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Abstract. Traditional models of lanthanide electronic structure suggest that bonding is predominantly 

ionic, and that covalent orbital mixing is not an important factor in determining magnetic properties. 

Here, 4f orbital mixing and its impact on the magnetic susceptibility of Cp′3Eu (Cp′ = C5H4SiMe3) was 

analyzed experimentally using magnetometry and X-ray absorption spectroscopy (XAS) methods at the C 

K-, Eu M5,4-, and L3-edges. Pre-edge features in the experimental and TDDFT-calculated C K-edge XAS 

spectra provided unequivocal evidence of C 2p and Eu 4f orbital mixing in the π-antibonding orbital of a′ 

symmetry. The charge-transfer configurations resulting from 4f orbital mixing were identified 

spectroscopically by using Eu M5,4-edge and L3-edge XAS. Modeling of variable-temperature magnetic 

susceptibility data showed excellent agreement with the XAS results and indicated that increased 

magnetic susceptibility of Cp′3Eu is due to removal of the degeneracy of the 7F1 excited state due to 

mixing between the ligand and Eu 4f orbitals.
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Introduction

The ability to harness the 4f-orbital anisotropies and magnetic susceptibilities of lanthanide (Ln) elements 

is key to their application in molecular magnetism, including as molecular qubits and single-molecule 

magnets (SMMs). For example, in the field of SMMs, chemists have developed ligand design principles1-7 

that facilitate subtle tuning of the crystal field, which in turn enhances magnetic anisotropy and the 

blocking temperature in single-ion8-15 magnets. In addition to the 4f crystal field, lanthanide magnetic 

properties can be influenced by strong electron correlations, generating effects such as homogenous 

mixed valence with magnetic singlet formation and valence tautomerism.16-22 However, the impact of 

covalent mixing between metal and ligand orbitals on the magnetic properties of trivalent lanthanide 

systems is typically small, compared to its more significant effect in actinide complexes23-29 and in certain 

tetravalent lanthanide complexes.30-36 The Ln 4f orbitals have limited radial extension, such that the effect 

of overlap between the 4f and ligand orbitals is much weaker than electron repulsion and spin-orbit 

coupling.37 Covalent interactions between ligands and contracted 4f orbitals have been identified by 

recent theoretical and spectroscopic studies of Ln(III) compounds.19-21,38-42 Despite this progress, it 

remains challenging to predict how charge transfer resulting from 4f orbital mixing will be manifested by 

changes in magnetic behaviour.43

Denning and coworkers previously quantified 4f shell covalency in Cp3Yb in terms of charge-transfer 

from the ligand to the metal center using X-ray photoelectron spectroscopy (XPS), EPR (HYSCORE), 

and optical spectroscopies.39-40 They hypothesized40 that 4f shell covalency could also be significant in 

Cp3Eu because, like Yb3+, Eu3+ has a low-energy charge transfer state.44 In fact, Cp′3Eu (Cp′ = 

trimethylsilylcyclopentadienyl) has a more positive redox potential relative to Cp′3Yb (-1.07 V vs -1.64 

V, respectively),45 and Eu and Yb have the most favourable third ionization potentials of the entire 

lanthanide series (24.92 ± 0.10 eV and 25.05 ± 0.03 eV, respectively).46 Electron delocalization has been 

observed in Eu intermetallics; however, evidence of similar effects in molecules is limited.47 4f orbital 

mixing in an organometallic Eu(III) compound, Cp3Eu(THF), was illustrated by an unprecedentedly 

negative isomer shift in its 151-Eu Mössbauer spectrum.38 Laboratory XPS has recently been applied to 

study the electronic structures of Cp′3Ln and [K(crypt)][Cp′3Ln] (Ln = Gd, Eu, Sm, Tb), but spectral 

signatures for charge transfer were not observed.48 Direct probes of 4f orbital mixing are needed to 

understand the relationship between charge transfer and magnetism in lanthanide organometallic 

complexes. 

Studies of lanthanide and actinide organometallic compounds have shown that C K-edge XAS 

provides unique insight into the interactions between  systems and metal orbitals in specific valence 

orbitals.49-51 We previously used a combination of C K-edge XAS and DFT to provide direct evidence of 
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C 2p and Ce 4f orbital mixing in the δ-antibonding orbitals of (C8H8)2Ce.50 Here, we use C K-edge XAS 

and time dependent density functional theory (TDDFT) calculations to provide direct evidence of 4f 

orbital mixing in Cp′3Eu. In addition, Eu L3- and M5,4-edge spectroscopies were used to show how the 4f-

orbital mixing results in C 2p → Eu 4f charge transfer. Taken together with variable temperature 

magnetic susceptibility measurements, these spectroscopic evaluations reveal how 4f-orbital mixing can 

impact magnetism in lanthanide organometallic complexes.  

Results and Discussion

Ground State Electronic Structure. The following discussion of the molecular orbital interactions in 

Cp′3Eu provides a framework for evaluating the experimental results. Because the electronic structures for 

Ln(C5R5)3 (R = H or alkyl) are well established,40,52-55 this discussion will focus on the metal-based 

orbitals that are relevant to the XAS experiments. Visual depictions comparing the effects of spin-orbit 

coupling, ligand field splitting, and coulombic repulsion have been published for f1 systems,7,56 but are not 

possible for Eu3+ due to the large number of states involved. Hence, an MO model for the interaction 

between 2p- orbitals on the [Cp′3]3- framework and the Eu 5d- and 4f-orbitals was constructed in 

pseudo-C3h symmetry (Figure 1).40 In C3h, the 5d orbitals on Cp′3Eu transform as a′ (dz2), e′ (dxy and dx2-

y2), and e″ (dxz and dyz), which form σ-, π-, and δ-bonding interactions with the equatorial Cp′ ligands. The 

Eu 4f orbitals transform as 2a′ + a″ + e′ + e″, most of which are best described as non-bonding. However, 

mixing between appropriate ligand orbitals and one of the 4f orbitals of a′ symmetry gives rise to a 

weakly π-antibonding MO.57 Such mixing with the 4f orbitals can be described using an MO model by the 

linear combination of orbitals as: 

Ψ* = N{ψ4f – λψCp′ π*} (1)

where N is a normalization constant, λ is the orbital mixing coefficient, and ψ4f and ψCp′ π* are parent Eu 

and ligand-based wavefunctions. The MO model is advantageous because it describes how partial 

electron delocalization can occur in Cp′3Eu due to specific types of orbital interactions (e.g., σ, π, δ, φ), 

and is best-suited to interpret ligand-based spectroscopies such as C K-edge XAS (see below).

The MO model does not account for exchange interactions or core-hole induced charge transfer, 

among other effects associated with the multi-electron 4f6 configuration of a Eu3+ ion. Hence, the single-

determinant MO wavefunction shown in equation 1 can be rewritten using a many-electron, configuration 

interaction (CI) model,50,58 where the ground state is expressed by a combination of two terms that differ 

only by one electron:

Ψ*= N{|4f6⟩ + λ|4f7L⟩} (2)
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where |4f6⟩ is the ionic, Eu3+ configuration and |4f7L⟩ describes the result of a ligand-to-metal electron 

transfer leading to reduction to Eu2+ and formation of a ligand hole (L). Because the electrons are 

assumed to be fully localized, the CI model is better suited to interpret the metal-based Eu M5,4- and L3-

edge XAS and magnetic measurements described below. 

Figure 1. A qualitative MO diagram of Cp3Eu in C3h symmetry. The inset shows the a′ antibonding interaction of metal 

f and ligand orbitals. The nodal characteristics of the (Cp)3
3− fragment relative to the metal atom are represented with 

common short-hand notation.53,59 

Carbon K-edge XAS. C K-edge XAS spectra were collected with a scanning X-ray transmission 

microscope (STXM) on micron-scale crystallites of Cp′3Eu (Figure S4).57 This approach minimizes the 

saturation and self-absorption effects that commonly occur when using weakly penetrating incident 

radiation at low photon energies, and has been applied in the study of metal-carbon bonding for both d- 

and f-block systems.49-50,60 The background-subtracted and normalized C K-edge spectrum of Cp′3Eu is 

shown in Figure 2A together with a curve-fit model. For the pre-edge region of the spectrum above 284 

eV, the spectrum was fit using three Gaussian functions (refer to the SI for full details). The C K-edge 

spectrum of Cp′3Eu also exhibited a small peak at low energy, which required a fourth Gaussian function 

at 283.6 eV. The presence of a transition in this energy range is unusual, since transitions below 284 eV 

have not been observed previously for a variety of 1st, 2nd, or 3rd row d-block metallocenes.60-63 Because 

an equivalent low-energy peak was also not resolved in the C K-edge spectrum of 4f7 Cp′3Gd (see Figure 

S6), we hypothesized that the peak at 283.6 eV was associated with transitions into MOs of 4f-parentage.
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Figure 2. (A) C K-edge XAS pre-edge of Cp′3Eu (black circles), Gaussian functions (yellow, green, blue, and gray), 

and the sum of post-edge functions (dashed black trace) used to generate the total curve fit (red). (B) C K-edge XAS 

experimental data for Cp′3Eu (black circles), the TDDFT-calculated spectrum (blue) and calculated 

transitions (vertical blue bars). The three main features are labeled with the acceptor MOs from the transition 

assignments.

To assign the pre-edge features in the C K-edge XAS of Cp′3Eu, the spectrum was modelled using 

TDDFT implemented with NWChem and using the long-range corrected LC-PBE0 functional.63 Figure 

2B shows that the experimental spectrum for Cp′3Eu was well-reproduced with this computational 

method. Examination of the acceptor orbitals associated with a group of 15 transitions centered at 283.6 

eV confirms that the low-energy feature is associated with transitions from the C 1s orbitals into the Eu–

Cp′ π-antibonding 4f-orbital of a′ symmetry. Both the experimental and TDDFT calculated C K-edge 

spectrum agree regarding the relative location of the 4f and 5d orbitals; each show that the C 1s → a′ (4f-

π) transition is 1.6 eV lower in energy than the lowest energy transition into the 5d manifold, C 1s → a′ 

(5d-σ). Moving to higher energy, the TDDFT calculations indicate that the next feature at 285.8 eV is 

associated with C 1s transitions into both the e′′ (5dπ+δ*) and e′ (5dσ+π*) orbitals. These transitions are 

close in energy and not resolved individually in the experimental spectrum. The fourth feature observed at 

286.4 eV was not well reproduced in the calculated spectrum; features in this energy range are likely 
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associated with Rydberg-type orbitals that are not the unoccupied, antibonding counterpart to bonding 

orbitals that are occupied in the ground-state.60

The C K-edge pre-edge transitions described above have intensities that are weighted by the amount 

of C 2p character in the acceptor MO. Hence, the C K-edge XAS and TDDFT calculations provide 

evidence that C 2p and Eu 4f orbital mixing occurs specifically in the Eu–Cp′ π-antibonding orbitals of a′ 

symmetry. This assignment is consistent with the MO diagram derived experimentally from 

magnetometry (see below), which showed that the a′ MO is the most destabilized by the Cp′ ligand field. 

In this regard, Cp′3Eu is similar to Cp3Yb, which also exhibits significant orbital mixing in the partially 

occupied a′ orbital as shown by XPS and ADF-DFT calculations.39-40 The consequence of mixing in the a′ 

MO is Cp′ → Eu charge transfer. In a configuration interaction (CI) model where the orbitals are 

localized, this mixing is manifested by a greater weight of the Eu2+ configuration, 4f7L , where L 

represents a hole on one of the Cp′ ligands resulting from Cp′ π → 4f charge transfer.22 Charge transfer is 

also reflected in the DFT calculation for Cp′3Eu by the Lowdin spin population analysis, which provided 

a value of 6.32. This value exceeds the prediction of 6 for a Eu3+ ion and suggests that the weight of the 

Eu2+ CT configuration (4f14L) in the ground state is 32%.

Europium L3- and M5,4-edge XAS. Eu M5,4-edge and L3-edge XAS were obtained to provide further 

evidence of Cp′ π → 4f charge transfer interactions in Cp′3Eu. Previous work has shown that M5,4-edge 

and L3-edge XAS are particularly useful techniques for probing 4f orbital mixing and charge transfer in 

tetravalent Ce, Pr, and Tb systems,58,64-66 and in trivalent Sm, Eu, Tm, and Yb systems.67-69 Both the Eu L3 

(2p → 5d) and M5,4-edge (3d → 4f) spectroscopies probe electric-dipole allowed transitions from Eu core 

orbitals to empty or partially occupied valence orbitals. 

Figure 3 shows the background subtracted and normalized Eu M5,4-edge XAS spectra for Cp′3Eu 

compared to reference compounds for Eu2+ (Eu2O3) and Eu3+ (EuAl4).69 The spectra are split into low-

energy M5 (3d5/2 → 4f7/2) and high-energy M4 (3d3/2 → 4f5/2) edges due to spin-orbit coupling with the 3d 

core hole.70-71 Both the M5- and M4-edges can also exhibit fine structure due to final-state multiplet 

splitting, with characteristic patterns based on the number of 4f electrons.50,58,72-73 The spectrum of Cp′3Eu 

consists of main M5 and M4 peaks centered at 1131.3 eV and 1158.9 eV, respectively, and fine structure 

that most clearly resembles the spectrum of Eu2O3.70-71,74 However, additional features were also observed 

at 1129.1 and 1155.9 eV, which were not present in the spectrum for Eu2O3 but were coincident with the 

peak energies of the Eu2+ standard, EuAl4.69 In this regard the M5,4-edge spectrum of Cp′3Eu resembles 

that of mixed-valent Sm, Eu, and Tm solids, which have been described as superpositions of Ln3+ and 

Ln2+ subspectra.68 Qualitatively, the presence of features attributable to both Eu2+ and Eu3+ configurations 

in the M5,4-edge XAS of Cp′3Eu provides further support for the existence of Cp′ π → 4f charge transfer 
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interactions identified by C K-edge spectroscopy. However, the relatively low intensity of the Eu2+ 

features indicates that the Eu3+ configuration is likely a more dominant component of the ground state for 

Cp′3Eu. The spectrum of Cp′3Eu is also distinct from the M5,4-edge spectra of formally tetravalent Ce and 

Pr compounds, where the phenomenon of increased charge transfer in the final state causes emergence of 

satellite features at high energy relative to the main M5 and M4 peaks.75 Theoretical models of M5,4-edge 

spectra have been developed for certain f-element systems by using CI calculations,50,58,72,76-80 but could 

not be performed at the time of this study due to challenges with incorporating charge transfer in the 

calculations.81-83 More detailed theoretical and experimental investigation is needed to determine whether 

charge transfer satellite peaks are also present, but not resolved, in the M5,4-edge spectra of Cp′3Eu and 

some other Sm, Eu, and Tm molecules and solids.

Figure 3. M5,4-edge spectrum for Cp′3Eu (black) and references for Eu3+ (Eu2O3, magenta) and Eu2+ (EuAl4, blue). 

Two features associated with Eu2+ character in the L3-edge spectrum for Cp′3Eu are highlighted with asterisks.

Background-subtracted and normalized Eu L3-edge XANES spectra of Cp′3Eu and reference compounds 

Eu2O3 and Cp*2Eu are shown in Figure 4. The spectra for Cp′3Eu and Eu2O3 were similar in that both had 

the same white-line energy (6981.7 eV). However, Cp′3Eu also exhibited a lower energy shoulder at ca. 

6974 eV, which is similar to the white-line energies for Cp*2Eu (6975 eV) and other Eu2+ compounds.84-85 

The presence of two features in the Eu L3-edge spectrum of Cp′3Eu is reminiscent of the Yb L3-edge 

spectra of Yb organometallic complexes19-21 and the L3-edge spectra of tetravalent Ce, Pr, and Tb 

compounds, which show a low-energy feature that is attributable to a charge-transfer configuration.58 In 

analogy to these studies, we described the ground-state electronic structure of Cp′3Eu with a CI model 
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involving mixing between 4f65d0 and 4f7L5d0 configurations. Then, at the Eu L3-edge, transitions occur to 

4f65d1 and 4f7L5d1 final states, respectively. Based on this model, the low energy feature in the Eu L3-

edge spectrum of Cp′3Eu was attributed to a 4f7L5d0 → 4f7L5d1 transition, and the main white-line feature 

was assigned to a 4f65d0 → 4f65d1. The ca. 6 eV peak separation was attributed to the difference in the 

number of 4f electrons that are available to screen the 5d electron from the Ln 2p core hole. The relative 

amount of 4f7L5d0 in the ground state was determined at 28(4)% by curve-fitting the spectrum (see Figure 

S12 in the ESI), which indicated that significant charge-transfer interactions are present Cp′3Eu. Yb L3-

edge XAS for Cp′3Yb were measured for comparison (see Figure S13 in the ESI), which indicated that the 

relative contribution of the corresponding 4f14L5d0 configuration to the ground-state was 0.11(3). The 

relative amount of 4f7L5d0 in the ground state, 0.28(4), is also referred to as nf, the amount of additional 

4f character introduced due to covalent bonding.

Figure 4. L3-edge spectrum for Cp′3Eu (magenta) and references for Eu3+ (Eu2O3, dashed black) and Eu2+ (Cp*2Eu, 

dashed blue). A curve fit of the experimental data for Cp′3Eu is provided in the Supporting Information (Figure S12). A 

shoulder associated with Eu2+ character in the L3-edge spectrum for Cp′3Eu is highlighted with an asterisk.

Magnetometry. Variable-temperature magnetic susceptibility data for Cpʹ3Eu reported previously by 

Meihaus et al. (Figure 5) was examined for evidence of charge transfer interactions.86 At low temperature, 

Cp′3Eu displays temperature independent paramagnetism (TIP) with χ equal to 0.13 emu mol-1. At 

temperatures greater than ~10 K, the value of χ decreases as the first excited state becomes populated. 

Qualitatively, the magnetic susceptibility of an isolated Eu3+ ion is straightforward. For a free Eu3+ cation, 
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the term 7F is split by spin–orbit coupling into seven states, 7FJ, with J = 0–6. The energies of the states 

(EJ)87-88 are: 

𝐸𝐽 = 𝜆
2[𝐽(𝐽 + 1)] (1)

Where λ is the spin-orbit coupling constant, which is 220 cm-1 (316 K) for a free Eu3+ ion.89 Using a free-

ion model of the electronic structure of Eu(III), the magnetic susceptibility of a Eu3+ ion may be 

calculated using van Vleck’ theorem (eq 2):87-88,90

𝜒 =
∑𝐽=6

𝐽=0 𝜒𝐽(2𝐽 1)𝑒―𝐸𝐽 𝑘𝐵𝑇

∑𝐽=6
𝐽=0 (2𝐽 1)𝑒―𝐸𝐽 𝑘𝐵𝑇 = 𝑁𝜇2

𝐵
𝑍

𝐴
3𝜆

(2)

Where:

𝐴 = 24 + 13.5 𝜆
𝑘𝐵𝑇

― 1.5 𝑒
―𝜆

𝑘𝐵𝑇 + 67.5 𝜆
𝑘𝐵𝑇

― 2.5 𝑒
―3𝜆
𝑘𝐵𝑇 + 189 𝜆

𝑘𝐵𝑇
― 3.5 𝑒

―6𝜆
𝑘𝐵𝑇 +

405 𝜆
𝑘𝐵𝑇

― 4.5 𝑒
―10𝜆
𝑘𝐵𝑇 + 742.5 𝜆

𝑘𝐵𝑇
― 5.5 𝑒

―15𝜆
𝑘𝐵𝑇 + 1228.5 𝜆

𝑘𝐵𝑇
― 6.5 𝑒

―21𝜆
𝑘𝐵𝑇 (3)

and

𝑍 = 1 + 3𝑒―𝜆 𝑘𝐵𝑇 +5𝑒―3𝜆 𝑘𝐵𝑇 +7𝑒―6𝜆 𝑘𝐵𝑇 +9𝑒―10𝜆 𝑘𝐵𝑇 +11𝑒―15𝜆 𝑘𝐵𝑇 +13𝑒―21𝜆 𝑘𝐵𝑇 (4)

At low temperature, only the 7F0 orbital-singlet state is populated. This state displays temperature 

independent magnetism. As the temperature increases, the low-lying 7F1 and 7F2 excited states will be 

thermally populated, at which point the magnetic susceptibility, , becomes temperature dependent and 

starts to decrease.
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Figure 5. Magnetic susceptibility of Cp′3Eu (open circles). The fit using eq 2 (free-ion model) is shown as a solid 

black line. The results of fitting the data using CONDON 3 (crystal field model with k = 0.78) is shown using an 

orange line.

However, the details of the magnetic susceptibility of Cp′3Eu are not congruent with this free-ion 

treatment; both the χ value at 300 K and χTIP at low temperatures are larger than the values for the free 

Eu3+ cation and reported monomeric Eu(III) compounds. Both observations indicate that the lowest lying 

excited state is much lower in energy than typical for a Eu(III) complex.87-88,91-96 Attempts to fit these data 

to a free-ion model using eq. (2) resulted in a very small λ value of 23 K which is an order of magnitude 

smaller than reported values for Eu(III) compounds (λ = 250‒350 K) and is not realistic.87-88,91-96 The free 

ion model fails due to its implicit assumption that the splitting of the J states by the crystal field is much 

smaller than the spin orbit coupling constant. The XAS results show that the ground state of Cp′3Eu has a 

large contribution from a CT state, 4f7L5d0, due to mixing between the Eu 4f orbitals and the Cp′ orbitals 

with a′ symmetry.  The magnitude of this interaction suggests that the splitting of the energies of the 4f-

orbitals (and the J states) may be large enough to affect the variable temperature magnetic susceptibility 

of Cp′3Eu.

To examine this possibility, the magnetic susceptibility of Cp′3Eu was modeled with crystal field 

theory using the program CONDON 3.97 The crystal field parameters B0
2, B0

4, B0
6, and B6

6 were allowed 

to vary while spin-orbit coupling () and Slater repulsion were fixed at their starting values. In 

comparison to the crystal field parameters, the Slater parameters and  are less strongly affected by the 

ligands. Fits were also performed while allowing  to vary, but doing so increased the value of reduced 

chi-squared, χ
2, which indicates that the models with  fixed at 1336 cm-1 better reproduced the data. The 

initial fit of the susceptibility reproduced the data well, but yielded crystal field parameters with values 

around 104 cm-1, which are not reasonable due to the small overlap between the 4f and ligand orbitals. 

Since the XAS measurements indicated considerable mixing between the 4f and ligand orbitals, the effect 

of decreasing the Stevens orbital reduction parameter, k, were examined. This parameter corrects the 

calculated magnetic susceptibility for the decrease in orbital angular momentum due to mixing of the 

metal orbital with the ligand orbitals. Allowing k to vary during fits of the magnetic susceptibility 

provided reasonable quality fits over a large range of k values, from 0.55 to 0.95 – suggesting that k has a 

relatively flat χ
2 profile – but often provided unrealistically large crystal field parameters. Hence, the 

value of k was set to 0.7 based on the nf value determined by fitting the L3-edge data using the 

relationship k = 1 – nf. This provided reasonable crystal field parameters with magnitudes on the order of 

103 cm-1, which agree well with those reported previously by optical spectroscopy and magnetic 

measurements.98-99
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Table 1: Values of parameters used to fit the magnetic susceptibility of Cp′3Eu

Parameter Model

Atomic Crystal Field

k 0.7a

l (cm-1) 14 223a

nf (1-k) 0 0.3

B0
2 (cm-1) -2710

B0
4 (cm-1) 2349

B0
6 (cm-1) 1917

B6
6 (cm-1) -5970

χn
2 b 6.9 0.0021

a) Fixed parameter

b) Reduced chi-squared = 
1

(𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑑𝑎𝑡𝑎 𝑛𝑢𝑚𝑏𝑒𝑟𝑜𝑓𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠)∑𝑖
(𝜒𝑚𝑒𝑎𝑠 𝜒𝑐𝑎𝑙𝑐)2

(𝜒𝑚𝑒𝑎𝑠)2

Figure 6 compares the energies of the low-lying 4f6 states calculated by CONDON 3 during the fit to 

the energies of the free-ion states, which were determined by setting B0
2, B0

4, B0
6, and B6

6 to small values. 

Using Figure 6, one can understand both the magnetic behavior of Cp′3Eu and why the free ion model 

fails to reproduce the magnetic susceptibility. In the absence of a crystal field, the energy of the first 

excited state, 7F1, is 378 cm-1 above the ground state, 7F0. The crystal field splits 7F1. The mJ = ±1 doublet 

state is destabilized, and the mJ = 0 singlet state is stabilized such that it is only 25 cm-1 above the ground 

state. Because the first excited state is at low energy, the value of χTIP is much larger than it is in the free 

ion (χTIP  is inversely proportional to the energy gap). In addition, because the first excited state is at low 

energy, it becomes thermally populated at low temperatures, which results in a rapid decrease in the 

magnetic susceptibility of Cp′3Eu as the temperature increases above ~10 K. In the free ion model 

(Equations 2-4), the only way to decrease the energy of the first excited state is to decrease λ to a small 

value, which is not physically meaningful. Even this is not sufficient to model the magnetic susceptibility 

since the first excited state in the free ion model is a triplet while the first excited state is actually a 

singlet. 
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Figure 6. Low lying states of Cp′3Eu described using an atomic model and a crystal field model with k = 0.7.

The fact that reasonable values of B0
2, B0

4, B0
6, and B6

6 could only be obtained when k ≤ 0.75 indicates 

that a large degree of orbital mixing is present in Cp′3Eu. The nature of this interaction can be evaluated 

from the experimentally derived MO diagram shown in Figure 7, which was determined by using the 

crystal field parameters to calculate the splitting of the 4f orbitals. The MO diagram for Cp′3Eu resembles 

that previously reported for Cp′3Nd100 and the qualitative MO diagram shown in Figure 1. In these cases, 

one 4f-orbital is more strongly destabilized due to interaction with the ligands, and the other six 4f 

orbitals are similar in energy suggesting little interaction with the ligand orbitals.

Figure 7. Experimentally derived MO diagram showing the valence 4f-orbitals for Cp′3Eu and Cp′3Nd.

Page 12 of 18Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
ju

ni
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

7/
06

/2
02

4 
20

:4
1:

04
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D4SC01300J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01300j


The results from fitting the magnetic susceptibility also illustrate a drawback of this technique, which is 

that the crystal field model used by CONDON 3 may have multiple sets of parameters that can fit the data 

well. For this reason, it is helpful to have results from other physical measurements to better constrain the 

fit. Ideally, one would like to include the energies of the excited states and fit those along with the 

magnetic susceptibility. Here, we have adopted a different approach and have used the value of nf 

determined from XAS measurements to determine the value of k in the crystal field model, 0.7. 

Conclusion

In summary, the X-ray spectroscopic and magnetic measurements described above have demonstrated 

how 4f orbital mixing can increase the magnetic susceptibility of a trivalent Eu organometallic complex, 

Cp′3Eu. Despite inducing very different core-hole potentials, the C K-edge, Eu M5,4-edge, and Eu L3-edge 

XAS measurements each provided evidence for C 2p and Eu 4f orbital mixing. The C K-edge XAS and 

TDDFT calculations also showed that C 2p and Eu 4f orbital mixing occurs specifically in the orbitals of 

a′ symmetry (4f-π). The amount of charge transfer was expressed using a CI model in terms of the relative 

contribution of the |4f7L⟩ configuration to the total ground-state wavefunction. The amount of charge 

transfer determined by fitting of the Eu L3-edge spectrum, 0.28(4), was used to determine the Stevens 

orbital reduction parameter, k, used in the modeling of the magnetic susceptibility data. The results of 

crystal field modeling show that the increased magnetic susceptibility of Cp′3Eu at low temperature is due 

to the presence of a low-lying mJ = 0 excited state resulting from the splitting of the 7F1
 term. The 

qualitative MO diagram produced by modeling the magnetic susceptibility data is in excellent agreement 

with the results of the XAS studies.

In the closely related molecule Cp3Yb, the presence of orbital mixing in Cp3Yb is manifested by a 12% 

contribution of the Yb2+ charge transfer configuration (4f14L) to the ground-state, with the remaining 88% 

from the ionic, Yb3+ configuration (4f13).39 The enhancement in charge transfer for Cp′3Eu compared to 

Cp3Yb is consistent with predictions by Denning and coworkers39 based on the 0.44 eV lower energy of 

the ligand to metal charge transfer transition for Eu3+ vs. Yb3+.44 It is also likely to be a general result 

when comparing isomorphous Eu3+ and Yb3+ complexes owing to the lower reduction potential for Eu3+ (-

0.34 V) compared with Yb3+ (-1.05 V) ions.101 To explore the limits of this trend, we are currently 

studying complexes with the related ions Sm3+ and Tm3+, as well as Nd3+ and Dy3+, which may be able to 

access either 4fn+1 or 4fn5d1 charge transfer configurations depending on the coordination 

environment.57,102  
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