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The discovery of the highly NIR-luminescent molecular ruby [Cr(ddpd)2]3+ (ddpd = N,N’-dimethyl-N,N’dipyridin-2-ylpyridine-2,6-diamine) has been a milestone in the development of earth-abundant luminophors and has led to important new impulses in the ﬁeld of spin–ﬂip emitters. Its favourable optical properties such as a high photoluminescence quantum yield and long excited state lifetime are traced back
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to a remarkable excited state landscape which has been investigated in great detail. This article summar-
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ises the results of these studies with the aim to create a coherent picture of the excited state ordering and
the ultrafast as well as long-timescale dynamics. Additional experimental data is provided to ﬁll in gaps left
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by previous reports.

Introduction
In metal-to-ligand charge transfer (MLCT) emitters such as
[Ru(bpy)3]2+ an excited state ordering of 1GS, 3MLCT, 1MLCT
and 3MC is commonly found and exploited for diﬀerent applications like photocatalysis (GS = ground state, MC = metal-centered state, bpy = 2,2′-bipyridine).1
In contrast, spin–flip emitters with the prototype ruby
(Al2O3 : Cr3+) possess a richer excited state landscape in the
relevant energy region.2,3 For a d3 electron configuration in Oh
symmetry as found in octahedral CrIII compounds, the metalcentered 4A2, 2E/2T1, 2T2 and 4T2 states are important (Fig. 1).
Additionally, charge transfer states can play a role in excitation
and decay processes.4,5
In d3 spin–flip emitters, excitation to the 4T2 state is followed by intersystem crossing (ISC) to the doublet states
2 2
E/ T1, from which phosphorescence to the quartet GS 4A2
occurs.6 As the term “spin–flip emitter” suggests, this transition merely involves the flipping of a single electron spin.
The 2E state features only unpaired electrons, while two electrons are paired in 2T1 and 2T2 states (Fig. 1).4 For spin–flip
emission, the 2E/2T1 states need to be the lowest excited states.
Additionally, a large energy gap to the 4T2 state is necessary to
prevent 2E/2T1 → 4T2 back-ISC (bISC) and fast relaxation via
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T2 → 4A2 fluorescence, internal conversion (IC) or ligand dissociation.7 This is achieved via a large ligand field splitting Δ0,
since the energy of the interconfigurational 4T2 state is linearly
dependent on Δ0, while the energies of the intraconfigurational states 2E, 2T1 and 2T2 are essentially independent of Δ0
and instead vary with interelectronic repulsion quantified by
the Racah parameters B and C (Fig. 1).8 In general, CrIII ions
possess a small instrinsic ligand field splitting due to the primogenic eﬀect.9
In ruby, the six oxido ligands exert a strong ligand field on
the Cr3+ ions because of the short Cr–O distance imposed by
the corundum host lattice. This results in a 4T2 absorption
4

Fig. 1 Tanabe–Sugano (TS) diagram of the d3 electron conﬁguration in
an octahedral ligand ﬁeld with C/B = 4 and exemplary microstates.4,14
The two important excited state quartet/doublet crossing points are
highlighted with a circle and a square, respectively. Dotted lines in the
microstates indicate strong electronic mixing.
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band at 551 nm and strong phosphorescence at 694.3 (R1 line)
as well as 692.9 nm (R2 line) via the slightly split 2E → 4A2
transitions.2,10 This emission with a lifetime of 4268 ± 6 µs
and a photoluminescence quantum yield of 90 ± 5% was the
cornerstone of the first laser in 1960.2,3,11 In contrast, molecular CrIII complexes like [Cr(bpy)3]3+ (Φ = 0.089%)12 or
[Cr(tpy)2]3+ (Φ < 0.001%)13 suﬀer from poor quantum yields
due to the small Δ0 facilitating bISC and other deactivation
pathways (tpy = 2,2′:6′,2′′-terpyridine).4

Ground and excited states of the
molecular ruby
In 2015, a breakthrough was achieved with the discovery of
the strongly near infrared (NIR) luminescent complex
[Cr(ddpd)2]3+ (Fig. 2, ddpd = N,N′-dimethyl-N,N′-dipyridin-2ylpyridine-2,6-diamine). Irradiation in the 4A2 → 4T2 and
ligand-to-metal charge transfer (LMCT) absorption band at
435 nm yields a very intense dual phosphorescence at 738 and
775 nm (2T1/2E → 4A2, purple area in Fig. 3) with a lifetime of
1122 µs and quantum yields of 11% in aqueous and 13.7% in
acetonitrile solution at room temperature.7,15 The excitation
spectra observed at 775 nm closely follow the absorption
spectra in the region 300–500 nm demonstrating that all states
eﬃciently evolve to the emissive states. Indeed, only a weak
fluorescence (4T2 → 4A2, blue area in Fig. 3) at 500 nm was
found with a lifetime7 of 3 ns and a quantum yield of approximately 0.01% (see ESI†). Overall, [Cr(ddpd)2]3+ vastly outperforms classical chromium(III) complexes and hence was called
molecular ruby.16 Detailed follow-up studies revealed several
aspects underlying the reasons for its success.
The 4A2 GS of [Cr(ddpd)2]3+ exhibits an almost spherical
spin distribution as expected for a d3 configuration (Fig. 4). A
small zero-field splitting of D = +0.18 cm−1 and E = −0.06 cm−1
was found through Q-band electron paramagnetic resonance
(EPR) spectroscopy at 5 K.17 The [CrN6] σ-skeleton is close to
octahedral, but the π-bonding lowers the actual symmetry
( point group D2). Thus, all E and T terms found in the TS
diagram (Fig. 1) should be split in [Cr(ddpd)2]3+.
How large is the ligand field splitting Δ0 in [Cr(ddpd)2]3+, in
other words, where is [Cr(ddpd)2]3+ located in the TS diagram
(Fig. 1)? Investigation of the absorption bands including the

Fig. 3 Absorption spectra (H2O: black line, CD3CN: red line, see ESI†), MCD
spectrum (H2O/glycerol, 7 K, 7 T) and separately normalized ﬂuorescence
(blue area) and phosphorescence spectra (purple area, aerated H2O) of
[Cr(ddpd)2]3+ and TD-DFT (B3LYP/Def2-TZVPP) calculated diﬀerence densities of the 4A2 → 4T2 transitions with an isosurface value of 0.005 a.u.7,17

Fig. 4 CASSCF(7,12)-NEVPT2 derived state diagram at the GS geometry
of [Cr(ddpd)2]3+ with dominating electron conﬁgurations in the microstates and calculated spin-densities at an isosurface value of 0.05 a.u.20

A2 → 4T2 transition at 435 nm with magnetic circular dichroism (MCD) spectroscopy at 7 K and 7 T in frozen solution and
DFT calculations revealed Δ0 ≫ 20 B (Fig. 3).17 Thus, the large

4

Fig. 2

Molecular structure of [Cr(ddpd)2]3+.
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T2–2T1/2E energy gap eﬀectively suppresses bISC to the 4T2
states as relaxation pathway. The large Δ0 was rationalized with
the strongly σ-donating nature of the electron-rich ligand ddpd
and its six-membered chelate rings leading to an almost perfectly octahedral [CrN6] coordination geometry and a large
metal–ligand σ-orbital overlap.7
Multireference calculations with perturbation correction
and ab initio ligand field analysis (CASSCF(3,5)-NEVPT2-AILFT)
yielded Δ0 = 23 000 cm−1, B = 964 cm−1 and C/B = 3.08 as
ligand field parameters (B(free Cr3+ ion) = 918 cm−1)18 and
split E and T states.19 A larger active space in a CASSCF(7,12)NEVPT2 calculation was used to generate the state diagram in
Fig. 4.20 According to this calculation, Δ0 of [Cr(ddpd)2]3+ is
located close to the second quartet-doublet crossing point
4
T2–2T2 in the TS diagram (black square in Fig. 1). Although
the absolute calculated values are too high, trends can be well
reproduced.19 In contrast to perfectly octahedral complexes
such as [Cr(CN)6]3−, CASSCF(7,12)-NEVPT2 calculations of
[Cr(ddpd)2]3+ place a spin-paired 2T1-derived microstate below
a 2E-derived true spin–flip microstate (2T1(1) and 2E(1) in
Fig. 4).19,20 Thus the energy level ordering calculated for
[Cr(ddpd)2]3+ (Fig. 4) diﬀers from the TS diagram (Fig. 1).
The sharp phosphorescence bands ( purple area in Fig. 3)
suggest that the emissive excited doublet states 2T1(1) and
2
E(1) are essentially nested, i.e. only weakly distorted relative to
the 4A2 GS, as expected for the unchanged (t2g)3 electron configuration in the doublet states compared to the GS (Fig. 4).
The CASSCF calculated energy diﬀerence between the
lowest doublet states ΔE amounts to 580 cm−1.20
Experimentally, values of 650 cm−1 and 700 cm−1 were derived
from the emission band energy diﬀerence and the slopes of
Boltzmann plots obtained from temperature dependent emission spectra in various solvents (Fig. 5), respectively.21
The 2E(1) and 2T1(1) states share the same lifetime as well
as a similar geometry as the 4A2 ground state suggesting only a
very small barrier for internal conversion (IC) between the two

lowest doublet states. The two lowest emissive states are in
thermal equilibrium (Fig. 5).21 Using ΔE = 700 cm−1 a
Boltzmann factor N738/N775 of 0.032 is calculated at 293 K.
The area ratio A740/A776 of the emission bands in MeCN
fitted with two Voigt functions amounts to 0.091 (see ESI,
Fig. S2 and Table S2†) indicating that the radiative transition
2
E(1) → 4A2 at 738 nm is approximately 0.091/0.032 = 2.8 times
more allowed than the 2T1(1) → 4A2 radiative transition at
775 nm. The spin-forbidden 4A2 → 2T1/2E absorption bands (red
line in Fig. 3) with extinction coeﬃcients of <0.3 M−1 cm−1 in a
concentrated acetonitrile solution were fitted with three Voigt
functions and give a similar area ratio of A736/A770 = 2.96 (see
ESI, Fig. S1 and Table S1†). This also indicates that the 4A2 →
2
E(1) transition is ca. 3 times more allowed than the 4A2 →
2
T1(1) transition. Based on the calculations presented in Fig. 4
these bands were assigned to 4A2 → 2T1(1), 4A2 → 2E(1) and
4
A2 → 2T1(2) transitions, respectively (see ESI, Table S1† for
details). The area ratio of the 736 and 770 nm absorption bands
of 3.0 agrees with the value derived from the emission data (see
above). The small Stokes shifts of 37 and 83 cm−1 for the highenergy and low-energy emission bands, respectively, support the
proposed nested nature of the doublet excited states. The data
also suggest a slightly more pronounced geometric distortion of
the 2T1 state compared to the 2E state, which may facilitate the
radiative transitions between the GS and 2E(1) state.
Below ca. 130 K (KBr pellet), the high-energy emission band
vanishes and only the lowest 2T1 derived microstate is populated (Fig. 6). Furthermore, the 2T1(1) → 4A2 emission band
shows vibrational progression at 795 and 811 nm (Fig. 6).22
The doublet state population 2E(1)/2T1(1) was modulated in
Fourier-transform infrared (FTIR) pump–pump–probe(IR) and
pump–dump–probe(IR) experiments at 290 and 20 K.22 Stepscan FTIR spectroscopy diﬀerentiated 2E and 2T1 derived
microstates and suggested that [Cr(ddpd)2]3+ in the 2E(1) state
nearly perfectly resembles the 4A2 geometry, while the 2T1(1)
derived microstate is slightly distorted giving rise to an excited

Fig. 5 Phosphorescence spectra of [Cr(ddpd)2][BF4]3 in H2O at variable
temperature. The inset shows the Boltzmann plot ln(I738/I775) vs. T−1/K−1.
The slope corresponds to −ΔE/kB with the energy diﬀerence of the
emissive states ΔE and the Boltzmann constant kB.21

Fig. 6 Phosphorescence spectra of [Cr(ddpd)2][BF4]3 as KBr pellet
between 290 and 10 K after excitation at 355 nm. The inset shows the
region of the transition at about 739 nm, where the low-energy emission
intensity at each temperature is normalized to 1 for better visibility of
the decrease of the high-energy band at lower temperature.22
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state IR spectrum which diﬀers from the GS IR spectrum.22
These experiments show the eﬀect of pairing two electrons in
a t2g-orbital. However, the exact (Jahn–Teller) distortional
mode is not fully elucidated, yet.
Pressure shifts both emissive doublet states to lower energies similar to ruby (−0.8 cm−1 kbar−1)23 but with a much
stronger eﬀect, i.e. 13–15 cm−1 kbar−1 for the low-energy 2T1(1)
and ca. 8 cm−1 kbar−1 for the high-energy 2E(1) emission
(Fig. 7).20 These energy shifts result from small geometric
changes under pressure likely involving N–Cr–N angles which
is much more pronounced in the molecular ruby than in the
oxidic lattice of ruby.20

Ultrafast dynamics and dark excited
states
According to CASSCF-NEVPT2 calculations, the 4T2 states are
approximately degenerate with the higher-energy 2T2 states at
the Franck Condon (FC) geometry (Fig. 4). This implies, that
Δ0 of [Cr(ddpd)2]3+ is well-separated from the first excited state
crossing point 2T1/2E/4T2 (black circle in Fig. 1) but very close
to the second crossing point 2T2/4T2 in the TS diagram (in the
FC state at GS geometry, black square in Fig. 1). Consequently,
when exciting [Cr(ddpd)2]3+ to the 4T2 states, a high density of
2
T2 states with their vibrational levels is present in this FC
region. Additionally, the CASSCF calculations yielded significant spin–orbit couplings (SOCs) of 42, 97 and 45 cm−1 for the
pathways from 4T2(1) to 2T2(2), 2E(1) and 2T1(2), respectively.19
This is in agreement with El-Sayed’s rule that states that SOC
between two states is large when a change in multiplicity
(here: quartet → doublet) is accompanied by a change in
orbital angular momentum (here: eg* → t2g).24 Overall, the
high density of states, relatively large SOC and small 4T2–2T2
energy diﬀerence at FC geometry could facilitate 4T2 → 2T2 ISC
in [Cr(ddpd)2]3+.25

Fig. 7 Normalized pressure-dependent phosphorescence spectra of
[Cr(ddpd)2][BF4]3 between 0.001 and 45.469 kbar in nujol together with
a ruby crystal (right).20,23
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In fact, the fully relaxed, emissive doublet states 2T1/2E of
[Cr(ddpd)2]3+ are reached within τ = 3.5 ps after excitation to
4
T2 states.26 Very likely, the ISC process is even faster (τISC <
200 fs) and the picosecond time constant rather applies to
vibrational cooling (VC) and IC between doublet states. The
fluorescence quantum yield ΦFl ≈ 0.01% allows to derive an
upper limit for the ISC quantum yield of ΦISC < 99.99%. In the
structurally similar [Cr(bpmp)2]3+ (bpmp = 2,6-bis(2-pyridylmethyl)pyridine) a lower limit for ΦISC of 92 ± 5% was determined via doublet–triplet energy transfer and laser flash
photolysis experiments.19
Interestingly, in the classical organic sensitizer benzophenone
Ph2CvO the predicted relaxation cascade S1 → T2 → T1 → S0
with almost isoenergetic T2 and S1 states27 is analogous to the
one proposed for [Cr(ddpd)2]3+ with 4T2 → 2T2 → 2T1/2E → 4A2.
Femtosecond transient absorption spectra covering the VisNIR range after excitation with 435 nm pulses show broad
excited state absorptions (ESA) covering the 500–900 nm spectral range (ESA1: 14 000 cm−1 and ESA2: 12 300 cm−1, Fig. 8).
These evolve with a common time constant of ca. 3.2 ps to
ESAs at 534 nm (ESA3: 18 700 cm−1) and 1389 nm (ESA4:
7200 cm−1, see ESI, Fig. S4 and S5†).26 ESA3 and ESA4 are
assigned to 2T1/2E → 2LMCT and 2T1/2E → 2T2 transitions,
respectively. Addition of ESA3 to the 2T1 energy yields an
energy of 31 600 cm−1 (316 nm) for the 2LMCT state, which
corresponds to the respective 4LMCT absorptions found in the
GS absorption spectra (Fig. 3). ESA4 in the NIR region helps to
experimentally estimate the energy of the dark 2T2 states by
summation of the emission energy (775 nm, 12 900 cm−1) and
the ESA4 energy (1389 nm, 7200 cm−1) giving 20 100 cm−1
(498 nm). This energy is indeed slightly below the CASSCF calculated energy of 4T2 states at the GS geometry.

Fig. 8 Fs-Transient absorption spectra of [Cr(ddpd)2]3+ in CH3CN after
excitation at 435 nm and excited state diagram with CASSCF(7,12)NEVPT2 calculated energies (see ESI† for details, ESA = excited state
absorption).26
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The 4T2 states should be Jahn–Teller distorted due to the
singly occupied eg* orbitals and the doubly occupied t2g orbitals. Indeed DFT calculations reveal, that the optimised lowest
4
T2 microstate displays elongated Cr–N bond lengths of terminal pyridines in a single ddpd ligand (2.08 Å → 2.42 Å).7 As
the energy of this quartet state drops dramatically with increasing Cr–N distances, it is essential for high stability and strong
emission that the ISC is fast and preferably in the FC region
before vibrational relaxation in the 4T2 state takes place.
With this interpretation, [Cr(ddpd)2]3+ hits a sweet spot in the
TS diagram which enables a fast ISC pathway 4T2(1) → 2T2(2) to
the doublet states at the FC geometry via the dark 2T2 states in
addition to the direct 4T2(1) → 2E(1) and 4T2(1) → 2T1(2) pathways
with a higher energy diﬀerence. The vibrational relaxation within
the quartet states along the Cr–N Jahn–Teller modes (in x- and
y-direction)28 might be comparably slow due to a low potential
energy gradient at the FC geometry. In any case, the fast ISC
avoids vibrational relaxation within the quartet states and thus
suppresses undesired fluorescence from the 4T2 state, non-radiative decay by 4T2 surface crossing with the GS, and even Cr–N
bond dissociation. In fact, [Cr(ddpd)2]3+ is particularly photostable, even at low pH in contrast to e.g. [Cr(bpy)3]3+.6,7

Frontier
results in a small rate constant for non-radiative decay knr and
thus a high quantum yield.29
After deuteration of the ligand, there is only a significant
SOI with a higher C–D overtone (ν6) with an extinction coeﬃcient which is roughly two orders of magnitude smaller than
ν5(C–H).29 Thus, deuterated [Cr(ddpd)2]3+ shows an even
smaller knr and a record quantum yield of 30%. The limited
increase from 13.7 to 30% might in part be associated with the
near degeneracy of the fifth C–D overtone (ν6) and the 2T1(1) →
4
A2 emission band (Fig. 9),29 yet direct 2T1 → 4A2 ISC plays a
role as well, irrespective of the deuteration level.
As stated above, at high enough thermal energy the 2E and
2
T1 states equilibrate leading to dual emission. Below ca. 130 K,
the 2E(1) band vanishes, the 2T1(1) emission band sharpens and
shifts to lower energy (785 nm in KBr, Fig. 6) showing that the
2
T1(1) state is stabilized (vertical displacement of the 2T1(1)
potential energy well). The phosphorescence quantum yield
increases dramatically between 70 and 10 K (Fig. 6).22

Long-lived spin–ﬂip states
The dynamics of the long-lived excited states depend on the
presence of high-energy oscillators29 and quenchers,26,30 the
excited state distortion22 and the temperature.21,22
The doublet states can relax non-radiatively via energy
transfer (EnT) to vibrational overtones of nearby C–H oscillators (multiphonon relaxation).31 [Cr(ddpd)2]3+ has a comparably small spectral overlap integral (SOI) with the ν4 and the ν5
C–H overtones associated with the pyridine rings (Fig. 9). This

Fig. 9 C–H and C–D vibrational overtone spectra of model pyridine
ligands and their overlap with the phosphorescence bands of
[Cr(ddpd)2]3+ (SOI = spectral overlap integral).29

This journal is © The Royal Society of Chemistry 2022

Fig. 10 Experimentally7,21,26,29 determined excited state energy landscape of the molecular ruby [Cr(ddpd)2]3+ in CH3CN and time constants
determined so far with exemplary microstates for the MC states derived
from CASSCF(7,12)-NEVPT calculations,20 the rate constant of nonradiative decay knr and the rate constant for energy transfer to
vibrational overtones kEnT (which is included in knr). The Jahn–Teller
coordinate refers to the 4T2 state while the 4/2LMCT states likely display
other distortions from the GS geometry.
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The increase in phosphorescence quantum yield at very low
temperatures might be associated with the sharpening of the
2
T1(1) emission band, which reduces the SOI with the third
C–H vibrational overtone (ν4) of the ligand. Additional explanations for the higher phosphorescence quantum yield at low
T might be a reduction of other thermally activated nonradiative decay pathways and the enhancement of the radiative
decay via larger distortion of the 2T1(1) state relative to the
ground state lifting Laporte’s rule.32 In fact, the radiative rate
kr decreases dramatically from pseudooctahedral [Cr(ddpd)2]3+
(kr = Φ/τ = 122 s−1 in CH3CN)15 to the electronically similar but
perfectly centrosymmetric CrIII complex [Cr(tpe)2]3+ (kr = 18.2 s−1,
tpe = 1,1,1-tris(pyrid-2-yl)ethane).33
Triplet oxygen quenches the long-lived phosphorescence of
[Cr(ddpd)2]3+ induced by 435 nm excitation via Dexter energy
transfer to form the ground state complex and 1O2 with a
quantum yield of 61% in acetonitrile.26 The typical 1O2 phosphorescence at 1274 nm appears even after direct spin-forbidden excitation of [Cr(ddpd)2]3+ to its 2T1/2E states at 771 and
735 nm, respectively (see ESI, Fig. S3†), confirming that the
doublet states of [Cr(ddpd)2]3+ sensitize 1O2.
The excited state landscape of [Cr(ddpd)2]3+ is sketched in
Fig. 10 along with experimentally determined energies, rate
constants and quantum yields, summarising excitation,
excited state dynamics to the emissive doublet states, excited
state absorptions, non-radiative relaxation in particular multiphonon relaxation as well as radiative transitions.

Future outlook
Following the report of [Cr(ddpd)2]3+ the underlying design
principles gave rise to a large number of highly luminescent
CrIII complexes.19,33–35,36 Current eﬀorts are directed to shifting the emission energy of molecular ruby derivatives to lower
or higher energy by ligand modifications19,37 and by modification of the central metal and electron configuration from d3CrIII to d2-VIII.38 Variation of the counter ions of [Cr(ddpd)2]3+
and surrounding matrix as well as shielding of the metal
center by sterically demanding groups proved to be fruitful
strategies to enhance quantum yields and lower oxygen sensitivity.15 Applications of molecular ruby derivatives in upconversion,39 circularly polarized emission,34,35,40 sensing,20,21,41
photosensitization for organic synthesis26 or photodynamic
therapy30 and others had already been demonstrated or are
currently explored.
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