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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/sEu (Cp’ = CsH4SiMes) was analyzed experimentally
using magnetometry and X-ray absorption spectroscopy (XAS) methods at the C K-, Eu Ms4-, and Ls-
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 w-antibonding orbital of a’ symmetry. The

. 4 25th Feb 2024 charge-transfer configurations resulting from 4f orbital mixing were identified spectroscopically by using
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Accepted 5th June 2024 Eu Ms 4-edge and Lz-edge XAS. Modeling of variable-temperature magnetic susceptibility data showed

excellent agreement with the XAS results and indicated that increased magnetic susceptibility of Cp’sEu

DOI: 10.1039/d4sc01300j is due to removal of the degeneracy of the ’F; excited state due to mixing between the ligand and Eu 4f
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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
principles’” that facilitate subtle tuning of the crystal field,
which in turn enhances magnetic anisotropy and the blocking
temperature in single-ion®*** 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.'*** However, the impact of covalent
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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
complexes®? and in certain tetravalent lanthanide
complexes.***® 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.*” Covalent interactions between ligands and con-
tracted 4f orbitals have been identified by recent theoretical and
spectroscopic studies of Ln(m) compounds.**"*%*> Despite this
progress, it remains challenging to predict how charge transfer
resulting from 4f orbital mixing will be manifested by changes
in magnetic behaviour.”

Denning and coworkers previously quantified 4f shell cova-
lency in Cp;Yb in terms of charge-transfer from the ligand to the
metal center using X-ray photoelectron spectroscopy (XPS), EPR
(HYSCORE), and optical spectroscopies.*** They hypothe-
sized*’ that 4f shell covalency could also be significant in Cp;Eu
because, like Yb**, Eu** has a low-energy charge transfer state.**
In fact, Cp/sEu (Cp’ = trimethylsilylcyclopentadienyl) has
a more positive redox potential relative to Cp’;Yb (—1.07 V vs.
—1.64V, respectively),* 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).*® Electron delo-
calization has been observed in Eu intermetallics; however,
evidence of similar effects in molecules is limited.*” 4f orbital
mixing in an organometallic Eu(m) compound, Cp;Eu(THF),
was illustrated by an unprecedentedly negative isomer shift in

Chem. Sci., 2024, 15, 12667-12675 | 12667


http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc01300j&domain=pdf&date_stamp=2024-08-10
http://orcid.org/0000-0001-9996-8676
http://orcid.org/0000-0001-7654-8636
http://orcid.org/0000-0001-5575-4895
http://orcid.org/0000-0001-7887-0856
http://orcid.org/0000-0003-4381-8753
http://orcid.org/0000-0002-3104-3260
http://orcid.org/0000-0003-4690-3566
http://orcid.org/0000-0001-6410-5838
http://orcid.org/0000-0002-7114-8315
http://orcid.org/0000-0002-0651-418X
http://orcid.org/0000-0002-0796-7631
http://orcid.org/0000-0003-1346-7497
https://doi.org/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
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015032

Open Access Article. Published on 11 czerwca 2024. Downloaded on 18.02.2026 11:53:54.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

its 151-Eu Mossbauer spectrum.*® Laboratory XPS has recently
been applied to study the electronic structures of Cp’;Ln and
[K(crypt)][Cp’sLn] (Ln = Gd, Eu, Sm, Tb), but spectral signatures
for charge transfer were not observed.*® Direct probes of 4f
orbital mixing are needed to understand the relationship
between charge transfer and magnetism in lanthanide organ-
ometallic complexes.

Studies of lanthanide organometallic
compounds have shown that C K-edge XAS provides unique
insight into the interactions between 7 systems and metal
orbitals in specific valence orbitals.**** We previously used
a combination of C K-edge XAS and DFT to provide direct
evidence of C 2p and Ce 4f orbital mixing in the d-antibonding
orbitals of (CsHg),Ce.*® 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’;Eu. In addi-
tion, Eu L;- and M; s-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 lantha-
nide organometallic complexes.

and actinide

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(CsRs); (R=H or
alkyl) are well established,**>* this discussion will focus on
the metal-based orbitals that are relevant to the XAS experi-
ments. Visual depictions comparing the effects of spin-orbit
coupling, ligand field splitting, and coulombic repulsion have
been published for f' systems,”* but are not possible for Eu®**
due to the large number of states involved. Hence, an MO model
for the interaction between 2p-m orbitals on the [Cp/s]*~
framework and the Eu 5d- and 4f-orbitals was constructed in

Eu5d =-
> = = 3a'+1a" + 2e’' + 2e"
E’) BRI = = (non-bonding 4f)
i —
=Cpmu*
2a’ (4f) — -
12’ (5d,) — -
1e" (5d,.) =
1€’ (5d,.) =
Eu® Cp'sEu [Cp's*

Fig.1 A qualitative MO diagram of CpzEu in Cz}, symmetry. The inset
shows the a’ antibonding interaction of metal f and ligand orbitals. The
nodal characteristics of the (Cp)s>~ fragment relative to the metal atom
are represented with common short-hand notation.>*%”
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pseudo-Cs;, symmetry (Fig. 1).% In Csy, the 5d orbitals on Cp/;Eu
transform as a’ (d2), €' (dy, and d,=_,2), and €” (d,, and d,,),
which form o-, 7-, and 3-bonding interactions with the equa-
torial Cp’ ligands. The Eu 4f orbitals transform as 2a’ + a” + ¢’ +
¢”, 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 m-antibonding
MO.*® Such mixing with the 4f orbitals can be described using
an MO model by the linear combination of orbitals as:

U = N{1//4f - A‘//Cp/ TE*} (1)

where N is a normalization constant, A is the orbital mixing
coefficient, and y,¢ and Y =+ are parent Eu and ligand-based
wavefunctions. The MO model is advantageous because it
describes how partial electron delocalization can occur in
Cp/'sEu due to specific types of orbital interactions (e.g., o, T, d,
¢), 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 associ-
ated with the multi-electron 4f° configuration of a Eu®** ion.
Hence, the single-determinant MO wavefunction shown in eqn
(1) can be rewritten using a many-electron, configuration
interaction (CI) model,*** where the ground state is expressed
by a combination of two terms that differ only by one electron:

W = N{|4) + A|4L)} 2)

where |4f°) is the ionic, Eu®*" configuration and |4f’L) describes
the result of a ligand-to-metal electron transfer leading to
reduction to Eu”" 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 M; 4- and L;-edge
XAS and magnetic measurements described below.

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/;Eu (Fig. S47).”® 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.***** The background-subtracted
and normalized C K-edge spectrum of Cp’;Eu is shown in
Fig. 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 ESI} for full details). The C K-
edge spectrum of Cp/;Eu 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 previ-
ously for a variety of 1st, 2nd, or 3rd row d-block
metallocenes.®"*® Because an equivalent low-energy peak was
also not resolved in the C K-edge spectrum of 4f” Cp’;Gd (see
Fig. S61), we hypothesized that the peak at 283.6 eV was asso-
ciated with transitions into MOs of 4f-parentage.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) C K-edge XAS pre-edge of Cp’sEu (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’sEu (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';Eu, the spectrum was modelled using TDDFT implemented
with NWChem and using the long-range corrected LC-PBEO
functional.®® Fig. 2B shows that the experimental spectrum for
Cp’;Eu was well-reproduced with this computational method.
Examination of the acceptor orbitals associated with a group of
15 transitions centered at 283.6 €V confirms that the low-energy
feature is associated with transitions from the C 1s orbitals into
the Eu-Cp’ m-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-7) transition is 1.6 eV lower in
energy than the lowest energy transition into the 5d manifold, C
1s — a’ (5d-o). Moving to higher energy, the TDDFT calcula-
tions indicate that the next feature at 285.8 eV is associated with
C 1s transitions into both the e” (5d..,;) and ¢ (5d,,, ) orbitals.
These transitions are close in energy and not resolved individ-
ually 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 associated with Rydberg-
type orbitals that are not the unoccupied, antibonding coun-
terpart to bonding orbitals that are occupied in the ground-
state.®

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

© 2024 The Author(s). Published by the Royal Society of Chemistry
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calculations provide evidence that C 2p and Eu 4f orbital mixing
occurs specifically in the Eu-Cp’ m-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’;Eu is similar to Cp;Yb,
which also exhibits significant orbital mixing in the partially
occupied a’ orbital as shown by XPS and ADF-DFT calcula-
tions.>*** 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 Eu** configuration, 4f"L, where L represents a hole
on one of the Cp’ ligands resulting from Cp’ ® — 4f charge
transfer.”” Charge transfer is also reflected in the DFT calcula-
tion for Cp’;Eu by the Lowdin spin population analysis, which
provided a value of 6.32. This value exceeds the prediction of 6
for a Eu®" ion and suggests that the weight of the Eu*" CT
configuration (4f'*L) in the ground state is 32%.

Europium L;- and M; s-edge XAS

Eu M; 4-edge and L;-edge XAS were obtained to provide further
evidence of Cp’ w — 4f charge transfer interactions in Cp/';Eu.
Previous work has shown that M; ,-edge and L;-edge XAS are
particularly useful techniques for probing 4f orbital mixing and
charge transfer in tetravalent Ce, Pr, and Tb systems,*>***® and
in trivalent Sm, Eu, Tm, and Yb systems.®”-*° Both the Eu L; (2p
— 5d) and M; ,-edge (3d — 4f) spectroscopies probe electric-
dipole allowed transitions from Eu core orbitals to empty or
partially occupied valence orbitals.

Fig. 3 shows the background subtracted and normalized Eu
M; 4-edge XAS spectra for Cp';Eu compared to reference
compounds for Eu>* (Eu,0;) and Eu®* (EuAl,).* The spectra are
split into low-energy M; (3ds, — 4f,,) and high-energy M,
(3ds/, — 4fs),) edges due to spin-orbit coupling with the 3d core

Eu M;-edge
- (3ds, — 4fp) Eu M,-edge
m (3ds, — 4fy;)
=
=]
Py
o
§
s
=
2 Eu,0,
2
£
EuAl,
LI B e e e e e e e B
1120 1130 1140 1150 1160 1170

Energy (eV)

Fig. 3 Ms 4-edge spectrum for Cp’sEu (black) and references for Eust
(Eu,0s, magenta) and Eu?* (EuAL,, blue). Two features associated with
Eu?* character in the Ls-edge spectrum for Cp’sEu are highlighted
with asterisks.
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hole.”*”* Both the Ms- and My-edges can also exhibit fine
structure due to final-state multiplet splitting, with character-
istic patterns based on the number of 4f electrons.****”>7* The
spectrum of Cp’;Eu consists of main M5 and M, peaks centered
at 1131.3 eV and 1158.9 eV, respectively, and fine structure that
most clearly resembles the spectrum of Eu,0;.7%”7* However,
additional features were also observed at 1129.1 and 1155.9 eV,
which were not present in the spectrum for Eu,0; but were
coincident with the peak energies of the Eu*" standard, EuAl,.®
In this regard the M; 4-edge spectrum of Cp’;Eu resembles that
of mixed-valent Sm, Eu, and Tm solids, which have been
described as superpositions of Ln*" and Ln** subspectra.®®
Qualitatively, the presence of features attributable to both Eu**
and Eu®* configurations in the M5 ,-edge XAS of Cp’;Eu provides
further support for the existence of Cp’ = — 4f charge transfer
interactions identified by C K-edge spectroscopy. However, the
relatively low intensity of the Eu** features indicates that the
Eu’" configuration is likely a more dominant component of the
ground state for Cp’;Eu The spectrum of Cp’;Eu is also distinct
from the M; 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 M, peaks.” Theo-
retical models of M; 4-edge spectra have been developed for
certain f-element systems by using CI calculations,****7>7¢#® but
could not be performed at the time of this study due to chal-
lenges with incorporating charge transfer in the
calculations.®*®* More detailed theoretical and experimental
investigation is needed to determine whether charge transfer
satellite peaks are also present, but not resolved, in the M; 4-
edge spectra of Cp’;Eu and some other Sm, Eu, and Tm mole-
cules and solids.

Background-subtracted and normalized Eu L;-edge XANES
spectra of Cp’;Eu and reference compounds Eu,0; and Cp,Eu
are shown in Fig. 4. The spectra for Cp’;Eu and Eu,0; were
similar in that both had the same white-line energy (6981.7 eV).
However, Cp/;Eu also exhibited a lower energy shoulder at ca.
6974 eV, which is similar to the white-line energies for Cp;Eu
(6975 eV) and other Eu®>" compounds.®*** The presence of two
features in the Eu Ls-edge spectrum of Cp’;Eu is reminiscent of
the Yb L;-edge spectra of Yb organometallic complexes*** and
the L;-edge spectra of tetravalent Ce, Pr, and Tb compounds,
which show a low-energy feature that is attributable to a charge-
transfer configuration.® In analogy to these studies, we
described the ground-state electronic structure of Cp’;Eu with
a CI model involving mixing between 4f°5d° and 4fL5d°
configurations. Then, at the Eu Lz-edge, transitions occur to
4f°5d" and 4f’L5d" final states, respectively. Based on this
model, the low energy feature in the Eu L;-edge spectrum of
Cp'sEu was attributed to a 4f’L5d° — 4fL5d" transition, and
the main white-line feature was assigned to a 4f°5d° — 4f°5d".
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
4f715d° in the ground state was determined at 28(4)% by curve-
fitting the spectrum (see Fig. S12 in the ESIT), which indicated
that significant charge-transfer interactions are present Cp’;Eu

12670 | Chem. Sci,, 2024, 15, 12667-12675
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Fig. 4 Lz-edge spectrum for Cp’sEu (magenta) and references for
Eu®* (Eu,O3, dashed black) and Eu?* (Cp,Eu, dashed blue). A curve fit
of the experimental data for Cp’sEu is provided in the ESIT (Fig. S127). A
shoulder associated with Eu?* character in the Ls-edge spectrum for
Cp’sEu is highlighted with an asterisk.

Yb L;-edge XAS for were measured for comparison (see Fig. S13
in the ESIt), which indicated that the relative contribution of
the corresponding 4f'*L5d° configuration to the ground-state
was 0.11(3). The relative amount of 4f’L5d° in the ground
state, 0.28(4), is also referred to as ¢, the amount of additional
4f character introduced due to covalent bonding.

Magnetometry

Variable-temperature magnetic susceptibility data for Cp’;Eu
reported previously by Meihaus et al. (Fig. 5) was examined for
evidence of charge transfer interactions.*® At low temperature,
Cp'sEu displays temperature independent paramagnetism (TIP)
with x equal to 0.13 emu mol~". At temperatures greater than
~10 K, the value of x decreases as the first excited state becomes
populated. Qualitatively, the magnetic susceptibility of an

0.15
|—. o Data
)
% —Atomic
_o010{ 3 —Crystal Field
] (o]
E 5
=)
£ o
) °
¥0.05 %
R
OCCC
CCCCCC
Co
CCC(CCC(CCCCCCC(WC(CCCCCCCEE
0.00 : :
0 100 200 300

Temperature (K)

Fig. 5 Magnetic susceptibility of Cp’sEu (open circles). The fit using
eqn (4) (free-ion model) is shown as a solid black line. The results of
fitting the data using CONDON 3 (crystal field model with k = 0.7) is
shown using an orange line.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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isolated Eu®* ion is straightforward. For a free Eu®* cation, the
term "F is split by spin-orbit coupling into seven states, "F,, with
J = 0-6. The energies of the states (E;)*”* are:

E =30+ 1) 3)
where 1 is the spin-orbit coupling constant, which is 220 cm ™!
(316 K) for a free Eu*" ion.*> Using a free-ion model of the
electronic structure of Eu(m), the magnetic susceptibility of
a Eu®" ion may be calculated using van Vleck' theorem
(eqn (4)):87,88,90

~
Il

6
X2 + DeErlioT

: e YN

~
7|2

X:

]

(2] + 1)eEo/keT
J:

where:

2 (1352 _15)enr A _55)ent
A= +( 35kB—T— ‘5>CB +(675kB—T— ‘S)CLB

18971 3.5 "4;/7 4057A 4.5 %
+( keT '>eB +( keT ')CB

4.5 for 4 (122852 6.5 ekt
- T - g T
+(7 ST S.S)eB +(22 ST .5)es (5)

and
7 — 1+ 3e kT | §e-3/keT | 7o-61/ksT | 9o AOMksT 4 |]o152/ksT
1 13e 2W/keT

(6)

At low temperature, only the F, orbital-singlet state is popu-
lated. This state displays temperature independent magnetism. As
the temperature increases, the low-lying “F; and “F, excited states
will be thermally populated, at which point the magnetic suscep-
tibility, x, becomes temperature dependent and starts to decrease.

However, the details of the magnetic susceptibility of Cp/;Eu
are not congruent with this free-ion treatment; both the x value
at 300 K and xp at low temperatures are larger than the values
for the free Eu®" cation and reported monomeric Eu(m)
compounds. Both observations indicate that the lowest lying
excited state is much lower in energy than typical for a Eu(m)
complex.®”*#%1%¢ Attempts to fit these data to a free-ion model
using eqn (2) resulted in a very small A value of 23 K which is an
order of magnitude smaller than reported values for Eu(m)
compounds (A = 250-350 K) and is not realistic.*”***'*¢ 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, 4f"L5d°,
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’;Eu

To examine this possibility, the magnetic susceptibility of
Cp’3Eu was modeled with crystal field theory using the program

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CONDON 3.” The crystal field parameters B,, By", Bo®, and Bg°
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, y,?, which indicates that the models with  fixed at
1336 cm™ ' better reproduced the data. The initial fit of the
susceptibility reproduced the data well, but yielded crystal field
parameters with values around 10* cm™*, 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 x,>
profile - but often provided unrealistically large crystal field
parameters. Hence, the value of k was set to 0.7 based on the n¢
value determined by fitting the L;-edge data using the rela-
tionship k¥ = 1 — nq This provided reasonable crystal field
parameters with magnitudes on the order of 10° cm ™, which
agree well with those reported previously by optical spectros-
copy and magnetic measurements (Table 1).°%%°

Fig. 6 compares the energies of the low-lying 4f° states
calculated by CONDON 3 during the fit to the energies of the
free-ion states, which were determined by setting B,”, By, Bo®,
and Be" to small values. Using Fig. 6, one can understand both
the magnetic behavior of Cp’;Eu 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, “Fy, is
378 cm™ " above the ground state, “F,. The crystal field splits "F;.
The m; = £1 doublet state is destabilized, and the m; = 0 singlet
state is stabilized such that it is only 25 cm ™" above the ground
state. Because the first excited state is at low energy, the value of
xtip is much larger than it is in the free ion (xpp is inversely

Table1 Values of parameters used to fit the magnetic susceptibility of
Cp’sEu

Model
Parameter Atomic Crystal field
k 0.7
I(em™) 14 223¢
ne(1 — k) 0 0.3
Bo® (em™) —2710
By' (em™) 2349
By’ (em™) 1917
Bg® (em™) —5970
2P 6.9 0.0021

1
b2 _
(num. of data — num. of parameters)

Z(Xmeas — )(calc)2

i (Xmeas ) 2
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Fig. 6 Low lying states of Cp’sEu described using an atomic model
and a crystal field model with k = 0.7.

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/;Eu as the temperature increases
above ~10 K. In the free ion model (eqn (4)-(6)), the only way to
decrease the energy of the first excited state is to decrease A 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.

The fact that reasonable values of By, By, B,®, and Bs® could
only be obtained when k = 0.75 indicates that a large degree of
orbital mixing is present in Cp’;Eu. The nature of this interac-
tion can be evaluated from the experimentally derived MO
diagram shown in Fig. 7, which was determined by using the
crystal field parameters to calculate the splitting of the 4f
orbitals. The MO diagram for Cp’;Eu resembles that previously
reported for Cp’;Nd (ref. 100) and the qualitative MO diagram
shown in Fig. 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.

4000
3000 — ¢4
5 2000 — b4a
>
o
g 1000
&
R o
= ) —_ 82
8 el
- ___ 2 7
1000 o3 nce
-2000
Cp'sEu Cp'sNd

Fig. 7 Experimentally derived MO diagram showing the valence 4f-
orbitals for Cp’sEu and Cp’sNd.
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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 n; 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 measure-
ments described above have demonstrated how 4f orbital
mixing can increase the magnetic susceptibility of a trivalent
Eu organometallic complex, Cp’;Eu Despite inducing very
different core-hole potentials, the C K-edge, Eu M; 4-edge, and
Eu L;-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-7). The
amount of charge transfer was expressed using a CI model in
terms of the relative contribution of the |4f’L) configuration to
the total ground-state wavefunction. The amount of charge
transfer determined by fitting of the Eu L;-edge spectrum,
0.28(4), was used to determine the Stevens orbital reduction
parameter, k, used in the modeling of the magnetic suscepti-
bility data. The results of crystal field modeling show that the
increased magnetic susceptibility of Cp/;Eu at low tempera-
ture is due to the presence of a low-lying m; = 0 excited state
resulting from the splitting of the “F; 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 Cp,;Yb, the presence of orbital
mixing in Cp;Yb is manifested by a 12% contribution of the Yb**
charge transfer configuration (4f'*L) to the ground-state, with the
remaining 88% from the ionic, Yb®" configuration (4f'*).*> The
enhancement in charge transfer for Cp’;Eu compared to Cp;Yb is
consistent with predictions by Denning and coworkers* based
on the 0.44 eV lower energy of the ligand to metal charge transfer
transition for Eu** vs. Yb*".* It is also likely to be a general result
when comparing isomorphous Eu** and Yb** complexes owing to
the lower reduction potential for Eu** (—0.34 V) compared with
Yb** (—1.05 V) ions.' To explore the limits of this trend, we are
currently studying complexes with the related ions Sm** and
Tm>", as well as Nd** and Dy*", which may be able to access either
4f™" or 4f"5d" charge transfer configurations depending on the
coordination environment.****>
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