
a large g, = value. However, it comes with a practical drawback;
the electric transition moment scales with the integrated absorp-

tion band as: (4 % J edV). Consistently, the absorption strength

is weak, leading to a low molar extinction coefficient (typically
€ < 1 M ecm™). Thus, direct excitation into the metal-centred
°T, and °E doublet states is extremely inefficient. In this scenar-
io, Cr(IlT) complexes may exhibit strong chiroptical responses
(high g ) but very low CPL brightness. This limitation can be
overcome through antenna sensitization, in which absorption and
emission are separated onto different subunits. A strongly absorb-
ing ligand chromophore with a large molar extinction coefficient
(e) efficiently harvests light and transfers the excitation energy
to the metal-centred emissive state. The resulting Cr(IIl)-based
emission originates from the spin-flip transition, so that the in-
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Fig. 1. Perrin-Jablonski diagram for a Cr"N, chromophore under a strong
ligand field and the respective electronic structures associated with the
first 5 levels. The excitation arrows are represented in blue and the emis-
sion arrows in red.

trinsic g, of the metal-centred state is preserved while benefiting
from enhanced absorption.

As a consequence of the forbidden character of the SF transi-
tion in Cr(Ill), the k_, is intrinsically low and difficult to in-
crease.[13] Therefore, improving the photoluminescence quantum
yield (¢) and, ultimately, B, mainly relies on reducing the

non-radiative decay rate (k__ ), according to:

n . krad
=M krad + knrad

¢ = 3

where (. —M) represents efficiency of the energy transfer from
the ligand to the metal. This can be achieved by ligand deutera-
tion,'4! or by encapsulating chiral Cr(III) complexes within rigid
matrices that prevent oxygen quenching, restrict vibrational mo-
tions, and thereby reduce non-radiative deactivation pathways.[15]

In general, Cr(IIT) complexes exhibit photophysical properties
that closely resemble those of Ln(III) compounds, in contrast to
purely organic CPL emitters and to many other 4d and 5d tran-
sition-metal luminophores, where absorption and emission origi-
nate from the same electronic transition. In such cases, brightness
and g, are intrinsically correlated because both depend on the
same transition moments and on the nature of the emitting excited
state. As these transitions are generally electric-dipole allowed,
the electric transition moment largely dominates over the mag-
netic one, leading to strong absorption and photoluminescence
quantum yields but typically low g, values.[6!

3. From Early Examples of Luminescent Chiral Cr(lll)
Complexes to Recent Developments

The first milestones in the chiroptical characterization of
emissive Cr(III) complexes dates back to the late 1960s. Emeis
and Oosterhof reported CD and a CPL measurements for the
classical tris(ethylenediamine) complex, (+),,,-A-[Cr(en),]*
(en = ethylenediamine), with g, =—0.028 at 620 nm.['6! This pio-
neering experiment was not performed on an isolated enantiomer:
the measurements were obtained from a racemic mixture using a
modified optical arrangement in which an optically active solution
was inserted in the detection path, meaning that the reported g,
is convoluted with the CD response of the external chiral medi-
um. The first rigorous studies on enantiopure Cr(III) complexes
followed a few years later, when Kaizaki and coworkers achieved
resolution of racemic [Cr(en)3]3+ via a Werner-type method using
enantiopure silver tartrate, enabling true separation of the A and A
forms and their CD characterization.l'”? Subsequently, Hilmes et
al. reported the CPL spectrum of enantiopure (-),,.-A-[Cr(en),]*,
establishing g, = -0.046 and corroborating the absolute config-
uration by X-ray diffraction, thereby setting an early quantita-
tive benchmark for CPL in kinetically inert 3d-metal complexes
(Fig. 2, left).['8] In the two decades that followed, other mono-
nuclear and dinuclear complexes incorporating alternative chiral
ligands were reported.l'”.11 However, CPL measurements remain
scarce (Fig. 2).[20-221 These examples have been discussed in de-
tail in our recent review.lZ! A few years later, in 2004, Piguet
and coworkers reported chiral bimetallic d—f triple-stranded hel-
icates, (M/P)-[EuCr(L),]**, obtained from a thermodynamically
controlled reaction between an inert chiral tripodal nonaden-
tate Cr(III) receptor and Eu(IIl) (Fig. 2).411 CPL measurements
revealed a dual polarized emission arising from Cr(II) with
g,/ =0.01 at 745 nm, and from the Eu(III) centre with g, |=0.07
at 616 nm. These results highlighted the potential of heterometallic
d-f assemblies to combine efficient lanthanide emission with the
strong chiroptical activity induced by a configurationally stable
Cr(III) luminophore. For more than a decade, no reports on CPL
from Cr(IIT) complexes appeared until 2019, when two nearly si-
multaneous studies described the CPL properties of the complexes
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Fig. 2. Schematic timeline illustrating the development of luminescent chiral Cr(lll) complexes and their CPL properties, highlighting representative
systems reported over time and the evolution of molecular design strategies. Colour code for (M/P)-[EuCr(L),]*: N (blue), C (grey), Cr (orange), O

(red) and Eu (light blue).

[Cr(dqp)2]3* and[Cr(ddpd),] 3*(dgp=2,6-di(quinolin-8-yl)pyridine;
ddpd N,N’-dimethyl-N,N’-dipyridine-2-yl-pyridine-2,6-
diamine) (Fig. 2).[2425] In contrast to early examples, chirality in
these systems arises from the conformational chirality of the flex-
ible chelate rings (8/A descriptors)!23] in the Cr(II) coordination
sphere, which become locked upon complexation (Fig. 3a). These

kinetically inert compounds crystallize as racemic mixtures but
can be resolved into their individual enantiomers (PP or MM) with
an overall D, environment. CPL measurements revealed a marked
increase in g, compared to early examples, corresponding to an
improvement of more than one order of magnitude and contribut-
ing to arenewed interest in CPL-active Cr(III) complexes (Fig. 2).
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Fig. 3. a) P/M global helicity of the complex and &/A-twist associated to the stereochemistry of the individual chelate ring in [Cr(dgp),]**; b) Emission
spectra at 293 K and 77 K upon excitation at 405 nm; c) and d) CPL spectra of enantiomers MM and PP at 293 K and 77 K respectively upon ex-
citation at 405 nm. e) CPL spectra of MM enantiomer at emission bandwidths (EBWs) of 2.4 nm and 13 nm upon excitation at 405 nm and f) g, . vs
wavelengths for the MM enantiomer at EBWs of 2.4 nm and 13 nm upon excitation at 405 nm.
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Recently, in 2023, Lu, Yang and coworkers reported a Cr(III)
complex in which the chirality is controlled by introducing a stere-
ogenic carbon in the ligand. The complex [Cr(R/S-4-Me,bpo), |**
exhibits a single broad emission band with Ig, |~ 0.002 at 845
nm in both solution and the solid state (Fig. 2). The relatively low
dissymmetry factor was attributed to mixing of the SF emission
with electric-dipole-allowed charge-transfer states.[2°]

4. Circularly Polarised Luminescence: The Case of the
Chiral [Cr(dgp),]*

Upon excitation at 355 nm, rac-[Cr(dqp),]** exhibits two sharp
emission bands at 747 nm and 724 nm which correspond to the
respective and thermally equilibrated spin-flip °T~ — “A, and
°E’” — *A, transitions with an excited state lifetime reaching 2
ms in deaerated acetonitrile solution (Fig. 3a).[27l The lowering
of symmetry from O to D, induces the splitting of the idealized
excited states *E(O) and °T (0), resulting in a lower-lying excited
state originating from the °T, term, in agreement with theoretical
calculations.'31 At 77 K, the thermally driven population of the
°E excited state vanishes and only the narrow *T > — *A, phos-
phorescence can be recorded (Fig. 3b). Solution CPL measure-
ments on enantiopure samples revealed a bisignate signal with
g, 1 = 0.2 and |g, | = 0.1 which represents the record value
for the transition of d-metal complexes to date (Fig. 3c).[24 At
77 K, only the lowest-energy emission transition is detected in the
CPL spectrum due to thermal depopulation of the higher-lying
spin-flip state (Fig. 3d). The corresponding g, value is found
to be essentially the same as that measured at room temperature,
confirming that this transition dominates the CPL response.

Owing to the opposite signs of two nearly isoenergetic spin-
flip emission bands (Fig. 3c), the spectral bandwidth used during
CPL acquisition becomes a critical parameter for obtaining reliable
&, vValues, since insufficient resolution may lead to partial can-
cellation of the CPL signal, as previously observed in CPL-active
Yb(III) complexes.[?81 This observation prompted us to remeasure
the MM enantiopure compound at higher spectral resolution. Upon
reducing the bandpass (EBP) from 13 nm to 2.4 nm (Fig. 3e), the
measured g, increased from 0.20 to 0.26 (Fig. 3f), confirming
that the CPL response is strongly affected by instrumental band-
width. In this spectral region, a 13 nm bandpass corresponds to a
bandwidth comparable to the energy separation between the two
emissive states, leading to partial overlap and averaging of their sig-
nals. These observations invite further consideration on the design
of CPL active Cr(IlI) compounds. Increasing the energy splitting
between the emissive SF states, for instance through ligand-field
tuning and the nephelauxetic effect, may reduce spectral overlap
and prevent averaging of CPL contributions with opposite signs.
These considerations are also relevant when evaluating the B, ,
which depends on both the emission efficiency and the dissymme-
try factor. In the presence of closely spaced emissive states with
opposite polarization, insufficient spectral resolution may lead to
reduced g, values and consequently to an underestimation of the
CPL brightness, highlighting the importance of controlling the en-
ergetic separation between spin-flip states in the design of Cr(III)
emitters.

Therefore, in such systems the total CPL brightness must
be considered as the sum of the individual contributions.[?! In
general, B, values for CPL-active Cr(IIl) complexes range from
1 to 170 M! cm™, comparable to the highest values reported in
the CPL field, which are typically achieved with Ln(II) com-
plexes.[8:29.30]

5. Magnetic Circularly Polarized Luminescence
(M-CPL): An Additional Lever

Gabbani et al. investigated magnetic circularly polarized lumi-
nescence (M-CPL) in rac-[Cr(dqp),]** as a route to generate cir-
cularly polarized emission by applying an external magnetic
field.B1321 Because M-CPL is governed by zero-field splitting
(ZFS) and Zeeman splitting of the emitting levels, the authors
propose M-CPL as a sensitive probe of the fine electronic struc-
ture of Cr(IIl) spin-flip transitions, with potential relevance for
magneto-optical devices (e.g. magnetic CP-OLED concepts).
Experiments were performed on deaerated acetonitrile solutions
of rac—[Cr(dqp)2]3+ using a modest field of 0.4 T (permanent
magnet, excitation at 365 nm), and the authors detected a clear
bisignate, derivative-like M-CPL signal primarily associated with
the higher-energy (~729 nm) spin—flip band, consistent with
emission from Zeeman-split levels. The field-normalized M-CPL
dissymmetry reaches g, = +6.3 x 107 T (722 nm) and
-2.1 x 103 T (733 nm), already observable at 0.4 T, while the
lower-energy (~750 nm) band yields only a much weaker re-
sponse (» 0.9 x 107 T™) (Fig. 4).
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Fig. 4. PL and field-normalized M-CPL data along with the correspond-
ing fittings according to the rigid-shift model (adapted from Ref. [31])

Complementary MCD measurements (+1.4 T) in the spin—flip
absorption region showed an analogous derivative-like signature
for the higher-energy transition, whereas the lower-energy SF
transition was not clearly detected in MCD. The estimated g,, .,
values in the SF region are in the order of 102 T-! (= +1.7 and
-1.4 x 102 T near 725-728 nm), dramatically larger than the
~10 T-! signals associated with ligand-centred/charge-transfer
absorption at higher energy — highlighting that magneto-optical
methods can be especially diagnostic for SF transitions whose
extinction coefficients are extremely small in conventional ab-
sorption. To rationalize M-CPL line shapes and signs, the au-
thors analysed the state splitting in D, symmetry (ligand helicity
removes orbital degeneracy of *T /°E) and determined the ZFS
parameters of the *A_ (S = 3/2) ground state. From the M-CD-

based analysis, D = +0.51 cm and E = +0.16 cm (g: 0.32; ZFS

~ 1.1 cm™) were obtained. These values are broadly consistent
with magnetometry and high-frequency electron paramagnetic
resonance (HFEPR) in terms of the magnitude of the splitting,
although the sign of the ZFS parameters differs. Since HFEPR is
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more sensitive to the absolute sign of the spin Hamiltonian param-
eters, the refined HFEPR set, D = 0.436(7) cm™, E = —0.144(7)

m™, and g, = 1.980(4), was taken as the final description of the
system.[3!l Using these splittings, a rigid-shift model (simultane-
ous fitting of PL and M-CPL with closely shifted opposite-signed
components) reproduces the experimental spectra and supports
assignment of the dominant M-CPL feature to transitions involv-
ing the lower component of the split °E state, while also emphasiz-
ing that substantial state mixing (near-maximal rhombicity) can
limit overly idealized polarization assumptions. In conclusion,
M-CD and M-CPL have proven effective in elucidating the fine
structure of SF transitions, thereby opening new opportunities for
magnetoelectronic devices.

6. Nephelauxetic Effect: A Potential Tool for Tuning
Chiroptical Response

The nephelauxetic effect,[33 can provide a practical design tool
to tune both emission energy and chiroptical response in Cr(III)
CPL emitters because it directly reports metal-ligand covalency
through a reduction of the Racah parameter B.134 In strong-ligand
field Cr(II) complexes, °E and °T, are particularly sensitive to B,
so increasing the nephelauxetic effect offers an efficient route to
bathochromically shift the characteristic metal-centred emission
toward the NIR (Fig. 5a).[13-3536] Poncet et al.37! analysed a fam-
ily of chiral Cr(III) complexes where the observed red-shifts of
both *T, — *A, and ’E — *A, bands track a systematic decrease
in B, consistent with increased electron delocalization. However,
the same increase in covalency introduces a penalty for Ig, I
the enhanced metal-ligand orbital mixing partially relaxes the
doubly forbidden nature of the spin-flip transition, increasing its
electric-dipole character and thereby diminishing the unusually
favourable balance that underpins large dissymmetry factors in
Cr(IIT) complexes. This correlation is explicit in the closely relat-

b) [Cr(dqp),I**

ed chiral complexes [Cr(dgp),]**, [Cr(ddpd)(dgp)]**, [Cr(gpp),]**

and [Cr(ddpd),]**, for which B decreases from 751 cm™ to
718 cm™ while lg, | for the T, emission decreases from 0.20
to 0.093 in the two extreme cases (Fig. 5b and 5c). Importantly,
the nephelauxetic effect can simultaneously increase radiative
rates, consistent with less restricted spin-forbidden transitions
(e.g. k_, rising from ~87 s for [Cr(dgp),]** to ~125 s for
[Cr(ddpd) 1*).137] Taken together these results suggest a balance
rule for molecular design: increasing nephelauxetic effects is ef-
fective for shifting the emission toward the NIR region and can
enhance the intrinsic emissive rates, but excessive covalency tends
to reduce Ig, I. Therefore, optimal CPL performance is expected
at intermediate B values, where red-shift and brightness gains are
obtained without weakening the dyssymetry factor; heteroleptic
‘mixing’ of ligand environments provides a straightforward way
to position a complex in this compromise regime. More broadly,
this aligns with the emerging photophysical guideline that, along-
side maximizing 10 Dq, deliberately minimizing B (thereby in-
creasing 10 Dg/B) should be treated as a complementary strategy
for controlling excited-state energetics and emissive behaviour in
first-row transition-metal complexes. This design principle is fur-
ther supported by ‘extreme-covalency’ case studies: homoleptic
pseudo-octahedral Cr(III) complexes bearing anionic tridentate
1,8-(bisoxazolyl)carbazolide ligands ([Cr(R/S-4-Me bpo),]**) ex-
hibit a very large nephelauxetic effect and consequently strongly
red-shifted spin-flip phosphorescence (Cr(*T ,’E — “A.) in the
813-845 nm range), yet their circularly polarized NIR emission
displays unusually small dissymmetry factors, on the order of
8um = 2 x 107, Such behaviour is consistent with the notion that
increased metal-ligand covalency enhances orbital mixing and
thereby perturbs the balance of transition-moment contributions
that is otherwise favourable for large CPL responses in ‘clean’
spin-flip emitters. In a closely related spirit, Hasegawa and cow-
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orkers have shown for chiral Eu(III) systems that ligand-to-metal
charge-transfer (LMCT) admixture into nominal f—f excited states
can modify the electric and magnetic transition-moment charac-
teristics, with direct consequences for CPL observables.[38.3]

7. First Cr(lll) CP-OLED

A major step toward practical applications of chiral Cr(III)
emitters was recently achieved with the demonstration of circular-
ly polarized near-infrared electroluminescence in OLED devices
based on enantiopure chromium(IIl) complexes. In this work, the
complex [Cr(dgp),]** was selected because of its favourable pho-
tophysical and chiroptical properties, arising from spin-flip met-
al-centred transitions located at the edge of the NIR region.[“9] To
integrate these emitters into optoelectronic devices, a host—guest
strategy was employed using a CBP/OXD7 matrix to ensure effi-
cient charge transport and energy transfer to the Cr(III) complex.
Thin films containing the enantiopure complexes retained the
characteristic dual NIR emission and exhibited measurable CPL
signals with opposite signs for the two transitions. Although the
photoluminescence quantum yield in the solid state remained
moderate, the large intrinsic dissymmetry of the spin-flip emis-
sion made these complexes promising candidates for circularly
polarized OLEDs. Multilayer OLED devices incorporating the
Cr(III) complexes as dopants in the emissive layer produced
electroluminescence with two bands centred around 726 and
747 nm, corresponding to the same metal-centred transitions
observed in photoluminescence (Fig. 5d). When enantiopure
emitters were used, circularly polarized electroluminescence
was detected, with g values up to £0.03, demonstrating that the
chiral information is preserved under electrical excitation, (Fig.
Se and 5f). Although the external quantum efficiency of these
proof-of-concept devices remains low, this study represents the
first demonstration of CP-NIR-OLEDs based on a first-row tran-
sition-metal complex. These results highlight the potential of
Cr(IIl) spin-flip emitters as an attractive alternative to lantha-
nide or precious-metal systems for chiral optoelectronics. Their
combination of large dissymmetry factors, NIR emission, and
high kinetic stability makes them promising candidates for fu-
ture applications in photonic devices, bioimaging, and quantum
technologies.

8. Conclusions

In conclusion, circularly polarized luminescence from Cr(III)
spin-flip emitters has progressed from early exploratory observa-
tions to a field where rational molecular design allows the simulta-
neous control of the dissymmetry factor and CPL brightness. The
peculiar photophysical properties of Cr(III) complexes, combining
spin- and Laporte-forbidden metal-centred transitions with long
excited-state lifetimes, create a favourable balance between elec-
tric and magnetic transition moments, enabling unusually large
lg,,,,| values compared to most organic or 4d/5d transition-metal
emitters. At the same time, the weak absorption and low radi-
ative rates associated with these forbidden transitions make the
optimization of CPL brightness particularly challenging. Recent
advances show that this limitation can be overcome through care-
ful ligand design and control of the coordination environment.
Helically wrapped di-tridentate ligands provide rigid and well-de-
fined chiral environments that stabilize the spin-flip states and
lock the metal-centred helicity, leading to record dissymmetry
factors for first-row transition-metal complexes. Strategies such
as antenna sensitization, matrix rigidification, or isotopic substi-
tution further improve emission efficiency without altering the
intrinsic CPL response.

The nephelauxetic effect has emerged as a key parameter for
tuning emission energy and chiroptical properties. Increasing
metal-ligand covalency efficiently shifts the emission toward
the NIR region and may enhance emissive rates, but excessive

covalency tends to reduce g, by increasing the electric-dipole
character, highlighting the need for a balanced design. In addition,
the energetic separation of the spin-flip states and the spectral
resolution used in CPL measurements must be considered, since
overlap of oppositely polarized transitions can reduce the appar-
ent dissymmetry and brightness.

Recent developments, including magnetically-induced CPL
and the first Cr(Ill)-based CP-NIR-OLEDs, demonstrate that
these complexes are not only model systems for chiroptical pho-
tophysics but also promising building blocks for functional pho-
tonic materials operating in the near-infrared region.
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