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_________________________________________________________________________________________________________________

The electronic structures of the lanthanide (Ln) ions are inimitable and key to advanced materials and 
technologies. The trivalent ions are ubiquitous and dwarf the use of di- and tetra-valent analogues, which, 
however, possess vastly different optical and magnetic properties. Hence, alteration of the valence 
electron count by external stimuli would lead to dramatic changes in materials properties. Compounds 
exhibiting a temperature-induced, complete Ln(III) ⇄ Ln(II) switch, referred to as a valence tautomeric 
(VT) transition, are virtually absent. Herein, we present an abrupt and hysteretic VT transition in a 
lanthanide-based coordination polymer, SmI2(pyrazine)3, driven by the interconversion of closed-shell 
Sm(II)-pyrazine(0) and paramagnetic Sm(III)-pyrazine(●–) redox pairs. Alloying SmI2(pyrazine)3 with 
Yb(II) yields isomorphous Sm1–xYbxI2(pyrazine)3 solid solutions with VT transition critical temperatures 
ranging widely from 200 K to ~50 K at ambient pressure. These findings demonstrate a simple strategy 
to realize thermally switchable magnetic materials with chemically tunable transition temperatures. 

__________________________________________________________________________________________________________________

The lanthanide (4f) elements receive ever-increasing 
attention as fundamental components of advanced 
materials owing to their unique electronic structures.1 
While the trivalent ions are omnipresent for the entire Ln 
series, the divalent and tetravalent ions,2,3 and mixed-
valence systems,4 host vastly different electronic structures 
and properties. Given the dramatic changes in physical and 
chemical properties of a lanthanide-based compound 
following a change in the formal valence state, materials 
with an intrinsic possibility for switching oxidation state 
have been intensively investigated.5 Whilst several 
inorganic solids and molecular complexes hosting 
intermediate lanthanide valence have been reported,6 
compounds demonstrating a change in oxidation state by 
external stimuli remain exceedingly rare. In inorganic 
solids, prominent examples include pressure-actuated VT 
transitions tied to emergence of superconductivity in 
elemental Eu and Yb,7,8 and semiconductor-to-semimetal 
transitions in Sm monochalcogenides.9 In SmS, for 
instance, the application of a 6.5 kbar pressure leads to a 
discontinuous (first-order) ‘black-golden’ phase transition 
attributed to the promotion of one electron from the 4f6 
configuration to the conduction band, formally 

corresponding to an idealized Sm(II)-to-Sm(III) VT 
transition.10,11 However, the full +III oxidation state is only 
attained at even higher pressures in the metallic, correlated 
heavy fermion phase.12,13 In other systems, such as SmB6, 
the energies of the +II and +III states are comparable and 
lead to strongly correlated Kondo insulators and new 
paradigms for mixed valency.14,15 Despite this energy 
proximity, temperature-induced VT transitions are, in 
general, extremely rare and have only been observed in 
metallic, ternary phases for undoped materials.16 In 
materials with molecular constituents, a gradual VT 
transition from a valence of +2.3 to +2 was found to drive a 
negative thermal expansion in the fulleride Sm2.75C60.17 In 
insulators, hosting well-defined metal oxidation states, 
lanthanide VT is virtually absent. This contrasts with the 3d 
transition metal compounds for which VT transitions have 
been well-established for more than forty years.18,19,20 A 
singular example of a lanthanide-based complex exhibits a 
temperature-induced VT transition.21,22 For a single crystal 
of one of the polymorphs of the dinuclear [Yb(dpp-
bian)(dme)(µ-Cl)]2 (dme = 1,2-dimethoxyethane, dpp-bian 
= 1,2-bis[(2,6-di-isopropylphenyl)imino]acenaphthene), 
one of the Yb centers experiences a reversible, abrupt 
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increase in the magnetic moment around  150 K, attributed 
to a Yb(II)-to-Yb(III) VT transition. The complete absence of 
the phenomenon in either of the two highly similar 
polymorphs could suggest an extreme sensitivity of the VT 
transition in molecule-based lanthanide compounds 
towards minuscule structural changes. This, in turn, could 
discourage further exploitation of this property. Herein, we 
report a quantitative and reversible VT transition in a bulk 
Sm-based coordination polymer, SmI2(pyz)3 (pyz = 
pyrazine), and demonstrate the tunability of the VT 
transition event by chemical doping. The interest in 
pyrazine as a redox-active bridging ligand has flourished 
due to the recent observation of high-temperature 
ferrimagnetism with large coercivity,23,24,25,26 and metallic 
conductivity27 in two-dimensional, pyrazine-based 
coordination polymers based on 3d transition elements. 
For instance, the reaction of CrCl2 and pyz leads to a 
complete metal–ligand redox reaction and the formation of 
CrIIICl2(pyz)(pyz●–).23 Here, the strong magnetic 
superexchange interactions and the semiconducting 
properties are intimately linked to the energetic proximity 
of metal and linker frontier orbitals and their 
hybridization.23 A similar matching of orbital energies has 
hitherto been unsuccessful for any lanthanide-based 
coordination polymer. We recently reported on the use of 
trans-{LnI2}0/+ units as structure-directing motifs in 2D 
coordination polymers.28,29 The reaction between EuI2 and 
pyz in solution led to the isolation of 2D-polymeric 
EuI2(pyz)5/2.30 Despite the resemblance of the Eu(III)/Eu(II) 
(E° = –0.35 V) and the Cr(III)/Cr(II) (E° = –0.42 V) 
potentials,31 no indications of electron transfer from Eu(II) 
to the pyz scaffold were observed, emphasizing the need for 
larger reduction potentials—for instance those found for 
the Yb(III)/Yb(II) (E° = –1.1 V) and Sm(III)/Sm(II) (E° =  
–1.5 V) couples. In organic synthesis, samarium diiodide 
(“Kagan’s reagent”) in tetrahydrofuran has proven to be an 
exceedingly useful single-electron transfer agent towards a 
wide variety of substrates,32 emphasizing that conditions 
for realizing reversible Sm(II)–ligand electron transfer 
events in solid materials may be possible to achieve. 
 
Results & discussion 
Structural analysis 
Addition of a warm acetonitrile solution of LnI2 (Ln = Sm, 
Yb) to a melt of pyz leads to the immediate formation of a 
crystalline compound, hereafter denoted Sm and Yb. 
Room-temperature powder X-ray diffraction data 
(Supplementary Fig. 1) suggest that Sm and Yb are 
isostructural, with minor unit cell differences as expected 
from the lanthanide contraction. Single-crystal X-ray 
diffraction analysis at 230 K reveals Sm to be SmI2(pyz)3, 
which exhibits a 1D “ladder”-type structure along b 
composing of edge-sharing {Sm3I6(µ-pyz)3} triangles, 
decorated by pendant pyz ligands (Fig. 1). Cooling Sm to 
170 K leads to a cell volume reduction of 5.9%, without any 
change in crystallographic symmetry. The structural 
differences between the 170 and 230 K phases are  

 

Fig. 1 | Single-crystal X-ray diffraction structure of SmI2(pyz)3. 
Fragment of the infinite, triangular ladder structure running along the 
crystallographic b direction (T = 170 K), highlighting the approximate D5h 
coordination geometry of the Sm centers (a). Teal, Sm; purple, I; blue, N; 
grey, C. H atoms and positional disorder of pyz (iii) have been omitted for 
clarity. b, Thermal ellipsoid plots (50% probability level) of the {SmI2(pyz)5} 
units of Sm at T = 230 K (top) and T = 170 K (bottom). c, Schematic 
representation of the temperature-induced VT transition, the localization of 
the pyz●–, and the formation of 1D zig-zag spin-chains. 

evidenced by the metrics of the Sm coordination spheres. 
The 170 K Sm—I bonds (3.085(2), 3.073(1) Å) are 
significantly shorter (~4%) than those determined at 230 K 
(3.1933(9), 3.1977(8) Å), and close to the average Yb—I 
bond length (3.09 Å, 120 K; Supplementary Fig. 2). For 
comparison, the structurally related ~D5h-symmetric 
LnIII2(CH3CN)5 (Ln = Sm, Yb) complexes exhibiting Sm—I 
and Yb—I bond lengths of 3.24 Å and 3.12 Å (at 120 K), 
respectively.33 Temperature-dependent powder X-ray 
diffraction data for Sm (Supplementary Fig. 3–5) evidence 
an abrupt shift of the reflections at ~190 K during cooling 
and a full reversibility upon heating at ~205 K. These 
combined observations indicate the occurrence of a 
reversible, first-order phase transition coupled to a Sm(III) 
⇄ Sm(II) VT transition. The electron transfer implies a 
reduction of the pyz scaffold, as found in the 3d 
congeners.23,27 The crystallographically unique pyz ligands 
are denoted by (i), (ii), and (iii) (cf. Fig. 1ab). The Sm—N 
bond lengths (Å) at 230 K (170 K) are 2.753(4) (2.42(1)), 
2.724(4) (2.62(1)), and 2.702(7) (2.69(2)) for (i), (ii), and 
(iii), respectively. While the minor 4% and 0.5% decrease of 
the Sm—N distances for (ii) and (iii) are as expected for an 
increase in oxidation state from Sm(II) to Sm(III), the 12% 
reduction for (i) suggests the localization of the radical 
spins on that pyz ligand. Further justification is provided by 
the N—C and C—C bond lengths of (i), for which the N—C  
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Fig. 2 | Magnetic properties of SmI2(pyz)3. a, Temperature 
dependence of the magnetic susceptibility-temperature product, 𝜒T (𝜒 = 
M/𝜇0H; 𝜇0H = 1.0 T), of Sm obtained under heating and cooling (0.25 K 
min–1 between 170 and 230 K. 1 K min–1 elsewhere). The 𝜒T product for Yb 
(diamagnetic) and SmI2(CH3CN)5 (reproduced from ref. 33) are shown for 
comparison. The solid blue line represents the Bonner-Fisher chain-model 
calculation as described in the main text. b, Successive cooling-heating 
cycles (0.25 K min–1) of the 𝜒T product of Sm around the VT transition. c, 
Sweep rate-dependence of the cooling-heating cycles of Sm at the indicated 
rates. 

and C—C bonds elongate by 1.5% and contract by 1.3%, 
respectively, as expected for a one electron reduction.34 
Finally, the I—Sm—I angle changes from 178.83(3)° (230 
K) to 167.13(4)° (170 K), where the I– ligands bend away 
from the two (i) pyz coordinated to each Sm center (Fig. 1b). 
This structural analysis implies the formation of 1D zig-zag 
chains of pyz●– (i) following the Sm(II) ⇄ Sm(III) conversion 
(Fig. 1c). 
 
Magnetic properties & X-ray spectroscopy 
The magnetic susceptibility-temperature product, 𝜒T, of 
Yb is vanishingly small in the full temperature window (3–
300 K), reflecting the closed-shell electronic configuration 
of Yb(II) (4f14) and pyz. The room-temperature 𝜒T product 
for Sm amounts to 1.41 cm3 K mol–1. For Sm(II) (4f6), the 
non-magnetic 7F0 ground state is separated from the 
excited 7F1 state by only ~400 K, leading to a sizable room-
temperature 𝜒T product, which for Sm coincides with that 
of the Sm(II) complex, SmI2(CH3CN)5 (Fig. 2a). Lowering 
the temperature leads to a steady decrease in the 𝜒T 
product, which, near Tc↓ = 192 K, experiences a precipitous 

drop leading to a 𝜒T product of 0.25 cm3 K mol–1 at 180 K.35 
Reheating the sample leads to a fully reversible, hysteretic 
behavior of the 𝜒T product with Tc↑ = 206 K. This unusual 
behavior may be interpreted as a manifestation of the 
Sm(II) ⇄ Sm(III) interconversion, with a concurrent redox 
event happening in the pyz scaffold. This tautomerism is 
confirmed by X-ray absorption near-edge structure 
(XANES) spectroscopy around the Sm L3 absorption edge 
of Sm (Fig. 3). At room temperature, the intense “white 
line”, corresponding to dipole-allowed 2p → 5d, 6s 
transitions, has a maximum at a photon energy of 6715 eV, 
commensurate with an oxidation state assignment of 
Sm(II).36 Cooling to 44 K leads to a shift of the white line of 
8 eV towards higher photon energy, characteristic of the 4f5 
configuration, i.e. an increase in effective Sm oxidation 
state at low temperature. This behaviour parallels the shift 
observed for the pressure-induced VT transition in SmS.37 
The photon energy of the weak pre-edge shoulder in the 
spectrum recorded at 44 K coincides with the energy of the 
expected quadrupolar 2p → 4f transitions of Sm(III) and, 
thus cannot be unambiguously assigned to an incomplete 
VT transition.38 For a quantitative conversion, the 𝜒T 
product should reflect a Sm(III) and a spin-½ radical anion. 
Sm(III) (4f5) possesses a weakly magnetic 6H5/2 (gJ = 2/7) 
ground state with a Curie constant of just 0.09 cm3 K  
mol–1, while a radical spin-½ contributes by 0.37 cm3 K 
mol–1 (for g = 2). The 180 K 𝜒T product of 0.25 cm3 K  
mol–1, that decreases steadily to ~0.03 cm3 K mol–1 at 3 K, 
suggests the presence of significant spin-spin interactions 
in Sm. The magnetic moment at 3 K and 9 T amounts to 
only 0.19 𝜇B, which may primarily originate from Sm(III) 
(Supplementary Fig. 6). Following the structural 
discussion, the spin-structure of Sm below Tc may be 
described as a one-dimensional chain of pyz●– radicals 
linked by Sm(III) ions (cf. Fig. 1c). In a first approximation, 
the 𝜒T product data may be modeled as a one-dimensional 
chain of spin-½ moments with the small Sm(III) magnetic 
moment incorporated as a Curie law-contribution.39 
Simulation of the 𝜒T product data below Tc using the 
Bonner-Fisher model  for spin-½ chains afforded J/hc =  
–76 cm–1 (–2J Si Si+1 Hamiltonian definition).40 Such strong 
magnetic superexchange interaction of radical spins across 
a lanthanide ion is unprecedented. Alternatively, given the 
close proximity of the pyz●– radicals, a through-space direct 
exchange interaction mechanism may be responsible for 
the low observed 𝜒T product. Broken-symmetry DFT 
calculations of a (pyz●–)2 fragment, extracted from the Sm 
crystal structure (170 K) without any subsequent geometry 
optimization, leads to a large energy stabilization of the 
singlet state relative to the triplet state by 0.11 eV, 
corresponding to a superexchange coupling constant of 
J/hc = –750 cm–1 (cf. Methods, Supplementary Fig. 7). This 
value of J largely exceeds that estimated from the Bonner-
Fisher model. However, the proximity of the excited 6H7/2 
term by only ~1000 K, leads to experimentally determined 
room-temperature 𝜒T products being larger than predicted 
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Fig. 3 | X-ray absorption spectroscopy. Sm L3 XANES spectra of 
polycrystalline Sm measured at 300 K, at 44 K, and again at 300 K.  

by the Curie constant for Sm(III).41 In this perspective, the 
superexchange coupling constant originating from the 
Bonner-Fisher model may be significantly underestimated.  

The reversibility of the VT transition in Sm is confirmed 
by successive cooling-heating cycles (Fig. 2b) where only a 
minor decrease and increase in Tc↓ (of 3 K) and Tc↑ (of 1 K), 
respectively, are observed after thirteen cycles. Increasing 
the temperature sweep rate up to 8 K min–1 leads to a 
gradual widening of the hysteresis loop (Fig. 2c) 
maximizing at Tc↑ – Tc↓ = 28 K. Despite the rapid cycling, 
the powder X-ray diffractograms of the same sample before 
and after completion of 30 cycles with cooling and heating 
rates up to 8 K min–1 are virtually identical with a slight 
broadening setting in at the higher 2θ angles 
(Supplementary Fig. 8).       
 
Solid solutions 
In SmS, the doping of trivalent lanthanide ions allows for 
thermally induced VT transitions at ambient pressures.42 
This observation reflects a significant sensitivity of the VT 
transition to the chemical surroundings. Whilst initially 
believed to be driven entirely by chemical pressure induced 
by the smaller Ln(III) ions, the doping of Ln(II) ions smaller 
than Sm(II), such as Yb(II), was insufficient to induce VT 
transitions at ambient pressure. This result suggests that 
other factors, such as the dopant Ln(III) electronic 
structure, are key.43 The room-temperature isomorphism of 
Sm and Yb allows for the doping of Yb(II) into Sm, 
utilizing a mixture of YbI2 (10–50%) and SmI2 (cf. 
Methods). Room-temperature powder X-ray diffraction 
experiments and Rietveld refinements suggest the 
formation of a single crystalline phase, Sm1–xYbxI2(pyz)3 
(denoted Sm-Yb(x)). For all x, Sm-Yb(x) is isomorphous 
to the high-temperature phase of Sm, with decreasing unit 
cell volumes for increasing Yb(II) concentration (cf. 
Supplementary Table 2 and Supplementary Fig. 9). The 
unit cell b length reflects the contraction along the ladder 
direction and decreases steadily with increasing Yb(II) 
concentration, as approximated by Vegard’s law 

(Supplementary Fig. 10). The high-temperature part of the 
𝜒T product for Sm-Yb(0.1) (Fig. 4) superimposes with the 
data for Sm, suggesting that no VT transition has been 
induced by the doping of 10% Yb(II). At lower temperatures, 
however, Sm-Yb(0.1) remains in the Sm(II) state before the 
𝜒T product experiences a drop at Tc↓ = 163 K, 29 K lower 
than for Sm. The effective size of Yb(II) in Yb (120 K) is 
slightly smaller than that of Sm(II) in Sm (230 K), as 
evidenced by the difference in average Ln—I and Ln—N 
bond lengths of 3.4% and 3.9%, respectively. On the 
contrary, the Yb(II) possesses longer average Ln—I and 
Ln—N bond lengths than the Sm(III) in Sm (170 K) of 0.3% 
and 2.9%, respectively, reflecting Yb(II) being effectively 
larger than Sm(III). The shift of Tc towards lower 
temperatures upon Yb(II)-doping suggests that the negative 
pressure induced by r(Yb(II)) > r(Sm(III)) in the low-
temperature phase dominates over the positive pressure 
resulting from r(Yb(II)) < r(Sm(II)) in the high temperature 
phase. Upon further cooling to 3 K, the 𝜒T product 
coincides with the data for Sm, suggesting the presence of 
strongly coupled radical spins in Sm-Yb(0.1). Reheating 
leads to a full recovery of the high-temperature phase with 
a thermal hysteresis of 7 K, significantly smaller than that 
of Sm (14 K). Analogous experiments on Sm-Yb(x) with x 
up to 0.5 leads to a steady shift of the Tc to lower 
temperatures, a softening of the transition, and the gradual 
narrowing of the hysteresis loop, which closes for x = 0.3. 
For x = 0.3 and above, the low-temperature 𝜒T products 
show significant departures from the Bonner-Fisher model 
calculation suggesting an increasing concentration of 
uncompensated radical spins. Empirically, the Tc scales 
approximately linearly with x (Fig. 4, inset) suggesting that 
VT transition Tcs can be synthetically tailored anywhere 
between ~50 K and ~200 K in the Sm-Yb(x) molecule-
based alloys.  

 
Fig.  4 | Magnetic properties of Sm-Yb(x) solid solutions. Magnetic 
susceptibility-temperature product, 𝜒T (𝜇0H = 1.0 T, temperature ramping 
rate = 0.25 K min–1) of Sm-Yb(x) solid solutions, normalized to the Sm 
content, 1 – x. The grey surface represents the area spanned by the expected 
𝜒T product for zero- and full conversion, as given by the data of Fig. 2a. The 
solid black line represents the 50%-molar fraction of the Sm(III) ⇄ Sm(II) 
conversion. The inset shows the temperature dependence of the Tcs vs x, with 
the best linear fit (grey line, Tc (K) = –3.55x + 202). 
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Outlook 
Valence tautomerism in inorganic lanthanide-based 
materials is linked to dramatic changes in the material’s 
physical properties. Despite being intensively pursued, 
analogous transitions in molecule-based lanthanide 
compounds remain almost non-existent.44 In addition to 
the sole prior example of lanthanide-centered VT in a 
dinuclear Yb complex,21 Ce- and Yb-based systems have 
been reported to exhibit intermediate valence.45,46 Herein, 
we have demonstrated a complete, hysteretic, and fully 
reversible VT transition in a simple molecule-based 
lanthanide compound, SmI2(pyrazine)3. The extreme rarity 
of VT transitions in molecular lanthanide materials may be 
linked to the limited access to divalent (or tetravalent) 
lanthanide building blocks, although these have recently 
experienced a dramatic evolution and attracted significant 
attention. Considering just SmI2 and YbI2, research in the 
field of organic synthesis has elucidated the immense 
tunability of the Ln(III)/Ln(II) reduction potential targeted 
at specific chemical conversions. Furthermore, the 
reducing ability of LnI2 is known to be tunable by light 
excitation.47 We hypothesize that an analogous tunability 
could exist in the solid state and hosts the possibility for 
realizing materials displaying temperature-, pressure-, and 
light-driven Ln(III)/Ln(II) VT transitions. Here, polymeric 
materials such as metal-organic frameworks are of 
particular interest for engineering cooperativity and band 
structures. The itinerant electrons, found in the 
lanthanide(-based) metals, coexisting with the localized f 
electrons, could be realized in coordination polymers by 
metal-ligand orbital energy alignment, as demonstrated for 
the 3d transition elements. Such correlated phenomena, 
combined with a chemically encoded VT switch, would be 
unparalleled in any material. 
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Methods 
General methods 
All manipulations were performed inside an Ar-filled 
glovebox (Inert I-Lab, O2 <0.1 ppm, H2O <0.5 ppm). 
Solvents were dried using an Inert solvent purification 
system and stored over 0.3 Å molecular sieves. SmI2 
(>99.99%, Thermo Fisher Scientific), YbI2 (>99%, Alfa 
Chemistry), and pyrazine (>99%, Sigma-Aldrich) were used 
as received. Elemental analysis of Sm, Yb, C, H, and N were 
performed by Mikroanalytisches Laboratorium Kolbe 
(Fraunhofer Institut UMSICHT, Oberhausen, Germany). 
 
Synthesis of SmI2(pyz)3 (Sm) and YbI2(pyz)3 (Yb) 
A warm solution of LnI2 (Ln = Sm: 100 mg, 0.25 mmol; Ln 
= Yb: 100 mg, 0.23 mmol) in acetonitrile (2.5 mL) was 
added to a melt (60 °C) of pyrazine (800 mg, 10 mmol), 
yielding almost immediate precipitation of solid. The 
mixture was cooled slowly to room temperature, isolated by 
vacuum filtration, washed with diethyl ether (3 × 3 mL) and 
dried, yielding a microcrystalline, dark blue-grey solid. 
Yield: 100 mg (65%) for Sm and 130 mg (84%) for Yb. 
Anal. calcd (found) for Sm: C, 22.37% (21.82%), H, 1.88% 
(1.90%), N, 13.04% (12.91%). Anal. calcd (found) for Yb: C, 
21.60% (21.26%), H, 1.81% (1.78%), N, 12.60% (12.37%). 
  
Synthesis of Sm1–xYbxI2(pyz)3 (Sm-Yb(x)) 
 The Sm-Yb solid solutions were prepared analogously 
using the following ratios of LnI2: 
Sm-Yb(0.1): YbI2 (10.5 mg, 0.025 mmol), SmI2 (89.8 mg, 
0.222 mmol). Yield: 84%. x found: 0.11.  
Sm-Yb(0.2): YbI2 (21.0 mg, 0.049 mmol), SmI2 (76.6 mg, 
0.190 mmol). Yield: 82%. x found: 0.20.  
Sm-Yb(0.3): YbI2 (31.7 mg, 0.074 mmol), SmI2 (69.0 mg, 
0.170 mmol). Yield: 83%. x found: 0.30.  
Sm-Yb(0.4): YbI2 (42.2 mg, 0.099 mmol), SmI2 (60.0 mg, 
0.148 mmol). Yield: 87%. x found: 0.38.  
Sm-Yb(0.5): YbI2 (49.7 mg, 0.12 mmol), SmI2 (50.6 mg, 
0.125 mmol). Yield: 81%. x found: 0.50. 
  
X-ray diffraction and crystallography 
Single crystal X-ray diffraction was collected on an Oxford 
Diffraction Supernova single crystal diffractometer, with an 
Atlas CCD detector. Crystals were obtained directly from 
the reaction solutions, covered in polybutene oil in a 
glovebox and mounted on nylon loops for measurement. A 
single crystal of Sm was measured with Mo Kα radiation (λ 
= 0.71073 Å) at 230 and 170 K (cooling rate of 0.5 K min–1). 
A single crystal of Yb was measured with Cu Kα radiation 
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(λ = 1.5406 Å) at 120 K. Single crystal X-ray diffraction data 
were reduced using CrysAlisPro48 and corrected using a 
numerical absorption correction based on Gaussian 
integration over a multi-faceted crystal model. All 
structures were solved with the SHELXS49 structure 
solution program using direct methods and refined with the 
SHELXL50 refinement package using least squares 
minimisation on all data, in Olex2.51 All non-hydrogen 
atoms were refined anisotropically, with hydrogen atoms 
placed at geometrical estimates and refined using the riding 
model. For Sm, the pendant pyz (iii) is disordered over a 
plane of symmetry, and was refined with rigid bond 
restraints and similar thermal displacement parameters for 
neighboring atoms at both temperatures. 

Powder X-ray diffraction data were obtained using Cu 
Kα radiation (λ = 1.5406 Å) in sealed borosilicate glass 
capillaries (Æ 0.5 mm). Powder X-ray diffraction data were 
obtained for all compounds at room temperature on a 
Malvern Panalytical Empyrean powder X-ray 
diffractometer equipped with a 1Der detector. Variable 
temperature powder X-ray diffraction data for Sm were 
obtained on an Oxford Diffraction Supernova single crystal 
diffractometer, equipped with an Atlas CCD detector. Data 
were obtained on a single capillary, upon cooling and 
subsequent heating. Data were obtained with a cooling and 
heating rate of 0.5 K min–1 to maintain crystallinity, and the 
sample was allowed to thermally equilibrate for 5 min at 
each temperature.  

Rietveld refinements were performed in the HighScore 
Plus 5.1.0 program suite.52 All structures were refined 
against the Sm (230 K) crystal structure and the peak 
profiles were fit using a pseudo-Voigt function. All atomic 
positions were kept fixed, and the occupancy fixed to the 
specific Sm:Yb ratios. 

 
Magnetization measurements 
The magnetization data were obtained using a 
QuantumDesign Dynacool Physical Property Measurement 
System (PPMS) and the vibrating sample magnetometer 
(VSM) option. The temperature of magnetic field windows 
of 2 K to 300 K, and –9 to +9 T. The temperature sweeping 
rates were kept between 0.25 K min–1 and 6 K min–1. The 
samples (9–13 mg) were loaded into standard 
QuantumDesign PTFE powder capsules, sealed with PTFE-
tape and quickly moved to the PPMS chamber. The data 
were corrected for diamagnetic contributions from the 
sample and the sample environment. 
 
X-ray absorption spectroscopy 
X-ray absorption near edge spectroscopy (XANES) data at 
the Sm L3 edge were acquired at the ID12 beamline (ESRF 
– The European Synchrotron, Grenoble, France). The 
sample was enclosed in a flame-sealed quartz capillary (Æ 
0.9 mm). The data collected at 44 K and room temperature 
were recorded using total fluorescence yield detection mode 
and were not corrected for re-absorption effect. The 
intensity of the incident X-ray beam was carefully adjusted 

to avoid radiation damage of the sample. For the sake of 
comparison, the spectra were normalized using standard 
procedures. 
   
DFT calculations 
Density functional theory calculations were performed with 
the ORCA programme suite using the atomic coordinates 
determined by single-crystal X-ray crystallography (T = 170 
K) without any subsequent geometry optimization.53 The 
calculations employed the TPSSh functional together with 
the SARC (scalar-relativistically contracted) version of the 
ZORA-def2-TZVP basis set with the corresponding 
auxiliary basis.54,55,56,57 Superexchange coupling constants 
were obtained using the broken-symmetry method and the 
approach of Yamaguchi.58,59 
 
Data availability 
Crystallographic data for the structures reported in this 
article have been deposited at the Cambridge 
Crystallographic Data Centre, under deposition numbers 
CCDC 2285789 (Sm at 230 K), 2285788 (Sm at 170 K), and 
2285790 (Yb at 120 K). Copies of the data can be obtained 
free of charge via https://www.ccdc.cam.ac.uk/structures/. 
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