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We report the first structurally characterised coordination solids
based on decamethylytterbocene, using bipyridine linkers to form
YbCp5(bipy) and YbCp5(Me,bipy). Analogous to their mononu-
clear cousins known for intermediate valence, spectroscopic
evidence suggests that YbCpj(bipy) features a multiconfigura-
tional ground state, composed of a superposition of an open-shell
ligand non-innocent 4f'3(n*)! state and a closed-shell 4f#
state. Our findings mark a first step toward increasing electronic
correlations in lanthanide-organic frameworks, with the aim
of realising materials with coexisting electronic transport and
emergent magnetic properties.

Lanthanide chemistry has long been regarded as driven pre-
dominantly by ionic interactions due to the core-like nature
of the 4f orbitals. Yet, a growing body of experimental and
theoretical work has revealed the relevance of covalency for
a multitude of properties. I3 Alternatively, strong covalency
between lanthanide (Ln) ions and organic ligands implies
comparable energies between the 4f and ligand valence or-
bitals.® Recently, we demonstrated that such a scenario in
lanthanide—organic coordination solids may lead to distinct
redox isomers in close energetic proximity, switchable by mild
stimuli.5"7 All experimental evidence in these systems point
to integer Ln(II) or Ln(Ill) oxidation states. This result stands
in contrast to previously established families of Ce and Yb
molecular complexes.m In the case of the Yb complexes, the
ground-state electronic wavefunctions are instead best described
as multiconfigurational superpositions of e.g. 4 and f13(7*)!,
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reflecting formal Yb(II) and Yb(II) oxidation states. Whilst this
behaviour is also well-established in inorganic solids,7214 no
extended metal-organic solids have been reported to parallel this
electronic picture.

Complexes of ytterbocenes with redox-active ligands serve as
paradigms of molecular intermediate valence.Z9 Andersen and
co-workers first reported electronic and magnetic anomalies
in YbCp3(2,2’—bipyridine) (Cp*~ = pentamethylcyclopenta-
dienide) complexes in the early 2000s,15 with later studies
finding analogous behaviour in complexes featuring similar
ligands such as phenanthroline, diazabutadiene, and substituted
bipyridines. These systems are distinguished by open-shell
ground states, with magnetic moments varying wildly, and pos-
sible relevance of strong superexchange effects. However, direct
evidence against a pristine Yb(III) state comes from Yb L3-edge
XANES, which reflect a multiconfigurational ground state, as
evidenced by the co-existence of spectroscopic fingerprints of
both Yb(II) and Yb(III). This leads to non-integral f-electron
holes, typically between 0.8 and 0.95. 18121 Multiconfigurational
quantum chemical methods have identified the low-lying energy
levels and quantified the admixture of 13 (7! and 14 config-
urations.? Despite the large number of reported compounds,
including polynuclear systems with ditopic ligands, 2223 all ver-
ified examples of intermediate valence in ytterbocene chemistry
have been limited to discrete complexes.

Extending redox-active metallocene units into polymeric
frameworks presents a compelling opportunity.  Firstly, the
dimensionality may engender cooperative electronic effects in
the bulk material, such as magnetic exchange coupling and
charge transport pathways. Secondly, the rigidified polymeric
environment may stabilize energetically adjacent intermediate
valence configurations, switchable by temperature, which
provide prospectives for e.g.
lanthanide—organic networks. Motivated by these possibilities,
we have synthesized and crystallographically characterised
coordination solids composed of archetypal YbCp? units and by

metal-insulator transitions in
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Fig. 1 Comparison of the first coordination spheres of (a) mononu-
clear intermediate valence compound YbCp3(2,2'—bipy) and (b) poly-
meric YbCp3(bipy). Extended zig-zag chains of (c) YbCp3(bipy) and (d)
YbCp3(Me,bipy). Colour code: Yb, green; N, blue; C, grey. Hydrogen
atoms have been omitted for clarity.

4,4’ —bipyridines, known for their redox plasticity in lanthanide
compounds.24-26

The reaction of YbCp3(Et,0) and 4,4'-bipyridine (hereafter
called "bipy") in diethyl ether solution was first reported by
Berg et al.2Z The resulting material was found to be insoluble
and exhibited a high melting point, indicative of a polymeric
structure, which at the time could not be unravelled. Using
a different approach, we found that the solvent-free reaction
of YbCp3(Et,0) with bipy or 3,3'-dimethyl-4,4'-bipyridine
(Me,bipy) in a sealed ampoule at 150°C yields microcrystalline,
dark-coloured materials. The crystallites obtained directly from
the reaction vessels were suitable for structural characterization
by single-crystal X-ray diffraction analysis. YbCpj(bipy) crys-
tallizes in the monoclinic P2;/n space group, with two formula
units per asymmetric unit, while YbCp;(Me,bipy) crystallizes
in P2y/c with one formula unit per asymmetric unit. Both
structures feature {YbCp3} units bridged by the ditopic bipy
ligands, forming one-dimensional chains in a zig-zag pattern
(Figure ,d, Figures S1-4). Notably for YbCpj (bipy), the first
coordination sphere, YbCp3L,, is directly analogous to that of
the known intermediate valence compound YbCp3(2,2’—bipy)
(Figure [th,b; Yb—Cp* = 2.342(5) A, 2.32(2) A and Yb-N =
2.320(7) A, 2.33(3) A for YbCpj(2,2'—bipy) and YbCpj (bipy),
respectively). Powder X-ray diffraction reveals that YbCp3 (bipy)
is obtained as a phase-pure material (Figure S5). However, in
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the reaction with Me,bipy, a monophasic bulk material could not
be obtained, despite extensive screening of reaction conditions
(Figure S6).

For YbCpjL compounds, metal-ligand distances are de-
pendent on the relative valence of Yb and ligand. The
two compounds are here compared to (Yb!Cpj(py),)? and
[Cp*YbIII(2,2’ —bipy)1*).1> The metal-ligand distances of
YbCp;(Me,bipy) are characteristic of an Yb(II) oxidation
state, evidenced by the distance between the Yb and the Cp*
ring centroids of 2.453(7) A (Yb(D: 2.466(1) A; Yb(IID):
2.301(2) f\), and the average Yb—N bond lengths of 2.55(1) A
(Yb(ID: 2.565(1) ;\; Yb(IID): 2.372(3) A). In comparison, for
YbCp3 (bipy), the bond lengths are closer to those of the Yb(III)
reference, with Yb—Cp* of 2.32(3) A and Yb—N of 2.33(3) A.
Due to large estimated standard deviation on the bond lengths
in YbCpj(bipy), comparison of the interpyridinic C—C bond
lengths is not warranted. However, for YbCp;(Me,bipy), the
interpyridinic C—C bond length is 1.48(2) A, consistent with the
presence of neutral Me,bipy, rather than Me,bipy(- —).2428 Ad-
ditionally, both bipyridines in the asymmetric unit of YbCp?3 (bipy)
maintain a near planar geometry, with only a slight 13(1)° in-
terpyridinic torsion commensurate with a one-electron reduction
of the ligand.“8 On the contrary, for YbCpj(Me,bipy), the
methyl sterics result in a torsion angle of 85.8(5)°, incom-
patible with any radical character of this ligand (Figure [1).
Therefore, the structural analysis suggests a formulation of
Yb(II)—-bipy(0) in YbCp;(Me,bipy), while YbCpj (bipy) reflects
the Yb(III) —bipy(- —) tautomer.

To substantiate the oxidation state assignment in YbCp3 (bipy),
X-ray absorption near-edge structure (XANES) spectra were
obtained around the Yb L3 (2p3,, — 5d3/5 5,,) edge (Figure
Figure S7). The molecular precursor, YbCpj (Et,0), serves as a
pristine example of an Yb(II) complex, exhibiting an intense peak
("white line") energy of 8944 eV, while the established Yb(III) ref-
erence [YbCp3 (2,2’ —bipy)]I exhibits a 7 €V shift of the white line
to 8951 eV, consistent with a one-electron oxidation. 2412120129130
The spectrum of YbCpj (bipy) is dominated by a white line at
8951 €V, confirming a predominant Yb(III) oxidation state. How-
ever, compared to the Yb(III) reference, YbCp;(bipy) features
a distinct shoulder at the low-energy side of the white line.
Indeed, a strikingly similar spectral fingerprint and temperature
independence (Figure S8) are seen in the spectrum of the classic
intermediate valence compound YbCp3(2,2’'—bipy) (Figure [2),
with an effective Yb(2.8+) oxidation statel®2ll Qualitatively,
YbCp3 (bipy) exhibits a similar degree of mixed Yb(II)/Yb(III)
character. An overlay of the weighted spectra of the Yb(II)
(25%) and Yb(III) (75%) reference spectra with the spectrum of
YbCp3 (bipy) demonstrates how the resultant spectrum can be
reproduced as a superposition of the two oxidation states. The
presence of two crystallographically independent Yb sites could
be a reason for the observed non-integer oxidation state (com-
monly interpreted as a mixed valence) as recently reported in
{Yb,} dinuclear complexes;2%3L however, the effective oxidation
state as determined by XANES, and the structural similarity of
the two sites, suggests instead a multiconfigurational ground
state consistent with intermediate valence.
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Fig. 2 X-ray absorption spectra of YbCp3(bipy) (green), Yb(Il) refer-
ence (YbCp3(Et,0); blue), Yb(IIl) reference ([YbCp5(2,2’—bipy)]l; red),
and intermediate valence compound YbCp3(2,2’—bipy) (grey dashed),
obtained at the Yb Lz-edge (T = 295 K). Inset shows an overlay of the
YbCp3(bipy) spectrum (green data points) with a linear combination of
the Yb(II) and Yb(lIl) reference spectra (25:75 ratio; Yb(Il): blue line,
Yb(II1): red line, sum: green line).

Intermediate valence Yb compounds often display intense
absorption features in the near-infrared (NIR) spectral regime
distinct from the weak f-f transitions typically observed for
Yb(III) compounds (900-1100 nm; ZFS/2 — 2F7/2).15 The
diffuse reflectance spectrum of the dark red-brown YbCp3 (bipy)
(Figure S9) shows several bands in the visible region, ascribed
to ligand-based transitions. In the NIR, a broad band at 1,580
nm (6,330 cm™!), as well as weaker features at 940 and
984 nm (10,638, 10,163 cm™!) are observed. These spectral
features are notably different to those of the Yb(III) reference
[YbCp3 (2,2’ —bipy) ]I, which features characteristically sharp f-f
transitions.1232/ This suggests a deviation from a pure Yb(III)
valence in YbCp5 (bipy). Furthermore, the 5 K X-band electron
paramagnetic resonance spectrum of YbCpj(bipy) displays
broad, but qualitatively similar features to that of the Yb(III)
reference [YbCpj(2,2’—bipy)]l, but distinct from the reported
Yb(IID)-L(-—) compound YbCpj(phenanthroline) (Figure
S11).20

The temperature dependence of the magnetic susceptibil-
ity-temperature product, xT, of YbCp3(bipy) is shown in Figure
In the case of an Yb(I)—bipy(0) tautomer, the 4f'* configura-
tion of Yb(II) would lead to a diamagnetic state. Alternatively, for
a system comprising one Yb(II) (*F7,, g&; = 8/7; C = 2.57 cm’
K mol~!) and one bipy(- —) radical (C = 0.375 cm® K mol™!),
an uncorrelated system would have a yT saturating at ~2.9 cm?3
K mol~'. The T product value of YbCpj (bipy) reaches instead
only 2.2 cm® K mol~! at 270 K. Upon cooling, the yT product
decreases to reach ~0.2 cm® K mol~! at 2 K. Variable-field
magnetization measurements of YbCp (bipy) in the temperature
range from 2 to 20 K suggest the absence of a well-isolated
magnetic ground state. The reported magnetic behaviour of
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Fig. 3 Temperature dependence of the }T product at 0.1 T for poly-
crystalline YbCp3(bipy). Inset: Magnetic field-dependence of the mag-
netization of YbCpj3(bipy) at temperatures between 2 K (blue) and 20 K
(red) in 2 K increments, between 0 T and 9 T.

YbCp5 (L) materials typically varies between those expected for
the limiting Yb(II)—L(0) and Yb(IID-L(-—) cases,? and for
YbCp3 (bipy) the observed magnetic data are consistent with an
intermediate valence system behaving closer to an Yb(III)—L(- —)
scenario. Recent reports on mixed-valent lanthanide molecular
materials have shown remarkable magnetic properties, such
as record-breaking coercive fields and high blocking tempera-
tures. 133 To probe for the presence of any slow relaxation of
magnetization, ac magnetic susceptibility measurements were
performed at 1.8 K (Fig. S12). Even in applied magnetic fields
up to 2 T, at 1.8 K YbCp (bipy) shows only rapid paramagnetic
relaxation (Vmax > 10,000 Hz).

In summary, we report the first structurally characterized
one-dimensional coordination solids constructed from ytter-
bocenes linked by organic ligands. Analogous to the propensity
for mononuclear YbCp3 (L) complexes to exhibit multiconfigura-
tional ground states, our data indicate a non-integer Yb valence in
YbCp3 (bipy). The presence of such an intermediate valence in a
polymeric molecular material is the first of its kind. Furthermore,
the successful integration of redox-active YbCp’ units into 1D
frameworks could lead to the realization of materials properties
novel to molecule-based materials. We conjecture that such
materials with strong metal-ligand entangled electronic ground
states may provide a possibility for through-bond electronic
transport in f-element-organic networks, although this first
example features a room temperature conductivity of just ~ 10~°
Sem~l.
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