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Valence tautomerism in molecule-based f-block materials remains virtually elusive. As a result, the effects
driving and controlling the valence conversion phenomenon are poorly understood. Herein, we unravel
these fundamental factors by systematic chemical modification of a bona fide lanthanide coordination
solid, Smlx(pyrazine),(tetrahydrofuran), in which a complete, temperature-driven conversion between
Sm(i) and Sm(i) occurs abruptly around 200 K. Solid solutions incorporating either divalent, diamagnetic
metal ions or Sm(i) ions feature disparate behavior. Substitution with redox-inactive, divalent metal ions
invariably leads to lower conversion temperatures and reduced cooperativity. In contrast, incorporation

of redox-inactive Sm(in) ions leads to trapped pyrazine anion radicals in the ligand scaffold, shifting the
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Accepted 7th March 2025 valence tautomeric conversion phenomenon towards higher temperature with virtually no loss o
cooperativity. These materials are rare examples of lanthanide—organic materials hosting mixed valency

DOI: 10.1039/d55c01246e in both the lanthanide and organic scaffold, affording switchable conductivity associated with the
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Introduction

Materials with intrinsic switchability of physical properties are
receiving increasing attention due to their potential applica-
tions in future electronics,' catalysis,> and sensing.> A given
material can convert between states through a range of different
mechanisms. One mechanism for switching is stimulated
electron transfer between a metal ion and an organic ligand,
leading to two (or more) valence tautomers existing in equilib-
rium.*” The conversion between the valence tautomers may be
actuated by temperature alterations through the competition of
changes in enthalpy (AH) and entropy (AS). In transition metal
chemistry, the thermodynamics of valence tautomeric (VT)
conversions have been studied extensively since their discovery
in 1980,% and design principles for these materials have been
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developed.®** In contrast, for the f-block elements, this level of
understanding has not been achieved. Temperature-driven
valence changes in lanthanide compounds date back more
than a hundred years with their observation in elemental Ce,
wherein the electron transfer is instead a promotion of a local-
ized 4f electron to the s-d conduction band.**** This behavior
was later found to be paralleled in several inorganic solids, such
as SmS and Sm, ;5Cgy, Which, however, seldom attain the
limiting di- or trivalent states but reside in intermediate
oxidation states at ambient pressure.'>'® As such, molecular
materials remain conceptually different from these purely
inorganic f-block compounds. We recently reported a unique
example of a lanthanide-based coordination solid, Sml,(pyz);
(pyz = pyrazine), exhibiting a quantitative VT transition
between integer oxidation states.'” At high temperature, Sm(u)
is present, but below ~190 K, Sm(u) reversibly and cooperatively
transfers a single electron to a bridging pyz ligand yielding
a Sm(m)-pyz(- —) tautomer (Fig. 1). This abrupt VT conversion is
accompanied by both a structural change in the first coordi-
nation sphere and a significant change in the magnetic
moment. Additionally, the VT event can be pushed to lower
temperature by substituting Yb(u) into the material, which are
trapped in the Yb(u)-pyz(0) state at all temperatures. The Yb(u)
impurities compromise the cooperativity and exert chemical
pressure which destabilizes the low temperature phase and thus
decreases the VT conversion temperature. Herein, we provide
new synthetic guidelines for these unique materials by
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Fig. 1 Schematic overview of the VT conversion between the high
temperature Sm(i)-pyz(0) and low temperature Sm(i)-pyz(- —) isomers
in Smly(pyz),(thf) along pseudo-1D chains. In hetero-halide alloys
(center), trapped Sm(i)-pyz(-—) units do not undergo conversion; in
hetero-metal alloys (right), M(i) nodes are trapped. The relative sizes of
the Sm and M() ions are indicated below, as inferred from Sm-N and
M-N bond lengths.

uncovering the size dependence of divalent impurities and
demonstrating how persistent Sm(im)-pyz(-—) impurities shift
the VT transition towards room temperature while fully
conserving cooperativity.

Results and discussion
Synthesis and structural characterisation

The occurrence of the VT event is fundamentally related to the
reduction potential of the metal ion node. This, in turn, can be
modified by the ancillary ligands, as illustrated by SmI, (E;/,, =

Fig. 2 (a) Coordination sphere of 0% determined by SCXRD at 230 K
and at 170 K (in transparent violet). Selected bond lengths (A) at 230 K
(170 K): Sm-1 3.1950(5) (3.0940(7), 3.0810(7)); Sm-N 2.747(4)
(2.620(7)), 2.758(4) (2.490(6)). Bond lengths (A) in pyz (i) at 230 K (170
K): C-N 1.326(10) (1.335(11)), 1.329(10) (1.326(11)); C-C 1.385(18)
(1.374(17)), 1.401(16) (1.381(17)). Bond lengths (A) in pyz (i) at 230 K (170
K): C-N 1.337(10) (1.359(10)), 1.336(10) (1.360(10)); C-C 1.378(12)
(1.328(12)). (b) Coordination sphere of 100% based on Rietveld
refinement. (c) Polymeric chain of 100% viewed along a Sm—Br bond.
Color code: Sm, cyan; |, purple; Br, gold; N, light blue; O, red; C, gray.
Hydrogen atoms have been omitted for clarity.

6880 | Chem. Sci., 2025, 16, 6879-6885

View Article Online

Edge Article

—0.89 V vs. SCE) and SmBr, (E,/, = —1.6 V) in tetrahydrofuran
(thf).*®

We attempted to synthesize SmBr,(pyz); analogously to
SmI,(pyz); by addition of SmBr,(thf), in acetonitrile to molten
pyrazine, which was unsuccessful due to the poor solubility of
the starting material. By performing the reaction in thf or thf/
dimethoxyethane, both SmBr,(pyz),(thf) and SmlI,(pyz),(thf)
could be obtained. For Sml,(pyz),(thf) (0%, Fig. 2a), single
crystal X-ray diffraction (SCXRD) reveals the compound to be
structurally analogous to the parent Sml,(pyz);.”” Upon cooling
from 230 K to 170 K, the average Sm-I and Sm-N bond lengths
shrink significantly by 3% and 6%, respectively, accompanied
by an 8% deviation of the £I-Sm-I bond angle from linearity
(Table S17). These structural changes suggest a Sm(u)-to-Sm()
valence change, akin to that observed in Sml,(pyz);. Further-
more, inspection of the pyz bond lengths suggests the presence
of zig-zag chains of pyz(- —) radicals (Fig. 1)."**" Single crystals of
SmBr,(pyz),(thf) (100%) suitable for SCXRD were not obtained,
and the structure was determined by Rietveld refinement of
room temperature powder X-ray diffraction (PXRD) data (Fig. 3).
100% is isomorphous to the low temperature (LT) phase of 0%
(Fig. 2bc and S1t). The average Sm-N (2.52 A) bond length in
100% is similar to that found in LT-0% (2.55 A), suggesting the
presence of the Sm(m)-pyz(- —) tautomer at room temperature in
100%.

Characterisation of the valence conversion

The temperature dependence of the magnetic susceptibility-
temperature product (xT) of 0% and 100% is presented in Fig. 4.
0% has a T value of 1.35 cm® K mol ™" at room temperature, as
expected for Sm(m).* Around T| = 185 K, xT rapidly decreases
before it plateaus, reaching a value of ~0.05 cm® K mol * at 3 K
(Fig. S15%). Ignoring the finite magnetic moment of Sm(m) at
room temperature,* the xT product of LT-0% can be modelled
as an infinite chain of antiferromagnetically coupled pyz(-—),
yieldingJ = —75 cm ™" (Fig. $141), as a lower bound of the actual
pyz(-—)---pyz(-—) superexchange coupling constant.'”>* On
heating, the reverse conversion occurs at T}“ = 210 K, behaving
almost identically to Sml,(pyz); (Fig. S131). This observation is
substantiated by the fact that the VT conversion does not
involve significant change to the Sm-N bond of the exo-chain
pyrazine in Sml,(pyz);. This contrasts with the sensitivity of the
other reported molecular lanthanide compounds, where
minute changes in the local coordination sphere are detri-
mental to the VT event.**** In contrast, 100% shows no signs of
conversion up to the decomposition temperature (~420 K, Fig.
S207), with a magnetic profile up to 400 K corresponding to the
Sm(im)-pyz(- —) tautomer.

Kahn's notion of molecular alloying elucidated that a solid
solution of two spin crossover (SCO) complexes assumes a SCO
conversion temperature in between those of the pristine
phases.”**® As no VT conversion is observed in 100% below the
decomposition temperature, we adopt Kahn's approach and
hypothesize that alloying 0% with 100% shifts the VT conver-
sion towards room temperature. The addition of a solution
containing both SmI, and SmBr,(thf), to molten pyrazine leads

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Room-temperature powder X-ray diffractograms of pristine 0%, 100% and the 10% and 20% alloys. The black traces indicate the Rietveld
refinement pattern for each of the compounds. The 0%, 10% and 20% were refined against the high temperature crystal structure of 0% while
100% was refined against the single crystal structure of LT-0%. The simulated peaks and difference plots for 100% are shown in purple and pink,
respectively. The inset shows the unit cell volume as a function of Br-percentage as found by Rietveld refinement at room temperature; the cross
shows the volume for 0% determined by SCXRD. The grey line shows the extrapolated volume decrease with increasing Br content if no valence

change occurred.
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Fig. 4 Magnetic susceptibility—temperature product (top; sweep rate
= 0.5 K min™Y), electrical conductivity (middle; sweep rate = 1 K min™)
and differential scanning calorimetry (bottom; sweep rate =2 K min™3)
of 0%, 10%, 20% and 100%.

© 2025 The Author(s). Published by the Royal Society of Chemistry

to a single polycrystalline phase (Fig. 3, S4-S7t) for molar
percentages of SmBr,(thf), up to 20% (Sml, gBry »(pyz),(thf),
10% and SmlI; ¢Bry 4(pyz),(thf), 20%). Analysis of the powder X-
ray diffractograms reveals that 10% and 20% are isomorphous
to HT-0% at room temperature. Attempts to incorporate more
than 20% Br invariably led to isolation of a mixture of two
crystallographic phases (isomorphous to 0% and 100%), as
observed by PXRD (Fig. S87).

For 0%, 10%, and 20%, the unit cell volume contracts with
increasing Br content (Table S471). Br and I elemental analysis of
10% and 20% confirms the composition of each alloy (c¢f.
Experimental section, ESIT). The temperature dependence of
the xT product of 10% reveals an wupward shift in
T*=(T| + T;)/2 by 21 K and a slightly smaller hysteresis width
(18 K, Fig. 4, S15 and S18f). This shift is accompanied by
a reduction in the xT product of the HT phase compared to 0%
(vide infra). In 20%, T* is shifted an additional 13 K with
conserved hysteresis width (19 K, Fig. S16 and S19%). Addi-
tionally, the VT conversion shows a slight step at approximately
50% conversion (Fig. S171) and a further reduction in the
magnetic moment of the HT phase.

The progressive drop in the magnetic moment of the HT
phases casts ambiguity on the Sm oxidation state at these
temperatures. The room temperature and 50 K Sm L,-edge X-ray
absorption near edge structure (XANES) spectra (Fig. 5 and
S217) of 100% are identical, corroborating the conclusion that
only Sm(m) is present at all temperatures. Conversely, in HT-0%,
at room temperature, the dipole-allowed 2s — 5d, 6s ‘white
line’ is red-shifted by 7.6 eV from that of 100%, consistent with
a Sm(u) oxidation state (Fig. 5 and S247). At 50 K, the spectrum
becomes virtually identical to that of 100%, with no indication
of residual Sm(u). In stark contrast, 10% and 20% show
a primary feature at the Sm(u) white line photon energy, with an

Chem. Sci., 2025, 16, 6879-6885 | 6881
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Fig. 5 Sm L,-edge XANES spectra of 0%, 10%, 20%, and 100%
measured at room temperature (top) and ~50 K (bottom). The dashed
lines at 7311.3 eV and 7318.9 eV indicate the Sm(i) and Sm() white
lines, respectively. The simulations of the room temperature spectra
are described in the main text.

additional minor feature at the energy corresponding to Sm(u).
The progressive increase in intensity of the Sm(u) peak with
increasing Br content is paralleled by a decrease in the intensity
of the Sm(u) peak. At 50 K, however, the spectra overlap with
100%, demonstrating complete conversion to Sm(m). Upon
reheating, the room temperature spectra are recovered, sug-
gesting full reversibility. Notably, the room temperature spectra
can be reproduced by a linear combination of the room
temperature spectra of 0% and 100% with relative weights
corresponding to the Br content (Fig. S22 and S237).

While the thermodynamics of both the transition metal spin
crossover and VT phenomena have been studied in detail, there
are no experimental reports on the enthalpy and entropy
changes associated with VT conversions in molecule-based
lanthanide compounds. The differential scanning calorimetry
(DSC) data of 0%, 10%, and 20% are shown in Fig. 4 (Fig. S267).
The phase transitions observed by DSC correspond to the
conversions observed by magnetometry. For 0%, the enthalpy
change was determined to be —6.4 k] mol ™", which is compa-
rable to spin crossover complexes.”?>*° The values of AH for VT
conversions in transition metal compounds are similar.** AH
for 10% and 20% decreases to 5.9 k] mol~* and 5.2 k] mol !,
respectively, which constitutes reductions by 8% and 19%,
consistent with the decrease in I content (Table S67).

Local coordination environments

The analyses of the XANES spectra and the DSC data indepen-
dently point towards ~10% and ~20% of the Sm centers in 10%
and 20%, respectively, not undergoing a VT conversion. The
alloyed phases could contain {SmI,}, {SmBr,}, or {SmIBr} nodes.
To ascertain the actual composition of the alloys, we consider
a fully random statistical mixture. In the case of 20%, this gives
a distribution of 64% {Sml,}, 4% {SmBr,}, and 32% {SmIBr}. We
assume, based on the experimental findings in 0% and 100%,
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that {SmI,} and {SmBr,} exist solely as Sm(i1) and Sm (1) at room
temperature. If mixed {SmIBr} nodes contain Sm(u), the ratio of
Sm(u) to Sm(m) is 96 : 4. Conversely, if they contain Sm(m) the
ratio is 64 :36. Both of these ratios are incompatible with the
relative Sm(i) and Sm(m) peak intensities of 20% found by
XANES spectroscopy. The fully analogous situation is observed
in 10%. The experimental data, therefore, point towards
conserved {SmI,} and {SmBr,} nodes, with no evidence of
{SmIBr}. Further evidence for this conclusion is provided by the
analysis of the aforementioned reductions in the x7 product of
10% and 20% relative to 0% at 270 K, which reveal approxi-
mately 14% Sm(m) in 20% and 6% in 10%.

Electrical conductivity

Not only do 0%, 10%, 20% and 100% show mixed valency in the
ligand scaffold, but 10% and 20% are also rare examples of
compounds featuring lanthanide ions present in different
oxidation states.**** Mixed valency in ligand®~’ and/or metal
ion scaffolds®***° has been shown to be at the origin of high
electrical conductivity in transition metal-based coordination
solids. The 270 K-conductivity of 100% amounts to ~0.15
mS cm " (Fig. 4 and S257) and decreases to reach ~20 pS cm™*
at 67 K, comparable to many conductive transition metal
coordination polymers.*** In contrast, 0% exhibits conductivity
three to four orders of magnitude lower at room temperature
(~1 nS em™'), which increases sharply at T| and assumes
a temperature dependence similar to that of 100%. A similar
abrupt change in conductivity linked to the VT conversion is
observed for 10% and 20% at the corresponding T*s. The
behavior of the Sm(m)-pyz(-—) phases is comparable to that of
some recent lanthanide-based metal-organic frameworks,
which show conductivity in the range of ~90 uS cm™* to 50
mS cm 1.4

M(u) alloys

The substitution of {SmI,} nodes with {SmBr,} nodes con-
taining a trapped Sm(m) oxidation state has the opposite
effect to that of substituting {YbI,} nodes into SmlI,(pyz);,
where the VT conversion decreases in temperature and loses
cooperativity. The effective size, reflected by the average
metal-N distance, of Sm(ur) in a {SmBr,} node (2.52(1) A) is 4%
smaller than that of Yb(u) in a {YbL,} node (2.63(2) A;'” Table
S31). In contrast to Yb(u), which has an intermediate size to
that of Sm(x) (2.75(1) A in HT-0%) and Sm(u1) (2.55(1) A in
LT-0%) in a {SmI,} node, the Sm(wm) ion in a {SmBr,} node is
smaller than both. To further elucidate the apparent strong
size-dependence of the dopant ion on T%* the analogous
SrL,(pyz),(thf) (Sr-100%) and Cal,(pyz),(thf) (Ca-100%) were
synthesized from SrI, and Cal, (Fig. S2 and S37). The effective
sizes of Sr(u1) and Ca(u) are again inferred by the metal-N bond
lengths of 2.77(1) A and 2.66(1) A, respectively. Ca(u) is virtu-
ally identical in size to Yb(u), while Sr(u) is identical in size to
Sm(u). The isomorphism of Sr-100% and Ca-100% to 0%
allows the substitution of Sm(u) in 0% by Sr(i1) and Ca(u), in
phases entitled Ca-10%, Ca-20%, St-7.5%, and Sr-15% (Tables
S2, S5, S6, Fig. $9-S121).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Magnetic susceptibility—temperature product of 0%, Ca-10%,
and Ca-20% (top) and of 0%, Sr-7.5%, and Sr-15% (bottom).

The temperature dependences of the xT products for the Sr(n)
and Ca(u) alloyed phases are shown in Fig. 6. All M(u) alloys
display a shift of T* towards lower temperatures. While the Ca(u)
impurity concentration dependence of T* mirrors that of Yb(u),
as expected for the similar effective volume, the Sr(u) substitution
has a more pronounced concentration dependence on T*. In Sr-
7.5% and Sr-15%, the larger Sr(u) ions stabilize the HT Sm(u)
phase and push T* towards lower temperatures. Ca(u) and Yb(u),
having effective sizes between those of Sm(un) and Sm(m) also
stabilize the HT Sm(u) phase. The increasing substitution
percentage of Sr(u) and Ca(u) is accompanied by a gradual loss of
cooperativity, as reflected in the loss of abruptness of the VT
conversion and a narrowing of the thermal hysteresis, due to the
increased concentration of non-participating impurities (Fig. 1).
In contrast, the substitution of Sm(u) with Sm(m) obtained upon
introduction of {SmBr,} nodes is fundamentally different. The
effective size of Sm(ur) in {SmBr,} is identical to that of Sm(m)
found in the {Sml,} nodes in the LT-0% phase. Thus, following
the same argument as above, the presence of valence trapped
Sm(m) substituents will destabilize the HT phase and push T*
towards higher temperatures. More remarkably, the alloying with
Sm(m) nodes is accompanied by only a minute loss in coopera-
tivity, even at a 20% substitution level, diametrically opposed to
the alloys featuring divalent substituents, where the hysteresis is
fully closed at such impurity concentrations.

Effects of superexchange

Despite the conceptual resemblance of the observed behavior of
the {SmL}/{SmBr,} alloys to SCO materials, it is rare for metal ion
substitution in SCO materials to maintain the cooperativity of the
parent compound.**** However, the VT phenomenon in a poly-
meric network presents an important difference. The introduc-
tion of Sm(m) is unavoidably accompanied by the introduction of
valence trapped pyz(- —) along the chain direction. Therefore, the
charge distribution around an Sm(u) situated next to a valence-
trapped Sm(m) resembles that of an Sm(u) in the pristine phase

© 2025 The Author(s). Published by the Royal Society of Chemistry
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facing the domain wall of a cooperative VT conversion. Addi-
tionally, given the strong pyz(-—)---pyz(-—) superexchange
coupling, previously predicted by DFT calculations (J =
—750 ecm '), the associated energy of ~|2JS*| = 4.5 k] mol " is
similar to that of the VT conversion, AH = —6.4 k] mol™*. The
formation of pyz(-—)---pyz(-—) superexchange pathways may,
therefore, be hypothesized to drive the VT conversion. The
majority of coordination networks displaying a cooperative VT
conversion feature only weak magnetic exchange coupling, so at
this moment, further confirmation of this hypothesis is
precluded. There is some evidence from computational studies of
Fe(u) SCO coordination polymers that magnetic exchange
coupling in the high-spin phase could be an important factor for
the observed cooperativity, in addition to the elastic interac-
tions.”” In the case of the strong superexchange interactions
presented here, we believe the effect cannot be neglected. This is
consistent with the observation of reduced cooperativity when
diamagnetic M(u) impurities are incorporated into the LT phases,
whereas alloying with {SmBr,} nodes does not affect the antifer-
romagnetically coupled radical chains in the LT phases, leading
to conservation of the cooperativity and hysteresis width.

Conclusions

We find the novel phenomenon of valence tautomerism in
molecule-based lanthanide materials to be robust and tunable
in terms of conversion temperature and cooperativity. The
enthalpy of the VT conversion is found to be comparable to that
of transition metal analogues and SCO materials, although the
underlying mechanism remains fundamentally different. The
reversible charge injection into the organic scaffold results in
increased electrical conductivity and the opening of strong
superexchange channels, whose energy is comparable to that of
the VT conversion enthalpy and thereby conserves the cooper-
ativity in the alloyed phases. Such chemical tailoring of the local
charge distribution to control the VT event is unprecedented
despite theoretical predictions of strong sensitivity to applied
electric fields in transition metal-based VT materials.*

Data availability

The data supporting this article have been included as part of
the ESL{ Deposition numbers 2420160-2420164 contain the
supplementary crystallographic data for this paper. These data
can be obtained free of charge via the joint Cambridge Crys-
tallographic Data Centre (CCDC) and Fachinformationszen-
trum Karlsruhe Access Structures service. X-ray spectroscopy
was performed at the European Synchrotron Radiation Facility
at beamline ID12 and data are available at DOI: https://doi.org/
10.15151/ESRF-ES-1435808919.
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