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I 

Kurzzusammenfassung 

3d-Übergangsmetallkomplexe mit den Elektronenkonfigurationen d2, d3, d4 und d8 

verfügen über niederenergetische metallzentrierte angeregte Zustände, aus denen 

Phosphoreszenz möglich ist. Sie eignen sich hervorragend zur Entwicklung neuer 

künstlicher Phosphore. Im Prinzip ist Phosphoreszenz aus solchen Zuständen von tiefkalten 

Vanadium(III)-Verbindungen zwar bekannt, bislang konnte aber noch kein Vanadium(III)-

Komplex hergestellt werden, der Phosphoreszenz bei Raumtemperatur zeigt. Im Falle von 

molekularen Vanadium(II)- und Nickel(II)-Verbindungen wurde bislang noch keine 

Phosphoreszenz beobachtet. 

Im ersten Teil dieser Arbeit wird die Synthese und Charakterisierung eines bis-tridentaten 

homoleptischen Polypyridinvanadium(III)-Komplex [V(ddpd)2]3+ beschrieben, der als erster 

Vanadium(III)-Komplex überhaupt auch bei Raumtemperatur phosphoresziert. Transiente 

Absorptionsspektroskopie, Lumineszenzspektroskopie und theoretische Berechnungen 

ergeben, dass die niedrige Phosphoreszenzquantenausbeute auf schnelle strahlungslose 

Relaxationsprozesse und ein langsames Intersystem crossing in die Singulettzustände 

zurückzuführen ist. Lebensdauermessungen am perdeuterierten Analogen des Komplexes 

lassen den Schluss zu, dass Energieübertrag auf C–H-Schwingungsobertöne für die 

Depopulation der emissiven Zustände eine untergeordnete Rolle spielt.  

Zusätzlich wird mit VCl3(ddpd) ein neuer heteroleptischer Komplex hergestellt und 

untersucht, der die starke Ligandenfeldaufspaltung des Polypyridinliganden mit der 

vergleichsweise hohen Spin-Bahn-Kopplungskonstante der Chloridoliganden vereint, um 

eine effektivere Bevölkerung der emissiven Singulettzustände zu erreichen. Daneben sollte 

die reduzierte Symmetrie das Laporte-Verbot aufweichen und die Phosphoreszenz 

beschleunigen. Tatsächlich zeigt auch dieser Komplex die gewünschte Nahinfrarot-

Phosphoreszenz bei Photoanregung im Festkörper und in Lösung. Ein prominenter 

strahlungsloser Prozess in diesem Komplex ist Energietransfer auf C–H-

Schwingungsobertöne, der experimentell belegt werden konnte. Die Aufspaltung des 

Grundzustandes, die die strahlungslose Relaxation im Vergleich zu Komplexen mit nicht-

entartetem Grundzustand weiter beschleunigt, wird theoretisch berechnet und 

experimentell bestätigt. Eine signifikante Steigerung der Phosphoreszenzquantenausbeute 

kann aber nicht erreicht werden. Photolyseexperimente in Kombination mit 

dichtefunktionaltheoretischen Berechnungen geben Aufschluss über die Reaktivität von 
3(Ligand-zu-Metall)-Charge-Transfer-Zuständen des Komplexes und unterstreichen deren 

Bedeutung für das Design zukünftiger Vanadium- NIR-Phosphore.  

Der zweite Teil befasst sich mit der Synthese und Charakterisierung zweier Isomere des 

neuen Polypyridinvanadium(II)-Komplexes [V(ddpd)2]2+. In diesen Komplexen mischen 
2(Metall-zu-Ligand)-Charge-Transfer-Zustände mit den niederenergetischen 

metallzentrierten Dublettzuständen, sodass Relaxation nur strahlungslos erfolgt. Die 

Isomere zeigen in ESR (Elektronenspinresonanz)-Experimenten eine langsame Spin-Gitter-

Relaxation in Verbindung mit einer Phasenspeicherzeit, die die Eignung von Vanadium(II)-

Komplexen zur Entwicklung molekularer Quantenbits nahelegt. Für das mer-Isomer kann 

außerdem eine langsame magnetische Relaxation festgestellt werden. 
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Die Herstellung eines Polypyridinnickel(II)-Komplexes [Ni(ddpd)2]2+ und dessen 

Charakterisierung mittels optischer Spektroskopie und CAS-SCF-Rechnungen ist 

Gegenstand des dritten Teils der Arbeit. Die Untersuchungen ergeben im Gegensatz zu den 

Vanadiumkomplexen eine zu geringe Ligandenfeldaufspaltung, um die potentiell emissiven 

Singuletttzustände und die Interkonfigurationszustände zu entflechten.  
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Abstract 

3d transition metal complexes with the electron configurations d2, d3, d4 and d8 command 

low-energy metal centred states from which phosphorescence emission is conceivable. 

Therefore, they are an interesting subject in the development of novel artificial phosphors. 

Phosphorescence from vanadium(III) systems at cryogenic temperatures has been 

observed before in some cases, but to date, there are no vanadium(III) complexes capable 

of room temperature phosphorescence. In the case of molecular vanadium(II) and nickel(II) 

complexes, no phosphorescence has been observed to this date. 

In the first part of this work, the synthesis and characterization of a homoleptic bis-

tridentate polypyridine vanadium(III) complex [V(ddpd)2]3+ are described, which is the first 

vanadium(III) complex to display room temperature phosphorescence. Transient 

absorption spectroscopy, luminescence spectroscopy and quantum-chemical calculations 

show that the low phosphorescence quantum yield is due to ultrafast non-radiative 

relaxation and slow intersystem crossing to the emissive singlet states. Luminescence 

lifetime measurements of the perdeuterated analogue evidence that energy transfer onto 

C–H vibrational overtones does not play a major role in the depopulation of the emissive 

states. 

With VCl3(ddpd), an additional novel heteroleptic complex is prepared and investigated, 

which combines the strong ligand field splitting with the high spin-orbit coupling constant 

of chlorido ligands to enhance intersystem crossing to the emissive singlet states. Its lower 

symmetry should also soften Laporte’s rule to increase the radiative rate constant of the 

singlet states. Indeed, the complex displays the desired near-infrared (NIR) 

phosphorescence upon photoexcitation. A prominent non-radiative process in this 

complex is energy transfer to overtones of C–H vibrations, which could be verified 

experimentally. The ground state splitting, which may further accelerate non-radiative 

decay compared to complexes with a non-degenerate ground state, is calculated and 

experimentally confirmed. A significant improvement of the phosphorescence quantum 

yield cannot be achieved, however. Photolysis experiments together with density-

functional theoretic calculations give insight into the reactivity of 3(ligand-to-metal) charge 

transfer states of the complex and underline their importance for the future design of 

vanadium NIR phosphors. 

The second part takes issue with the synthesis and characterization two isomers of a novel 

polypyridine vanadium(II) complex [V(ddpd)2]2+. In both complexes, 2(metal-to-ligand) 

charge transfer states mix with the low-energy metal centred doublet states. As a result, 

relaxation occurs exclusively non-radiatively. Both isomers display a slow spin-lattice 

relaxation and a high phase memory time in EPR (electron paramagnetic resonance) 

experiments, which suggests vanadium(II) complexes for the development of molecular 

qubits. In addition, slow magnetic relaxation in the mer isomer is asserted.  

The synthesis of a polypyridine nickel(II) complex [Ni(ddpd)2]2+ and its characterization by 

means of optical spectroscopy and CAS-SCF calculations is in the third part of this work. The 

investigation reveals a weak ligand field splitting that is insufficient to disentangle the 
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potentially emissive singlet states from metal-centred intraconfigurational states, contrary 

to the situation in the vanadium systems.
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𝐒𝐌  Huang-Rhys factor 

𝑯𝒂𝒃
𝟐  Electronic coupling matrix element 

𝑵𝑨 Avogadro constant 

𝒌𝑩 Boltzmann constant 

𝒌𝑭  Fluorescence rate constant 

𝒌𝑰𝑪 Internal conversion rate constant 

𝒌𝑰𝑺𝑪 Intersystem-crossing rate constant 

𝒌𝑷 Phosphorescence rate constant 

𝒌𝑽𝑹 Rate constant of vibrational relaxation 

𝒌𝒏𝒓 Rate constant of non-radiative decay 

𝝀𝒔 Solvent reorganization energy 

𝝐𝟎 Permittivity of the vacuum 

Abs.  Absorption 

B, C Racah parameters 

D, E Zero-field splitting parameters 

bISC  Back intersystem crossing 

bpmp 2,6-bis(2-pyridylmethyl)pyridine 

bpy 2,2’-bipyridine 

CT Charge transfer  

ddpd N,N’-dimethyl-N,N’-dipyridin-2-ylpyridine-2,6-diamine 

dpc– 3,6-di-tert-butyl-1,8-di(pyridine-2-yl)-carbazolato 

dqp 2,6-di(quinolin-8-yl)pyridine 

DSSC Dye-sensitized solar cell 
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1. Introduction  

Artificial lighting is one of the most fundamental achievements of mankind. Since Edison’s 

invention of the light bulb in 1879, artificial lighting has greatly depended on the availability 

of electricity. In 2017, three quarters of the electricity generated worldwide was produced 

through fossil fuel combustion, and this type of combustion accounted for roughly two-

thirds of global greenhouse gas emissions1 including gasses such as carbon dioxide and 

methane.2 The detrimental consequences of climate change are felt around the globe.3–5 

Hence, one of the most pressing issues of our time is the transition from a fossil fuel-

powered economy to one drawing power from renewable energy sources. An 

environmental-friendly and sustainable solution to this problem is the utilization of 

sunlight.  

As a result, more and more attention was given to the development of dye-sensitized solar 

cells (DSSCs), innovative photocatalysis protocols, (phosphorescent) organic light-emitting 

diodes (OLEDs and PhOLEDs) as energy-saving lighting sources and to photochemical 

reactions which convert solar energy into chemical energy. Transition metal complexes 

(TMCs) are an important piece in this puzzle. A few outstanding examples will be provided 

which illustrate the applicability of TMCs in the context of solar energy conversion, artificial 

lighting and display technology. 

Ruthenium complexes, for example, have been successfully employed as sensitizers in 

DSSCs, as they absorb light across the visible spectrum, have good electrochemical stability 

and possess advantageous excited state lifetimes6. Several TMC-based dyes have achieved 

conversion efficiencies of up to 13 %7,8 in the past, including the famous N3 dye developed 

by O’Reagan and Grätzel in 19919. PhOLEDs typically rely on ruthenium, iridium, platinum 

or osmium as emissive centres10,11. While OLEDs statistically convert only one out of four 

excitons into a photon10,12, the heavy elements in PhOLEDs enable conversion efficiencies 

up to 100 % as both singlet and triplet excitons can be harvested. An interesting alternative 

to PhOLEDs and OLEDs are light-emitting electrochemical cells (LECs) given the easier 

manufacturing process13. But similarly, the most efficient TMC dyes applied in LECs are 

iridium(III) complexes14. The share of these precious metals in earth’s crust is only very 

minor with abundancies of 10–6 to 10–7mass percent15. Considering both the increasing 

demand for optoelectronics and the relatively small stocks of precious metals worldwide, 

it is evident that the demand cannot be met if we rely solely on precious metals.  

First row transition metal elements are promising candidates for the development of novel 

artificial phosphors. Compared to their heavier homologues, they are highly abundant and 

more affordable. Iron complexes have garnered a lot of interest as potential charge-

transfer (CT) luminophores and accordingly, a tremendous amount of work has been 

dedicated to the topic.16–29 Yet only very few of the many complexes prepared exhibit the 

desired luminescence with quantum yields of up to 2 %.30–33  
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In contrast, first row transition metal ions with the electron configurations d2, d3, d4 and d8, 

offer low-energy metal-centred excited states which can be phosphorescent. Chromium(III) 

takes a special position among them. Its ability to emit near-infrared (NIR) radiation from 

these so-called spin-flip states has been utilized with the development of the first ruby laser 

in 1960 by Theodore H. Maiman.34 The historical research efforts made in the past have 

generated a profound understanding of the photophysics and photochemistry of 

chromium(III) complexes,17,35–37 meaning that broader application of molecular 

chromium(III) systems in photocatalysis, optical signal transduction, bioimaging or sensing 

can be realized. 

Vanadium(II) and vanadium(III) complexes are also theoretically capable of this type of 

emission. However, only a small number of publications take issue with the photophysical 

traits of VII/III complexes38–43 and these few luminescent systems studied are mostly 

solids.44–51 Most likely, the sensitivity of vanadium ions in low oxidation states towards 

hydrolysis and subsequent oxidation, as well as the propensity of vanadium(III) to 

disproportionate have contributed to this. Octahedral nickel(II) complexes are generally 

not as sensitive towards oxidation and, like vanadium(III) complexes, feature a triplet 

ground state and low-energy singlet excited states. Hence, NIR emission from nickel(II) 

complexes is also conceivable, but has yet to be realized as a sufficiently strong ligand field 

to enforce the necessary ordering of electronic states has not been achieved so far. 

Exploring the potential of vanadium(II/III) and nickel(II) complexes for spin-flip (SF) 

luminescence is therefore a challenging but promising objective. 

This thesis will therefore look to explore various vanadium systems in low oxidation states, 

namely +II and +III, with regard to their photophysical properties and more specifically their 

luminescence. A secondary goal is the study of an analogous nickel(II) complex and its 

photophysical properties. The following sections will provide the necessary theoretical 

background, beginning with a summary on luminescence and competing relaxation 

pathways (section 2). Section 3 opens with general considerations and an overview on the 

types of luminescence originating from transition metal complexes, highlights spin-flip (SF) 

emission and elaborates on the factors that govern it. In section 4, a short description of 

possible applications of SF emitters is given. Lastly, state-of-the-art research on potential 

alternatives to chromium(III) is presented in section 5.  
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1.1. Excited State Decay Mechanisms 

Luminescence is one of many possible energy dissipation mechanisms of TMCs in excited 

states. To understand why certain TMCs are non-luminescent and to figure out how they 

can be modified to ‘turn on’ emission, one needs to understand the processes by which 

excited states are populated and de-populated. This section provides an overview on the 

(photo-) physical processes leading to emission and competing non-radiative decay 

channels.  

1.1.1. Fluorescence and Phosphorescence 
For luminescence to occur, a luminophore in its electronic ground state (GS) must first be 

converted into an electronically excited state (ES). This is typically achieved by irradiating 

ultraviolet or visible light which is absorbed by the luminophore, populating an ES. The 

most common photophysical processes that follow irradiation of a transition metal 

complex (TMC) are summarized in the Jablonski diagram below (Fig.1) for a  d2 TMC with a 

triplet ground state (3GS) as is the case in vanadium(III).52 Following initial population of the 

Franck-Condon state (3ES2), the first relaxation step typically is vibrational cooling (VR, kVR) 

to reach the vibrational GS of the 3ES2. If lower ES of the same multiplicity are available 

(1ES1), Kasha’s law predicts that internal conversion (IC, kIC) and VR occur before the final 

fluorescence emission step (kF) from the lowest ES of the same multiplicity 3ES1. 

Fluorescence is preferred over IC/VR if no vibrational levels of the 3GS are available for IC 

at this energy or if the coupling between 3ES1 and 3GS is weak and, hence, the Franck 

Condon factors (vide infra) are too low. Alternatively, intersystem crossing (ISC, kISC) into a 

singlet excited state (1ES) can occur. From there, direct return to the 3GS through non-

radiative decay knr’ or phosphorescence kP involving a spin-flip may occur, as well as back-

Figure 1: Simplified Jablonski diagram of a molecule with a triplet ground state (3GS) depicting 
primary physical processes following excitation. Abs.: Absorption. kX: Rate constants of internal 
conversion (IC), vibrational relaxation (VR), (back-)intersystem crossing ((b)ISC), fluorescence (F), 

phosphorescence (P), non-radiative decay (nr), energy transfer (EnT). (X–H): C/O/N–H oscillator 

with vibrationally excited states x.  
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intersystem crossing (bISC) followed by either fluorescence or non-radiative decay (knr) 

which returns the molecule to its GS. Another possibility to dissipate excitation energy from 

the 1E state is energy transfer (EnT, kEnT) to vibrational levels x of nearby C/N/O–H 

oscillators (X–H). Processes that involve a spin-flip are generally forbidden by quantum-

mechanical selection rules, which demand spin conservation. However, this restriction can 

be softened by spin-orbit coupling. Several mechanisms are available, all of which are 

discussed in the following (see section 1.1.4). 

Luminescence Lifetime and Quantum Yield 

Two main characteristics of luminescent excited states are their lifetime  and quantum 

yield . An excited state’s lifetime is defined in eq. 1 as the reciprocal of the sum over all 

radiative (kr,tot) and non-radiative (knr,tot) deactivation rate constants (tot. - total), and 

represents the time between excitation and emission of a photon. The luminescence 

lifetimes of phosphorescent excited states (P = 10–6102 s) generally surpass those of 

fluorescent states by several orders of magnitude (F = 10–10-10–7s) due to a violation of the 

spin selection rule.53 

𝜏 =
1

𝑘F + 𝑘P + 𝑘nr,tot
=  

1

𝑘r,tot +  𝑘nr,tot
    (1) 

The efficiency of luminescence is characterized by its quantum yield  which is defined as 

the ratio between the number of emitted ( and absorbed (Γ + 𝑘nr,tot) photons:  

𝜙 =
Γ

Γ +  𝑘nr,tot
    (2) 

Eq. 2 can be adapted to obtain the quantum yield of phosphorescence P by eliminating 

fluorescence (kF) from the total quantum yield: 

𝜙P =
Γ

Γ + 𝑘P + 𝑘𝐹 +  𝑘nr,tot
    (3) 

 

The rate constants for both fluorescence kF and phosphorescence kP are given by the 

Einstein coefficients for spontaneous emission54,55: 

𝑘F,P =
8π2η3𝜈3

3𝜖0ℏ
|𝑀 (Q0 )|

2
    (4) 

Herein, η is the solvent’s refractive index, 𝜈 denominates the frequency of the radiative 

transition and 𝜖0 is the permittivity of the vacuum. |𝑀 (Q0 )| specifies the transition 

dipole moment in the excited state geometry Q0. Hence, fluorescence as well as 

phosphorescence rates scale with the third power of the emission frequency and the 

second power of the transition dipole moment. Yet, strictly speaking, 𝑘F,P ∝ 𝜈3 in eq. 4 

only applies to atomic transitions or if one assumes a molecule with fixed nuclei.55 In reality, 

nuclei are in motion which leads to broader emission bands, composed of a number of 
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vibrational transitions. This spectral broadening is accounted for by the Franck-Condon 

factors∫ | ψ∗
GSm

ψ
ES

0

dQ|

2

 in eq. 5 54: 

𝑘F,P =
8π2η3

3ϵ0ℏ
|MES→GS(Q0 )|

2
∑ 𝜈3

𝜈̃ ∫ | ψ∗
GSm

ψ
ES

n

dQ|

2

    (5). 

Finally, for a 1ES1→3GS transition (Fig. 1), kP is linked to direct SOC through the transition 

dipole moment MS→T(Q0 )  within first-order perturbation theory:54 

MS→T(Q0) = ∑ |∑
⟨ ES1 |𝐻̂SOC| ESm

3 ⟩

(E( ESm) − E( ES) 13 ⋅ M ES3
𝑚,𝑗

 (Q0)

m

|

j∈x,y,z

2

    (6) 

The total transition dipole moment over all spatial directions j ∈ x, y, z depends on the 

magnitude of spin-orbit coupling ⟨ ES1 |𝐻̂SOC| ESm
3 ⟩ and the transition dipole moment 

M ES3
𝑚,j

 (Q0) between triplet excited states 3ES1,m of different vibrational levels m and the 

3GS.  

1.1.2. Energy Transfer 
Spontaneous non-radiative relaxation of excited states can diminish the luminescence 

efficiency of molecular luminophores. Two different mechanisms are available. Depending 

on the distortion of the molecule in the ES with respect to the GS, they are referred to as 

the weak and the strong coupling limit (Figure 2).54,56,57 In the weak coupling limit, the ES 

distortion is negligible and therefore, the potential well minima of GS and ES are (almost) 

vertically centred with only a minor shift along the distortional coordinate Q. These are also 

referred to as ‘nested states’. In contrast, the strong coupling limit implicates a large 

distortion in the ES and a large displacement which leads to a potential energy surface (PES) 

crossing.  

Weak coupling limit 

A transition in the weak coupling case starts with a horizontal (i.e. isoenergetic) tunneling 

step from the ES into the vibrationally hot ground state and is followed by vibrational 

relaxation within the GS.56 The rate of non-radiative relaxation is given as:54,58 

𝑘nr =
2𝜋

ℏ
⋅

𝐻𝑎𝑏
2

√4𝜋𝜆𝑠𝑘𝐵𝑇
⋅ ∑ [

SM
𝑛M

𝑛M!
⋅ exp(−𝑆M) ⋅ exp (−

(Δ𝐸 − nMℏ𝜔M − 𝜆𝑆)2

4𝜆𝑠𝑘𝐵𝑇
)]

𝑛M

    (7) 

Here, 𝐻𝑎𝑏 is the coupling matrix element and 𝜆𝑠 denotes the solvent reorganization energy. 

The dimensionless Huang-Rhys factor SM provides a measure for the displacement of the 

ES potential well minimum with respect to the GS minimum along the distortional 

coordinate Q. nM specifies the quantum number of the effective intraligand vibrational 

mode ℏ𝜔M and Δ𝐸 indicates the energy difference between GS and ES in the vibrational 

ground state.  
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Due to the exponential dependency of the transition rate knr from Δ𝐸, eq. 9 is often 

referred to as the ‘energy gap law’56- a smaller energy gap will yield larger knr in the weak 

coupling limit. Besides that, knr grows with the displacement of the ES potential well (larger 

SM). In the summation over all vibrational quanta of the GS, the greatest contribution is 

made by those with the lowest quantum numbers nM. Therefore, high-energy vibrations 

will enhance knr significantly stronger since they require lower overtones to match the ES 

energy. Stretching vibrations of CH (𝜔M ≈ 3000 cm–1), N-H (𝜔M ≈ 3400 cm–1) and O-H 

oscillators (𝜔M ≈ 3700 cm–1) for example will dissipate excitation (Δ𝐸 = 8000-14500 cm–1) 

more efficiently than the lower energy vibrations of C=C bonds (𝜔M ≈ 1200-1600 cm–1).56,59–

61 

 

Figure 2: Potential energy wells of a ground state (GS) and an excited state (ES) for the (a) weak and 

(b) strong coupling limit. T: Tunneling step. VR: Vibrational relaxation.  Vibrational quanta. E: 

Gap between GS(0) and ES(0). Ea: Activation energy. Em: Half Stokes shift. 

Strictly speaking, this model holds if the oscillators are assumed to be harmonic, which is 

not the case in reality. A different approach to resolve this issue was taken in luminescence 

kinetic studies of lanthanide complexes, where an expression for knr is put forward that 

depends on the spectral overlap integral (SOI) of the luminescence band with those of the 

vibrational overtones that promote non-radiative decay:60,62 

𝑘𝑛𝑟 =
9000 ⋅ 𝑙𝑛(10) ⋅ 𝑘𝑟 ⋅ 𝑘2

128 ⋅ 𝜋2 ⋅ 𝑁𝐴 ⋅ 𝑛4 ⋅ 𝑟𝑖
6 ⋅ ∫ 𝐼𝑛𝑜𝑟𝑚(𝜈) ⋅ 𝜖𝑣𝑖𝑏(𝜈̃) ⋅ 𝜈−4𝑑𝜈    (8)  

Herein, 𝑘𝑟is the rate of radiative decay, 𝑁𝐴 is Avogadro’s number and 𝑛 the refractive index of the 

medium. A dimensionless factor 𝑘2 describes the relative orientation of the transition dipole 

moments of the emissive centre and the accepting oscillator, while the distance between 

oscillator 𝑖 and emission centre is given by 𝑟𝑖. The final SOI is composed of two parameters, 

namely the normalized luminescence intensity 𝐼𝑛𝑜𝑟𝑚 and the decimal molar vibrational 

absorption coefficient 𝜖𝑣𝑖𝑏 as functions of the respective wavenumber 𝜈. This description 
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is analogous to that of a Förster-type electron transfer process63 and directly relates the 

efficiency of non-radiative decay to the spatial distance of emission centre and accepting 

vibrational mode (𝑘𝑛𝑟 ∝ 𝑟𝑖
–6 ). It has been successfully employed in the rationalization of 

energy transfer in NIR emitting lanthanide complexes and chromium(III) complexes 

before60,64 and provides a useful tool to estimate the impact of high energy oscillators on 

potential luminophores. Notably, energy can be transferred to oscillators of solvent 

molecules in this way as well, if they get close enough to the emissive centre.64  

Strong coupling limit 

The transition rate knr for the strong coupling case is expressed as follows56: 

𝑘nr =
𝑘𝐵𝑇

ℏ

𝐻𝑎𝑏
2

√𝐸𝑚(𝑘𝐵𝑇)3  
× exp (

− Δ𝐸𝑎

𝑘𝐵𝑇
)   (9) 

Herein, 𝐻𝑎𝑏 is, again, the coupling matrix element and 𝐸𝑚 represents half the Stokes shift 

between excitation and emission energy.56 Δ𝐸𝑎 denotes the energetic gap between the PES 

crossing point and the ES potential minimum. In contrast to the weak coupling limit, 

𝑘nr does not depend on Δ𝐸 . Instead, it features an Arrhenius-like behavior as a thermal 

activation barrier Δ𝐸𝑎 must be overcome to enable a transition. If the molecular distortion 

leads to a PES crossing in the potential energy minimum of the ES, the activation barrier 

vanishes and hence, non-radiative decay becomes very fast. 

1.1.3. Dexter-type Electron Transfer 
Phosphorescent excited states of TMCs, for example the doublet states of a chromium(III) 

complex,65 can be quenched by triplet dioxygen (3O2) in a Dexter-type electron transfer to 

give singlet dioxygen (1O2) and the TMC in its ground state.66 The general mechanism of 

aDexter ET is shown below for a donor D and an acceptor A (Fig.3). 

 

Figure 3: Concomitant electron Transfer (ET) from the LUMO of a donor molecule in an excited state 
(D*) into that of an acceptor in the ground state (A) and from the HOMO of A into the HOMO of D*, 
resulting in the formation of D and A*. 

Spin conservation is obeyed in the system as a whole since the spin state changes in donor 

and acceptor cancel each other out. The electron transfer rate 𝑘EnT of a process following 

the Dexter mechanism is given as 

𝑘EnT ∝ (𝐻DA)2 exp (
− 2𝑟DA

𝐿
) ⋅ SOI    (10), 
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where 𝐻DA represents the electronic coupling matrix element,  𝑟DA the distance between 

Donor 𝐷 and acceptor 𝐴 and SOI refers to the normalized specral overlap integral of the 

absorption spectrum of the acceptor with the emission spectrum of the donor. The transfer 

can be described as one electron moving from the higher lying occupied molecular orbital 

of the excited donor D* to the LUMO of the acceptor. A second electron from the highest 

occupied molecular orbital (HOMO) of 𝐴 is transferred into the lower half-filled orbital of 

D* (Fig.3). As two electrons are exchanged, orbital overlap is required. The distance 

dependency is therefore more pronounced than in a Förster-type EnT which scales with 

𝑟DA
–6 .  

1.1.4. Intersystem Crossing Mechanisms  
In contrast to fluorescence, efficient phosphorescence can only be achieved if ISC (kISC, 

Fig. 1) is fast while competing processes (IC, bISC, VR) are slow. It is therefore worthwhile 

to examine the different mechanisms of ISC more closely. Due to the change of multiplicity 

during an ISC (S ≠ 0), this process classifies as spin-forbidden by quantum-mechanical 

selection rules, yet such transitions are common to TMCs. 

Often, a TMC’s large SOC constant  is used to rationalize the overcoming of the spin 

selection rule. To begin with, kISC depends on the SOC coupling matrix element (SOCME) for 

direct spin-orbit coupling ĤSOC based on Fermi’s Golden rule within the Franck-Condon 

approximation:67,68 

𝑘ISC
FC =

2π

ℏ
⟨ ES1,m

3 |𝐻̂SOC| ES1,0
1 ⟩

2
⋅ FCWD    (11) 

⟨ ES1,m
3 |𝐻̂SOC| ES1,0

1 ⟩ denotes the transition dipole moment in eq. 11. And further, 𝐻̂𝑆𝑂𝐶  

can be expressed as 

𝐻̂SOC = ∑ 𝑙𝑖𝑠̂𝑖𝜁𝑖    (12). 

With  scaling to fourth order with the nuclear charge Zeff
4, it is obvious that especially 

heavier TM ions such as ruthenium(II), iridium(III) or platinum(II) induce high kISC through 

strong direct SOC.67 Besides, 𝑘ISC
FC   in eq. 11 depends on the density of vibrational states in 

the final electronic state weighed by their Franck-Condon-weighed density of states 

(FCWD). ISC is thus faster in molecules which not only have higher SOC constants, but also 

provide more densely packed vibrational states in the final state. 

Direct SOC, however, is not always the primary mechanism of ISC. Comparison of the 

d6 polypyridine complex [Ru(bpy)3]2+ 42+ with its lighter congener [Fe(bpy)3]2+ 52+ (bpy = 

2,2’-bipyridine) (Fig.4a) gives a striking example of that: While [Ru(bpy)3]2+ displays room 

temperature phosphorescence at ca. 620 nm from a 3MLCT state with a quantum yield of 

MeCN ~ 9.5%69 and a luminescence lifetime of  = 1100 ns in an acetonitrile solution70, 

the analogous iron(II) complex is non-luminescent. In the ruthenium(II) complex 42+, the 

strong intrinsic ligand field splitting of the central 4d TM ion accounts for a high-energy 5T 
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state, which leaves the (emissive) 3MLCT state as overall lowest-in-energy excited state 

(Fig. 4b).  

 

Figure 4: Tris(bipyridine) complexes 42+ and 52+ (a) and corresponding schematic potential well 
diagrams for 42+(b) and 52+ (c). d: Distortional coordinate. Blue arrow: Phosphorescence (P). Black 
arrows: Intersystem crossing (ISC). Grey arrows: Non-radiative decay. 

Ruthenium’s high SOC constant ((Ru2+) = 1159 cm–1)71 is considered the driving force of 

the efficient intersystem crossing (ISC) between the initially populated 1MLCT ES and the 
3MLCT ES. The situation is different in [Fe(bpy)3]2+ which features a broad 1MLCT absorption 

band centred around 523 nm: A low ligand field splitting (LFS) places the 5T state lowest in 

energy (Fig. 4b and c). Upon excitation into the 1MLCT, complex 52+ undergoes rapid ISC 

into a 3MLCT state with a time constant of ISC < 20 fs72. It evolves into the 5T MC state with 

unity quantum yield in less than 50 fs73. Recovery of the 1A GS is achieved within 0.67 ns.74–

76 Considering the much lower SOC constant of iron(II) ((Fe2+) = 436 cm–1 71, it is clear that 

mechanisms other than direct SOC must account for the unusually fast spin-forbidden 
1MLCT→3MLCT ISC transition.  

Similarly, cobalt(III) complexes with d6 electron configuration such as [Co(en)3]3+ 63+ (en = 

ethylenedi-1,2-amine), [Co(tpen)3]3+ 73+ (tpen = tetrakis(2-pyridylmethyl)ethylenediamine) 

and [Co(tppn)3]3+ 83+ (tppn = tetrakis(2-pyridylmethyl)-1,2-propylenediamine) as well as 

CoIII(acac)3 9 (acac = trisacetylacetonate) undergo very fast non-radiative relaxation to the 

GS upon irradiation into the 1LMCT band (Scheme 1).77,78 The complexes 6-8 show biphasic 

relaxation kinetics with a smaller time constant below 1 < 10 ps ascribed to rapid ISC. A 

second, longer-lived component between 2 ~ 44 ps in 7 and 2 ~ 0.5 ns in 63+ is assigned to 

the decay of a 5T ES to the 1A GS. In the case of 9, conversion of an initially excited 1LMCT 

states into the 3T states is completed in less than 150 fs and GS recovery is achieved in 

about 5 ps. However, there is no evidence for the involvement of a HS 5T state.78 

The weak-field d5 HS complex Fe(acac)3 10 exemplifies that efficient non-radiative decay 

via MC states is not restricted to 3d6 complexes. Both 4MLCT and 4LMCT states are 

accessible upon irradiation and in both cases, the molecule undergoes non-radiative 

relaxation to the 6A GS in about 60 ps.79 The minor red-shift of two transient (CO) and 

(C=C) bands suggest the formation of a LF excited state that is only slightly distorted with 
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These examples demonstrate that ultrafast intersystem crossing does not rely on a high 

SOC constant alone. Through spin-vibrational and spin-vibronic coupling, ISC in first row 

TMCs can compete with non-radiative relaxation processes and hence, could enable 

phosphorescence.  

 

1.2. Luminescence from 3d Transition Metal Complexes 

The creation of molecular TMC emitters requires precise knowledge of their electronic 

structure as their photophysical properties are largely determined by the energetic order 

and nature of their excited states. Thus, this section outlines important aspects of the 

electronic landscape of TMCs, both charge-transfer and spin-flip emitters will be 

introduced and evaluated  

At the basis of the ES landscape of TMCs are their molecular orbitals (MO), created through 

interaction of the metal d orbitals with ligand orbitals of matching symmetry and energy 

(Fig. 5a).  

 

Figure 5: Molecular orbital diagram for an octahedral complex ML6 with -accepting ligands (a) 
and corresponding transitions between MO subsets (b).87,88 
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The situation is illustrated schematically below for an ideal octahedral complex (point 

group Oh) in a MO diagram comprising metal orbitals and ligand group orbitals for -

accepting (blue) ligands. The five degenerate d orbitals are split into eg
* and t2g subsets. 

These frontier orbitals of ligand and metal centre are of particular interest as electronic 

transitions typically involve one or more orbitals of this subset. Between them, metal-

centred (MC) transitions (ligand-field), ligand-centred transitions (LC) as well as different 

types of charge-transfer (CT) transitions are available, namely ligand-to-metal CT (LMCT), 

metal-to-ligand (MLCT) and ligand-centred (LC) transitions (Fig.5b). Ligand field states can 

be further divided into interconfigurational transitions between t2g and eg* orbital subsets 

and intraconfigurational transitions which occur within the t2g or eg subset by virtue of a 

spin-flip (SF). The energetic splitting of t2g (or t2g*) and eg* orbitals (Fig.5a) is referred to as 

ligand field splitting  and mirrors the energy of the lowest interconfigurational transition. 

The most common types of emission that can be defined from these considerations are 

charge transfer and spin-flip emission. While CT emission requires low-energy CT states 

relative to deactivating MC states and therefore is not tied to any specific d electron 

configuration of the metal centre, SF emission is possible only from TMCs with 

intraconfigurational MC states (spin-flip states) as the lowest ES. Phosphorescence from 

interconfigurational MC states37 is also conceivable, but has been observed only in a few 

complexes of manganese(II)89–91 and one hexacarbene cobalt(III) complex21 because of the 

large distortion of these states and will not be discussed in further detail. 

1.2.1. Spin-Flip Luminescence 
Whether a given TM is suited for SF emission can be determined from the Tanabe-Sugano 

diagram for the respective d electron configuration.92,93 These diagrams illustrate the 

splitting of the atomic terms of a metal centre in an octahedral ligand field into the 

respective ligand field terms. The LF term energies are plotted versus O and depend on O 

as well as the Racah parameters B and C.92,93 Both parameters describe the interelectronic 

repulsion in TM complexes, where C only affects states of a multiplicity lower than the 

maximum multiplicity. The relative term energies change with the C/B ratio and hence are 

different for every complex. As an example, the TS diagram for an ion featuring low-energy 

interconfigurational states like d6 iron(II) may be compared to a d3 system with low-energy 

spin-flip states such as chromium(III) or vanadium(II) (Fig. 6).92,93 

The quintet and triplet ES of iron(II) involve transitions between t2g and eg
* subshell. These 

states are characterized by a significant distortion with elongated M-L bonds induced by 

the occupation of -antibonding eg
* orbitals. Hence, the ES geometries of 5MC and 3MC 

states deviate from that of the ground state (strong coupling limit, Fig. 2) which can even 

lead to potential surface crossings and typically enables ultrafast energy dissipation upon 

exciting MLCT states. 

In the doublet states of octahedral d3 chromium(III) complexes, however, electron 

redistribution occurs exclusively within the t2g orbital set. Consequently, these states are 

virtually undistorted with respect to the ground state (weak coupling limit) and their energy 
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is largely unaffected by changes in O. At large values of O, the 2E and 2T1 states become 

the lowest energy ES. Their energy is given as  

𝐸(2𝑇1) ≈  9𝐵 + 3𝐶 − 24 (
𝐵2

Δ𝑂
)    (13) 

𝐸(2𝐸) ≈  9𝐵 + 3𝐶 − 50 (
𝐵2

Δ𝑂
)    (14)  

according to ligand field theory.94,95 As these states are nested with the GS, the 

luminescence bands are typically very narrow with FWHM values in the range of only a few 

up to a few hundred inverse centimeters, depending on the number of emitting states, 

symmetry, temperature and medium.47,65,96 

 

Figure 6: Simplified Tanabe-Sugano diagrams of a d6 and a d3 ion at a ratio of C/B = 4.0. HS: High-
spin. LS: Low-spin. Blue: Interconfigurational states. Red: Intraconfigurational states.97  

For this reason, efficient population transfer via vibronic coupling is unavailable and non-

radiative decay slows down. Spin-flip states can therefore possess long ES lifetimes and 

display phosphorescence, despite the fact that the emission is spin- and Laporte-forbidden 

in an ideal octahedral coordination environment. The first crossing point of intra- and 

interconfigurational states in the TS diagram constitutes the minimum ligand field splitting 

o/B that is necessary to enable spin-flip luminescence (Fig. 6b). If the energetic splitting of 

inter- and intraconfigurational states is not sufficiently large (in this case, the splitting of 
4T2 and 2E/2T1 states), bISC can occur. This may lead to either photodissociation98 via 4T2 

state Jahn-Teller distortion99 or fluorescence.100–102 With these considerations in mind, TS 

diagrams provide a good starting point in the interpretation of spectroscopic results. Yet, 

they come with some limitations which must be taken into account: Firstly, they refer to 

ideally octahedral complexes. In reality, however, deviations from an ideal geometry result 

in level splittings. Secondly, the excited state energies are always given for the GS geometry 

and do not reflect the energy of the vibrational ground state of the respective relaxed 

excited state. Furthermore, SOC and the resulting mixing of states with different 
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multiplicity is disregarded. And lastly, both lower GS symmetry and SOC can lift the 

degeneracy of LF terms and split them which is not considered in the TS diagrams. 

SF emission relies heavily on the value of O, as pointed out previously. However, first row 

TM ions offer significantly smaller LF splittings in comparison with their heavier analogues. 

This is due to the absence of radial nodes in the 3d orbitals’ radial probability density 

functions which leads to a stronger d orbital contraction through the higher effective 

nuclear charge Zeff than in 4d and 5d TMCs.103 The consequence is that the 3d orbitals’ 

radial expanse is almost identical with that of the 3s and 3p orbitals, enabling strong Pauli 

repulsion between metal core electrons and ligand valence electrons.103 An effective metal-

ligand orbital overlap is prevented as a result. A central aspect in the design of spin-flip (and 

charge transfer) emitters from third row TM ions therefore is to increase O sufficiently to 

achieve the necessary ES ordering.  

In summary, SF MC emission is theoretically possible from octahedrally coordinated TM 

ions with d2, d3, d4 or d8 electron configurations at a sufficiently large ligand field splitting 

O.  

1.2.2. Efficiency of Spin-Flip Luminescence 
The occurrence of SF luminescence and its efficiency depend greatly on ligand design, as 

discussed in section 1.2. Chromium(III) complexes set an instructive example in this regard. 

They have gained a lot of attention in the recent past as they often show SF luminescence, 

and numerous publications document their photophysical properties.17,35,37,97,104–107 This 

section shows the various ways in which ligand design can influence SF luminescence using 

chromium(III) SF emitters. 

Enhancing the Ligand Field Splitting  

As mentioned above, the key prerequisite to enable SF luminescence is to lift the energy of 

LF excited states above those of low-energy SF states (for a d3 ion, that is E(4T2)> E(2E, 2T1)). 

By employing strongly -donating ligands, the energy of metal-ligand anti-bonding 

eg*orbitals increases and hence, detrimental MC states are destabilized to achieve the 

desired ES order.  

This can be accomplished with common strong field ligands already as in [Cr(NH3)6]3+ 133+ 

or[Cr(CN)6]3– 143–, where SF phosphorescence can be observed (Scheme 2, 

Table 1).102,108,109 But monodentate ligands are generally more prone to substitution and 

quite flexible, which can then open additional relaxation pathways. Chelating ligands offer 

more rigid ligand scaffolds and do not disengage from the metal centre as easily due to the 

chelate effect. Fusing pairs of amine ligands in 133+with ethylene bridges yields [Cr(en)3]3+ 

153+, which exhibits one order of magnitude higher SF quantum yields than 133+.108 Yet, 

bISC occurs in complex 153+ from the doublet states into the 4T2 state, indicating that the 

energy gap between those states is not sufficiently large.98 Higher O values can be 

achieved with polypyridine ligands such as bpy or phen (1,10-phenanthroline). In the 

respective tris-bidentate chromium(III) complexes [Cr(bpy)3]3+ 163+ and [Cr(phen)3]3+ 183+, 
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the energy gaps between the 4T2 and the lowest doublet states assume values of 

9600 cm– 1 and 7600 cm–1.110,111 Hence it is unlikely that thermally activated bISC 

contributes significantly to non-radiative decay. Even less flexible ligand scaffolds are 

obtained with the tridentate ligands such as tpy (2,6-bis(2-pyridyl)pyridine) in 

[Cr(tpy)2]3+ 193. Its phosphorescence quantum yield and lifetime are, however, significantly 

lower than those of the aforementioned tris-bidentate complexes.112–114 This is due to the 

bite angles deviating from the ideal values (∢proximal(Nprox-Cr-Nprox) = 90° and ∢distal(Ndistal-Cr-

Ndistal) = 180°) by ca. 12°and 24°, respectively, which yields a low O and enables bISC 

(Scheme 2).  

 

Scheme 2: Pseudo -octahedral chromium(III) spin-flip emitters. 
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To solve the issue of low bite angles in tridentate tpy-type ligands, they can be expanded 

to form six-membered ring chelate ligands. In doing so, a family of complexes termed 

“molecular rubies” was born – a name referencing their exceptional SF luminescence 

quantum yields and lifetimes in reminiscence of the original ruby (Al2O3:Cr3+).34,65 The 

inserted motifs comprise methylene,96 amine115 and methylamine65 bridges yielding the 

complexes 203+-223+ (Scheme 2). Each ligand coordinates in a meridional fashion to the 

chromium(III) centre with only minor deviations from optimum bite angle values 

(largest deviations ∢proximal = 5° and ∢distal = 9).65,96,115 

Table 1 Luminescence properties of selected mononuclear chromium(III) complexes. Emission 

wavelengths em, luminescence lifetimes at room temperature RT and at low temperature LT as 

well as doublet state quantum yield values at room temperature. Data are given for aqueous 

solutions if not stated otherwise. 

aCH2Cl2 at 293 K. bDeaerated MeCN at 293 K. cMeCN under N2 atmosphere. d0.1 M HClO4/H2O. 
eH2O/HClO4, BF4

– salt. fH2O/ DMSO glass. gExtrapolated from variable temperature lifetime 

measurements in glassy media. hDeaerated MeCN. iMeCN at 77 K. jAmplitude averaged lifetime of 

biexponential fit with 1 = 1.4 µs (88 %) and 2 = 6.3 µs (12 %)  

 

Number Complex em / nm RT (RT,deox)[LT] / s  (deox) / %

133+ 108,109 [Cr(NH3)6]3+ 667 2.2 [70] 5.5×10–4 

143– 102,108 [Cr(CN)6]3– 820 0.14 < 5×10–6 

153+ 108,116 [Cr(en)3]3+ 670 1.85 [120] 6.2×10–3 

163+ 108,117 [Cr(bpy)3]3+ 727 52 (74) 0.089 

17 118 [Cr(ppy)3] 910a 9.5 a 0.03a 

183+ 111,113,117 [Cr(phen)3]3+ 689/726 74 (224b) 0.15 

193+ 112,119 [Cr(tpy)2]3+ 770 < 0.14c (< 2b) (< 0.00b) 

203+ 64   [Cr(ddpd)2]3+ 738/775 177 (899) 2.1 (11) 

213+ 115 [Cr(H2tpda)2]3+ 738/782 150 (670) 1.5 (6.3) 

223+ 96 [Cr(bpmp)2]3+ 709d 880d (1550)d 9.8d (15.8)d 

233+ 120 [Cr(dqp)2]3+ 727/747 83 (1270) 1.0 (5.2) 

243+ 121 [Cr(tpe)2]3+ 748 78e (2800e) 2.2e (5.4e) 

253+ 122 [Cr(sen)]3+ 675f 0.0001g - 

263+ 123 [Cr(sarN6)]3+ 685 < 0.01 2 

273+ 124 - 700/740 (19)h (6.1×10–4)h 

283+ 124 - No luminescence - - 

293+ 125 [CrIII(dpc)2]+ 1067i 2.0i,j - 
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The first “molecular ruby” was [Cr(ddpd)2]3+ 203+ (ddpd = N,N’-dimethyl-N,N’-dipyridin-2-

ylpyridine-2,6-diamine). Improved Cr–N orbital overlap raises the ligand field splitting of 

this complex to 22990 cm–1 from 18750 cm–1 in its predecessor [Cr(tpy)2]3+ 193+.65,119 A large 
4T2/2E energy gap of ca. 10090 cm−1 prevents thermally activated bISC to quartet states in 

203+. The favorable ES order leads to dual spin-flip emission from the 2T1/2E levels at 775 

and 739 nm and a doublet ES lifetime of  = 177 µs. Since these emissive doublet states are 

apart by only  630 cm–1, their population distribution follows Boltzmann law and, hence, 

the emission intensity ratio of both bands varies with temperature.126 At room temperature 

in aqueous solution, a photoluminescence quantum yield of  = 2.1 % was determined 

(Table 1).65 In oxygen-free media, the doublet states’ lifetime and quantum yield increase 

to  = 899 µs and  = 11 .65 Because dissociative quartet states are only transiently 

populated, complex 203+ is highly photostable in the range of pH = 7-14.65 Substitution of 

the N-methyl bridges with amine or methylene moieties yields the molecular rubies 

[Cr(H2tpda)2]3+ 213+ (H2tpda = 2,6-bis(2-pyridylamino)pyridine) and [Cr(bpmp)2]3+ 223+ 

(bpmp = 2,6-bis(2-pyridylmethyl)pyridine), respectively. Complex 213+ exhibits slightly 

lower quantum yield with  = 1.5 % in aqueous solution115 than 203+ which is still several 

orders of magnitude above the values reported for previously mentioned chromium(III) 

systems.108,111,119 Complex 223+ is strongly emissive in acidic aqueous solutions with a QY of 

 = 9.8 % and a doublet lifetime of  = 880 s.96 Notably, the methylene bridges easily 

deprotonate once the ligand coordinates to a chromium(III) centre and as a result, the 

luminescence is quenched partially.96 In acidic deoxygenated aqueous solutions, the 

doublet lifetime increases to  = 1500 s and the QY amounts to  = 15.8 %.96 The success 

of six-membered ring chelates also pertains to the structurally related complexes 

[Cr(dqp]2]3+ 233+ (dqp = 2,6-di(quinolin-8-yl)pyridine)120 and [Cr(tpe)2]3+ 243+ (tpe = 1,1,1-

tris(pyrid-2-yl)ethane).121 In 243+, the tripodal tpe ligand coordinates facially to the metal 

ion and creates a centre of inversion.121 Just like the meridionally coordinating ligands of 

203+-233+, tpe imparts a strong LFS of 23200 cm–1 by maintaining trans-N-Cr-N angles close 

to 180°.121 Since the complex is centrosymmetric, however, Laporte’s rule rigorously 

applies.121 The results are doublet ES lifetimes significantly higher than those found for 

other molecular rubies (Table 1).121 In summary, the introduction of tridentate chelating 

ligands which form six-membered rings with the chromium(III) centre leads to favorable ES 

ordering in their respective complexes and enables quite efficient spin-flip emission. Yet, 

there are other important parameters which must be regarded. 

Suppressing Non-Radiative Decay 

Apart from bISC induced by insufficient values of O, non-radiative decay can pose a severe 

problem in the design of efficient luminophores. Geometric distortions in the excited 

doublet states account for one of these pathways. By mixing the d orbitals, distortions in 

the excited state can lead to PES intersections with the ground state which opens a 

thermally activated non-radiative path back to the ground state (strong coupling limit, 

Fig. 2). Chromium(III) SF emitters of D3 and D3h symmetry like [Cr(bpy)3]3+ 163+, Cr(pphy)3 17 

or [Cr(phen)3]3+ 183+ are affected by trigonal distortions which provide this type of 
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relaxation pathway and rationalize their low QY values compared to the more rigid 

[Cr(ddpd)2]3+ 203+ (Table 1).118,122,124,127 In the same vein, fusing the three en ligands of 

[Cr(en)3]3+ 153+ with a capping moiety as done in [Cr(sen)]3+ 253+ (sen = 4,4’,4’’-

ethylidenetris(3-azabutane-1-amine) reduces the doublet ES lifetime by roughly four 

orders of magnitude (Table 1).108,116,122 Here, the ligand capping enables a trigonal 

distortion mode which is unavailable in [Cr(en)3]3+ 153+.122 Similar, but more pronounced is 

the difference of ligand capping in complexes 273+ and 283+: While 283+ with a hexadentate 

tris-iminopyridine ligand capped by a tren (tris-(2-aminoethyl)amine) linker is non-

luminescent, the non-capped variant 273+ shows phosphorescence from its doublet states 

at 740 and 700 nm with a lifetime in the range of  = 17–19 µs.124 PES intersections are 

likely to contribute to non-radiative decay in [Cr(tpe)2]3+ 243+ as well, even though the effect 

is not felt as strongly in this case.121  

CT states can interfere with luminescence as well. Their admixture to SF states facilitates 

non-radiative return to the ground state through PES crossings as they are typically more 

distorted than SF states. Low-energy CT states go along with low redox potentials of the 

metal centre. Such is the case in vanadium(II), for example, which features low-energy 

MLCT states (see section 1.3).40–43,128 In molecular rubies with strong  and weak 

 donation, however, CT states do not contribute to non-radiative decay because they are 

separated from the emissive doublet states by an appreciable energetic gap. This relation 

chances if anionic ligands with stronger  donor character are employed as in 

[Cr(dpc)2]+ 29+, where admixture of a 2LMCT state to the emissive 2MC state accounts for a 

more pronounced excited state distortion, a borader emission band and more efficient 

non-radiative decay.125 

With emission energies in the range of 9370-14900 cm–1,108,125 SF emission can be further 

diminished by electronic-to-vibronic energy transfer to nearby CH, O-H or N-H oscillators 

(chapter 2.2.1.). Such multiphonon relaxation has been reported to partially quench the SF 

luminescence of [Cr(NH3)6]3+ 133+ and [Cr(en)3]3+ 153, where ligand deuteration extends the 

doublet lifetimes at 77 K from 70 s to 5230 s and from 120 s to 3030 s, respectively.122 

A similar observation was made for [Cr(H2tpda)2]3+ 213+, where deuteration of the amine 

bridging groups increases the QY from 8.8 % to 12 % and the luminescence lifetime from 

770 s to 1100 s in acetonitrile solution.115 In undeuterated water, however, 

deuteron/proton exchange at the amine bridges is fast and only the combined effect of 

deuterating both solvent and ligand could be monitored.115 Selective deuteration of the 

ligand in [Cr(ddpd)2 ]3+ 203+ provides a bit more detailed insight as CH/D bonds are less 

acidic and hence, exchange with the solvent is unlikely. Varying deuteration patterns were 

tested.64 In absence of 3O2, which itself acts as luminescence quencher (see below), QY and 

lifetime values as high as  = 30 % and  = 2100 s were achieved.64 Exchanging protons in 

-position of the terminal pyridine rings yielded the most significant improvement, 

underlining that the efficiency of the energy transfer process is a function of distance 

between donating and receiving end.64 This pertains to the -protons of [Cr(bpmp)2 ]3+ 223+ 

as well with H/D exchange raising the phosphorescence QY from 20 to 25 % and the 

luminescence lifetime from 1.8 ms to 2.5 ms in D2O/DClO4.96  



  Luminescence from 3d Transition Metal Complexes 

19 

Dexter-type energy transfer to triplet oxygen constitutes an additional hindrance to SF 

emission.66 Quantum yields and luminescence lifetimes of [Cr(ddpd)2]3+ 203+, for example, 

are roughly five times higher if measured in deoxygenated aqueous solution (Table 1).65 

Shielding the emissive centre from molecular dioxygen 3O2 is difficult due to its small size, 

but could be achieved by employing sterically more demanding ligands which lower the 

accessibility of the metal centre or by embedding the centres in matrices.129 

Adjusting Emission Wavelength 

Yet, there should be “windows” for weakly quenched SF emission where the SOI between 

luminescence band and the vibrational bands 𝜈C–H of C–H overtones n is low, because the 

energies of 𝜈n
C–H are rather constant for aromatic ligands. It is necessary to tune the 

emission energy to match such windows to prevent strong luminescence quenching 

(Fig. 7). 

 

Figure 7: Windows for strong emission (red curve, bars below x axis) between fourth and fifth 

aromatic C-H overtones 𝜈5,6
C–H (black) 64 quenching the spin-flip luminescence (dotted grey curves). 

According to LF theory, the energy of the SF states solely depends on interelectronic 

repulsion of the d electrons defined through the Racah parameters B and C.94 

Consequently, promising approaches to vary the energy of SF phosphorescence are 1) to 

alter the charge of the TM ion and 2) to change the covalency of the metal-ligand bond. 

Reducing the charge at the metal centre as well as enhancing the nephelauxetic effect both 

lower B and C and, hence, reduce the emission energy.  

An upper boundary for the chromium(III) doublet emission can be estimated from the B 

value of the free Cr3+ ion in the gas phase (918 cm–1). Assuming a C/B ratio of 4.0 and a LFS 

of O/B = 40, the energy of the 2E state would amount to ca. 21 B and occur at ca. 519 nm.97 

Chromium(III) complexes with neutral amine and polypyridine ligands listed in Table 1 

display emission in the range of 667  - 782 nm. Replacing the amine ligands in 133+ with six 

mono-anionic cyanide ligands shifts the doublet state emission wavelength to 820 nm in 

[Cr(CN)6]3– 143–, which underscores the strong nephelauxetic effect of cyanide.108 Similarly, 

substituting bpy in 163+ with the cyclometalating ppy ligand (ppy = 2-phenylpyridine) lowers 

the energy of the doublet states in fac-[Cr(ppy)3] 17, which displays phosphorescence 
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emission at 910 nm (Table 1).118 This represents a bathochromic shift of ca. 2370 cm–1 

compared to [Cr(bpy3)]3+ 163+.102 Strongly /-donating carbanionic donors combined with 

-accepting pyridine moieties account for the higher degree of metal-ligand-covalency in 

this complex.118 The experimental findings are in line with complete active space self-

consistent field (CAS-SCF) calculations which model the energy of the metal-centred 

excited states.118 The overall lowest emission energy of chromium(III) SF emitters reported 

so far is achieved by [Cr(dpc)2]+ 29+ (dpc– = 3,6-di-tert-butyl-1,8-di(pyridine-2-yl)-

carbazolato) with an emission wavelength of 1067 nm.125 A -donating anionic amide 

framed by two -accepting pyridine moieties accounts for a multidirectional -electron 

density shift, which yields even more covalent bonds than in 17 and a low Racah B 

parameter of 470 cm–1.125 Yet, no luminescence was detected at room temperature. At 

77 K, SF emission occurs from 29+. Luminescence decay under the same conditions was 

modelled with a biexponential fit and yielded values of 1.4 s (88 %) and 6.3 s (12 %) 

(Table 1). Apparently, a more distorted 2LMCT provided by the electron-rich carbazolato 

moiety is admixed to the emissive state which accelerates non-radiative decay.125  

With regard to lowering or increasing the charge of the transition metal in order to achieve 

lower or higher emission energies, other 3d3 elements such as manganese(IV) and 

vanadium(II) come to mind. To date, however, no vanadium(II) complex and only a single 

molecular manganese(IV) complex, the pseudo-octahedral [Mn{PhB(MeIm)3}2]2+ 302+ 

([PhB(MeIm)3]– = (phenyl tris(3-methylimidazol-2-yl)borate, Scheme 3), has been reported 

to exhibit SF emission.130 O could not be determined experimentally in this case because 

the d-d absorption bands are masked by a broad CT band (  8000 M–1cm–1) peaking at 

500 nm. A NIR spin-flip emission band was indeed observed at 814 nm in fluid solution at 

298 K and ascribed to a 2E4A2 spin-flip transition, which fits the luminescence lifetime of 

1.5 s at 85 K.130 Only [Cr(CN)6]3– 143–, [Cr(ppy)3] 17 and [Cr(dpc)2]+ 29+ achieve similar or 

lower emission energies (Table 1).102,118,125 It is notable that despite the higher charge of 

the MnIV ion compared to CrIII, the NIR emission of complex 302+ is of lower energy than 

those of most chromium(III) complexes, which indicates that Mn–C covalency has a 

stronger impact than the nuclear charge of the MnIV ion. 

 

Scheme 3: Pseudo-octahedral phosphorescent manganese(IV) complex. 

As has been shown in this section, there is not one all-determining criterion that makes or 

breaks spin-flip emitters. Rather than that, a number of interdependent factors shape the 
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emission energy, luminescence lifetimes and quantum yields of these complexes, and 

often, it is challenging to properly balance all factors.  
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1.3. New Spin-Flip Luminophores 

The factors governing SF luminescence that have been described in section 1.2 will be 

important for understanding less commonly applied transition metal ions in SF 

luminophores. The following sections will present the state of the art research on several 

intriguing examples, namely vanadium(II), vanadium(III) and nickel(II). The unique features 

of each named ion will be discussed. 

1.3.1. d3 Vanadium(II) 
The excited state landscape and, hence, the emission properties of vanadium(II) complexes 

should parallel those of chromium(III) complexes as they are isoelectronic. However, two 

differences can be derived from simple considerations: 1) Based on the Racah B parameters 

of the free ions (V2+: 766 cm–1, Cr3+: 918 cm–1), lower emission energies are expected for 

vanadium(II) complexes.94 2) The lower charge of the V2+ ion should entail a lower intrinsic 

ligand field splitting, which needs to be accounted for to avoid bISC to the 4T2g state.15 

Literature on molecular vanadium(II) complexes is scarce, as only a small set of tris-

bidentate polypyridine complexes 302+-342+ has been examined (Scheme 4). In fact, none 

of them is luminescent.40–43,128 

 

Scheme 4: Polypyridine vanadium(II) complexes. 

All complexes feature intense absorption up to 800 nm which originates from spin-

allowed 4MLCT transitions.41,43,128 The lifetimes of the associated 4MLCT states are in the 

range of 0.5 - 2.0 ns as determined in flash-photolysis experiments in solution at 293 K, 

which excludes the population of a nested doublet state.41 At first, these findings were 

rationalized with the non-radiative decay of said 4MLCT states.41 Later, this assignment 

was brought into question as a 4MLCT should yield stimulated fluorescence, which could 

not be detected either in sub-picosecond TA experiments on solutions of 302+ and 322+, 

even at 100 K.43 Instead, two low-energy doublet states of mixed 2MC and 2MLCT 

character were proposed based on electrochemical, TA and quantum chemical studies.43 

ISC into the 2MC/2MLCT manifold occurs within 200 fs, where the lower state is populated 

via IC within 3 ps. GS recovery is achieved after 430 ns and 1.6 ns, respectively. A higher 

degree of ES distortion inferred by the 2MLCT character is suggested to accelerate non-
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radiative decay. This is in stark contrast to the virtually undistorted doublet states in many 

chromium(III) complexes.65 Clearly, low-energy CT states are an obstacle in vanadium(II) 

complexes that is mostly absent in chromium(III) complexes (see section 1.2.). These 

findings are corroborated by another study that compares [V(bpy)3]3+ 302+ and 

[V(phen)3]3+ 322+ to their chromium analogues. Quantum-chemical calculations predict 

the lowest doublet state of [V(bpy)3]3+ 303+ to have a considerable ligand contribution.128 

Comparison of the crystal structures of 302+ and 322+ with their chromium(III) analogues 

corroborate this finding, as they reveal a more pronounced trigonal distortion of the 

vanadium complexes, which can be traced back to mixing of metal-d and ligand- 

orbitals.128 The orbital mixing is again rationalized with the lower charge of the V2+ ion 

compared to Cr3+ that accounts for expanded d orbitals and more covalent V-N bonds. 

This circumstance is also reflected in the more strongly contracted M-L bonds of 302+ and 

322+ as compared to the respective chromium(III) complexes.128  

1.3.2. d2 Vanadium(III) 
Early studies demonstrate the SF emission of V3+ ions in elpasolite host lattices, such as 

CsNaYCl6:V3+.46 Sharp phosphorescence emission bands above 1000 nm at temperatures as 

low as 7 K were observed. Above 100 K, thermally activated bISC  leads to a broad 

fluorescence band originating from the 3T2 state which dominates the emission spectrum.46 

This also applies to the ruby-analogue Al2O3:V3+, which displays phosphorescence at 

1026 nm below 80 K. The luminescence intensity is described to be three to four orders of 

magnitude lower than in ruby.131 However, its drastic bathochromic shift compared to 

ruby’s emission at 694 nm indicates a lower B parameter in the V3+-doped lattices.34,131 

Similar to [CrF6]3- and [Cr(NCS)6]3+, the LFS is too small in these solids.100,102 SF 

phosphorescence of d2 TM ions originates from the 1T2/
1E states at O values above ca. 

17 B, where the singlet terms surpass the lowest LF excited state 3T2, according to the TS 

diagram (Fig. 8).92,93  

 

Figure 8: a) Simplified Tanabe-Sugano diagram of a d2 ion in an octahedral ligand field at a ratio of 
C/B = 4.0. Blue: Interconfigurational states. Red: Intraconfigurational states. Microstates 
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assignment based on CAS-SCF calculations on [VH6]3– with dotted lines indicating strong mixing. b) 

Splitting of the 3T1(Oh) state in a D3-symmetric environment.97 trig: Magnitude of trigonal splitting. 
P/P’: Phosphorescence. 

 

The degeneracy of the 3T1 GS can be lifted through trigonal Jahn-teller distortion as in the 

[V(urea)6]3+ 363+ (Scheme 5). A structured SF emission band with maxima at 992, 1009, 1011 

and 1187 nm is observable in a glassy matrix at 77 K which can be traced back to a trigonal 

GS splitting trig of 1400 cm-1 (Fig. 8b).52 Results from Raman spectroscopy on 363+ 

corroborate this finding.52 An even larger value was determined for the hexa-aqua 

vanadium(III) cation [V(H2O)6]3+ 373+ embedded in a guanidinium sulphate matrix, where 

the JT-induced splitting amounts to 2720 cm–1.132 Hence, the total SF luminescence 

intensity is distributed among several transitions from the 1E/1T2 levels to the 3A2 and 3E 

terms that arise from the JT distortion (Fig. 8b). Accordingly, the emission is dispersed over 

a wider spectral range in vanadium(III) complexes compared to chromium(III) SF emitters, 

which feature a totally symmetric 4A2 GS. 

 

Scheme 5: Luminescent hexa- and penta-coordinate vanadium(III) complexes. 

Changing the symmetry to C3v in the penta-coordinate complex V((C6F5)3tren)(CNtBu) 38 

((C6F5)3tren = 2,2’,2’’-tris[(pentafluorphenyl)amino]triethylamine) yields a totally 

symmetric 3A ground state and hence, no trigonal distortion (Scheme 5).44 Two weak 

absorption bands ( = 500−600 M−1 cm−1) centred at 700 nm and 640 nm were assigned to 

spin-allowed, metal-centered transitions since their extinction coefficients are too low for 

CT transitions. Upon irradiation at 640 nm, a single luminescence band was observed in a 

2-MeTHF glass at 77 K peaking at 1240 nm. It is undetectable at room temperature as non-

radiative decay outcompetes the slower radiative process. One of these channels appears 

to be vibronic coupling to the axial isocyanide ligand.44 FWHM values of 3 cm–1 and 

400 cm– 1 were measured for this NIR band in the solid state at 4 K and 298 K, respectively. 

This is an argument for spin-flip emission from the lowest singlet state which is a 1E state 

in a C3v symmetric complex.44 The respective lifetimes amount to 11 s at 4 K and 3 s at 

298 K and substantiate the occurrence of an intraconfigurational transition. The emission 

was found to be independent of the excitation wavelength and hence, excitation of 

different states results in the same decay pathway to the emissive 1E state. Nanosecond TA 

experiments at 90 K lend further support to the population of a long-lived singlet state as 

ground-state bleach and two excited-state absorption bands decay on a microsecond scale. 
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A three-state-model is proposed based on TA measurements, which envisages ISC from the 

initially excited 3E state into the singlet manifold with a time constant of 4.2 ps. Then 

vibrational cooling ensues within 26 ps, followed by luminescence with a lifetime of 9 s 

from the 1E state, which is in agreement with the values obtained from emission 

spectroscopy.44 

1.3.3. d8-Nickel(II)  
Nickel(II) displays a triplet GS Similar to d2 ions, but no Jahn-Teller-induced ground state 

splitting is expected here since the ground state is totally symmetric. Contrary to spin-flip 

states of d2 ions, the spin flip here occurs in the eg* orbitals. The lowest singlet state 1E is 

composed of a state with a doubly occupied eg* orbital according to CAS-SCF calculations 

on the model complex [NiIIH6]4–, which might account for a Jahn-Teller distortion in the 

excited state (Fig. 9).97  

In an octahedral ligand field, the 3F term of the free ion splits into a 3A1
 ground state and 

two triplet excited states, a lower 3T2 and a higher energy 3T1 (Fig. 9).92,93 At LFS values of 

17 O/B and 31 O/B, the lower 3T2
 crosses with the SF states 1T2 and 1A1. Interestingly, the 

spin-forbidden transition to the 1E state has been observed in the absorption spectra of 

many nickel(II) complexes, such as [Ni(NH3)6]2+ 393+, [Ni(bpy)3]2+ 403+, [Ni(tpy)3]2+ 412+, 

[Ni(phen)3]2+
 413+ and [Ni(tpm)2]2+ 423+ (tpm = tris(2-pyridyl)methane) (Scheme 6).133–136 

 

 

Figure 9: Simplified Tanabe-Sugano diagram of a d8 ion in an octahedral ligand field at a ratio of C/B 

= 4.0. Blue: Interconfigurational states. Red: Intraconfigurational states. Microstates assignment 

based on CAS-SCF calculations on [NiH6]4– with dotted lines indicating strong mixing.97 
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Scheme 6: Pseudo-octahedral polypyridine nickel(II) complexes. 

A widely accepted model invokes an intensity borrowing mechanism from the 3A1→3T1/3T2 

transitions.137 Therein, the intensity 𝐼 of the spin-forbiden band is given as  

𝐼 = 𝐾 ⋅
𝛾2

Δ𝐸2
    (15) 

where 𝐾 is a constant factor and 𝛾 denotes the coupling constant between singlet and 

triplet state. The energy difference of both states is expresssed as Δ𝐸.137 In Oh symmetry, 

𝐾 equals √6𝜆 with 𝜆 being the the spin-orbit coupling constant of the free ion.138 A 

description of 𝐼 according to eq 15, however, is valid only if the 1E state is the lowest excited 

state.139 

Depending on the magnitude of O, the 3A1→1E transition is found at the high-energy or 

low-energy side of the 3A1→3T2 band in complexes 402+-432. Hence, the respective values 

of O must be around 17 B, and have to be increased significantly to prevent bISC to the 

triplet metal-centred states. It is highly unlikely for the 1E states to exhibit luminescence 

under such circumstances, in particular because the 3T2 state will rapidly decrease in energy 

upon distortion. Yet 412+ and 432+ have been reported to show singlet state emission just 

recently.134 The finding has been called into question as the weak luminescence bands of 

412+ and  2+ detected at 80 K and 150 K are superimposable,134 which seems odd considering 

the complexes’ different symmetries. The dissimilar luminescence band shapes of analogue 

chromium(III) complexes [Cr(phen)3]3+ 183+ 111 and [Cr(tpe)2]3+ 243+ 121 may be compared as 

a frame of reference. 

Reaching the necessary high ligand field splitting here is not as straightforward as for other 

ions though, because nickel(II) complexes tend to adopt a square-planar coordination 

geometry with a singlet ground state in strong-field environments.15 Naturally, no spin-flip 

luminescence was found in any complex of the heavier homologues palladium(II) and 

platinum(II), which impart a larger LFS by themselves due to the primogenic effect.15 They 

require much more elaborate ligands to enforce an octahedral coordination geometry than 

chromium or iron, for instance.140–143
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1.4. Application of Spin Flip Luminophores 

Near-infrared luminescence is of great interest for numerous applications such as optical 

signal transduction, sensing, lasing or bio imaging, for instance, 144–146 where lanthanides 

and precious elements are frequently employed.147–149 Novel NIR emitters based on first 

row TM ions could emerge as more affordable substitutes in the future, some interesting 

examples have been reported. 

Direct excitation of the emissive MC states of lanthanides is not easily achieved since the 

respective 4f→4f transitions are Laporte-forbidden.150 To enhance emission from a 

lanthanide ion, chromium(III) complexes can be incorporated together with lanthanide ions 

in polynuclear complexes. Their long-lived doublet excited states can serve as sensitizer for 

the desired lanthanide emission through Cr3+ → Ln3+ energy transfer. Bi- and tri-nuclear 

complexes [CrIIILnIII(L)3]6+ (Ln = Nd, Yb) and [CrIIILn'IIICrIII(L)3]9+ (Ln = Nd, Er, Yb) with helicate 

ligands L exhibit millisecond NIR luminescence from Ln3+ centres between 1000 and 

1670 nm upon direct excitation of the chromium(III) 2E states at 750 nm.151,152  

Besides sensitization of lanthanide NIR luminescence, chromium(III) SF luminophores are 

also suitable for other applications. The particularly efficient double emission of molecular 

ruby 203+ with sharp bands at 738nm and 775 nm, for example, enables its use as 

ratiometric optical thermometer due to the small energy gap of 630 cm–1 between the two 

emissive states 2E and 2T1.126,153 The luminescence intensity distribution exhibits a 

Boltzmann-type behavior and varies with temperature.126 Furthermore, the same complex 

has been proposed as pressure sensor in the solid state as well as in aqueous or methanolic 

solution.154 Its 2E emission band is red-shifted at –14.1 cm–1 kbar–1 in solid and –15 cm–1 

kbar–1 in frozen solution when pressurized in a diamond anvil cell. Complex 203+ surpasses 

the shift of the ruby R lines (ca. –0.7 cm–1 kbar–1)155 by a factor of 20 in terms of 

sensitivity.154 Due to its extraordinarily long doublet state lifetime, it can also act as 

photosensitizer for singlet oxygen. Dexter-type energy transfer from 203+ to 3O2 generated 
1O2 with a 61 % quantum yield. Hence, 203+ was employed as photosensitizer in the 

oxidative functionalization of CH bonds156 and as oxygen sensor in solution.153 Doublet-

triplet energy transfer from molecular ruby 223+ to 9,10-diphenylanthracene occurs in a 

similar manner based on a high doublet excited state lifetime of 890 s.157 Green-to-blue 

triplet-triplet annihilation upconversion with a quantum yield of 12 % ensues, while 

sterically less hindered anthracenes undergo a [4+4] cycloaddition reaction instead.157  

A remarkable trait is the occurrence of circularly polarized luminescence (CPL) from chiral 

enantio-enriched complexes with tridentate 6-ring chelate ligands like ddpd or dqp.120,158 

This special type of luminescence could be useful for three-dimensional displays or optical 

information storage or encryption, for instance.159–161 Due to their flexibility, the ligands 

are wrapped around the metal centre in a double helix fashion, resulting in the formation 

of (P,P) and (M,M) enantiomers. They can be separated by HPLC with chiral stationary 

phases to yield either left-handed or right-handed polarized emission. A measure for the 
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ratio of left-handed over right-handed polarized light intensity (𝐼𝐿 and 𝐼𝑅) is given by the 

dissymmetry factor 𝑔𝑙𝑢𝑚 in eq. 16.162 

𝑔𝑙𝑢𝑚 = 2 ⋅
(𝐼𝐿−𝐼𝑅)

(𝐼𝐿+𝐼𝑅)
 ≈ 4

|𝑚𝑏𝑎|

|𝜇𝑎𝑏|
⋅ cos 𝜏𝑎𝑏     (16)     

The second part of eq. 16 describes 𝑔𝑙𝑢𝑚 as the ratio of magnetic and electronic transition 

dipole moments 𝜇𝑎𝑏 and 𝑚𝑎𝑏 for a given transition a → b the angle 𝜏𝑎𝑏 between both 

vectors. Spin-forbidden transitions imply high 𝜇𝑎𝑏 and low 𝑚𝑎𝑏, which applies to the 

radiative transition between 2E and 4A2 in chromium(III) complexes and rationalizes the 

high dissymmetry factors found for 203+ (𝑔𝑙𝑢𝑚= 0.09)158 and 233+ (𝑔𝑙𝑢𝑚= 0.2).120

 

1.5. Paramagnetic Ground States 

Besides luminescence, the unpaired d electrons of TM centres entail paramagnetism.163–165 

Due to interelectronic repulsion between these electrons, paramagnetic ground states are 

subject to an additional splitting that is independent of any external magnetic field and, 

hence, is termed zero-field splitting (ZFS). Employing paramagnetic TMCs as single 

molecule magnets (SMMs)163,166–168 or single ion magnets (SIMs)169–171 heavily relies on ZFS, 

as does their potential use as quantum bits (qubits). This section will briefly outline the 

working principles of SMMs and qubits and comment on the suitability of vanadium(II/III) 

complexes in this context. 

1.5.1. Single Molecule Magnets 
SMMs permit data storage on a molecular level and thereby surpass the limitations of 

magnetic nanoparticles.168 Information can be encoded in these molecules through a 

switch of the spin state. Accordingly, the function of a TMC acting as SMM rests on the 

existence of magnetically bistable ground states. A well-known example is the Mn12-

acetate, which owes its high GS spin of S = 10 to the magnetic exchange interaction of eight 

MnIV and four MnIII centres.163 However, the twenty-one GS spin sublevels are subject to 

ZFS which partly lifts their degeneracy in the absence of an external magnetic field (Fig. 

10b). ZFS yields ten spin doublets called Kramer’s doublets with │Ms│= ± 10 to │Ms│= ± 1 

and a spin singlet, Ms = 0. 

In a zero-field environment, both spin states of the lowest Kramer’s doublet (│Ms│ = ± 10) 

are evenly populated and separated by an energy barrier U that can be overcome if the 

thermal energy of the system is sufficiently high (Fig. 10a). To magnetize the sample, an 

external magnetic field B0 will be appplied which stabilizes the Ms= − 10 state while 

simultaneously destabilizing the Ms= + 10 state. Accordingly, the barrier for a population 

transfer towards the Ms= − 10 state decreases and the complex is magnetized (Fig. 10b).  
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Figure 10: a) Potential wells of │Ms│= ±10 states a) in thermal equilibrium at T > TB without external 

magnetic field B0, b) with B0 enabled and c) “frozen” in the Ms = −10 states at T < TB without B0 

(adapted from ref. 168). 

Switching off the external field will restore the degeneracy of both levels. If the 

temperature of the system is kept below the blocking temperature TB, no thermal 

equilibration can occur and the sample’s magnetization will persist even in a zero-field 

environment (Fig. 10c). In that way, the spin states can be manipulated purposefully to 

store information. The barrier height U directly impacts the conditions of magnetic 

relaxation and therefore, knowledge of U is critical to assess a TMCs suitability as SMM or 

single ion magnet (SIM).  

Here, the dependence of U on the axial ZFS parameter D as given by eq. 17a,b168 is 

advantageous because sign and magnitude of D can be obtained through EPR 

measurements which enables the determination of the barrier’s height. 

𝑈 = 𝑆2 ⋅ │D│; S = integer    (17a)           𝑈 = (𝑆2 −
1

4
) ⋅ │D│ S = non − integer    (17b) 

TMCs with a single paramagnetic centre hold advantages over those which comprise 

several TM ions as a higher number of paramagnetic centres reduces the magnetic 

anisotropy (i.e. the ZFS parameter D) and concomitantly the barrier height U172 as D 

decreases with the total spin squared:173 

𝐷 ∝
1

𝑆2
    (18) 

Zero-field splitting is purely anisotropic and the corresponding ZFS Hamiltonian 𝐻̂𝑍𝐹𝑆 is 

characterized by the zero-field parameters D and E:168 

𝐻̂𝑍𝐹𝑆 = 𝐷𝑆̂𝑧
2 + 𝐸(𝑆𝑥

2 − 𝑆̂𝑦
2)   (19) 
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The axial and transversal splitting parameters D and E express the directional components 

of the zero-field splitting, 𝐷𝑥, 𝐷𝑦 and 𝐷𝑧, and they are defined as follows:174 

𝐸 =
1

2
(𝐷𝑥 − 𝐷𝑦)    (20) 

𝐷 =
3

2
𝐷𝑧    (21) 

If the D parameter is positive, the states with smallest │ms│ value are lowest in energy. If 

D is negative, the lowest-lying states are those with the highest │ms│.168 In the case of an 

octahedrally coordinated d3 transition metal ion such as vanadium(II), the spin multiplet of 

the 4A2g ground state encompasses four degenerate spin states (Fig. 11a) split by ZFS 

(Fig. 11b).  

Figure 11: a) Splitting of the degenerate 4A2g ground state of a d3 TMC through b) zero-field 

splitting and c) Zeeman interaction in an external magnetic field B0 (c). 

Application of an external magnetic field splits the two Kramer’s doublets into four 

separate states due to the Zeeman effect (Fig. 11c). If the ZFS is significantly larger than the 

Zeeman splitting, states of the individual Kramers doublets will not mix due to the large 

energy gap. Hence, vanadium(II) TMCs possess an electronic structure that could allow 

their use as SIMs in principle. The magnetic properties of the vanadium(II) complexes under 

study will therefore be explored. 
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1.5.2. Quantum bits 
Quantum bits (qubits) are the fundamental information processing units of a quantum 

computer, which has been proposed in the 1980’s by R. Feynman.175 The superior 

performance of quantum computers in solving certain mathematical problems as in 

factoring large integer numbers,176 for instance, has spurred research in the field of 

quantum computing within the last two decades and likewise, the interest in developing 

suitable qubits has grown.177 One of the many forms qubits can come in are luminescent 

TMCs, and the NIR SF emission capability of vanadium(II/III) ions in the right coordination 

environment (see section 1.3) is promising this regard. This section provides a concise 

picture of a qubit’s mode of operation and points out the viability of vanadium(II/III) 

complexes as quantum information processing units. 

In principle, any quantum-mechanical two-state system can be employed as qubit to 

process information with. More precisely, the spin state of a nucleus178 or electron179 or 

even the polarization state of a photon180 can be exploited for this purpose. While a single 

qubit such as a quantum spin with S = ½ could be emulated by a classical oscillator with 

randomly timed single-bit readout, a qubit is set apart from its classical counterpart by its 

ability to be in a superposition state which is essential to the power of quantum computing. 

In addition, the quantum entanglement of several qubits enables quantum teleportation 

as a means of information transfer.181,182 The prerequisites for a quantum-mechanical 

system acting as qubit can be envisioned by the example of a negatively charged nitrogen 

vacancy (NV−) centre in a diamond lattice with two electron spins (S =1) acting as qubit:183  

 The qubit can be deliberately prepared in a spin-polarized state – it can be 

‘initialized’.  

 The spin-polarized state can be read out, for example by photon emission. 

Spin-polarization in NV− centres can be achieved starting with off-resonant microsecond 

laser pulses at 532 nm to populate the spin-sublevels of the excited 3E state (Fig. X).184 

While the 3E spin ground state decays by emitting a photon of 637 nm wavelength, ISC to 

the intermeditae 1A1 state is not observed. From the ms = ±1 sublevels of the 3E state, 

however, a substantial amount of population is transferred to the 1A1 state due to a 

potential surface intersection. From there, relaxation to the different spin-substates of the 
3A2 GS ensues either directly or via the 1E state. Hence, optical pumping for many cycles 

will ultimately empty the ms = ±1 levels of the electronig GS and populate only the ms = 0 

states, yielding spin polarisation. When an external magnetic field is applied, the ms = ±1 

states are split due to Zeeman interaction and can be further manipulated with specific 

microwave pulse sequences to prepare the qubit in a superposition state which can then 

be employed for information processing.183–185 Spin-selective readout is possible due to the 

dependency of fluorescence intensity on the spin state.186,187 Notably, optical readout of a 

molecular qubit has recently been achieved with a dinuclear europium(III) complex.188 A 

major obstacle are the coherence times of these superposition states which are reduced 

by coupling to molecular vibrations and magnetic moments.189  
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The penta-coordinate vanadium(III) complex V((C6F5)3tren)(CNtBu) 38 exemplifies the 

potential of vanadium(III) TMCs with respect to optically adressable qubit.44 Just like the 

aforementioned NV− centres in the diamond lattice, complex 38 exhibits a zero-field split 
3A GS and a luminescent 1E excited state nested with the ground state which enables optical 

initialization and yields narrow SF emission bands with FWHM values of 3 cm–1 in solid state 

luminescence measurements at 4 K (Fig. 12). Yet, the individual spin sublevels of the GS of 

38 cannot be resolved in zero-field photoluminescence measurements as was done for NV− 

centres. 

 

Figure 12: Jablonski diagram for a d2 TMC with zero-field split 3A ground state. Vertical solid arrows: 

Optical excitation (red & light blue). Dotted arrows: Vibrational cooling (black) and ISC (grey). Wavy 

red lines: Photoluminescence. Box: Zeeman-split 3A spin states in an external magnetic field B0. 

Applying an external magnetic field of up to 9 T enables their detection in variable field 

photoluminescence experiments. The ZFS in 38 is fourfold larger with D = 3.6 cm−1 

compared to the NV− centre183. This should entail a higher thermal spin polarization in 38 

while maintaining EPR adressability.[44] Pulsed EPR measurements at 240 GHz powered by 

a free electron laser enable experimental determiantion of the coherence times. The 

Ms
 = −1 transition at 6.44 GHz yields the highest phase memory times of 427 ns at 5 K, 

decreasing to 137 ns at 10 K. Hahn echo experiments reveal lower phase memory times of 

339 ns and 178 ns for the Ms
 = +1 and Ms

 = +2 transitions at 3.75 GHz and 10.5 GHz. To 

improve molecular vanadium(III) qubits, achieving even higher D values is suggested which 

could enable photodetection of the spin sublevels of the 3A GS at lower or zero external 

field.44  

While vanadium(III) complexes with a GS spin triplet are promising candidates for optically 

adressable qubits, vanadium(II) complexes with a 4A2 GS might be eligible as qudits even 

due to the higher number of spin sublevels.177 But so far, all reported molecular 

vanadium(II) complexes have been shown to be non-luminescent due to unfavourable CT 
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state admixtures to their metal-centred SF sates,38,40–43 which poses a major hindrance for 

quantum information processing applications (section 1.3.2). 
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1.6. Synthesis of Vanadium(II/III) and Nickel(II) Complexes 

This chapter will provide insight into the chemistry of vanadium, elaborate on the 

intricacies of preparing vanadium complexes in low oxidation states and provide a guideline 

to polypyridine vanadium(II/III) complexes.  

After an initial claim to vanadium’s discovery by M. A. del Rio in 1801 had been retracted, 

it was identified and named in 1830 by N. G. Sefström. The element is widely distributed in 

nature with an abundance of 0.013 % in earth’s litosphere15 and can be found in numerous 

ores, such as vanadinite Pb5(VO4)3Cl, in the sulfide ore patrónite VIV(S2)2 or in carnotite 

K2(UO2)2(VO4)2·3 H2O.15 It is recovered from these ores largely in the form of the 

divanadium pentoxide V2O5, from which elemental vanadium can prepared by reduction 

with calcium at 950°C or with aluminum. High purity vanadium can be obtained by the 

crystal bar process developed by van Arkel and de Boer.15 Metallic vanadium is a potent 

reductant (E0= –2.11 V)190 - when exposed to air it is quickly covered with a passivating 

oxide layer. Similarly, vanadium(II) and vanadium(III) compounds are susceptible towards 

oxidation in the solid state and in solution to yield the particularly stable vanadyl ion 

[VIVO]2+.15,191 The vanadium di- and trihalides VX3 (X = Cl, Br, I), for example, dissolve in 

water to give the hexa(aqua) cations [VII/III(H2O)6]2+/3+, which are readily oxidized to give 

blue solutions of [VO(H2O)5]2+.191 Numerous reports document its preference for the 

oxidation state +IV in the presence of water and oxygen,15,191–194 hence the [VIVO]2+ motif 

is pervasive in vanadium coordination chemistry and has been studied extensively.194–199 

Prolonged exposure to oxygen leads to the formation of oxovanadium(V) species such as 

V2O5. While vanadyl complexes can be applied as catalysts in oxidation reactions,200–204 its 

d1 electron configuration precludes luminescence from metal-centred states.  

It is possible though to obtain non-oxo-vanadium complexes in the oxidations states +5, +4, 

+3, +2, 0 and –1 if water and oxygen are excluded.193,205–208 This requirement makes 

vanadium complex synthesis a lot more time-consuming and cumbersome than the 

preparation of, for example, analog nickel(II) or chromium(III) complexes, which can be 

handled under ambient conditions typically. It also accounts for the discrepancy between 

the amount of reports on the photophysics of chromium(III) complexes and that dedicated 

to vanadium(II/III) complexes: Only a handful of polypyridine vanadium complexes in the 

lower oxidation states +2 and +3 have been reported so far (see section 1.3).38–41  

The successful preparation of polypyridine complexes requires suitable precursor 

complexes. As complexes with the polypyridine ligand ddpd are envisaged, the precursor 

complexes should be well soluble in organic solvents such as tetrahydrofuran, acetonitrile 

or dichloromethane. Solvent adducts of the trichlorides VCl3L3 (L = CH3CN (44), THF(45)) of 

vanadium(III) are well established and provide a good starting point for complex 

syntheses.209,210 By replacing the weakly coordinating solvent molecules with ddpd, a 

heteroleptic vanadium(III) complex VCl3(ddpd) should be formed first (Scheme 7) in 

analogy to VCl3(tpy) prepared earlier.211  
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Scheme 7: Two-step synthesis of the homoleptic mer-[V(ddpd)2]3+ complex via the heteroleptic 
trichlorido vanadium(III) complex VCl3(ddpd). 

Subsequent abstraction of the halide ligands with thallium(I) or silver(I) salts in the 

presence of free ligand could yield a homoleptic ddpd complex.211 Both routes, however, 

come with a drawback: Silver(I) reagents could oxidize the vanadium(III) centre and 

thallium(I) salts are highly toxic. In a third step, to obtain vanadium(II) complexes, the metal 

centre needs to be reduced to VII. Reduction of the ddpd ligand has been reported to occur 

well below –1.8 V in other first row TMCs and should not interfere.25,65,212 A suitable 

reductant can be determined by cyclic voltammetry. 

Reacting three equivalents of sodium tetraphenylborate with VCl3(CH3CN)3 in acetonitrile 

at ambient temperature yields the hexa(acetonitrile) vanadium(II) complex 

[V(CH3CN)6][BPh4]2 46[BPh4]2, which provides a convenient alternative to the halide 

abstraction reactions outlined above.213 After coordinating two equivalents of ddpd and 

exchanging the tetraphenylborate with redox-stable hexafluorophosphate, for example, 

selective oxidation of the vanadium(II) centre should be easily achieved (Scheme 8). The 

VII/III redox couple of the less electron-rich complex [V(phen)3]3+ is located at ca. E1/2 = 0.01 V 

(in CH2Cl2 vs Fc/Fc+) while the ddpd ligand is oxidized well above E1/2 > 0.75 V (in MeCN, vs 

Fc/Fc+) in comparable systems.41,65,214,215 Yet, the reaction mechanism leading to the 

formation of the precursor complex 46[BPh4]2 has not yet been elucidated. The authors 

claim that acetonitrile not only serves as solvent, but also acts as reductant, reducing 

vanadium(III) to give vanadium(II).213 This appears rather unlikely for two reasons: First, the 

redox potential of acetonitrile is too high to justify such a reaction. It finds broad use as 

solvent in electrochemistry experiments due to its wide potential window between ca. +3 V 

and –3 V.216 In fact, substrate oxidation up to E1/2 = +3.9 V vs Fc/Fc+ has been monitored in 

it.217 Second, the solvent adduct 44 can be prepared by reacting VCl3 in boiling acetonitrile 

without any signs of reduction.210 Another serviceable precursor complex to obtain 

homoleptic polypyridine vanadium(II) complexes from can be hexa(acetonitrile) 

vanadium(II) triflate [V(CH3CN)6][OTf]2 47[OTf]2, which is prepared from anhydrous 

trifluoromethanesulfonic acid and vanadium powder.  
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Scheme 8: Synthesis of the homoleptic mer-[V(ddpd)2]2+/3+ complexes starting with a vanadium(II) 
precursor complex. 

Synthesis protocols of polypyridine nickel(II) complexes do not require as much preparation 

and are carried out under ambient conditions generally. The preparation of the homoleptic 

nickel(II) complex utilizing the ddpd ligand has been done before starting from NiII[BF4]2
218 

and is therefore expected to afford [Ni(ddpd)2][BF4]2 without side reactions (Scheme 9). 

 

Scheme 9: Synthesis of the homoleptic mer-[Ni(ddpd)2][BF4]2 complex. 

 

1.6.1. Isomers of ddpd Complexes 

The high flexibility of the six-membered ring chelating ligand ddpd is a benefit that certainly 

fostered the preparation of a number of homoleptic and heteroleptic complexes with 

transition metal ions across the first transition metal row.25,65,212,214,215,219–221 In most cases, 

a pincer-type mode of coordination is the thermodynamically favored form, yielding the 

mer isomers (Scheme 10). In the case of [Co(ddpd)2]2+ 482+, however, the cis-fac isomer 

could be kinetically trapped by rapid precipitation from a solution containing the ligand and 

Co[BF4]2 ⋅ 6 H2O.219 Trans-facial isomers have not been observed with ddpd among 3d 

TMCs yet, although the flexibility of the six-memebered ring chelating ligands enable the 

formation of a trans-fac isomer in the ruthenium(II) dqp complex. Therefore, a trans-fac 

isomer could potentially occur in novel ddpd complexes.222 
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Scheme 10: Diastereomeric forms of homoleptic [M(ddpd)2]n+ complexes.  

If [V(ddpd)2]n+ existed in different diastereomeric forms, then all of them would very likely 

feature different photophysical properties and hence, every form would need to be 

isolated. Therefore, it will be investigated if there is a way to prepare the different 

diastereomeric forms selectively. Kinetically favored isomers can be obtained by rapid 

crystallization,219 while column chromatography is suitable for isolating thermodynamically 

favored isomers. Lastly, fractional crystallization can be applied to obtain both from 

mixtures.223  
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2. Aim of this Work 

Vanadium(II) and vanadium(III) ions in different solid host lattices and - in some rare cases - in 

complex molecules, display low-energy SF emission. However, the successful preparation of 

vanadium-based room-temperature NIR emissive complexes has yet to be achieved.  

 

The main objective of this work is the design of molecular d2-vanadium(III) and d3-vanadium(II) 

transition metal complexes that exhibit long-lived NIR emission from spin-flip states upon 

photoexcitation at room temperature, in analogy to the molecular rubies.  

 

To achieve this goal, exceptional strong-field ligands will have to be employed to ensure the 

appropriate excited state ordering, i.e., to ensure that the 1E/1T2 states are lower in energy 

than the lowest ligand field state 3T2 by a few thousand wavenumbers in the case of d2 

vanadium(III) complexes. In this context, it is obvious to test the ddpd ligand first as it has 

proven highly effective with chromium(III) due to its distinct -donor properties and 

advantageous L-M-L bite angles. It also makes for a rigid ligand scaffold in a homoleptic 

complex that does not allow for any particularly detrimental distortions to promote non-

radiative decay. Considering the lower Racah parameter B of vanadium(III) compared to 

chromium(III), lower emission energies are to be expected. It is therefore likely that energy 

transfer to CH oscillators of the ligand or those located on solvent molecules will quench the 

emission to some extent. To probe the impact of multiphonon relaxation, the preparation of 

the respective deuterated complexes is planned. In d3-vanadium(II) polypyridine complexes, 

the more covalent metal-ligand bonds entail mixing of charge-transfer and metal-centred 

excited states as well as stronger distortions. So far, however, only electron-poor polypyridine 

ligands have been applied. Electron-rich ligands might offer different CT excited state energies 

and less mixing between SF and CT states. Preparing and characterizing polypyridine vanadium 

complexes with electron-rich ligands can inform further design choices and is therefore of 

fundamental interest. 

 

A secondary objective is the exploration of homoleptic polypyridine nickel(II) complexes for 

spin-flip emission based on similar considerations.  

 

To obtain information on the nature and energy of charge-transfer excited states, time-

dependent DFT calculations will be carried out. Quantum-chemical CAS-SCF calculations will 

be performed on all target molecules to determine their validity in the prediction of spin-flip 

state energies of polypyridine nickel(II) as well as vanadium(II) and vanadium(III) complexes.  
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3. Results and discussion 

All results of this doctorate have been summarized in scientific articles which were published 

in/submitted to peer-reviewed journals. Each article is reprinted in this section in accordance 

with the reprint policy of the respective journal.  

All experiments, measurements and calculations mentioned in the following paragraphs have 

been performed by M. Dorn if not stated otherwise. 

Synthesis, characterization and quantum-chemical calculations on the novel vanadium(III) 

complex [V(ddpd)2]3+ are presented in section 3.1 “A Vanadium(III) Complex with Blue and 

NIR-II Spin-Flip Luminescence in Solution”. The title complex constitutes the first example of a 

vanadium(III) complex displaying room-temperature spin-flip luminescence in the range of 

950 nm – 1150 nm in fluid solution. In addition, high-energy fluorescence was observed. These 

measurements were a joint effort of M. Dorn, J. Kalmbach from the group of Prof. M. Seitz 

(Universität Tübingen) and P. Boden from the group of Prof. M. Gerhards (Technische 

Universität Kaiserslautern). To evaluate the impact of energy transfer onto CH acceptors, a 

perdeuterated variant of the ddpd ligand was provided by Jens Kalmbach and coordinated by 

M. Dorn. However, both NIR luminescence intensity and lifetime are insensitive toward ligand 

deuteration, which indicates that other deactivation pathways are dominant. Transient 

absorption spectroscopy and transient FTIR spectroscopy were employed in collaboration 

with A. Kruse from the group of Prof. S. Lochbrunner (Universität Rostock) and P. Boden, 

respectively. Both methods confirm the existence of a long-lived excited state component 

which matches with the observation of NIR phosphorescence. The experimental findings are 

corroborated by CAS-SCF calculations which yield metal-centred excited state energies that 

closely match the results from luminescence spectroscopy. Further insight into the early 

dynamics starting from a 3LMCT state was obtained by non-adiabatic surface hopping 

including arbitrary couplings (SHARC) dynamics simulations, carried out by S. Gómez from the 

group of Prof. L. González.  

Section 3.2, “Ultrafast and long-time excited state kinetics of an NIR-emissive vanadium(III) 

complex I: Synthesis, spectroscopy and static quantum chemistry“ describes the preparation 

and characterization of a heteroleptic vanadium(III) complex, VCl3(ddpd). This pseudo-

octahedral complex molecule displays singlet-triplet NIR luminescence between 1102 and 

1256 nm at room temperature and in frozen solution, as measured by J. Kalmbach (Universität 

Tübingen) and P. Boden (Technische Universität Kaiserslautern). The luminescence band 

splitting is partly due to the split 3T1 ground state and agrees well with both Raman 

spectroscopic measurements carried out by C. Dab (Université de Montreal, Prof. C. Reber) 

and CAS-SCF calculations. With a perdeuterated ddpd ligand provided by J. Kalmbach, the 

luminescence intensity increases and the phosphorescence lifetime at room temperature is 

extended from 0.5 s to 3.3 s. Step-scan-FTIR measurements carried out by P. Boden 

(Technische Universität Kaiserslautern) yield similar lifetimes. Femtosecond transient 

absorption spectroscopy performed by A. Kruse (Universität Rostock) reveals a broad excited 

state absorption band between 470 and 700 nm. This state evolves into a longer living one 
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within 1.5 ps. The long-lived state’s lifetime surpasses the 1.4 ns time frame of the pump-

probe experiment and is assigned to a spin-flip state.  

Section 3.3, “Towards Luminescent Vanadium Complexes With Slow Magnetic Relaxation And 

Quantum Coherence”, covers the synthesis and characterization of two diastereomeric 

polypyridine vanadium(II) complexes. Cis-fac- and mer-[V(ddpd)2][BPh4]2 can be selectively 

synthesized through temperature control. Once formed, the isomers do not interconvert 

spontaneously and no photoisomerization occurs under UV irradiation at 300 nm excitation 

wavelength. CAS-SCF-calculations locate the lowest spin-flip states 
2E/2T1 in both 

diastereomers more than 5000 cm–1 below the lowest ligand-field excited state 4T2 at the 

ground state geometry. While oxidation of the complexes turns on spin-flip luminescence at 

77 k in a butyronitrile glass from the vanadium(III) centres, no luminescence occurs in the title 

complexes even at 77 K in the solid state. 2LMCT states are available which mix with 2MC states 

and provide a pathway for efficient non-radiative decay. Magnetic circular dichroism (MCD) 

spectroscopy performed by  reveals three components of the 
4A2g→4T2g transition for both isomers which are well reproduced by CASSCF calculations. ZFS 

parameters D extracted from the MCD measurements for the cis-fac isomer (D = 0.38 cm−1) fit 

the value obtained from magnetic susceptibility measurements (D = 0.40 cm−1) performed by 

. Signals observed in HFEPR spectra of both isomers recorded by  are 

assigned to the transition within the lower Kramer’s doublet (ms = ±1/2) at D values of 

D = 0.47 cm−1 and D = 0.20 cm−1 for cis-fac and mer isomer, respectively. Furthermore, the mer 

isomer displays an out-of-phase signal in AC susceptometry measurements due to slow 

magnetic relaxation at 15 K and an external field of 4000 Oe. In the cis-fac isomer, the 

magnetic interaction is larger due to smaller VII-VII distances compared to the mer isomer (cis-

fac: 8.079 A; mer: 11.881 A), hence the relaxation is too fast to be detected. A spin-lattice 

relaxation time of t1 = 308 s and a phase memory time of tm = 1.1 s at 5 K are found for the 

mer isomer in pulsed Q-band EPR measurements carried out by . 

In section 3.4, “Structure and Electronic Properties of an Expanded Terpyridine Complex of 

Nickel(II) [Ni(ddpd)2](BF4)2
”,  the synthesis and characterization of a new nickel(II) complex are 

reported. The strongly -donating polypyridine ligand ddpd (ddpd = N,N’-dimethyl-N,N’-

dipyridin-2-ylpyridine-2,6-diamine) enforces a nearly octahedral coordination geometry. This 

circumstance is reflected in an only slightly lifted degeneracy of the triplet and singlet excited 

states according to CAS-SCF calculations carried out by  from the group of  

. The absorption spectrum of the title complex shows a shoulder on the high-energy 

flank of the spin-allowed ligand field transition 3A→3T2, which originates from the spin-

forbidden 3T2→1E transition. Since the energy gap between the 3T2 and 1E state is only minor 

(E ≈ 1400 cm–1 at the ground state geometry), excited state energy is dissipated non-

radiatively and no luminescence is observed.  
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3.1. A Vanadium(III) Complex with Blue and NIR-II Spin-Flip 
Luminescence in Solution 

Matthias Dorn, Jens Kalmbach, Pit Boden, Ayla Kruse, Sandra Gómez, Christoph Förster, Felix 

Kuczelinis, Luca M. Carrella, Laura A. Büldt, Nicholas H. Bings, Eva Rentschler, Stefan 

Lochbrunner, Leticia González, Markus Gerhards, Michael Seitz and Katja Heinze 

J. Am. Chem. Soc. 2020, 142, 7947−7955 

This article reports on the synthesis and 
characterisation of the homoleptic vanadium(III) 
complex [V(ddpd)2] 3+ (ddpd = N,N’-dimethyl-N,N’-
dipyridin-2-ylpyridine-2,6-diamine). It displays 
NIR spin-flip luminescence from 1MC states and a 
broad fluorescence band in the UV region in fluid 
solution at room temperature.  

 

 

Author Contributions 

Synthesis and characterization of the deuterated and non-deuterated title compound, DFT 

and CAS-SCF calculations were carried out by Matthias Dorn. The deuterated [D17]-ddpd ligand 

was prepared by Jens Kalmbach (group of Prof. Dr. M. Seitz). Static and time-resolved NIR 

luminescence measurements were performed by Jens Kalmbach. Pit Boden (group of Prof. Dr. 

M. Gerhards) carried out step-scan IR measurements. Ayla Kruse (group of Prof. Dr. S. 

Lochbrunner) accounted for transient absorption measurements. Sandra Gómez (group of 

Prof. Dr. L. González) performed non-adiabatic spin-flip dynamic calculations. Felix Kuczelinis 

(group of Prof. Dr. N. Bings) performed trace determination of chromium. Dr. Luca M. Carrella 

(group of Prof. Dr. E. Rentschler)  performed magnetic susceptibility measurements. Dr. 

Christoph Förster solved the crystal structure of the title compound. The manuscript was 

written by Prof. Dr. Katja Heinze (90%) and Matthias Dorn (10%).  

 

Supporting Information 

can be found at pp. 99. 

The full supporting information can be obtained here. 

"Reprinted with permission from Matthias Dorn, Jens Kalmbach, Pit Boden, Ayla Kruse, 

Chahinez Dab, Christian Reber, Gereon Niedner-Schatteburg, Stefan Lochbrunner, Markus 

Gerhards, Michael Seitz and Katja Heinze. Copyright 2020 American Chemical Society” 
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3.2. Ultrafast and long-time excited state kinetics of an NIR-
emissive vanadium(III) complex I: Synthesis, spectroscopy and 
static quantum chemistry 

Matthias Dorn, Jens Kalmbach, Pit Boden, Ayla Kruse, Chahinez Dab, Christian Reber, Gereon 

Niedner-Schatteburg, Stefan Lochbrunner, Markus Gerhards, Michael Seitz and Katja Heinze 

Chem. Sci. 2021, 142, 7947–7955 

The heteroleptic pseudo-octahedral d2-

vanadium(III) complex VCl3(ddpd) (ddpd = N,N′-

dimethyl-N,N′-dipyridine-2-yl-pyridine-2,6-

diamine) with a 3T2 ground state displays NIR 

spin-flip luminescence at room temperature from 

the 1E/1T1 excited states. Ligand deuteration 

reduces non-radiative decay via energy transfer 

to C-H oscillators. 
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3.3. Towards Luminescent Vanadium Complexes with Slow 
Magnetic Relaxation and Quantum Coherence 

 

Matthias Dorn, David Hunger, Christoph Förster, Robert Naumann, Joris van Slageren and 

Katja Heinze 

Chem. Eur. J. 2022, e202202898 (accepted) 

In contrast to polypyridine vanadium(III) 

complexes, two isomers of the title complex 

[V(ddpd)2]2+ (ddpd = N,N′-dimethyl-N,N′-

dipyridine-2-yl-pyridine-2,6-diamine) are found to 

be non-luminescent due to metal-to-ligand 

admixture to potentially emissive spin-flip states. 

Both complexes exhibit a small zero-field splitting 

of ca. 0.2 cm−1 in EPR experiments. AC 

susceptometry reveals an out-of-phase signal 

below 15 K at an external field of 4000 Oe. 

Shorter VII-VII distances in the cis-fac isomer lead 

to faster magnetic relaxation.  

 

Author Contributions 
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IR spectroscopy and cyclic voltammetry and performed quantum chemical calculations. 
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Hunger (group of Prof. Dr. J. v. Slageren) performed EPR measurements, magnetic 

measurements and related quantum-chemical calculations. Dr. Christoph Förster solved the 

crystal structure of the title compound. The manuscript was written by Prof. Dr. Katja Heinze 

(45%), Prof. Dr. Joris van Slageren (45%) and Matthias Dorn (10%). 
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Abstract: Molecular entities with doublet or triplet ground states find increasing interest as potential 

molecular quantum bits (qubits). Complexes with higher multiplicity might even function as qudits and 

serve to encode further quantum bits. Vanadium(II) ions in octahedral ligand fields with quartet ground 

states and small zero-field splittings qualify as qubits with optical read out thanks to potentially 

luminescent spin-flip states. We identified two V2+ complexes [V(ddpd)2]2+ with the strong field ligand 

N,N’-dimethyl-N,N’-dipyridine-2-yl-pyridine-2,6-diamine (ddpd) in two isomeric forms (cis-fac and mer) 

as suitable candidates. The energy gaps between the two lowest Kramers doublets amount to 0.2 and 

0.5 cm–1 allowing pulsed EPR experiments at conventional Q-band frequencies (35 GHz). Both isomers 

possess spin-lattice relaxation times T1 of around 300 µs and a phase memory time TM of around 1 µs 

at 5 K. Furthermore, the mer isomer displays slow magnetic relaxation in an applied field of 400 mT. 

While the vanadium(III) complexes [V(ddpd)2]3+ are emissive in the near-IR-II region, the [V(ddpd)2]2+ 

complexes are non-luminescent due metal-to-ligand charge transfer admixture to the spin-flip states. 

Introduction 

Molecular quantum bits (qubits) based on S = ½ systems such as copper(II)[1] or vanadium(IV)[2-4] 

possess long coherence times, while qubits based on non-spin-½ ions, e.g. europium(III), vanadium(III) 

in trigonal bipyramidal ligand fields, chromium(IV) in tetrahedral ligand fields or nickel(II) in pseudo 

octahedral ligand fields,[5] are rare. The advantage of high-spin ions over two-level (S = 1/2) ions is that 

the several qubits can be encoded into one complex, or the enlarged Hilbert space provided by the 

additional levels of such so-called qudits can be used, e.g., for quantum error correction.[6] A second 

advantage of high-spin complexes, is that their spin quantum state may be addressed optically, through 

optically detected magnetic resonance techniques, as widely employed for S = 1 nitrogen-vacancy 

defects in diamond.[7] In fact, optical readout of molecular qubits has been recently achieved.[8] A 

thoroughly studied ion with S = 3/2 is chromium(III). Chromium(III) complexes (quartet ground state, S = 
3/2) with suitable ligand fields have been developed into highly versatile materials for photonic and 

photocatalytic applications, including sensing,[9-11] upconversion,[12,13] circularly polarized 

luminescence[14,15] and photo(redox) catalysis.[16-19] The magnetic ground state S = 3/2 of the highly 

luminescent molecular ruby [Cr(ddpd)2]3+ with the spin-flip[20] emission band peaking at 778 nm[21] shows 

a long coherence time of 8.4(1) µs (ddpd = N,N’-dimethyl-N,N’-dipyridine-2-yl-pyridine-2,6-diamine).[22] 

Yet, optical read-out[8,23] or manipulation was unsuccessful, warranting the further search for optically 

addressable molecular qubits.[22]  

Isoelectronic vanadium(II) ions in an octahedral environment such as MgO:V2+ display their spin-flip 

emission band (2Eg4A2g; Oh notation) at around 869 nm.[24,25] However, all reported molecular 

vanadium(II) complexes are non-luminescent.[26-33] Damrauer, Shores and Rappé thoroughly 

investigated the excited states of the classical 2,2’-bipyridine and phenanthroline vanadium(II) 
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Figure 1. Molecular structures of the cations of a) cis-fac-[V(ddpd)2][PF6]2 and b) mer-[V(ddpd)2][BPh4]2 determined 

by XRD. Counter ions and hydrogen atoms are omitted for clarity. 

Single crystals of cis-fac-[V(ddpd)2]2+ and mer-[V(ddpd)2]2+ suitable for X-ray diffraction (XRD) analyses 

were obtained from CH3CN solutions of the [PF6]– and [BPh4]– salts, respectively (Figure 1, Supporting 

Information, Tables S1–S2). The experimentally obtained metrics of the dications agree well with those 

obtained from Density Functional Theory (DFT) calculations including solvent modelling, relativistic 

effects and dispersion correction (CPCM-(acetonitrile)-RIJCOSX-UB3LYP-D3BJ-ZORA/def2-TZVPP; 

Supporting Information, Tables S1–S4).  

Figure 2. Proposed energy level diagram of mer-[V(ddpd)2]2+ with the pure metal-centred states (black and red) 

obtained from the CASSCF-NEVPT2 calculation (TZVPP basis), the 4MLCT states (large number of states indicated 

by blue squares) estimated from the experimental absorption spectrum and the time-dependent (TD)-DFT 
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calculation and the 2MLCT states (pale blue) set to the 4MLCT energies. The mixing between 2Eg and 2MLCT states 

(purple) is set to an arbitrary value. (i) Spin density of the 4A2 ground state from the CASSCF-NEVPT2 calculation. 

(ii) Difference electron density of the lowest 4MLCT state obtained from the TD-DFT calculation (isosurface value 

of 0.003 a.u.; purple = electron depletion; orange = electron density gain). (iii) Spin density of the lowest 4T2g derived 

state from the CASSCF-NEVPT2 calculation. (iv) Spin density of the lowest 2Eg derived state from the CASSCF-

NEVPT2 calculation. (v) Spin density of the optimized lowest doublet state (2MC/2LMCT) from a DFT geometry 

optimization calculation with the ligand contributions highlighted by arrows.  

 

Calculations of ground and excited state properties with respect to the pure ligand field excited states 

for both complex cations cis-fac-[V(ddpd)2]2+ and mer-[V(ddpd)2]2+ were performed at the ground state 

geometry using the complete-active-space self-consistent field method including spin−orbit coupling 

(SOC-CASSCF)[40,41] for calculation of the zero-field splitting D and E in conjunction with strongly 

contracted N-electron valence perturbation theory to second order (SC-NEVPT2)[42,43] in order to recover 

missing dynamic electron correlation (Supporting Information, Tables S5–S6, Figures S5–S6).  

As is evident from the calculations, the pure 2Eg/2T1g-derived spin-flip states lie well below the 4T2g and 
4T1g levels (Figure 2a for mer-[V(ddpd)2]2+; Supporting Information, Figure S7 for cis-fac-[V(ddpd)2]2+). 

In fact, the 4T2g levels are nearly degenerate with the next higher set of doublet levels (2T2g, Figure 2a). 

According to the calculations, spin-flip luminescence would be expected around 851 and 872 nm from 

the lowest diabatic doublet level (2Eg) of cis-fac-[V(ddpd)2]2+ and mer-[V(ddpd)2]2+, respectively 

(Supporting Information, Figures S5–S6. This is in the expected range when compared to the MgO:V2+ 

emission (869 nm)[24,25] and the 2G free ion term of vanadium(II) (1.49 eV, 828 nm).[44] However, neither 

complex displays emission after irradiation with 400 or 450 nm at room temperature and at 77 K in 

solution or in the solid state. The photoluminescence quantum yield must therefore be below 10–4%.  

 

Prolonged irradiation with 300 nm light, where the complexes absorb more strongly (Figure 3; strongly 

allowed LC and LLCT transitions), leads to a fluorescence band at 395 nm that increases with irradiation 

time (Supporting Information, Figure S8). Excitation spectra suggest that this band arises from traces of 

the fluorescent (protonated) ligand ddpd (Supporting Information, Figure S9),[38] which is obviously 

photoliberated from the complexes under these conditions. Photoisomerization of the complexes (cis-

fac  mer or mer  cis-fac) is not observed as seen from the unchanged shape of the absorption bands 

of the irradiated cis-fac or mer complex isomers (Supporting Information, Figure S10). 

The absorption spectra of the orange-red complexes in acetonitrile hint at possible reasons for the 

lacking spin-flip emission (Figure 3). Intense absorption bands from approximately 400 – 650 nm 

(max(cis-fac-[V(ddpd)2]2+) = 486 nm; max(mer-[V(ddpd)2]2+) = 490 nm) arise from low-energy 4MLCT 

transitions according to TD-DFT calculations (cis-fac-[V(ddpd)2]2+: 387 – 620 nm; mer-[V(ddpd)2]2+: 362 

– 622 nm; Tables S7–S10, Figures S11–S12). In reasonable agreement, electrochemical data 

(Supporting Information, Figures S13) estimate the HOMO–LUMO gap as 2.0 eV (610 nm) and 2.1 eV 

(591 nm), respectively. With the oxidation assigned to the vanadium(II/III) couple and the reduction to a 

ligand-centered redox process,[38] this fits to the MLCT assignment of the absorption spectral data. 

Chemical oxidation of cis-fac-[V(ddpd)2]2+ and mer-[V(ddpd)2]2+ with Ag[BF4] yields the corresponding 

vanadium(III) complexes.[38,35] Re-reduction with cobaltocene fully or partially recovers the vanadium(II) 

absorption spectra of the cis-fac and mer isomers, respectively (Supporting Information, Figures S14–

S15). 

mer-[V(ddpd)2]3+ formed by oxidation of mer-[V(ddpd)2]2+ with Ag[BF4] shows spin-flip luminescence 

(1E/1T23T1) around 1100 nm in butyronitrile at 78 K as reported previously (Supporting Information, 

Figure S16).[35] Under these conditions, cis-fac-[V(ddpd)2]3+ prepared from oxidation of cis-fac-

[V(ddpd)2]2+ with Ag[BF4] is NIR-II luminescent as well (Supporting Information, Figure S16). cis-fac-

[V(ddpd)2]3+ displays a structured emission band between 1150 and 1250 nm from 1Eg/1T2g states to the 

split 3T1g ground state (Oh notation). Shape and energy of this emission band differs from the emission 

band of mer-[V(ddpd)2]3+, while the shape rather resembles the emission pattern of Cs2NaYCl6:V3+ and 

VCl3(ddpd).[45,46]  
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Figure 3. UV/Vis absorption spectra of a) cis-fac-[V(ddpd)2][BPh4]2 and b) mer-[V(ddpd)2][BPh4]2 in CH3CN and TD-

DFT transitions calculated for the respective dications with the colour code indicating the character of the transition 

according to charge transfer analyses (blue: 4MLCT; orange: 4LC; dark green 4LLCT; black: 4MC; MLCT =metal-to-

ligand charge transfer; LC = ligand-centred; LLCT = ligand-to-ligand charge transfer; MC = metal-centred). The 

insets show photographs of CH3CN solutions of the respective complexes. 

 

 

Figure 4. MCD spectra of 1 mM solutions (butyronitrile/propionitrile 1:1) of cis-fac-[V(ddpd)2][BPh4]2 at 5 K/7 T 

(bottom) and of .mer-[V(ddpd)2][BPh4]2 at 5 K/5 T (middle), as well as the corresponding spectrum for mer-

[V(ddpd)2]2+ obtained from CASSCF (SVP basis) calculations (top). Measurements are shown as black solid lines, 

spectral components as black dashed lines and their sum as red solid lines. 
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Magnetic circular dichroism (MCD) spectroscopy was employed to extract more fine structure of the 

broad absorption band of the vanadium(II) complexes (Supporting Information, Figures S17–S18). The 

MCD spectra were deconvoluted as sums of Gaussian peaks giving six components (cis-fac-

[V(ddpd)2]2+: 27250, 25710, 24380, 19420, 17570, 15520 cm–1; mer-[V(ddpd)2]2+: 27170, 25840, 23280, 

20420, 18210, 15550 cm–1). The three components at lower energies (15520, 17570, 19420 cm–1 and 

15550, 18210, 20420 cm–1 for the cis-fac and the mer isomer, respectively) are assigned to the three 

components of the 4T2g (Oh notation) excited state. The prominent signals at 24380 (cis-fac isomer) and 

at 23280 cm–1 (mer isomer) are assigned to 4MLCT transitions. The MCD spectrum pertaining to the 
4T2g derived states is well reproduced with a CASSCF-NEVPT2 calculation with an active space of 

CAS(7,7) and with a def2-SVP basis set. A red shift of the calculated transitions is observed, when the 

basis set size is increased to def2-TZVP (Supporting Information, Figure S18). With the three 

components of the 4T2g (Oh) state identified, it is possible to use ligand field theory to link the observed 

transitions to the ground state zero-field splitting (ZFS) parameters, which can later be useful for the 

evaluation of further experiments. For this, the components of the Λ tensor have to be calculated. The 

Λ tensor describes the residual orbital angular momentum of the ground state due to coupling of excited 

states and it is linked to the ZFS parameters via 𝐷 =  − 1
2⁄ 𝜆2(2 Λ𝑧𝑧 − Λ𝑥𝑥 − Λyy) and 𝐸 =

 − 1
2⁄ 𝜆2(Λ𝑥𝑥 − Λyy), with the spin orbit coupling (SOC) constant .[47] For the higher symmetric mer-

[V(ddpd)2]2+ the derivation is analogue to mer-[Cr(ddpd)2]3+, since both possess D2 symmetry. This has 

been carried out before.[22] With the 4T2g energies obtained from MCD for mer-[V(ddpd)2]2+  and a SOC 

constant of 168 cm–1,[48] ZFS parameters of D = 1.39 cm–1 and E = 0.34 cm–1 are found. cis-fac-

[V(ddpd)2]2+ features with C2 a lower symmetry than mer-[V(ddpd)2]2+, hence the derivation of the Λ 

tensor has to be carried out in this point group (see Supporting Information). The ZFS parameters 

obtained for cis-fac-[V(ddpd)2]2+ this way are D = 0.38 cm–1 and E = 0.10 cm–1. 

The strongly allowed low-energy component at ca. 644 nm (Figure 3) is assigned to the transition to the 

lowest energy 4MLCT state at the ground state geometry (Figure 2a for mer-[V(ddpd)2]2+; Supporting 

Information, Figure S7a for cis-fac-[V(ddpd)2]2+). The lowest (diabatic) 2MLCT states might be at similar 

energies to the corresponding 4MLCT states. These energies are relatively close to the calculated 

energies of the diabatic spin-flip states (Figure 2a). Consequently, mixing of the diabatic spin-flip and 
2MLCT states is possible (Figures 2a, 2e).[32] Although the absorption maxima of cis-fac-[V(ddpd)2]2+ 

and mer-[V(ddpd)2]2+ are shifted to the blue as compared to [V(bpy)3]2+ and [V(phen)3]2+ ( max = 650 nm) 

due to the electron-rich ddpd ligand,[26-32] this seems not yet sufficient to fully prevent mixing of 2Eg/2T1g 

and 2MLCT states. Indeed, DFT calculations of the geometry optimized lowest doublet states of cis-fac-

[V(ddpd)2]2+ and mer-[V(ddpd)2]2+ confirm an admixture of charge transfer character in this optimized 

lowest doublet excited state (Figure 2f for mer-[V(ddpd)2]2+; Supporting Information, Figure S7f for cis-

fac-[V(ddpd)2]2+; Tables S11–S12): The Mulliken spin density at vanadium exceeds one (cis-fac-

[V(ddpd)2]2+: 1.25 mer-[V(ddpd)2]2+: 1.11), the spin distribution differs from that of the hypothetical pure 
2Eg spin-flip state obtained from the CASSCF-NEVPT2 calculations (Fig. 2e) and  spin density is found 

at the terminal pyridine rings of the ddpd ligands. In addition, the V–N bonds contract in the doublet 

states as expected for an MLCT admixture (cis-fac-[V(ddpd)2]2+: dav = 0.016 Å; mer-[V(ddpd)2]2+: dav 

= 0.019 Å), while a pure spin-flip state should be nested. Although the MLCT character of the lowest 

energy doublet states of [V(ddpd)2]2+ appears much less distinct than in [V(bpy)3]2+ and [V(phen)3]2+ [32] 

due to the higher energies of the * orbitals of the pyridines of ddpd and thus the higher energies of the 

diabatic 2MLCT states, the geometric distortion in the true adiabatic doublet state seems to be sufficient 

to facilitate non-radiative decay. Clearly, the -accepting nature of the ligands needs to be further 

decreased to enable spin-flip luminescence in vanadium(II) complexes. 

The potential suitability of a complex as molecular qubit is determined by its electronic structure as well 

as its spin dynamics. Concerning the former, the microstates of an S = 3/2 ion are split into two Kramers 

doublets in the absence of a magnetic field, which correspond to mS = ±3/2 and ±1/2 respectively in the 

absence of rhombic zero-field splitting (E = 0 in eq. 1). To be able to use the inter-Kramers-doublet 

transitions for quantum operations, the energy gap should not be larger than the microwave frequency 

of the spectrometer employed, putting an upper limit on the value of D. The sign of D is less important. 

Secondly, in case the intradoublet transition of the mS = ±3/2 doublet is to be used, this transition is 
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formally EPR-forbidden. The presence of a small rhombic ZFS partially allows this transition and this 

may therefore be favorable.  

As a starting point for the investigation of the electronic structure of the complexes, we carried out 

magnetic susceptibility measurements. Both vanadium(II) complexes possess nearly temperature-

independent T values of 1.857 cm3 K mol–1 and 1.863 cm3 K mol–1 for cis-fac and mer-[V(ddpd)2]2+, 

respectively. Both values are consistent with three unpaired electrons with a g value slightly smaller than 

2 (for g = 2, this is 1.875 cm3 K mol–1) (Figure 2b; Supporting Information, Figures S19–S22). From 8 K 

downwards, T decreases slightly which we attribute to a small ZFS, where a fit yielded a D value (eq. 

1) of D = 0.4 cm–1 for cis-fac-[V(ddpd)2]2+. For mer-[V(ddpd)2]2+ such a decrease is not observed, 

indicating an even smaller ZFS than in the cis-fac case. To obtain deeper insight into the ZFS spin 

Hamiltonian parameters D and E (eq. 1), high-field electron paramagnetic resonance (HFEPR) 

spectroscopy at frequencies of up to 375 GHz was carried out for both isomers (Figure 5 for mer-

[V(ddpd)2]2+; Supporting Information, Figure S23 for cis-fac-[V(ddpd)2]2+).  

 

H = 𝜇𝐵𝐒̂ ⋅ 𝐠 ⋅ 𝐁 + 𝐷𝑆𝑧
2 + 𝐸(𝑆𝑥

2 − 𝑆𝑦
2) (1) 

 

 

Figure 5. Measured HFEPR spectra of cis-fac-[V(ddpd)2][BPh4]2 and mer-[V(ddpd)2][BPh4]2 at 5 K at the 

frequencies as indicated (black) together with simulations based on the spin Hamiltonian parameters given in the 

text (red).  

The HFEPR spectra consist of three resonance lines, where the central one is assigned to the ms = –½ 

to ms = +½ transition (high-field limit notation). The spectra were simulated using the spin Hamiltonian 

from eq. 1 with D = +0.47(2) cm–1, E = 0.09(1) cm–1 (E/D = 0.19), g1 = 1.99(1), g2 = 1.99(1) and g3 = 

2.00(1) for cis-fac-[V(ddpd)2]2+ and D = +0.20(5) cm–1, E = 0.02(1) cm–1 (E/D = 0.08), g1 = 1.986(1), g2 

= 1.993(2) and g3 = 1.996(2) for mer-[V(ddpd)2]2+, respectively. The D value of the meridional isomer is 

nearly identical to that found for mer-[Cr(ddpd)2]3+.[22] The zero-field energy gap  between the two 

Kramers doublets given by Δ = √𝐷2 + 3𝐸2 is  = 0.50 cm–1 and 0.20 cm–1 for the cis-fac and mer 

isomers, respectively (Figure 2a), for mer-[V(ddpd)2]2+, this is roughly half of that of mer-[Cr(ddpd)2]3+ (  

= 0.41 cm–1).[22] 

In order to determine the sign of D, temperature dependent HFEPR spectra were carried out in the 

range from 5 K to 20 K. For both isomers, the temperature dependent HFEPR spectra can be well 

simulated with the parameters obtained from the frequency dependence, in particular with a positive 

sign of the D value. In contrast to this, simulations with a negative sign of D show a completely different 

temperature behavior from the one found experimentally (Supporting Information, Figures S24 and S26). 

Since 51V (natural abundance 99.15 %) possesses a nuclear spin of I = 7/2, hyperfine splitting of the 

resonance lines can be expected in the spectra. No such splitting was observed in the HFEPR 

spectra,[49] which we attribute to the line width exceeding the hyperfine splitting strength. To probe 

possible hyperfine interactions, EPR experiments were carried out at X-band frequency (9.45 GHz) in 

frozen solution (butyronitrile/propionitrile 1:1) at 7 K. In the case of mer-[V(ddpd)2]2+, hyperfine shoulders 
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are found on a broad resonance line centered at 340 mT (Supporting Information, Figure S27). These 

shoulders are separated by 7 mT, which is equivalent to a hyperfine splitting A of 6.510–3 cm–1. For cis-

fac-[V(ddpd)2]2+, no such shoulders are observed, but signals are broadened due to hyperfine 

interactions (Supporting Information, Figure S27). Both spectra can be well simulated with A = 

6.5(6)10–3 cm–1, assuming giso = 1.94(1) and ZFS parameters of D = 0.30(2) cm–1 and E/D = 0.3 in the 

cis-fac case and giso = 1.989(5), D = 0.12(2) cm–1 and E/D = 0.08 in the mer case, which is in good 

agreement with the values found by HFEPR spectroscopy. For these simulations, the Hamiltonian in 

eqn. (1) was expanded by the conventional hyperfine interaction term 𝐒̂𝑨𝐈̂. 

While CASSCF(12,7) (TZVPP basis) calculations predict small negative values for D irrespective of the 

NEVPT2 correction, a CASSCF(7,7) (SVP basis) calculation on mer-[V(ddpd)2]2+ delivers a small 

positive D value in agreement with the experimentally determined data (see Supporting Information for 

details). Hence, the sign of the D values of vanadium(II) complexes appears difficult to predict on this 

level of theory, while the signs of the ZFS parameters of the isoelectronic chromium(III) complex 

[Cr(ddpd)2]3+ lacking low-energy charge transfer states were correctly predicted by CASSCF 

calculations.[22]  

To assess their suitability as molecular qubits, we investigated the spin dynamics of the complexes by 

means of pulsed Q-band EPR spectroscopy and AC susceptometry. In this regard, the electron 

coherence time is of particular interest, since it is a benchmark criterion for molecular quantum bit (qubit) 

candidates. While the majority of vanadium-based qubits feature the metal ion in its more stable 

oxidation state VIV, with a spin S = 1/2 ground state, the [V(ddpd)2]2+ complexes presented here possess 

a ground state of S = 3/2. Such high spin qubits provide further states that can be used as additional 

qubits. The nuclear spin of 51V of I = 7/2 leads to additional hyperfine states rendering an even higher 

number of encoded qubits in one molecule conceivable. 

 

Figure 6. a) Temperature dependent electron spin echo detected (ESE) spectrum of cis-fac-[V(ddpd)2][BPh4]2 at 

35 GHz (3 mM in propionitrile/butyronitrile), b) Corresponding simulation at 5 K, based on the parameters given in 

the text. c) ESE spectrum of mer-[V(ddpd)2][BPh4]2 (3 mM in propionitrile/butyronitrile) at the temperatures indicated. 

d) Corresponding simulation at 5 K based on the parameters given in the text. 

Pulsed Q-band EPR spectra were recorded of both isomers in a 3 mM frozen solutions of 

butyronitrile/propionitrile 1:1at 35 GHz in a temperature range from 5 K up to 30 K. Echo detected 

spectra of both species feature a prominent central signal at around g = 2, that displays distinct hyperfine 

peaks due to coupling of the S = 3
2⁄  electron spin to the I = 7

2⁄  VII center. This signal is due to the 

transition in the mS = ±1/2 ground state Kramers doublet. The central line is accompanied by broad 

signals, which is due to the zero field split transition from the lower lying mS = ±1/2 manifold to the higher 

lying mS = ±3/2 states. In the case of cis-fac-[V(ddpd)2]2+ this broad signal is more distinct due to its higher 

D value. In both cases, the ZFS signals are broadened by a large D-strain. Simulations are in good 

agreement with the measured spectra, when smaller D values than those found by means of static 
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spectroscopy are assumed (D = 0.11(3) cm–1 and A = 6.010–3 cm–1 for the cis-fac and D = 0.10(3) cm–

1 and A = 6.410–3 cm–1 for the mer isomer). The phase memory time Tm was determined by means of 

the Hahn-Echo sequence for both isomers in the same temperature range as the echo detected spectra. 

The echo decay curves show a modulation in all cases. These oscillations are due to a change of the 

nuclear spin while the electron spin echo experiment is recorded and are known as electron spin echo 

envelop modulation (ESEEM). The frequency of this ESEEM can be extracted when the subtraction of 

the experiment and the exponential decay, that is used to describe the decay of the echo intensity (eqn. 

2), is Fourier transformed.  

 

𝐼(𝜏) = 𝐼(0)exp(−𝜏/𝑇M)𝑘   (2) 

 

From the Fourier transform, three main frequencies can be extracted for both isomers at 2.1, 5.3 and 

10 MHz (Supporting Information, Figures S32 and S33). The frequency pattern is quite similar to that 

found previously for mer-[Cr(ddpd)2]3+. In the CrIII case, the ESEEM was attributed to double quantum 

transitions of the neighboring 14N nuclei.  

To probe the coherence times of the various magnetic states that are spectroscopically accessible, 

Hahn echo decays were recorded for both isomers at the highest intensity of the spectrum, in both cases 

at around g = 2 (1266 mT and 1275 mT for the cis-fac and mer isomer, respectively), and in the flanks 

of the spectrum (1175 mT and 1100 mT, respectively). The decays were fitted by means of equation (2) 

and revealed phase memory times for both isomers of 1 μs at 5 K at the position of the central spectral 

signal at 1266 and 1275 mT, respectively. When the coherence times are measured in the flanks of the 

spectra (1172 mT and 1100 mT), a much faster relaxation of 0.79 µs and 0.41 µs (cis-fac and mer 

isomer, respectively) is observed (Supporting Information, Figures S29 and S31). This is due to the fact, 

that at that magnetic field, transitions involving the mS = ±3/2 Kramers doublet are excited. 

With increasing temperatures up to 12 K, the phase memory times remain essentially constant in both 

cases, but start to drop at higher temperatures down to 0.4 µs at 30 K for cis-fac-[V(ddpd)2][BPh4]2 and 

down to 0.6 µs in the case of mer-[V(ddpd)2][BPh4]2. While the phase memory times are almost 

equivalent for both isomers, the stretch factor k behaves completely different in both cases. The stretch 

factor provides unique information about the main relaxation process. While for 1<k<1.5 the physical 

motion of the nuclei is predominant, it is for 2<k<2.5, that nuclear spin diffusion is the dominating 

process.[22] Up to 7 K, the stretch factors of the cis-fac and the mer isomer are almost the same at 

1.80±5, hinting towards a mixed relaxation process. However, the temperature dependence of the 

stretch factors of both isomers is completely different. While for cis-fac-[V(ddpd)2]2+ the stretch factor 

increases to 2.27 with increasing temperatures, it decreases in the case of mer-[V(ddpd)2]2+ down to 

1.12 at 20 K. A decrease of stretch factors with growing temperatures was found before in the case of 

mer-[Cr(ddpd)2]3+, indicating a limitation of the coherence time by the physical motion of nuclei with 

increasing temperatures for the mer isomers of [M(ddpd)2]n+ complexes. The increase of k with growing 

temperatures for cis-fac-[V(ddpd)2]2+ hints towards nuclear spin diffusion limitation of coherence times. 

A possible explanation for this can be the more rigid ligand system of the cis-fac orientation of the two 

ddpd ligands, leading to a reduction in the physical motion of the surrounding nuclei quenching this 

relaxation pathway  

The spin lattice relaxation time, which is the upper limit for the phase coherence time, was determined 

by means of the inversion-recovery sequence at the same temperatures as the phase coherence time. 

It was found to be at around 300 µs at 5 K for both isomers. Upon heating, it is decreasing to around 

40 µs at 12 K. Interestingly with even higher temperature, the spin–lattice relaxation time stays largely 

constant up to 30 K.  

To investigate the magnetization dynamics of both samples even further and also in a non diluted matrix, 

AC susceptometry was carried out on pressed pellets of both isomers. While cis-fac-[V(ddpd)2][BPh4]2 

does not show any slow relaxation of the magnetization in zero field or with an applied external field, 

mer-[V(ddpd)2][BPh4]2 features an out-of-phase signal below 15 K and at an applied external magnetic 

field of 400 mT. The relaxation times found by means of AC susceptometry are slightly shorter than 

those found by pulsed EPR spectroscopy. This is due to the fact, that in the EPR measurements, frozen 
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solution samples are used, while for AC susceptometry, a pressed powder pellet is used, leading to 

different relaxation times.  

 

Figure 7. Bottom: T1 (blue filled symbols) and TM (non-colored symbols) of cis-fac-[V(ddpd)2][BPh4]2 (squares) and 

mer-[V(ddpd)2][BPh4]2 (circles), measured at 1266 mT and 1275 mT, respectively. As black circles relaxation times, 

obtained by AC susceptometry for mer-[V(ddpd)2][BPh4]2. Top: Stretch factors of the corresponding fits of the echo-

decay curves based on eqn. 2. 

mer-[V(ddpd)2]2+ appears to be the first vanadium(II) complex showing slow magnetization.[50,51] With 

the d3 electron configuration in an octahedral field, the electronic situation of vanadium(II) is analogous 

to that of a high-spin d7 cobalt(II) ion in a tetrahedral field which has been shown to enable large ZFS 

and relaxation energy barriers.[52]  

 

Figure 8. In-phase (a) and out-of-phase (b) component of the AC susceptibility of mer-[V(ddpd)2][BPh4]2 from 1.8 K 

to 10 K at an applied external magnetic field of 400 mT. Measured values are shown as open circles, while 

simultaneous fits of the in-phase and out-of-phase component to the standard modified Debye function are shown 

as solid lines. 

Conclusions 

Two novel vanadium(II) complexes with the electron-rich tridentate polypyridine ligand N,N’-dimethyl-

N,N’-dipyridine-2-yl-pyridine-2,6-diamine (ddpd) differing only in the ligand coordination mode (cis-facial 
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vs. meridional) were isolated as the kinetic and thermodynamic products, respectively. These isomers 

cis-fac-[V(ddpd)2][BPh4]2 and mer-[V(ddpd)2][BPh4]2 are stable with respect to isomerization at room 

temperature and under light irradiation in solution, while prolonged irradiation with UV-B light leads to 

ligand dissociation. No ruby-like spin-flip luminescence is detected for either complex. However, one-

electron oxidation delivers the corresponding NIR-II luminescent vanadium(III) complexes. The lacking 

spin-flip luminescence of the vanadium(II) complexes arises from mixing of the spin-flip states with low-

energy 2MLCT states leading to distortion and efficient non-radiative decay of the excited states. Clearly, 

even the electron-rich ddpd ligand possesses * orbitals with too low energy providing the low-energy 

MLCT states. Future ligand design aims to eliminate the low-energy MLCT states, while providing a 

strong enough ligand field for vanadium(II).  

Zero-field splitting splits the 4A2g ground states of the d3 vanadium(II) ion into two Kramers doublets with 

energy gaps of ca. 0.5 and 0.2 cm–1 for the cis-fac and mer isomer, respectively, enabling pulsed EPR 

measurements. While cis-fac-[V(ddpd)2][BPh4]2 does not show slow magnetic relaxation at an applied 

field below 15 K, mer-[V(ddpd)2][BPh4]2 features an out-of-phase signal. This isomer possesses a spin-

lattice relaxation time T1 = 308 µs and a phase memory time TM = 1.1 µs at 5 K according to pulsed EPR 

measurements, recommending vanadium(II) complexes as potential molecular quantum bits.  

Consequently, the present study lays the foundations for developing vanadium(II) complexes with tuned 

spin-flip excited states lacking MLCT admixture and tuned magnetic relaxation as candidates for 

optically addressable molecular qubits. 

Experimental Section 

Details of the syntheses, spectroscopic, computational and simulation data are collected in the 

supporting information. Deposition Number(s) <url 

href="https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202202898"> 2177572 

(for mer-[V(ddpd)2][BPh4]2), 2177573 (for cis-fac-[V(ddpd)2][PF6]2)</url> 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 Karlsruhe <url href=" 

http://www.ccdc.cam.ac.uk/structures ">Access Structures service</url>. 
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3.4. Structure and Electronic Properties of an Expanded 
Terpyridine Complex of Nickel(II) [Ni(ddpd)2](BF4)2 

 

Matthias Dorn, Katharina Mack, Luca M. Carrella, Eva Rentschler, Christoph Förster and Katja 

Heinze 

Z. Anorg. Allg. Chem. 2018, 644, 706–712 

 

 Herein, the electrochemical, magnetic and 

optical properties as well as the solid state 

structure of the new nickel(II) complex 

[Ni(ddpd)2]2+ (ddpd = N,N’-dimethyl-N,N’-

dipyridin-2-ylpyridine-2,6-diamine) are 

described. The lowest spin-flip state 1E is 

energetically close to the first ligand-field excited 

state 3T2 which precludes phosphorescence from 

the 1E state. Due to an intensity borrowing 

mechanism, the spin-forbidden 3A→1E transition 

is observable in the absorption spectra of the title 

complex. 

Author Contributions 

Matthias Dorn prepared and characterized the title compound via absorption and emission 

spectroscopy, IR spectroscopy and cyclic voltammetry. Crystals suited for X-RAY 

diffractometry were grown by Katharina Mack. Dr. Luca M. Carrella (group of Prof. Dr. E. 

Rentschler) performed magnetic susceptibility measurements. Dr. Christoph Förster solved 

the crystal structure of the title compound and performed all quantum-chemical calculations. 

The manuscript was written by Dr. Christoph Förster (70%), Prof. Dr. Katja Heinze (20%) and 

Matthias Dorn (10%). 

 

Supporting information 

can be found at pp. 219. 

The full supporting information can be obtained here. 
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4. Summary and Outlook 

The photophysical properties of vanadium(II) and vanadium(III) complexes are of considerable 

interest as potential substitutes for the costlier precious metal NIR emitters such as 

ruthenium(II), europium(III) and terbium(III) and could well complement the existing 

chromium(III) spin-flip systems. The exploration of their optical properties and excited state 

dynamics and, ultimately, the synthesis of vanadium complexes capable of room-temperature 

NIR emission were the main objectives of this work. In doing so, the results of this thesis should 

aid future ligand design and enable the preparation of more efficient molecular vanadium 

phosphors. 

In this work, the successful preparation of two vanadium(III) room-temperature NIR-emitters 

is reported. This marks a significant improvement over earlier vanadium spin-flip 

luminophores since room temperature phosphorescence had not been achieved prior to this 

doctorate. The complexes described herein benefit from the favorable bite angles and -

donor capabilities of the ddpd ligand (ddpd = N,N’-dimethyl-N,N’-dipyridin-2-ylpyridine-2,6-

diamine) which leads to a favorable excited state ordering. Both the heteroleptic VCl3(ddpd) 

and the homoleptic mer-[V(ddpd)2][PF6]3 exhibit NIR luminescence from spin-flip states at 

77 K. The NIR emission of VCl3(ddpd) and [V(ddpd)2]3+ persists even at room temperature and 

their luminescence properties and ground state splitting have been examined in detail. 

In solid VCl3(ddpd), three NIR luminescence bands located at 9074, 8203 and 7962 cm–1 are 

observable upon irradiation at 350 nm. A room-temperature lifetime of 0.5 s was found 

which fits a spin-forbidden transition. The phosphorescence pattern mirrors the triplet ground 

state splitting, which is corroborated by Raman spectra of solid VCl3(ddpd) and quantum-

chemical CAS-SCF calculations. However, irradiation at 350 nm in acetonitrile solution also 

leads to photolysis as evidenced by changes in the absorption spectrum and the emergence 

of a fluorescence band at 400 nm. On the grounds of cyclic voltammetry, TD-DFT calculations 

and earlier reports on M-Cl bond homolysis, a homolytic cleavage of the V-Cl bond was 

proposed. Irradiation at 400 nm and below leaves the complex intact and enables TA 

spectroscopic characterization. Excitation into the broad CT band at 400 nm yields excited 

state absorption at 400-470 nm. A long-lived component of the ESA was assigned to the 1E/1T2 

states. Thermally activated non-radiative decay is operational in VCl3(ddpd) since both 

luminescence intensity and lifetime increase upon cooling. An extension of the NIR 

luminescence lifetime from 0.5 s to 3.3 s in the solid state was observed upon ligand 

deuteration and attributed to reduced energy transfer to C-H oscillators. The finding is 

supported by spectral overlap integral analysis between luminescence bands and C–H/D 

overtones. Excited state lifetimes determined by step-scan FTIR spectroscopy are similar for 

both deuterated and parent complex which is due to one of two energetically close emissive 

states being IR-silent.  

[V(ddpd)2][PF6]3 features a high ligand field splitting of O ≈ 36.6 and exhibits NIR 

phosphorescence from singlet states at 10183 cm–1 and 9191/9017 cm–1, in agreement with 

CAS-SCF calculations. A biexponential luminescence lifetime of 790 ns (93%) and 8800 ns (7%) 
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and a luminescence quantum yield of  = 1.8 × 10–4 % were determined. Additionally, 

fluorescence at 26737, 22371 and 15151 cm–1 competes with the phosphorescence at 77 K. 

At ambient temperature, only the high energy fluorescence band is observable with a 

quantum yield of  = 2.1 %. It is assigned to 3LMCT or ligand field transitions based on TD-DFT 

and CAS-SCF calculations. While TA measurements at 400 nm excitation wavelength likewise 

indicate that a small fraction of the initially excited molecules evolves into a long lived state, 

measurements at lower excitation wavelength show only ground state recovery within 

picoseconds. Multiphonon relaxation, however, does not play a significant role in this case as 

the phosphorescence lifetime and intensity of the perdeuterated complex [V(D17-

ddpd)2][PF6]3 remain virtually unchanged with respect to the parent complex. In summary, ISC 

from triplet states into the singlet manifold in this complex is generally slow compared to non-

radiative decay pathways other than multiphonon relaxation, despite the complexes large 

ligand field splitting. At excitation energies of 400 nm and above, a small fraction of the 

excitation state population undergoes ISC into the singlet states and yields spin-flip 

phosphorescence. 

cis-fac- and mer-[V(ddpd)2][BPh4]2 could be selectively synthesized. The isomers do not 

interconvert spontaneously and no photoisomerization occurs under UV irradiation at 300 nm 

excitation wavelength. However, they are not entirely photostable as fluorescence of the 

protonated ligand could be detected under these conditions which grows more intense with 

prolonged irradiation. According to CAS-SCF-calculations, the lowest spin-flip states 
2E/2T1 in 

both diastereomers are located more than 5000 cm–1 below the lowest ligand-field excited 

state 4T2. Yet, no luminescence occurs in the title complexes even at 77 K in the solid state as 

low-energy 2LMCT states are available that mix with 2MC states and provide an efficient non-

radiative decay pathway. Oxidation of the complexes enables spin-flip luminescence at 77 k in 

a butyronitrile glass from the vanadium(III) centres of both cis-fac- and mer-

[V(ddpd)2][BPh4]2[BF4].  Both isomers possess a spin-lattice relaxation time of 300 s and a 

phase memory time of 1 s at 5 K, which suggests vanadium(II) complexes could be used for 

the development of molecular quantum bits. In addition, the mer isomer displays an out-of-

phase signal below 15 K at an applied external field of 4000 Oe in AC susceptometry 

measurements. 

Apart from d2 and d3 vanadium complexes, the d8-nickel(II) complex [Ni(ddpd)2][BF4]2 was 

investigated for SF emission. Its N–Ni–N angles spanned by a single ddpd ligand are 

significantly larger than those in the analog tpy complex and hence, the title complexes LF 

splitting is larger by 350 cm–1. Spin-allowed ligand field transitions to the 3T1 and 3T2 are visible 

in the absorption spectrum of the complex at 521 nm and at 787 nm, respectively. A high-

energy shoulder of the 3A2→3T2 is assigned to the spin-forbidden 3A2→1E transition. It is 

observable due to an interconfigurational interaction with the energetically close lying 3T2 

state enabled by SOC effects. As the energetic separation of the 3T2 and 1E state is small (E ≈ 

1400 cm–1), non-radiative decay dominates and no luminescence is observed. 

In summary, the employment of the electron-rich strong field ligand resulted in the successful 

preparation of a series of vanadium(II) and vanadium(III) complexes as well as a nickel(II) 

complex. The vanadium(III) complexes feature NIR-luminescence which persists even at 

ambient temperature. Using a variety of spectroscopic methods and quantum-chemical 
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calculations, a reasoning could be given for the efficient non-radiative relaxation in the 

vanadium(II) and nickel(II) systems. The detrimental impact of low-energy LMCT charge 

transfer states in vanadium(II) complexes could be solved through implementation of ligands 

with higher energy  orbitals. Preliminary screening of potential complexes by means of DFT 

calculations can help streamline the process. Improving on the vanadium(III) complexes is, 

however, less straightforward as the means to selectively tune ISC rates are not as 

straightforward. In general, the higher ligand field splitting of carbene ligands might prove 

useful as more crossing points to the singlet manifold become available with a higher ligand 

field splitting. Following the same line of argument, carbenes could aid with the 

disentanglement of inter- and intraconfigurational metal-centred excited states in nickel(II) 

complexes in the future.  
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6. Appendix 

6.1. Supporting Information to Chapter 3.1. („A Vanadium(III) 
Complex with Blue and NIR-II Spin-Flip Luminescence in 
Solution“) 
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6.2. Supporting Information to Chapter 3.2. (“Ultrafast and long-
time excited state kinetics of an NIR-emissive vanadium(III) 
complex I: Synthesis, spectroscopy and static quantum 
chemistry”) 
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6.3. Supporting Information to Chapter 3.3. (“Towards luminescent 
vanadium(II) complexes with slow magnetic relaxation“) 
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General Procedures. Glassware used for storage of dry solvents and in the synthesis of vanadium(II) 

precursors and title complexes was treated according to standard Schlenk procedures prior to use. 

Syntheses involving vanadium complexes were generally carried out in dry solvents. Diethyl ether 

and acetonitrile were distilled under an argon atmosphere over sodium and calcium hydride, 

respectively. Sodium tetraphenylborate (99.5 %; abcr) was dried under reduced pressure at 180°C 

for 18 h prior to use. Vanadium(III) chloride (anhydrous, 95 %; abcr) for the preparation of 

hexa(acetonitrile)vanadium(II) tetraphenylborate[1] was used as received. The ligand ddpd[2] and 

hexa(acetonitrile)vanadium(II) tetraphenylborate[1] were prepared according to reported 

procedures. NMR spectroscopic and mass spectrometric data matched the literature values. A 

glovebox (UniLab/MBraun, Ar 4.8, O2 < 1 ppm, H2O < 0.1 ppm) was used for storage and weighing of 

sensitive compounds and degassed solvents. 

IR spectra were recorded with a Bruker Alpha II FT-IR spectrometer with a Platinum Di-ATR module 

inside an Ar filled glove box. 

ESI+ mass spectra were recorded on a Micromass Q-TOF-Ultima spectrometer by the central 

analytical facility of the Department of Chemistry of the University of Mainz. 

Electrochemical experiments were carried out on a BioLogic SP-200 voltammetric analyzer using 

platinum wires as counter and working electrodes and a 0.01 M Ag/Ag[NO3] electrode as reference 

electrode. Cyclic voltammetry measurements were carried out at scan rates of 50–200 mV s–1 using 

0.1 M [nBu4N][PF6] in CH3CN as supporting electrolyte. Potentials are referenced against the 

ferrocene/ferrocenium couple.  

UV/Vis/NIR spectra were recorded on a JASCO V-770 spectrophotometer using 1.0 cm inert gas cells. 

Luminescence experiments were carried out on an Edinburgh FLS 1000 photoluminescence 

spectrometer. Photomultiplier detectors PMT-980 and N-G09 PMT-1700 were used for luminescence 

measurements in the visible and NIR spectral region. A xenon arc lamp Xe2 (450 W) was used for 

excitation in steady-state measurements. Measurements at low temperature were conducted using 

a liquid nitrogen cooled cryostat Optistat DN 0.8 from Edinburgh Instruments. For luminescence 

measurements in deoxygenated solvents, the respective solvent was degassed by freezing it with 

liquid nitrogen, evacuating the vessel for 30 minutes and warming to room temperature. The 

procedure was repeated until no more gas evolution occurred upon thawing, but at least three times. 

High-frequency electron paramagnetic resonance (HFEPR) spectra were recorded on pressed 

powder pellets by means of a home-built spectrometer that has been described in the literature.[3] 

Simulations were carried out by using the Easyspin tool.[4]  

Magnetic circular dichroism (MCD) spectra were recorded on frozen solution samples by means of 

a home-built spectrometer based on an Aviv 41CD spectrometer and an Oxford Instruments 10T 

Spectromag optical cryomagnet.[5]  

Pulsed Q-band EPR measurements were performed on a home-built spectrometer that has been 

described in the literature.[6,7] Samples were freeze-pump-thaw degassed three times prior to 

measurement. The echo-detected spectra, as well as TM decay curves were recorded by a Hahn echo 

sequence /2–– – –echo with constant  = fix for the former and variable  for the latter. The 

spin-lattice relaxation time T1 was determined by means of the inversion recovery sequence –T–

/2– fix– – fix–echo. Simulations were carried out by using the Easyspin tool.[4] 

DC and AC magnetic studies were carried out on a Quantum Design MPMS3 SQUID magnetometer. 

Measurements were carried out at a constant magnetic field of 1000 Oe in a temperature range from 
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1.8 K to 50 K and at 10 000 Oe in a temperature range from 40 K to 300 K. The measured data in the 

intersection of the temperature ranges served to compensate for possible ferromagnetic impurities. 

Samples were pressed into a pellet with a diameter of 5 mm and fixed in a plastic tube. Data were 

corrected for the diamagnetic contribution to the susceptibility by means of Pascal’s constants. All 

sample handling was done under a nitrogen atmosphere due to the air sensitivity of the samples.  

Elemental analyses were carried out by the Mikroanalytisches Labor Kolbe, Oberhausen, Germany. 

Crystal structure determination. Intensity data were collected with a STOE IPDS-2T diffractometer 

and an Oxford cooling system and corrected for absorption and other effects using Mo-K radiation 

( = 0.71073 Å). The diffraction frames were integrated using the STOE X-Area software package[8], 

and most were corrected for absorption with MULABS[9] of the PLATON package[10]. The structure 

was solved by direct methods and refined by the full-matrix method based on F2 using the SHELXTL 

software package.[11,12] All non-hydrogen atoms were refined anisotropically, while the positions of 

all hydrogen atoms were generated with appropriate geometric constraints and allowed to ride on 

their respective parent carbon atoms with fixed isotropic thermal parameters. CCDC 2177572 (mer-

[V(ddpd)2][BPh4]2) and 2177573 (cis-fac-[V(ddpd)2][PF6]2) contain the supplementary crystallographic 

data for this paper. These data are provided free of charge by The Cambridge Crystallographic Data 

Centre. 
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Computational Details 

Static unrestricted Kohn-Sham orbitals DFT (UKS): All calculations were performed with the 

quantum computing suite ORCA 5.0.1.[13] Unrestricted Kohn-Sham orbitals DFT (UKS) and the B3LYP 

functional[14] in combination with Ahlrichs’ split-valence triple- basis set def2-TZVPP for all atoms 

were employed in the geometry optimizations (Tables S3, S4, S11, S12).[15] Tight convergence criteria 

were chosen for geometry and frequency calculations (keywords tightscf and tightopt). All DFT-UKS 

calculations make use of the resolution of identity (Split-RI-J) approach for the Coulomb term in 

combination with the chain-of-spheres approximation for the exchange term (COSX).[16] The zero 

order relativistic approximation was used to describe relativistic effects in all calculations (keyword 

ZORA).[17,18] Grimme’s empirical dispersion correction D3(BJ) was employed (keyword D3BJ).[19,20] A 

conductor-like screening model (keyword CPCM) modeling acetonitrile was used in all calculations to 

incorporate solvent effects.[21] Explicit solvent molecules and/or counter ions were neglected. TD-

DFT calculations were conducted at the same level of theory using unrestricted Kohn-Sham orbitals 

(UKS). Seventy vertical spin-allowed transitions were calculated. The charge transfer number 

analyses of the time-dependent DFT (TD-DFT) calculated transitions were done using TheoDORE 

2.2.[22,23] 

CASSCF(12,7)-SC-NEVPT2: Calculations of ground- and excited-state properties of pure metal-

centered (MC) states were performed using the complete-active-space self-consistent field method 

including spin−orbit coupling (SOC-CASSCF)[24,25] in conjunction with the strongly contracted N-

electron valence perturbation theory to second order (SC-NEVPT2)[26,27] to recover missing dynamic 

electron correlation. SOC was treated through the mean-field (SOMF) approximation[28,29] and the 

effective Hamiltonian approach[30-32] was used to compute the spin-Hamiltonian parameters. An 

active space of (7,12) along with 10 quartet roots and 10 doublet roots was chosen (Tables S5 and 

S6). In addition to the minimal active space of (3,5), two occupied V–N  bonding orbitals and a 

second d shell were included. 

MCD Spectrum: The MCD spectrum of mer-[V(ddpd)2][BPh4]2 was modelled using CASSCF methods 

with NEVPT2. As an active space a CAS(7,7) was chosen, after identifying orbitals with significant d 

orbital character. 10 quartet and 9 doublet roots were calculated. The best overlap with the 

experiment was obtained with the smallest basis set (def2-SVP). Additional larger basis sets (def2-

TZVP and def2-TZVPP) resulted in a red shift of the calculated spectra. 

ZFS splitting: From the CASSCF(12,7) (TZVPP basis) calculation of cis-fac-[V(ddpd)2]2+, the second-

order spin-orbit coupling contribution and the effective Hamiltonian spin-orbital coupling as 

implemented in ORCA 5.0.1 yield D = –0.31 cm–1, E = 0.10 cm–1 and D = –0.32 cm–1, E = –0.10 cm–1, 

respectively. These values change negligibly to D = –0.32 cm–1, E = 0.10 cm–1 and D = –0.33 cm–1, E = 

0.11 cm–1, respectively, after the NEVPT2 treatment. The corresponding calculated values for mer-

[V(ddpd)2]2+ are D = –0.28 cm–1, E = –0.04 cm–1, D = –0.27 cm–1, E = –0.04 cm–1 and D = –0.27 cm–1, E 

= –0.04 cm–1, D = –0.29 cm–1, E = –0.05 cm–1 after NEVPT2. Irrespective of the method employed and 

inclusion of the NEVPT2 treatment, the sign of D differs from the experimental values. This 

discrepancy might be a signature of the missing  accepting ligand orbitals and hence missing charge 

transfer contributions in the CASSCF calculations of the vanadium(II) complexes.  

With a smaller basis set (def2-SVP) and a smaller active space CAS(7,7), as used for the MCD spectrum 

of mer-[V(ddpd)2][BPh4]2, a positive value D = 0.076 cm–1 is obtained.  
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Experimental details 

Synthesis of cis-fac-[V(ddpd)2][BPh4]2: [V(NCCH3)6][BPh4]2 (170 mg, 0.17 mmol, 1.0 eq) was 

suspended in acetonitrile (15 mL) under an argon atmosphere under vigorous stirring to yield a 

turquoise suspension. A pale yellow solution of ddpd (101.4 mg, 0.35 mmol, 2.0 eq.) in acetonitrile 

(2 mL) was added. Within two hours, a dark red solution formed, which was stirred for another 15 h. 

The solvent was removed under reduced pressure. A reddish-brown powder (143.5 mg) was isolated 

and washed with diethyl ether (2x15 mL). The product was recrystallized from an acetonitrile solution 

(3.5 mg mL–1 CH3CN) via diethyl ether diffusion to yield small, dark red crystals in the course of several 

days. Yield: 143.5 mg (0.11 mmol, 66 %). C82H74B2N10V: Calcd. C 77.42; H 5.86; N 11.01 %; found: C 

77.20; H 5.91; N 10.98 %. IR (ATR): 𝑣̃ = 3052 (w), 3034 (w), 3006 (w), 2997 (w), 2980 (w), 2915 (w), 

1592 (m), 1579 (m), 1332 (m), 1332 (m), 1484 (s), 1445 (s), 1432 (s), 1274 (w), 1193 (w), 1163 (m), 

1133 (m), 1120 (m), 1084 (w), 1098 (w), 1012 (w), 946 (w), 864 (w), 844 (w), 794 (m), 779 (m), 774 

(m), 732 (s), 704 (s), 675 (w), 623 (w), 612 (s), 584 (w), 560 (w), 495 (w), 467 (w), 438 (w), 421 (w), 

412 (w) cm–1. MS (ESI+, CH3CN): m/z (%) = 292.1 (25) [ddpd+H]+
,
 316.6 (100) [M–2BPh4]2+, 952.4 (80) 

[M–BPh4]+. UV/Vis/NIR (CH3CN):  () = 303 (26400), 486 (4400 M–1cm–1) nm. CV 

([nBu4N][PF6]/CH3CN, vs. ferrocene): E½ = –0.20 (qrev.), –2.30 (qrev.) V. 

 

Synthesis of cis-fac-[V(ddpd)2][PF6]2 for XRD analysis: cis-fac-[V(ddpd)2][BPh4]2 (20 mg, 0.016 mmol, 

1.0 eq) was dissolved in acetonitrile (8 mL) under an argon atmosphere at room temperature while 

stirring to yield a dark red solution. [nBu4N][PF6] (31 mg, 0.03 mmol, 5.0 eq.) was added to the 

solution. The solution was stirred for a few minutes before filtering through a syringe filter (0.3 m 

pore size). Slow diffusion of diethyl ether into the solution yielded small, dark crystal platelets after 

one week. The crystals were re-dissolved in acetonitrile (6 mL) and the process was repeated with 

another batch of [nBu4N][PF6] (30 mg, 0,03 mmol, 5. eq.), stirring, filtration and crystallization by 

ether diffusion. Crystals of cis-fac-[V(ddpd)2][PF6]2 were obtained suitable for XRD analysis. 

 

Synthesis of mer-[V(ddpd)2][BPh4]2: [V(NCCH3)6][BPh4]2 (380 mg, 0.41 mmol, 1.0 eq) was suspended 

in acetonitrile (30 mL) under an argon atmosphere while stirring to yield a turquoise suspension. A 

pale yellow solution of ddpd (243 mg, 0.83 mmol, 2.0 eq.) in acetonitrile (10 mL) was added after a 

few minutes. The reaction mixture was heated to reflux for 17 h before cooling to ambient 

temperature. The solvent volume was reduced to approximately 10 mL under reduced pressure. 

Diethyl ether (50 mL) was added and a dark solid precipitated. The solid was collected on a glass frit 

under an argon atmosphere and washed with diethyl ether (2x15 mL). Yield: 330 mg (0.26 mmol, 63 

%). The product was recrystallized as dark red crystals from acetonitrile via diethyl ether diffusion. 

C82H74B2N10V: Calcd. C 77.42; H 5.86; N 11.01 %; found: C 77.06; H 5.83; N 10.95 %. IR (ATR): 𝑣̃ = 3052 

(w), 3034 (w), 3006 (w) 2998 (w), 2981 (w), 2902 (w), 1599 (m), 1589 (m), 1577 (m), 1564 (m), 1480 

(m), 1445 (m), 1428 (s), 1360 (m), 1331 (m), 1308 (w), 1266 (w), 1251 (w), 1231 (m), 1190 (vw), 1167 

(m), 1129 (m), 1094 (m), 1082 (w), 1061 (w), 1033 (w), 1013 (w), 944 (w), 859 (w), 845 (w), 801 (m), 

775 (m), 745 (m), 732 (s), 704 (s), 645 (w), 623 (w), 611 (s), 581 (m), 522 (vw), 509 (w), 468 (w), 457 

(w), 432 (w), 427 (w) cm–1. MS (ESI+, CH3CN): m/z (%) = 316.6 (100) [M–2BPh4]2+, 952.4 (16) [M–BPh4]+. 

UV/Vis/NIR (CH3CN):  () = 308 (27200), 490 (4400 M–1cm–1) nm. CV ([nBu4N][PF6]/CH3CN, vs. 

ferrocene): E½ = –0.28 (qrev.), –2.31 (qrev.) V. 

Chemical oxidation and back-reduction of cis-fac-[V(ddpd)2][BPh4]2: A solution of cis-fac-

[V(ddpd)2][BPh4]2 (4.3 mg, 3.4 mmol, 2 eq.) in acetonitrile (2 mL) was prepared under an argon 

atmosphere (0.0017 M). The solution was split in two parts A and B of 1 mL volume each. A sample 
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of A (100 L) was diluted with acetonitrile (2.9 mL), filled into an inert gas cell and an absorption 

spectrum was recorded. To oxidize the complex, a silver tetrafluoroborate solution in acetonitrile 

(30 L, 0. 17 M, 3 eq.) was added to solution B while stirring. The color changed immediately from 

dark red to green and a solid precipitated. The mixture was stirred for 20 min. A sample of B/Ag[BF4] 

(100 L) was diluted with acetonitrile (2.9 mL), filtered through a syringe filter (0.3 m pore size) into 

an inert gas cell and an absorption spectrum was recorded. A cobaltocene solution in acetonitrile 

(43 L, 0.11 M, 3.1 eq.) was added to B/Ag[BF4]. The solution assumed a brownish red color. A sample 

of this solution B (100 L) was diluted with acetonitrile (2.9 mL), filtered through a syringe filter (0.3 

m pore size) into an inert gas cell and an absorption spectrum was recorded. An analogous oxidation 

procedure with Ag[BF4] was performed in butyronitrile to record an emission spectrum at 78 K. 

 

Chemical oxidation and back-reduction of mer-[V(ddpd)2][BPh4]2: A solution of mer-

[V(ddpd)2][BPh4]2 (4.1 mg, 3.1 mmol, 2 eq.) in acetonitrile (2 mL) was prepared under an argon 

atmosphere (0.0016 M). The solution was split in two parts A and B of 1 mL volume each. A sample 

of A (100 L) was diluted with acetonitrile (2.9 mL), filled into an inert gas cell and an absorption 

spectrum was recorded. To oxidize the complex, a silver tetrafluoroborate solution in acetonitrile 

(28 L, 0. 17 M, 3 eq.) was added to solution B while stirring. The color changed immediately from 

dark red to bluish green and a solid precipitated. The mixture was stirred for 20 min. A sample of 

B/Ag[BF4] (100 L) was diluted with acetonitrile (2.9 mL), filtered through a syringe filter (0.3 m pore 

size) into an inert gas cell and an absorption spectrum was recorded. A cobaltocene solution in 

acetonitrile (41 L, 0.11 M, 3.1 eq.) was added to B/Ag[BF4]. The solution assumed a dark red color. 

The mixture was stirred for 20 min. A sample of this solution B (100 L) was diluted with acetonitrile 

(2.9 mL), filtered through a syringe filter (0.3 m pore size) into an inert gas cell and an absorption 

spectrum was recorded. An analogous oxidation procedure with Ag[BF4] was performed in 

butyronitrile to record an emission spectrum at 78 K. 
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Figure S1. ATR-IR spectra of cis-fac-[V(ddpd)2][BPh4]2 (black) and mer-[V(ddpd)2][BPh4]2 (red). 

 

 

 

 

Figure S2. ATR-IR spectra of cis-fac-[V(ddpd)2][BPh4]2 (black) and mer-[V(ddpd)2][BPh4]2 (red) 

between 1700 and 500 cm–1. 
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Figure S3. ESI+ mass spectrum of cis-fac-[V(ddpd)2][BPh4]2 in acetonitrile. 

 

 

 

 

Figure S4. ESI+ mass spectrum of mer-[V(ddpd)2][BPh4]2 in acetonitrile. 
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Table S1. Selected bond distances / Å and bond angles / ° of cis-fac-[V(ddpd)2]2+ (XRD analysis of cis-

fac-[V(ddpd)2][PF6]2 and DFT-UKS calculation of cis-fac-[V(ddpd)2]2+). 

 V-N1/ 

V-N2/ 

V-N3 

N1-V-N3/ 

N1-V-N8/ 

N3-V-N5 

V-N4/ 

V-N5/ 

V-N6 

N6-V-N8/ 

N6-V-N5/ 

N8-V-N10/ 

Shape 

parameter 

S(OC-6) of the 

[VN6] 

polyhedron[33] 

 

XRD 

2.165(3) 81.67(9) 2.172(3) 79.88(9)  

0.88 2.126(2) 176.15(9) 2.141(3) 165.63(9) 

2.154(2) 81.63(9) 2.139(2) 83.13(9) 

 

DFT-UKS 

2.159 81.65 2.160 81.49  

0.79 2.151 174.11 2.155 169.65 

2.160 81.32 2.158 81.44 

 

 

 

Table S2. Selected bond distances / Å and angles / ° of mer-[V(ddpd)2]2+ (XRD analysis of mer-

[V(ddpd)2][BPh4]2 and DFT-UKS calculation of mer-[V(ddpd)2]2+). 

 V-N1/ 

V-N3/ 

V-N5 

N1-V-N3/ 

N1-V-N5/ 

N3-V-N5 

V-N6/ 

V-N8/ 

V-N10 

N6-V-N8/ 

N6-V-N10/ 

N8-V-N10/ 

Shape 

parameter 

S(OC-6) of the 

[VN6] 

polyhedron[33] 

 

XRD 

2.120(2) 86.24(7) 2.120(2) 85.52(7)  

0.40 2.094(2) 171.47(7) 2.084(2) 171.08(7) 

2.117(2) 85.35(7) 2.120(2) 85.62(7) 

 

DFT-UKS 

2.137 84.80 2.146 84.56  

0.61 2.124 169.22 2.117 168.90 

2.145 84.46 2.147 84.34 
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Table S3. Cartesian Coordinates of the DFT-UKS calculated ground state geometry of cis-fac-

[V(ddpd)2]2+. 

Atomic 

number 

x y z 

23 3.82062 9.31453 15.05076 

7 4.7576 7.41266 15.46071 

7 6.64681 8.12095 14.21054 

7 4.7476 9.00359 13.13523 

7 2.74792 9.68181 12.08862 

7 2.14037 8.43761 14.01402 

7 5.52624 10.42397 15.77568 

7 5.22269 11.95039 13.98412 

7 3.07569 11.30685 14.70494 

7 1.00366 10.68695 15.6385 

7 2.68667 9.55399 16.87123 

6 4.15858 6.47512 16.22098 

1 3.16472 6.70717 16.56771 

6 4.75706 5.28941 16.58628 

1 4.22657 4.58748 17.21163 

6 6.04753 5.03998 16.13076 

1 6.55737 4.12066 16.38247 

6 6.66938 5.97856 15.32995 

1 7.65666 5.79268 14.93941 

6 5.99875 7.16056 15.00245 

6 8.10552 8.19891 14.32459 

1 8.62432 7.48923 13.67802 

1 8.3809 8.00619 15.35659 

1 8.42014 9.20715 14.06821 

6 6.05745 8.6902 13.08241 

6 6.82616 8.95865 11.95014 

1 7.87443 8.71777 11.91846 

6 6.19637 9.50496 10.8462 

1 6.76612 9.71037 9.95068 

6 4.83263 9.74088 10.86125 

1 4.3337 10.10858 9.98183 

6 4.12503 9.45574 12.02834 

6 2.16714 10.55891 11.06824 

1 2.80604 11.42914 10.95391 

1 1.195 10.8945 11.41503 

1 2.0535 10.06944 10.0994 

6 1.86235 8.81933 12.75548 

6 0.68557 8.4115 12.11735 

1 0.48535 8.71471 11.10307 

6 -0.20584 7.59633 12.7879 

1 -1.11555 7.27559 12.30006 

6 0.09223 7.18787 14.08375 

1 -0.57307 6.55384 14.6499 

6 1.27081 7.62731 14.64485 

1 1.52314 7.3577 15.65756 

6 6.25526 9.9962 16.82308 

1 5.89342 9.11348 17.32529 

6 7.4269 10.59398 17.23241 
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1 7.97496 10.19109 18.07059 

6 7.87139 11.70967 16.5307 

1 8.77998 12.22044 16.81703 

6 7.12733 12.1716 15.46218 

1 7.44046 13.04969 14.92191 

6 5.95062 11.50691 15.10194 

6 5.98692 12.62267 12.92971 

1 5.45043 12.52013 11.99133 

1 6.94569 12.12422 12.82894 

1 6.15305 13.68229 13.13191 

6 3.84605 12.17739 14.0219 

6 3.2909 13.25236 13.3287 

1 3.90728 13.93991 12.77651 

6 1.92115 13.43828 13.39601 

1 1.46662 14.26903 12.87435 

6 1.1359 12.60032 14.16737 

1 0.08028 12.78215 14.26847 

6 1.75619 11.54662 14.83918 

6 -0.44709 10.66722 15.43165 

1 -0.64544 10.64883 14.36339 

1 -0.9535 11.52678 15.874 

1 -0.845 9.7568 15.8682 

6 1.47918 10.15029 16.8444 

6 0.67244 10.2095 17.98498 

1 -0.28391 10.70496 17.94449 

6 1.12181 9.6558 19.16846 

1 0.50457 9.70041 20.05476 

6 2.38014 9.06348 19.20341 

1 2.77928 8.62231 20.10418 

6 3.12006 9.04627 18.04168 

1 4.09349 8.58357 18.02706 
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Table S4. Cartesian Coordinates of the DFT-UKS calculated ground state geometry of mer-

[V(ddpd)2]2+. 

Atomic 

number 

x y z 

23  -0.456657 4.889414 1.501596 

7  0.002849 4.363064 3.520798 

7  0.579771 2.20372  2.770289 

7  1.205219 3.662114 1.007041 

7  1.774298 5.179912 -0.727343 

7  -0.580795 5.215553 -0.614454 

7  -1.914519 3.3183  1.393928 

7  -3.03067 4.29052  3.231535 

7  -2.106649 6.111055 2.017284 

7  -1.128961 7.889116 0.781278 

7  0.677804 6.700074 1.711039 

6  -0.18162 5.248191 4.518065 

1  -0.419586 6.25608  4.212581 

6  -0.108396 4.903625 5.849081 

1  -0.280011 5.647244 6.612408 

6  0.181414 3.579764 6.167635 

1  0.250665 3.262032 7.198754 

6  0.407998 2.669189 5.15302 

1  0.67458  1.651648 5.386263 

6  0.332973 3.09674  3.822299 

6  0.389044 0.778073 3.046087 

1  -0.531625 0.656157 3.610789 

1  1.211872 0.332657 3.607898 

1  0.282329 0.257062 2.099107 

6  1.442841 2.531668 1.707084 

6  2.500786 1.685662 1.390125 

1  2.682826 0.795538 1.968956 

6  3.341279 2.032926 0.345779 

1  4.173144 1.394093 0.084095 

6  3.113965 3.200514 -0.362986 

1  3.745404 3.473547 -1.192414 

6  2.026788 3.993653 -0.011811 

6  2.938799 5.878704 -1.279513 

1  2.671387 6.920044 -1.437124 

1  3.292525 5.456417 -2.221666 

1  3.740441 5.835385 -0.548526 

6  0.536529 5.429059 -1.33003 

6  0.471854 5.912003 -2.642369 

1  1.373187 6.085345 -3.20664 

6  -0.763325 6.135065 -3.219733 

1  -0.821574 6.498724 -4.236047 

6  -1.91929 5.873206 -2.489019 

1  -2.902283 6.031024 -2.906123 

6  -1.777402 5.413811 -1.198759 

1  -2.638793 5.214646 -0.578779 

6  -1.771112 2.308952 0.514674 

1  -1.029992 2.461715 -0.256462 

6  -2.479641 1.131217 0.598473 
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1  -2.310135 0.343619 -0.12029 

6  -3.391145 0.9904  1.642219 

1  -3.960784 0.079147 1.759916 

6  -3.580004 2.034638 2.526336 

1  -4.307656 1.951042 3.31643 

6  -2.839566 3.212283 2.363309 

6  -3.63378 4.007764 4.538652 

1  -3.163692 3.118763 4.950739 

1  -4.713282 3.851889 4.49463 

1  -3.424752 4.844854 5.197094 

6  -3.104771 5.622353 2.783754 

6  -4.187905 6.409405 3.162476 

1  -4.988368 5.99186  3.750045 

6  -4.230034 7.729316 2.749197 

1  -5.058316 8.36156  3.036328 

6  -3.205925 8.236539 1.967697 

1  -3.2115  9.267466 1.654612 

6  -2.157084 7.397038 1.609928 

6  -1.520622 8.890705 -0.213993 

1  -0.802523 8.868329 -1.02998 

1  -1.565623 9.902435 0.193293 

1  -2.495357 8.620758 -0.608911 

6  0.220145 7.824241 1.134393 

6  1.083431 8.894836 0.866941 

1  0.718821 9.787759 0.387671 

6  1.957327 6.647974 2.122946 

6  2.406925 8.808105 1.254718 

6  2.857105 7.668741 1.917629 

1  2.257271 5.728128 2.602878 

1  3.877891 7.569736 2.254018 

1  3.07735  9.6324  1.054878 
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Table S5. Active orbitals of the CASSCF(7,12)-SC-NEVPT2 calculation on cis-fac-[V(ddpd)2]2+, 

depicted at a contour value of 0.05 a.u. (hydrogen atoms omitted for clarity). 

# E / Ha orbital # E / Ha orbital 

161 -0.53303 

 

167 0.26023 

 
162 -0.53288 

 

168 0.72996 

 
163 0.05837 

 

169 0.87278 

 
164 0.05975 

 

170 0.91617 

 
165 0.08981 

 

171 1.33304 

 
166 0.25441 

 

172 1.44659 

 
 

Table S6. Active orbitals of the CASSCF(7,12)-SC-NEVPT2 calculation on mer-[V(ddpd)2]2+, depicted at 

a contour value of 0.05 a.u. (hydrogen atoms omitted for clarity). 
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# E / Ha orbital # E / Ha orbital 

161 -0.53329 

 

167 0.28845 

 
162 -0.60713 

 

168 0.77731 

 
163 0.05634  

 

169 0.76222 

 
164 0.08107 

 

170 0.90960 

 
165 0.08650 

 

171 1.19279 

 
166 0.24438 

 

172 1.51408 

 
 

Figure S5: Energy diagram of the electronic states of cis-fac-[V(ddpd)2]2+ constructed from 

CASSCF(7,12)-SC-NEVPT2 energies with spin densities in orange (0.01 a.u. isosurface value, hydrogen 

atoms omitted for clarity, quartet states in blue, doublet states in red; a coordinate system referring 

to the displayed structures and d orbital labels are shown in the bottom right corner). 



Appendix 

170 
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Figure S6: Energy diagram of the electronic states of mer-[V(ddpd)2]2+ constructed from 

CASSCF(7,12)-SC-NEVPT2 energies with spin densities in orange (0.01 a.u. isosurface value, hydrogen 

atoms omitted for clarity, quartet states in blue, doublet states in red; a coordinate system referring 

to the displayed structures and d orbital labels are shown in the bottom right corner). 
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Figure S7. Proposed energy level diagram of cis-fac-[V(ddpd)2]2+ with the pure metal centred states 

(black and red) obtained from the CASSCF-NEVPT2 calculation, the 4MLCT states (blue) estimated 

from the experimental absorption spectrum and the TD-DFT calculation and the 2MLCT states (pale 

blue) set to the 4MLCT energies. The mixing between 2E and 2MLCT states (purple) is set to an 

arbitrary value. (i) Spin density of the 4A2 ground state from the CASSCF-NEVPT2 calculation. (ii) 

Difference electron density of the lowest 4MLCT state obtained from the TD-DFT calculation 

(isosurface value of 0.003 a.u.; purple = electron depletion; orange = electron density gain). (iii) Spin 

density of the lowest 4T2 derived state from the CASSCF-NEVPT2 calculation. (iv) Spin density of the 

lowest 2E derived state from the CASSCF-NEVPT2 calculation. (v) Spin density of the optimized lowest 

doublet state (2MC/2MLCT) from a DFT geometry optimization calculation with the ligand 

contributions highlighted by arrows. All spin densities at an isosurface value of 0.006 a.u., except (iv) 

at an isosurface value of 0.0035 a.u. 
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Figure S8. Emission spectra of a) cis-fac-[V(ddpd)2][BPh4]2 and b) mer-[V(ddpd)2][BPh4]2 in acetonitrile 

at room temperature during irradiation with a xenon lamp at 300±5 nm excitation wavelength for 

300 min. The insets show the emission intensity at the maximum wavelength (395 nm). 

 

 

 

Figure S9. Excitation and emission spectra (solid and dotted lines) of cis-fac-[V(ddpd)2][BPh4]2 (red) 

and mer-[V(ddpd)2][BPh4]2 (blue) and excitation spectrum of ddpd (green) in acetonitrile at room 

temperature with 300 nm excitation.  
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Figure S10. Absorption spectra of a) cis-fac-[V(ddpd)2][BPh4]2 and b) mer-[V(ddpd)2][BPh4]2 in 

acetonitrile at room temperature before and after irradiating for 300 min with a xenon lamp at 

300±5 nm excitation wavelength.  
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Table S7. TD-DFT calculated spin-allowed quartet-quartet transitions of cis-fac-[V(ddpd)2]2+. The 

assignment was accomplished by evaluation of the transition difference densities with the 

TheoDORE software package (v2.4).[22,23] 

State E / cm–1  / nm E / eV ƒosc. Assignment 

1 16119 620 1.998 1.00E-2 4MLCT 

2 16215 617 2.010 1.15E-2 4MLCT 

3 17743 564 2.200 2.73E-2 4MLCT 

4 18228 549 2.260 8.47E-4 4MLCT 

5 18440 542 2.286 6.16E-3 4MLCT 

6 18636 537 2.311 1.21E-2 4MLCT 

7 18737 534 2.323 5.27E-2 4MLCT 

8 19157 522 2.375 5.80E-3 4MLCT 

9 19425 515 2.408 2.52E-3 4MLCT 

10 19489 513 2.416 7.54E-4 4MLCT 

11 19566 511 2.426 1.94E-4 4MLCT 

12 19869 503 2.463 3.21E-3 4MLCT 

13 20479 488 2.539 3.16E-3 4MLCT 

14 20678 484 2.564 1.36E-2 4MLCT 

15 20725 483 2.570 4.81E-3 4MLCT 

16 21000 476 2.604 7.71E-3 4MLCT 

17 21259 470 2.636 6.54E-3 4MLCT 

18 21863 457 2.711 1.90E-3 4MLCT 

19 21901 457 2.715 1.38E-4 4MLCT 

20 21954 456 2.722 3.69E-3 4MLCT 

21 22978 435 2.849 1.96E-3 4MLCT 

22 23277 430 2.886 4.75E-3 4MLCT 

23 24284 412 3.011 8.81E-3 4MLCT 

24 24426 409 3.028 2.25E-4 4MLCT 

25 25025 400 3.103 4.46E-4 4MLCT 

26 25259 396 3.132 9.68E-4 4MLCT 

27 25329 395 3.140 5.12E-3 4MLCT 

28 25439 393 3.154 3.49E-4 4MLCT 

29 25853 387 3.205 3.48E-5 4MLCT 

30 26420 379 3.276 2.14E-3 4LC 

31 26610 376 3.299 8.98E-4 4LC 

32 26631 376 3.302 8.90E-4 4MLCT 

33 27027 370 3.351 3.61E-3 4MLCT 

34 27579 363 3.419 6.41E-5 4LC 

35 27724 361 3.437 4.35E-5 4LC 

36 27840 359 3.452 4.17E-3 4MLCT 

37 27886 359 3.457 2.55E-4 4MLCT 

38 27925 358 3.462 9.53E-5 4MLCT 

39 28305 353 3.509 1.90E-4 4MLCT 

40 28361 353 3.516 8.42E-4 4LC 

41 28466 351 3.529 8.85E-4 4LC 

42 28744 348 3.564 3.62E-4 4MLCT 

43 28802 347 3.571 2.37E-4 4MLCT 

44 28843 347 3.576 1.96E-3 4MLCT 
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45 30157 332 3.739 3.35E-3 4LC 

46 30257 331 3.751 1.29E-3 4LC 

47 30266 330 3.753 1.07E-4 4MLCT 

48 30395 329 3.769 2.36E-4 4MLCT 

49 30479 328 3.779 8.11E-3 4LC 

50 30684 326 3.804 1.52E-2 4LC 

51 30694 326 3.806 3.54E-4 4MLCT 

52 30722 326 3.809 1.55E-3 4LC 

53 30902 324 3.831 5.82E-2 4LC 

54 31368 319 3.889 7.06E-3 4MLCT 

55 31447 318 3.899 6.30E-3 4MLCT 

56 31626 316 3.921 1.32E-3 4LC 

57 31756 315 3.937 6.46E-2 4LC 

58 31776 315 3.940 1.99E-3 4LC 

59 31786 315 3.941 4.50E-2 4LLCT 

60 31837 314 3.947 6.20E-4 4LLCT 

61 32144 311 3.985 5.00E-2 4LLCT 

62 32227 310 3.996 1.42E-2 4LC 

63 32279 310 4.002 3.99E-2 4LLCT 

64 32446 308 4.023 4.09E-2 4LC 

65 32595 307 4.041 2.16E-2 4LC 

66 32723 306 4.057 5.44E-3 4LLCT 

67 32744 305 4.060 2.25E-2 4LC 

68 33212 301 4.118 4.52E-3 4LC 

69 33223 301 4.119 5.40E-2 4LC 

70 33333 300 4.133 4.71E-2 4LC 
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Table S8. TD-DFT calculated spin-allowed quartet-quartet transitions of mer-[V(ddpd)2]2+. The 

assignment was accomplished by evaluation of the transition difference densities with the 

TheoDORE software package (v2.4).[22,23] 

State E / cm–1  / nm E / eV ƒosc. Assignment 

1 16083 622 1.994 7.41E-3 4MLCT 

2 16591 603 2.057 1.16E-2 4MLCT 

3 16986 589 2.106 2.29E-2 4MLCT 

4 17478 572 2.167 1.13E-2 4MLCT 

5 17769 563 2.203 1.02E-2 4MLCT 

6 18131 552 2.248 4.28E-4 4MLCT 

7 18252 548 2.263 7.30E-4 4MLCT 

8 18527 540 2.297 9.64E-3 4MLCT 

9 18648 536 2.312 6.66E-3 4MLCT 

10 19454 514 2.412 3.76E-2 4MLCT 

11 19632 509 2.434 1.22E-2 4MLCT 

12 19648 509 2.436 7.13E-4 4MLCT 

13 19817 505 2.457 5.90E-3 4MLCT 

14 19841 504 2.460 3.94E-3 4MLCT 

15 20414 490 2.531 4.40E-2 4MLCT 

16 21003 476 2.604 9.03E-4 4MLCT 

17 21019 476 2.606 9.49E-3 4MLCT 

18 21325 469 2.644 3.02E-4 4MLCT 

19 22205 450 2.753 1.22E-3 4MC 

20 22584 443 2.800 8.78E-4 4MC 

21 22745 440 2.820 3.68E-3 4MLCT 

22 22818 438 2.829 2.29E-3 4MLCT 

23 23592 424 2.925 8.36E-5 4MLCT 

24 23995 417 2.975 4.38E-4 4MLCT 

25 24511 408 3.039 1.14E-3 4MLCT 

26 24810 403 3.076 2.96E-3 4MLCT 

27 25358 394 3.144 1.03E-2 4MLCT 

28 25632 390 3.178 1.48E-3 4MLCT 

29 25947 385 3.217 9.93E-4 4MLCT 

30 26092 383 3.235 4.04E-3 4MLCT 

31 26100 383 3.236 8.03E-4 4MLCT 

32 26439 378 3.278 2.85E-5 4MLCT 

33 26850 372 3.329 2.17E-5 4MLCT 

34 27020 370 3.350 9.21E-5 4MLCT 

35 27108 369 3.361 8.14E-5 4MLCT 

36 27641 362 3.427 2.20E-4 4MLCT 

37 27810 360 3.448 1.07E-2 4LC 

38 27818 359 3.449 4.52E-5 4MC 

39 27915 358 3.461 4.14E-4 4MLCT 

40 27988 357 3.470 2.38E-3 4LC 

41 28044 357 3.477 2.96E-3 4LC 

42 28165 355 3.492 1.72E-3 4LC 

43 28584 350 3.544 2.53E-4 4MLCT 

44 28722 348 3.561 4.21E-4 4LC 
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45 28738 348 3.563 2.51E-4 4MLCT 

46 28802 347 3.571 1.78E-3 4MLCT 

47 28891 346 3.582 4.07E-4 4LC 

48 30238 331 3.749 2.70E-4 4MLCT 

49 30367 329 3.765 3.55E-3 4LC 

50 30665 326 3.802 4.14E-4 4LC 

51 31093 322 3.855 4.82E-5 4LC 

52 31569 317 3.914 1.94E-2 4LC 

53 31843 314 3.948 2.68E-2 4LC 

54 31924 313 3.958 5.41E-2 4LC 

55 32287 310 4.003 4.43E-4 4LC 

56 32633 306 4.046 6.00E-4 4LC 

57 32650 306 4.048 6.44E-2 4LLCT 

58 32746 305 4.060 1.29E-2 4LC 

59 32762 305 4.062 1.63E-1 4LC 

60 32779 305 4.064 1.39E-2 4LC 

61 32827 305 4.070 4.91E-3 4LC 

62 32964 303 4.087 1.65E-2 4LLCT 

63 33101 302 4.104 4.34E-3 4LC 

64 33133 302 4.108 8.96E-3 4LLCT 

65 33351 300 4.135 2.04E-2 4LLCT 

66 33408 299 4.142 3.71E-3 4LC 

67 33521 298 4.156 2.81E-3 4LC 

68 33577 298 4.163 1.67E-2 4LLCT 

69 33593 298 4.165 1.79E-2 4LLCT 

70 33593 298 4.165 3.72E-2 4LLCT 
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Table S9: Difference electron densities of the 70 lowest-lying TD-DFT-UKS calculated quartet states 

of cis-fac-[V(ddpd)2]2+ (isosurface value at 0.003 a.u.; purple = electron depletion; orange = electron 

density gain; hydrogen atoms omitted). 

# 1 (620 nm) # 2 (617 nm) # 3 (564 nm) 

   

# 4 (549 nm) # 5 (542 nm) # 6 (537 nm) 

   

# 7 (534 nm) # 8 (522 nm) # 9 (515 nm) 

   

# 10 (513 nm) # 11 (511 nm) # 12 (503 nm) 

   

# 13 (488 nm) # 14 (484 nm) # 15 (483 nm) 
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# 16 (476 nm) # 17 (470 nm) # 18 (457 nm)  

   

# 19 (457 nm) # 20 (456 nm) # 21 (435 nm) 

   

# 22 (430 nm) # 23 (412 nm) # 24 (409 nm) 

   

# 25 (400 nm) # 26 (396 nm) # 27 (395 nm) 
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# 28 (393 nm) # 29 (387 nm) # 30 (379 nm) 

   

# 31 (376 nm) # 32 (376 nm) # 33 (370 nm) 

   

# 34 (363 nm) # 35 (361 nm) # 36 (359 nm) 

   

# 37 (359 nm) # 38 (358 nm) # 39 (353 nm) 

   

# 40 (353 nm) # 41 (351 nm) # 42 (348 nm) 
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# 43 (347 nm) # 44 (347 nm) # 45 (332 nm) 

   

# 46 (331 nm) # 47 (330 nm) # 48 (329 nm) 

   

# 49 (328 nm) # 50 (326 nm) # 51 (326 nm) 

   

#52 (326 nm) # 53 (324 nm) # 54 (319 nm) 
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# 55 (318 nm) # 56 (316 nm) # 57 (315 nm) 

   

# 58 (315 nm) # 59 (315 nm) # 60 (314 nm) 

   

# 61 (311 nm)  # 62 (310 nm) # 63 (310 nm) 

   

# 64 (308 nm) # 65 (307 nm) # 66 (306 nm) 

   

# 67 (305 nm) # 68 (301 nm) # 69 (301 nm) 
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# 70 (300 nm)   
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Table S10: Difference electron densities of the 70 lowest-lying TD-DFT-UKS calculated quartet states 

of mer-[V(ddpd)2]2+ (isosurface value at 0.007 a.u.; purple = electron depletion; orange = electron 

density gain; hydrogen atoms omitted). 

# 1 (622 nm) # 2 (603 nm) # 3 (589 nm) 

   

# 4 (572 nm) # 5 (563 nm) # 6 (552 nm) 

   

# 7 (548 nm) # 8 (540 nm) # 9 (536 nm) 

   

# 10 (514 nm) # 11 (509 nm) # 12 (509 nm) 

   

# 13 (505 nm) # 14 (504 nm) # 15 (490 nm) 
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# 16 (476 nm) # 17 (476 nm) # 18 (469 nm) 

   

# 19 (450 nm) # 20 (443 nm) # 21 (440 nm) 

   

# 22 (438 nm) # 23 (424 nm) # 24 (417 nm) 

   

# 25 (408 nm) # 26 (403 nm) # 27 (394 nm) 
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# 28 (390 nm) # 29 (385 nm) # 30 (383 nm) 

   

# 31 (383 nm) # 32 (378 nm) # 33 (372 nm) 

   

# 34 (370 nm) # 35 (369 nm) # 36 (362 nm) 

   

# 37 (360 nm) # 38 (359 nm) # 39 (358 nm) 

   

# 40 (357 nm) # 41 (357 nm) # 42 (355 nm) 
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# 43 (350 nm) # 44 (348 nm) # 45 (348 nm) 

   

# 46 (347 nm) # 47 (346 nm) # 48 (331 nm) 

   

# 49 (329 nm) # 50 (326 nm) # 51 (322 nm) 

   

# 52 (317 nm) # 53 (314 nm) # 54 (313 nm) 
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# 55 (310 nm) # 56 (306 nm) # 57 (306 nm) 

   

# 58 (305 nm) # 59 (305 nm) # 60 (305 nm) 

   

# 61  (305 nm) # 62 (303 nm) # 63 (302 nm) 

   

# 64 (302 nm) # 65 (300 nm) # 66 (299 nm) 

   

# 67 (298 nm) # 68 (298 nm) # 69 (298 nm) 
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# 70 (298 nm)   
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Figure S11. TD-DFT-UKS charge transfer (CT) numbers of the lowest-lying 70 quartet states of cis-

fac-[V(ddpd)2]2+ defined from 0 to 1. 

 

 

Figure S12. TD-DFT-UKS charge transfer (CT) numbers of the lowest-lying 70 quartet states of mer-

[V(ddpd)2]2+ defined from 0 to 1. 
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Figure S13. Cyclic voltammograms of a) cis-fac-[V(ddpd)2][BPh4]2 and b) mer-[V(ddpd)2][BPh4]2 with 

[nBu4N][PF6] as supporting electrolyte in CH3CN; E vs. ferrocene. 
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Figure S16. NIR emission spectra of mer-[V(ddpd)2][BPh4]2 (black) and cis-fac-[V(ddpd)2][BPh4]2 in 

butyronitrile glass at 78 K after oxidation with 3 eq. of Ag[BF4] to the respective vanadium(III) 

complexes.  
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Figure S17. MCD spectra recorded for cis-fac-[V(ddpd)2][BPh4]2 in 1 mM frozen solution at the 

indicated temperatures and magnetic fields (top). Bottom: Spectral components of the 7 T/10 K 

measurement obtained after deconvolution (black) and their sum (red). 
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Figure S18. MCD spectra recorded for mer-[V(ddpd)2][BPh4]2 in 1mM frozen solution at the indicated 

temperatures and magnetic fields (top). Middle: Spectral components of the 7 T/5 K measurement 

obtained after deconvolution (black) and their sum (red). Bottom: Calculated MCD spectra for mer-

[V(ddpd)2]2+ using larger basis sets than def2-SVP. 

 

 



Supporting Information Chapter 3.3 

197 
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Table S11. Cartesian Coordinates of the DFT-UKS calculated lowest doublet state geometry of cis-fac-

[V(ddpd)2]2+. 

Atomic 

number 

x y z 

23  3.820683000 9.306950000 15.023187000 
7  4.750891000 7.419021000 15.437260000 
7  6.648605000 8.138243000 14.206751000 
7  4.749678000 9.008549000 13.123297000 
7  2.750154000 9.673272000 12.074898000 
7  2.139892000 8.446432000 14.012237000 
7  5.518456000 10.398363000 15.742930000 
7  5.232674000 11.908665000 13.934704000 
7  3.084882000 11.282143000 14.658261000 
7  1.018334000 10.684908000 15.609728000 
7  2.703317000 9.544262000 16.836491000 
6  4.153433000 6.475015000 16.194590000 
1  3.149029000 6.688523000 16.519759000 
6  4.767046000 5.305128000 16.584356000 
1  4.235556000 4.600411000 17.206149000 
6  6.071706000 5.074755000 16.161236000 
1  6.594237000 4.169270000 16.436889000 
6  6.690433000 6.014935000 15.359154000 
1  7.688215000 5.842965000 14.989060000 
6  6.006055000 7.180092000 15.003332000 
6  8.104520000 8.241078000 14.330045000 
1  8.639162000 7.521570000 13.706997000 
1  8.372814000 8.081392000 15.369866000 
1  8.403182000 9.247491000 14.048785000 
6  6.057965000 8.684357000 13.068366000 
6  6.820738000 8.922948000 11.926432000 
1  7.868140000 8.676602000 11.896244000 
6  6.189630000 9.449239000 10.813572000 
1  6.756453000 9.633265000 9.911319000 
6  4.827132000 9.692535000 10.831253000 
1  4.324735000 10.045628000 9.947485000 
6  4.124144000 9.438665000 12.007193000 
6  2.165111000 10.544660000 11.052569000 
1  2.806898000 11.412309000 10.932380000 
1  1.195066000 10.882183000 11.403890000 
1  2.045870000 10.050046000 10.086388000 
6  1.872247000 8.799596000 12.739995000 
6  0.720470000 8.353045000 12.087218000 
1  0.536113000 8.636742000 11.063925000 
6  -0.167041000 7.527723000 12.752298000 
1  -1.058429000 7.175457000 12.252172000 
6  0.114042000 7.154695000 14.062147000 
1  -0.549448000 6.519256000 14.629362000 
6  1.269105000 7.630906000 14.641167000 
1  1.495553000 7.393403000 15.667341000 
6  6.235068000 9.991639000 16.810581000 
1  5.879878000 9.107728000 17.313662000 
6  7.391301000 10.608468000 17.234544000 
1  7.926529000 10.218753000 18.087507000 
6  7.840160000 11.720471000 16.530329000 
1  8.738797000 12.242544000 16.828037000 
6  7.110301000 12.160983000 15.441783000 
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1  7.424044000 13.035308000 14.895033000 
6  5.948534000 11.481938000 15.067543000 
6  6.003032000 12.560847000 12.872962000 
1  5.460756000 12.453869000 11.938098000 
1  6.955116000 12.048161000 12.777438000 
1  6.181856000 13.620945000 13.063545000 
6  3.859955000 12.150426000 13.974730000 
6  3.311066000 13.231195000 13.287728000 
1  3.933440000 13.911383000 12.732679000 
6  1.942976000 13.428594000 13.359829000 
1  1.492565000 14.262305000 12.838913000 
6  1.155127000 12.597366000 14.135941000 
1  0.100973000 12.785899000 14.242385000 
6  1.768455000 11.537593000 14.803246000 
6  -0.433446000 10.668666000 15.413642000 
1  -0.637493000 10.641283000 14.346424000 
1  -0.933408000 11.534627000 15.851861000 
1  -0.829968000 9.762792000 15.861222000 
6  1.502492000 10.159472000 16.817097000 
6  0.712624000 10.249620000 17.965990000 
1  -0.235693000 10.760981000 17.928436000 
6  1.164789000 9.706015000 19.153547000 
1  0.560233000 9.777717000 20.046982000 
6  2.409628000 9.086755000 19.179579000 
1  2.810140000 8.646807000 20.080608000 
6  3.136220000 9.038187000 18.010471000 
1  4.095553000 8.548169000 17.993893000 
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Table S12. Cartesian Coordinates of the DFT-UKS calculated lowest doublet state geometry of mer-

[V(ddpd)2]2+. 

Atomic 

number 

x y z 

23  -0.437484 4.882287 1.502872 

7  0.022931 4.404842 3.509542 

7  0.598281 2.226374 2.814841 

7  1.19658  3.644682 1.008239 

7  1.750465 5.115875 -0.775931 

7  -0.597527 5.190984 -0.596835 

7  -1.852263 3.317272 1.384583 

7  -2.999456 4.268395 3.21187 

7  -2.080129 6.102229 2.017521 

7  -1.113092 7.891141 0.787559 

7  0.705053 6.674097 1.661188 

6  -0.172477 5.306839 4.494232 

1  -0.391923 6.313274 4.170702 

6  -0.142761 4.979465 5.830719 

1  -0.330451 5.736712 6.577236 

6  0.121991 3.656989 6.178064 

1  0.151264 3.351963 7.214968 

6  0.376619 2.733283 5.180823 

1  0.624734 1.715801 5.434026 

6  0.338093 3.139502 3.843231 

6  0.411899 0.805679 3.120335 

1  -0.521019 0.693358 3.666431 

1  1.225022 0.380865 3.712417 

1  0.331148 0.261659 2.184016 

6  1.445147 2.532884 1.73561 

6  2.502695 1.682521 1.430424 

1  2.698121 0.814962 2.038648 

6  3.317672 1.991781 0.355332 

1  4.145487 1.345094 0.099283 

6  3.070559 3.131261 -0.389761 

1  3.681539 3.372107 -1.243981 

6  1.997151 3.943697 -0.038389 

6  2.919634 5.784661 -1.354829 

1  2.676631 6.833305 -1.503605 

1  3.234538 5.351584 -2.306208 

1  3.737661 5.718885 -0.644316 

6  0.504707 5.410069 -1.334021 

6  0.411171 5.94381  -2.625823 

1  1.298985 6.125378 -3.208286 

6  -0.835392 6.202208 -3.162194 

1  -0.916017 6.607137 -4.161571 

6  -1.976318 5.9109 - 2.418057 

1  -2.968842 6.082126 -2.806951 

6  -1.807914 5.403429 -1.149975 

1  -2.655513 5.178713 -0.519619 

6  -1.694286 2.317105 0.49254 

1  -0.934023 2.474881 -0.257698 

6  -2.412501 1.144153 0.543029 
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1  -2.227495 0.365269 -0.181592 

6  -3.36089 0.997124 1.552512 

1  -3.94657 0.092002 1.634516 

6  -3.569871 2.035632 2.441562 

1  -4.327878 1.95337  3.202904 

6  -2.807282 3.202281 2.326132 

6  -3.608533 3.960185 4.508248 

1  -3.144655 3.058235 4.899115 

1  -4.688821 3.811347 4.45342 

1  -3.39533 4.779192 5.188562 

6  -3.07836 5.603432 2.77985 

6  -4.165466 6.384313 3.159313 

1  -4.963701 5.961629 3.746909 

6  -4.219879 7.701686 2.738569 

1  -5.054612 8.327493 3.022487 

6  -3.203552 8.215141 1.952147 

1  -3.218618 9.245048 1.635658 

6  -2.141091 7.387148 1.604934 

6  -1.496298 8.906854 -0.197567 

1  -0.769152 8.892801 -1.005115 

1  -1.547738 9.914324 0.220384 

1  -2.466911 8.639669 -0.603765 

6  0.235204 7.823157 1.146071 

6  1.079741 8.923365 0.951293 

1  0.696213 9.838866 0.532581 

6  1.987645 6.617033 2.070699 

6  2.403879 8.83536  1.335112 

6  2.870967 7.661988 1.922779 

1  2.300138 5.677653 2.502237 

1  3.894815 7.557505 2.249085 

1  3.060824 9.682985 1.196447 
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Figure S21. Temperature dependence of the magnetic susceptibility in MT vs. T for mer-

[V(ddpd)2][BPh4]2. The red line corresponds to the fit obtained with S = 3/2; g = 1.99(1); D = 0.2(1) cm–

1 and E = 0 cm–1. 

 

 

 

Figure S22. Field dependence of the magnetization of mer-[V(ddpd)2][BPh4]2 at different 

temperatures. Best fit with S = 3/2; g = 1.99(1); D = 0.2(1) cm–1 and E = 0 cm–1. 
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Figure S23. HFEPR spectra of cis-fac-[V(ddpd)2][BPh4]2 at 5 K and different frequencies as indicated 

(top) together with simulations (bottom) based on the spin Hamiltonian parameters of S = 3/2; g1,2,3 = 

1.99, 1.99, 2.0; D = 0.47(2) cm–1 and E = 0.19 D. The vertical axis corresponds to the microwave 

frequency. 
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Figure S24. Measured and simulated HFEPR spectra of cis-fac-[V(ddpd)2][BPh4]2 at 375 GHz and 

different temperatures as indicated The simulations are based on the spin Hamiltonian parameters 

of S = 3/2; g1,2,3 = 1.99, 1.99, 2.0; D = 0.47(2) cm–1 and E = 0.19 D.  
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Figure S26. Measured and simulated HFEPR spectra of mer-[V(ddpd)2][BPh4]2 at 275 GHz and 

different temperatures as indicated. Top: Simulations based on a positive value for D with the spin 

Hamiltonian parameters of S = 3/2; g1,2,3 = 1.985(5), 1.993(5), 1.996(4); D = 0.2(1) cm–1 and E = 0.08 D. 

Bottom: Measurements and best simulation based on a ZFS parameter with a negative sign (g1,2,3 = 

1.94(2), 1.966(4), 1.966(4); D = -0.08(1) cm–1 and E = 0.29 D). 
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Figure S27. Measured and simulated X-Band EPR spectra of cis-fac-[V(ddpd)2][BPh4]2 (top )and mer-

[V(ddpd)2][BPh4]2 (bottom) at 7 K in a 3 mM butyronitrile/propionitrile (1:1) solution. Simulations 

are based on the following parameters: cis-fac-[V(ddpd)2][BPh4]2: S = 3/2; g = 1.94(1); D = 0.30(2) 

cm–1 and E = 0.3 D; A = 200(20) MHz and for mer-[V(ddpd)2][BPh4]2:S = 3/2; g = 1.989(5); D = 0.12(2) 

cm–1 and E = 0.08 D; A = 200(20) MHz. 
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Figure S34. Cole-Cole plot of the AC susceptometry measurements on a pressed pellet of mer-

[V(ddpd)2][BPh4]2. Measured values are shown as open circles, while fits to the standard modified 

Debye function are shown as solid lines   
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Derivation of the 𝚲 Tensor 

The lambda tensor is given as[34] 

Λ𝑎𝑏 = ∑
⟨0|𝐿̂𝑎  |𝑘⟩⟨𝑘|𝐿̂𝑏 |0⟩

𝐸𝑘−𝐸0
𝑘≠0

 (1) 

where 𝑎, 𝑏 ∈ {𝑥, 𝑦, 𝑧}. Here |0⟩ is the electronic ground state, |𝑘⟩ are the excited states, and Ek/0 their 

respective energies. 

The ZFS parameters D and E can be obtained from the lambda tensor via 

𝐷 =  
1

2
𝜆2(2 Λ𝑧𝑧 − Λ𝑥𝑥 − Λyy); 𝐸 =  

1

2
𝜆2(Λ𝑥𝑥 − Λyy) (2) 

A matrix element is non-vanishing only when the direct product of the symmetries of the three terms 

of the integrand spans the totally symmetric irrep. This symmetry requirement allows the 

determination of the relevant excited states from the symmetries spanned by the ground state and 

the orbital angular momentum. The relevant symmetry point group for the present complex cis-fac-

[V(ddpd)2]2+ is C2. The excited states transform either as E, T1 or T2, while the orbital angular 

momentum operator transforms as T1. The ground state transforms as A2. Hence, non-vanishing 

matrix elements are only obtained for the T2 excited state. Additionally, only the diagonal elements 

of the lambda tensor are non-zero. 

 

Evaluation of the matrix elements[35] 

Making use of the Wigner-Eckhart theorem and considering the effects of symmetry lowering (from 

O to C2) according Butler's chain of groups, each matrix element can be written as products of 2jm 

symbols, 3jm symbols and a reduced matrix element (RME) as: 

⟨Γ𝐺𝑆| Γ𝐿̂|Γ𝐸𝑆⟩𝑂⊃𝐷4⊃𝐷2⊃𝐶2 = (
Γ𝐺𝑆(𝑂)

𝐺𝑆
)

𝑂

⋅  (
Γ𝐺𝑆(𝑂) Γ𝐿̂(𝑂) Γ𝐸𝑆(𝑂)

𝐺𝑆 𝑘 𝐸𝑆
)

𝑂

⋅ (
Γ𝐺𝑆(𝑂)

Γ𝐺𝑆(𝐷4)
)

𝐷4

𝑂

⋅

 (
Γ𝐺𝑆(𝑂) Γ𝐿̂(𝑂) Γ𝐸𝑆(𝑂)

Γ𝐺𝑆(𝐷4) Γ𝐿̂(𝐷4) Γ𝐸𝑆(𝐷4)
)

𝐷4

𝑂

⋅ (
Γ𝐺𝑆(𝐷4)

Γ𝐺𝑆(𝐷2)
)

𝐷2

𝐷4

⋅  (
Γ𝐺𝑆(𝐷4) Γ𝐿̂(𝐷4) Γ𝐸𝑆(𝐷4)

Γ𝐺𝑆(𝐷2) Γ𝐿̂(𝐷2) Γ𝐸𝑆(𝐷2)
)

𝐷2

𝐷4

⋅ (
Γ𝐺𝑆(𝐷2)

Γ𝐺𝑆(𝐶2)
)

𝐶2

𝐷2

⋅

 (
Γ𝐺𝑆(𝐷2) Γ𝐿̂(𝐷2) Γ𝐸𝑆(𝐷2)

Γ𝐺𝑆(𝐶2) Γ𝐿̂(𝐶2) Γ𝐸𝑆(𝐶2)
)

𝐶2

𝐷2

⋅ ⟨Γ𝐺𝑆‖Γ𝐿̂‖Γ𝐸𝑆⟩𝑂 (3) 

Here, the first 2jm and the first 3jm symbol are due to the decomposition of the integral due to the 

Wigner-Eckhart theorem. The following 2jm and 3jm symbols take into account the symmetry 

lowering. GS and ES (ζ, ξ, or η for T2) are the components of the ground state and excited state irreps, 

respectively. Since the ground state is non degenerate, GS is in all cases a2. k is the component of the 

irrep of the orbital angular momentum operator (x, y, or z for T1).[37] 

Only a few combinations of components will deliver non-zero results, and Table C12.1 in Piepho and 

Schatz can be used to find non-zero contributions.[36] All 2jm- and 3jm-symbols are tabulated in 

Butler.[35] Finally, the reduced matrix element is evaluated under the assumption that the transition 

from ground to excited state can be assigned to a transition of one electron from an orbital to another 

orbital. In our case, the transition from ground to excited state is always assumed to correspond to 

excitation of one electron (l = 2) from an e- to a t2-orbital in O symmetry. The symmetries of the states 

are then replaced by those of the orbitals and that of the total orbital angular momentum operator 

to that of the one-electron orbital angular momentum operator. The effect of symmetry reduction 
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from the pure rotational symmetry SO3 of the angular momentum to the O point group is considered 

as: 

⟨Γ𝐺𝑆‖Γ𝑙‖Γ𝐸𝑆⟩𝑂 = ⟨𝑒‖Γ𝑙‖𝑡2⟩𝑂 = ⟨𝑡2‖Γ𝐿̂‖𝑒⟩𝑂 = (
2

𝑒
)

𝑂

𝑆𝑂3

⋅  (
2

𝑒

1

𝑡1

2

𝑡2
)

𝑂

𝑆𝑂3

√𝑙(𝑙 + 1)(2𝑙 + 1)

= 1 ⋅ (−
√2

√5
) ⋅ √30 

=  −2√3  

 

Derivation of the relevant integrals 

 

With the above, the only non-zero integrals are: 

⟨𝐴2| 𝑇1𝑥|𝑇2𝜉⟩
𝑂⊃𝐷4⊃𝐷2⊃𝐶2

 

⟨𝐴2| 𝑇1𝑦|𝑇2𝜂⟩
𝑂⊃𝐷4⊃𝐷2⊃𝐶2

 

⟨𝐴2| 𝑇1𝑧|𝑇2𝜁⟩
𝑂⊃𝐷4⊃𝐷2⊃𝐶2

 

⟨𝑇2𝜉| 𝑇1𝑥|𝐴2⟩
𝑂⊃𝐷4⊃𝐷2⊃𝐶2

 

⟨𝑇2𝜂| 𝑇1𝑦|𝐴2⟩
𝑂⊃𝐷4⊃𝐷2⊃𝐶2

 

⟨𝑇2𝜁| 𝑇1𝑧|𝐴2⟩
𝑂⊃𝐷4⊃𝐷2⊃𝐶2  

These integrals can be solved by using the Wigner-Eckhart theorem as stated above. For the first 

integral this is: 

⟨𝐴2| 𝑇1𝑥|𝑇2𝜉⟩
𝑂⊃𝐷4⊃𝐷2⊃𝐶2

 = (𝐴2
𝑎2

)
𝑂

⋅  (𝐴2
𝑎2

𝑇1𝑥
𝑥

𝑇2𝜉

𝜉
)

𝑂

⋅ (𝐴2
𝐵1

)
𝐷4

𝑂

⋅  (𝐴2
𝐵1

𝑇1𝑥
𝐸

𝑇2𝜉

𝐸
)

𝐷4

𝑂

⋅ (𝐵1
𝐴1

)
𝐷2

𝐷4
⋅  (𝐵1

𝐴1

𝐸
𝐵1

𝐸
𝐵1

)
𝐷2

𝐷4
⋅ (𝐴1

𝐴1
)

𝐶2

𝐷2
⋅

 (𝐴1
𝐴1

𝐵1
𝐵1

𝐵1
𝐵1

)
𝐶2

𝐷2
⋅ 𝑅𝑀𝐸 

The 2jm and 3jm signals are tabulated in Butler. For this, one has to move to the corresponding 

Butler notation. For the above integral this is:  

⟨𝐴2| 𝑇1𝑥|𝑇2𝜉⟩
𝑂⊃𝐷4⊃𝐷2⊃𝐶2

 =(𝐴2
𝑎2

)
𝑂

  (𝐴2
𝑎2

𝑇1𝑥
𝑥

𝑇2𝜉

𝜉
)

𝑂

⋅ (0̃
2
)

𝐷4

𝑂

⋅  (0̃
2

1
1

1̃
1
)

𝐷4

𝑂

⋅ (2
0
)

𝐷2

𝐷4
⋅  (2

0
1
1̃

1
1̃
)

𝐷2

𝐷4
⋅ (0

0
)

𝐶2

𝐷2
⋅  (0

0
1̃
1

1̃
1
)

𝐶2

𝐷2
⋅ 𝑅𝑀𝐸 

With the 2jm and 3jm symbols evaluated: 

⟨𝐴2| 𝑇1𝑥|𝑇2𝜉⟩
𝑂⊃𝐷4⊃𝐷2⊃𝐶2

 = 1 ⋅
1

√3
⋅ 1 ⋅ −

√2

√3
⋅ 1 ⋅ −

1

√2
⋅ 1 ⋅ −1 ⋅ 𝑅𝑀𝐸 = 1 ⋅

1

√3
⋅ 1 ⋅ −

√2

√3
⋅ 1 ⋅ −

1

√2
⋅ 1 ⋅ −1 ⋅ −2√3 

= 
1

√3
⋅ −

√2

√3
⋅ −

1

√2
⋅ 2√3 = 

2√3

3
 

 

For the other matrix elements, the procedure is equivalent and will lead to the elements of the 

lambda tensor: 
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Λ𝑧𝑧 =  
4

3𝐸1
, Λ𝑦𝑦 =  

4

3𝐸2
 and Λ𝑥𝑥 =  

4

3𝐸3
. With that the ZFS parameters are the following: 

𝐷 =  
1

2
𝜆2(2

4

3𝐸1
−

4

3𝐸3
−

4

3𝐸2
) and 𝐸 =  

1

2
𝜆2(

4

3𝐸3
−

4

3𝐸2
) 
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6.4 Supporting Information to Chapter 3.4 („Structure and Electronic 
Properties of an Expanded Terpyridine Complex of Nickel(II) 
[Ni(ddpd)2](BF4)2)”) 
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