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Abstract:

Magnets derived from inorganic materials (e.g., oxides, rare earth and intermetallic compounds)
are key components of modern technological applications. Despite extensive success in a broad
range of applications, these inorganic magnets suffer several drawbacks, such as energetically
expensive fabrication, limited availability of certain constituent elements, high density, and poor
scope for chemical tunability. A promising design strategy for next-generation magnets relies on
the versatile coordination chemistry of abundant metal ions and inexpensive organic ligands.
Following this approach, we report the general, simple and efficient synthesis of lightweight
molecule-based magnets by post-synthetic reduction of pre-assembled coordination networks
incorporating chromium metal ions and pyrazine building-blocks. The resulting metal-organic
ferrimagnets feature critical temperatures up to 242°C, and a 7500-Oersted room-temperature
coercivity.

One Sentence Summary: Room-temperature metal-organic magnets
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Main Text:

Magnets that operate at room temperature are usually pure metals, metal oxides, or
intermetallic compounds, and find applications in numerous aspects of our daily lives. For
example, magnets are key components in data processing and storage devices, are commonly
employed in electrical motors that power the majority of household appliances, and are essential
in renewable energy technologies (/). Despite their extensive use and tremendous success in
technological applications, conventional magnets present several drawbacks, such as energetically
expensive fabrication (e.g., SmCo and AINiCo) and limited availability of key component
elements (e.g., in lanthanide-based magnets, NdFeB and SmCo). Over the last three decades,
various approaches have been developed to address these limitations and to target new engineered
magnets. One particularly appealing strategy relies on the rational assembly of molecular building-
blocks, such as organic ligands and paramagnetic metal ions. These molecule-based materials
exhibit behavior similar to traditional magnets, but unlike the exclusively inorganic examples, they
benefit from the synthetic and post-synthetic versatility resulting from the molecular and
coordination chemistries, which allow precise tailoring and optimization of their properties (2,3,4).
This synthetic approach has already led to a vast number of systems with unique magnetic
behaviors, several of which have no counterpart in inorganic materials. Among these molecule-
based magnets are discrete high-spin molecules known as Single-Molecule Magnets (SMMs; 3,6),
one-dimensional magnets (Single-Chain Magnets; 7) and two- and three-dimensional (2D and 3D)
networks exhibiting magnetically ordered phases (8). By separating magnetic metal ions with
organic ligands, these molecule-based materials feature remarkably low densities (ca. 1 g cm™)
compared to pure inorganic materials (generally above 5 g cm™). Although state-of-the-art
inorganic magnets are indispensable due to their high maximum energy product (i.e., high
magnetic density 9), complementary molecule-based magnetic materials will be of great relevance
to emergent magnetoelectronic, magnetic sensing and recording technologies as a result of their
low density. However, most of these molecule-based materials suffer from low operating
temperatures, which has precluded technological application.

In order to raise the operating temperature of molecule-based magnets, neutral ligands have been
replaced by radicals to link paramagnetic metal ions in 2D or 3D coordination networks (§). The
presence of a radical's spin leads to particularly strong magnetic interactions with the metal centers,
which can be controlled by the chemical identity of the organic radical and metal ion, and the
overlap of their magnetic orbitals containing an unpaired electron (8,10, 11). This methodology is
well exemplified by the pioneering work of J. S. Miller on a family of magnets incorporating
paramagnetic metal ions and organic radical species such as the tetracyanoethylene radical
([TCNE]; 12). In these systems, the strong magnetic coupling between spins localized in the
metal d orbitals and those of the radicals result in magnetically ordered phases with critical
temperatures (7c) as high as 400 K (V[TCNE]x, x ~ 2) (/3). Apart from displaying the current
record 7c value measured for a molecule-based magnet, V[TCNE]: has also shed light on the
applicability of molecule-based lightweight magnets in spintronic devices, quantum information
and microwave electronics (/4,15,16,17). More recently, a new synthetic strategy was developed,
subjecting pre-assembled coordination networks to post-synthetic oxidation or reduction (acting
on the ligands to form radicals or on the metal ions to induce mixed-valency), to obtain
magnetically ordered materials at a higher temperature (maximum of 105 K until this work) than
their precursor (18,19,20,21). These combined efforts have resulted in magnets with hysteresis
effects on the field (H) dependence of the magnetization (M) at ambient temperature in a small
number of systems, such as TCNE-based compounds and derivatives, as well as several Prussian
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blue analogs (2,3,12,22,23) and covalently linked organic radical frameworks (24,25). However,
all of these molecule-based magnets have failed so far to exhibit significant room-temperature
coercivity, which in the best case, is on the order of hundreds of Oersteds.

Herein, we report on the post-synthetic chemical reduction of two 2D coordination networks,
CrCla(pyz): and Cr(OSO2CH3)(pyz)2 (pyz = pyrazine, 26,27) in order to enhance magnetic
interactions, and thus increase the critical temperature of any resulting ferrimagnetic order. While
structurally similar, these two materials (CrXo(pyz)2; X~ = [CH3SOs], CI) exhibit contrasting
physical properties. In Cr(OSO>CH3)2(pyz)2, the octahedral Cr'! metal ions are bridged by neutral,
closed-shell pyrazine ligands (pyz)°, which transmit only weak magnetic interactions between S =
2 Cr!' spins. As a result, this material is an antiferromagnet below 10 K and an insulator (27). In
contrast, CrCly(pyz): features octahedral Cr'" metal ions and a mixed-valence pair of pyrazine
ligands (i.e., Cr'"'Cly[(pyz)2]7). This electronic configuration generates strong magnetic
interactions between the § = 3/2 Cr'! and delocalized S = 1/2 pyrazine spins, leading to
ferrimagnetic ordering below 55 K and a significant room-temperature electrical conductivity (26).
In this present work, we describe the post-synthetic reduction of these coordination networks,
which leads to lightweight ferrimagnets with 7c up to 515 K and 7500-Oersted room-temperature
coercivity.

The chemical reduction of the methanesulfonate-paired 2D material was carried out via the
addition of two molar equivalents of lithium 1,2—dihydroacenaphthylenide (Li"[Ci2H10™]; E12 =
—3.23 V vs. [(CsHs)2Fe]”°; 19) to a suspension of Cr'(OSO.CHs)2(pyz). in THF (Fig. 1A, see
supplementary materials for the detailed synthetic procedure; 28). A notable color change was
evident upon reduction of the light brown Cr(OSO2CHz3)2(pyz)2 to afford product 1 as an air-
sensitive, dark grey, microcrystalline powder. The powder X-ray diffraction (PXRD) pattern of 1
(Fig. S1; 28,29) revealed a highly crystalline phase, with Bragg diffraction peaks corresponding
exclusively to Li[SO3CH3], indicating that the reduced Cr/pyrazine-containing product was either
poorly crystalline, nanocrystalline or amorphous. However, the presence of THF-insoluble
Li[SO;CH3] implied that the methanesulfonate anions were partially or fully extracted from the
2D precursor upon reduction to yield a Cr-based network possibly featuring two reduced pyrazines
([pyz]~). X-ray absorption spectroscopy (XAS) measurements at the Cr K-edge were performed
on product 1, the Cr(OSO,CH3)2(pyz)2 precursor containing Cr'! in an octahedral coordination
sphere and a square-planar Cr!! reference complex [Cr(N(TMS),)2(py)2] (noted Cr(IT); TMS =
Si(CHs)3, py = pyridine; 30). The X-ray absorption near-edge structure (XANES) spectrum of 1 is
markedly different from that of its precursor, as well as Cr oxides and Cr metal (37), but its features
at low energy (near-edge region) and at the Cr edge are strikingly similar to those of the square-
planar Cr(II) reference (Fig. 1B). The near-edge structures for both product 1 and Cr(II), which
are the fingerprint of the Cr oxidation state in a given ligand field, show two shoulders at the same
energies (~5991 and ~5994 eV). These XAS results unequivocally support that the Cr electronic
structure and coordination geometry in 1 are essentially the same as in Cr(Il); i.e., a high-spin S =
2 Cr'" metal ion in a square-planar {Cr''N4} environment (30). The structure of 1 is thus compatible
with a 2D square coordination network, ‘Cr'(pyz™),’, reminiscent of the precursor Cr'l(pyz°),
layer (27). The field dependency of the magnetization was recorded for powder 1 at various
temperatures (Fig. 1C, S2-S4; 28), revealing broad M vs. H hysteresis loops (Hcoer = 3400 Oe at
300 K) up to at least 400 K (the temperature limit of the MPMS magnetometer). This remarkable
magnetic behavior is in sharp contrast to that reported for any known chromium-based materials
(e.g., metal, nanoparticles, oxides; Table S1, 32,33,34,35,36,37,38).
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Fig. 1. Chemical reduction of Cr(OSO:CH3):(pyz): and CrClx(pyz):. (A) Reaction schemes
(solvents and soluble species in blue; solid materials in black; the D symbol indicates the presence
of Li,(SO3;CH3), within 1). (B) Normalized XANES spectra at the Cr K-edge region of 1 (black
trace), Cr(OSO2CH3)2(pyz):2 (red trace) and Cr(II) reference (blue trace) at 295 K. Inset: magnified
view of the near-edge region. (C) Magnetization versus applied dc magnetic field data (at
7 Oe s7!) in the 2.1 to 2.1 T field range for 1 between 1.85 and 400 K. As the exact composition
of 1 is unknown, the magnetization data were normalized using the molecular weight of the
Cr(OSO2CH3)2(pyz)2 parent compound.

Hence, the above experimental evidence unequivocally confirms that the post-synthetic chemical
reduction of Cr''(OSO>CHs)2(pyz): resulted in a mixture of insoluble crystalline Li[SO3CH3] and
an amorphous ‘Cr'i(pyz™):’ phase, which displayed remarkable hard magnet properties (Heoer =
3400 Oe at 300 K), and a critical temperature above 400 K. In order to target a pure analog of this
room-temperature magnet, our focus turned to the related CrClx(pyz). system, which is expected
to yield the same magnetic material upon reduction of both the pyrazine scaffold ([(pyz)2]™ —
(pyz™)2) and the Cr'! metal ion (Cr'"" — Cr'"). More importantly, the anticipated byproduct of this
reaction, LiCl (Fig. 1A), should be far easier to remove from the Cr-based product than
Li[SO;CH3] due to its increased solubility in organic media, particularly THF. Using identical
experimental conditions to those for the synthesis of 1, the CrClx(pyz)> precursor was exposed to
Li"[Ci2Hi0™] (Fig. 1A, 28). Synchrotron PXRD experiments on the resulting dark grey solid (90%
isolated yield), revealed several prominent diffraction peaks and, notably, the absence of an
independent crystalline LiCl phase (Fig. S5, 28). The diffractogram was refined in the
orthorhombic Pmmm space group with the following cell parameters: a = 6.9239(9), b = 6.9524(2)
and ¢ = 8.478(2) A (V' =408.1(1) A%). It is worth noting that the a and b lattice parameters obtained
for this material (noted 2:(THF) herein) are close to those found in the CrClx(pyz)> precursor
(Immm space group: a = 6.90351(4), b=6.97713(4) and c = 10.82548(6) A; V' =1521.427(6) A3; p

4



= 1.803 g cm™). This suggests the presence of a similar 2D Cr(pyz):-type network in both
CrClx(pyz)2 and 2-(THF).

The Cr K-edge XANES spectra of 2-(THF) is remarkably similar to that of both the model square-
planar complex Cr(IT) and 1 (Fig. 1B), while clearly different to that of the precursor Cr''Clx(pyz)»
(Fig. 2A). Therefore, we conclude that the reduction of CrCly(pyz): results in the reduction of
octahedral high-spin Cr'! metal ions into square-planar high-spin Cr' sites, implying the loss of
both axial chloride ligands in 2:-(THF). Raman spectroscopy further supports this conclusion, as
evidenced by the absence of the characteristic Cr—Cl symmetric stretching band (ca. 260 cm™),
while the position and narrow nature of Raman bands in the pyrazine fingerprint region of the
spectrum (600—1700 cm™") suggest the presence of only reduced [pyz]~ ligands (Fig. S6-S7, Tables
S2-S4, 28). In order to understand the reduction mechanism and the concomitant chloride
decoordination, quantum chemical geometry optimizations were performed on [CrCl(pyz)4]*~4
molecular fragments (where the number of chloride ligands, x = 2, 1, 0; and successive reductions
are represented by ¢ = 0, 1, 2, 3 or 4; Table S5, 28). Upon addition of 4 electrons to the initial
[CrClx(pyz)4]° fragment, the calculations show a minimum energy at infinite Cr---Cl distance,
indicating the instability of the fully reduced bis-chloride-bound fragment, [CrCl(pyz)s]*. Upon
removal of chloride anions, the ability of the [CrCl(pyz)4]" and [Cr(pyz)4]>* fragments to stabilize
reduced pyrazine ligands increases around the Cr' center (Fig. S8, 28). The pyrazine reduction is
thus facilitated by the chloride dissociation. Moreover, the optimized structure of the [Cr(pyz)s]*>
fragment (¢ = 4, pyrazines are all reduced around the Cr!' center) adopts a perfect square-planar
geometry (Table S5, 28), which makes this moiety ideal for forming extended Cr(pyz).-type
sheets.
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Fig. 2. XANES and EXAFS spectra at the Cr K-edge at 295 K. (A) Normalized XANES spectra
of 2-(THF) (black trace), CrClx(pyz): (red trace) and Cr(II) reference (blue trace). Inset:
magnified view of the near-edge region. (B) Fourier-transform (FT) EXAFS spectra for 2-(THF)
(black trace) and CrCla(pyz): (red trace; see Figs. S9-S10 for additional EXAFS data, 28). The
difference of the two data sets is shown in purple.

A comparison of the extended X-ray absorption fine structure (EXAFS) at the Cr K-edge of
2-(THF) and its precursor provides further experimental evidence for chloride decoordination. As
shown in Fig. 2B, the Fourier-transform EXAFS spectra of CrClx(pyz); and 2-(THF) are similar



except at R ~ 1.9 A, where a significant difference is evident (see Figs. S9-S10 for EXAFS and k*-
weighted EXAFS spectra; 28). This corresponds to a major modification in the local environment
of the Cr!" site. In the precursor compound, CrCly(pyz)., the broad feature at R = 1.67 A and the
shoulder at 1.91 A can be attributed to the Cr—N (2.003-2.059 A) and Cr—Cl (2.337 A) bonds,
respectively. However, while the Cr—N bond in 2-(THF) is found at R = 1.53 A, the signature of
the Cr-Cl bond around R ~ 1.9 A is significantly attenuated (see difference spectrum, Fig. 2B),
corroborating the loss of axial CI™ ions and the resulting square planar geometry at the Cr center.

Combustion elemental analysis (EA) and inductively coupled plasma-optical emission
spectroscopy (ICP-OES) measurements support the above assumptions and reveal the presence of
0.7(1) Li ion and 0.99(6) THF molecule per Cr(pyz). moiety, each assumed to reside between the
Cr''(pyz™): layers in 2-(THF) (Table S6, 28). In addition, XANES measurements at the Cl K-edge
for CrClx(pyz)2 and 2-(THF) provide evidence for remaining chlorine anions (ca. 0.7 per Cr) in
the reduced material (Fig. S11, 28). The near-edge feature, which corresponds to a transition from
the CI ls orbital to molecular orbitals of hybridized CI 3p and Cr 3d states in Cr/Cl complexes
(26), is much lower in intensity in the spectrum of 2-(THF) versus its precursor. This feature
reflects a considerable weakening of the chromium-chloride interaction and subsequent elongation
of the Cr---Cl distance (i.e., decoordination from the Cr metal ion; 39) in 2-(THF), which
corroborates the theoretical XANES calculations (Fig. S12, 28) and experimental EXAFS data
(Figs. 2B, S9-S10, 28). However, the presence of a detectable near-edge signal indicates that
chloride ions are still close enough to the Cr'' ions in order to interact electronically (see a
comparison with LiCl in Fig. S13 in which Li" and CI" ions are ionically independent, 28). To
summarize, 2-(THF) is a material possessing neutral 2D Cr'Y(pyz™), layers of square planar Cr!!
metal ions and two singly reduced pyrazines, separated by one THF molecule and 0.7(1)
equivalents of Li" and Cl™ ions. The chemical formula of 2-(THF) can therefore be defined as
Lio.7[Cr(pyz)2]Clo.7-(THF) (with a calculated density of 1.278 g cm™).

Variable-temperature PXRD measurements on 2:(THF) revealed an irreversible phase
transformation upon heating above 380 K (Fig. S14, 28). This new phase is stable up to 500 K and
remains the sole phase upon cooling to room temperature. As evidenced by thermogravimetric
analysis - mass spectrometry measurements (TGA-MS, Figs. S15-S20, 28), this irreversible
structural change is due to a loss of the interlayer THF molecules. Fourier-transform infrared
spectroscopy (FTIR, Figs. S21-S24, 28) and EA measurements on samples of 2-(THF) after
prolonged heating (18 hours at 400 K or 10 hours at 500 K) however show a residual presence of
about 0.25 THF per formula unit, in good agreement with TGA-MS measurements (Fig. S17,
Table S6, 28). XANES measurements at the Cr K-edge of this heat-treatment product,
2-0.25(THF), indicated no significant change in the Cr!! coordination environment upon partial
THF loss (Fig. S25, 28). On the other hand, the CI K-edge spectrum showed an attenuation in the
near-edge region versus 2-(THF) (Fig. S26, 28), indicating reduced mixing between CI 3p and Cr
3d orbitals; i.e., greater localization of Cl p states. The chlorine anions are thus slightly further
from the Cr ions after the partial loss of the interlayer THF molecules. The diffractogram of
2:0.25(THF) is less affected than that of 2:(THF) by the anisotropic broadening of the diffraction
peaks systematically associated with planes possessing a non-zero / Miller index (Figs. 3A, S14
and S27, 28). For both compounds, this observation implies less crystallographic order along the
¢ direction (and thus in the spacing between the sheets) than within the ab plane of the 2D network
as is expected for layered materials (40,41). The diffractogram of 2-0.25(THF) at 290 K was fully
indexed in the tetragonal P4/mmm space group with a = b = 6.9893(1) and ¢ = 7.195(3) A (V =
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351.5(1) A% p=1.228 g cm™; Fig. 3A, Table S7, 28) showing that upon removing the THF
molecules, the inter-layer distance diminishes significantly, as evidenced by the decrease of the ¢
parameter from ~8.5 in 2+-(THF) to ~7.2 A in 2-0.25(THF) (for comparison the inter-layer distance
in the CrClx(pyz)2 precursor is 5.4 A).
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Fig. 3. Structural model of Lio7[Cr(pyz):]Clo.7:0.25(THF) (2:0.25(THF)). (A) The best
Rietveld refinement (red trace; R = 4.23 %) of the synchrotron PXRD pattern of 2-0.25(THF) at
290 K (after cooling from 500 K in a sealed capillary; blue trace) is shown together with the
experimental/model difference (grey trace) and calculated Bragg reflections (blue bars). (B)
Perspective view (along the a direction) of 2-0.25(THF) showing the alternation of {Lio7Clo.7}
and neutral Cr''(pyz™): layers stacking along the c direction. (C) Eclipsed layered structure viewed
along the c direction. Cr: dark green, N: blue, C: black. Cl (light green) and Li (purple) are shown
at a fixed occupancy of 70% according to the elemental composition. Hydrogen atoms have been
omitted for clarity.

Considering all the above information, an appropriate structural model was used to refine the
experimental PXRD pattern obtained for 2-0.25(THF), yielding reasonable agreement factors
(e.g., Ri=4.23 %, R, = 1.63 % and Rwp = 2.32 % at 290 K, Fig. 3, Table S7, 28). As expected, the
Cr sites in 2:0.25(THF) are bridged by pyrazine ligands forming a 2D square Cr(pyz)2 network in
the crystallographic ab plane. In contrast to the precursors CrCly(pyz), and Cr(OSO>CH3z)2(pyz)2



(26, 27), these Cr(pyz): layers in 2:0.25(THF) are eclipsed along the ¢ direction (Fig. 3C). The
square-planar coordination sphere of Cr is occupied by four nitrogen atoms from four pyz ligands,
with a Cr-N distance of 2.0440(6) A. As evidenced by other techniques on 2-THF and
2-0.25(THF) (vide supra), the CI~ anions are not coordinated to the Cr metal ions, but are located
in between Cr sites of two adjacent layers with a Cr---Cl distance of 3.598(2) A. Within this
structural model, it was not possible to localize THF molecules, but the Li cations are most likely

positioned in between pyrazines for electrostatic reasons and slightly better refinement of the
PXRD data.

The magnetic properties of 2-(THF) were studied and compared with those collected for 1 (Figs.
S2-S4; 28). Zero-field cooled (ZFC)/field-cooled (FC) magnetization data were collected under a
dc field of 50 Oe for a sample of 2-(THF) (and thus for 2-0.25(THF) after partial desolvation from
ca. 400 K onwards) on a Microsense Vibrating Sample Magnetometer (VSM) capable of reaching
temperatures up to 600 K. The magnetization bifurcation point of the ZFC/FC data, which
corresponds to the temperature at which the coercive field vanishes, is found at ~510 K (Fig. 4A).
This temperature agrees well with the M vs. H curves, which show a crossover between S-shape
and linear (typical of a paramagnetic state) forms between 510 and 520 K (Fig. 4B-C). As also
confirmed by the vanishing of the remnant magnetization at 510 K (Fig. 4D), the critical
temperature of 2-0.25(THF) is thus ~510 K, exceeding by ~110 K the ordering temperature
measured for V[TCNE]: (/3). It is worth emphasizing that the linear dependence of the
magnetization at 520 K after the disappearance of the M vs. H hysteresis loops rules out the
presence of any superparamagnetic nanoparticles. Upon cooling from 520 K to room temperature,
the M vs. H hysteresis loops are recovered as expected for a phase transition between paramagnetic
and ferri-/ferromagnetic states. Nevertheless, the absolute value of the magnetization is
systematically lower than during the heating process (Figs. S28-S29, 28), suggesting that the
critical temperature of 2:0.25(THF) is in close proximity to its decomposition temperature under
the experimental conditions of the magnetic measurements (i.e., in a sealed quartz tube under inert
atmosphere). Similar to the powder 1 (Fig. 1C, S2-S4, 28), 2-(THF) is a hard magnet with a
remarkably large coercive field of 5300 Oe at room temperature (13500 Oe at 1.85 K; Figs. 4B-C
and S30, 28). This value compares well with those of widely used inorganic magnets and is larger
than any of those observed for molecule-based magnets (which are on the order of hundreds of
Oersteds in the best cases; Table S8, 28). The coercive field reproducibly displays an anomalous
increase at ca. 350 K on the initial heating of 2-(THF) (Fig. S30, 28) and 1 (Fig. S4, 28) samples,
while no such feature is observed in the remnant magnetization, shown in Figs. 4D, S29 and S3
(28). This anomaly of the coercive field, which is absent in measurements on 2:0.25(THF)
(prepared by annealing 2-(THF); Figs. S30-S35, 28), is thus likely linked to the partial loss of
interlayer THF around 300-400 K (vide supra) and the associated irreversible structural
rearrangement (Fig. S14, 28). Indeed, the magnetic properties (magnetization and X-ray
spectroscopy measurements; Fig. S36-S37) of 2-(THF) and 2-0.25(THF) samples are similar,
with only slight variation in 7c (510 K vs. 515 K respectively), but a noticeable 50% difference in
the coercivity at 300 K (5300 Oe vs. 7500 Oe respectively; Figs. 4C, S32 and S37, 28). These
results show that the annealing of 2-(THF) to remove most of the THF molecules, significantly
improves the Tc and Hcoer characteristics of the resulting magnet, 2:0.25(THF).
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Fig. 4. Magnetic properties of 2-(THF) and 2-0.25(THF) (after partial desolvation above
400 K). (A) Zero field-cooled (ZFC)/field-cooled (FC) magnetization data obtained under an
applied dc magnetic field of 50 Oe at 5 K min~'. Inset: magnified view of the main plot in the 500~
520 K temperature range. The solid lines are a guide for the eye. (B) Magnetization versus applied
dc magnetic field data (at 5 to 12 Oe s7!) in the —7 to 7 T field range, from 1.85 K to 520 K (42).
(C) Magnified view of selected data from Fig. 4B inthe -2 to 2 T field range (42). (D) Temperature
dependence of the remnant magnetization, Memn, determined from the M vs. H data from 1.85 K
to 520 K (Figs. 4B-C). The solid red line is the best fit to the mean-field (MF) Bloch law: Miemn oc
(1 = (T/Tc-mr)*?)? with Tc = 506 K (considering data up to 490 K, y*(GoF) = 0.00057; 43).

At 1.85 K, the magnetization of both 2-(THF) and 2:0.25(THF) does not saturate at 7 T, but
reproducibly reaches a maximum value of 1.34 up (Figs. 4B and S31, 28). This value is
significantly lower than that of 2 wp predicted for an ordered ferrimagnetic state with
antiferromagnetically coupled spins (one S = 2 Cr!! center and two S = % pyrazine radicals;
assuming g-factors of 2). In an analogous manner to CrCla(pyz). (26), the low magnetization may
originate from the high degree of conjugation between the Cr d orbitals and pyrazine 7 states,
which leads to a partial delocalization of the Cr spin density over the organic scaffold, and strong
Cr-radical antiferromagnetic interactions. As evidenced by single-point broken-symmetry
calculations performed on a [Cr(pyz)4]*~ fragment taken from the 2-0.25(THF) structural model
(Figs. 3B-C), the Cr-radical exchange coupling is strongly antiferromagnetic and ranges from



—336 to —429 cm™! (483 to —617 K with the —2J convention) depending on the tilting of the radical
pyrazines (Tables S9-S10, Fig. S38, 28). These strong antiferromagnetic interactions are in perfect
agreement with the ferrimagnetic order experimentally observed at high temperature for these
materials.

This work reports molecule-based metal-organic magnets with high critical temperature up
to 515 K and large room-temperature coercivity, which compete well with the characteristics of
the traditional inorganic magnets and surpass the properties of previously known molecule-based
magnets (Table S8, 28). We demonstrate here that the post-synthetic chemical reduction of
coordination networks is a general, simple and efficient synthetic approach, which offers broad
perspectives for the preparation of a completely new generation of high-temperature lightweight
magnets, with yet unrealized application in emergent technologies. Finally, it should be
highlighted that the reduced materials reported in this study are electrically insulating (as expected
due to the absence of mixed-valency), while the mixed-valence [Cr™'Cly(pyz2)™] precursor shows
a significant room-temperature conductivity of 32 mS ¢cm™ (26). Therefore, exciting potential
exists in fine-tuning the post-synthetic reduction of these coordination materials, leading to the
further development of new high-7¢ conducting molecule-based magnets.
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Materials and Methods

All chemicals (lithium, 1,2-dihydroacenaphtylene 99% - CAS: 83-32-9, CrCl> 99.99%, pyrazine
> 99%) were purchased from commercial sources and used without further purification.
CrClx(pyz)2 and Cr(OSO>CHz)2(pyz). were synthesized as previously described (26,27). All
manipulations were carried out in an Innovative Technology PureLab HE or an Mbraun Unilab
glovebox under a dinitrogen or argon atmosphere and/or by standard Schlenk techniques.
Tetrahydrofuran (THF) was dried with an Innovative Technology solvent-purification system and
subsequently stored over 4 A molecular sieves (H,O content < 2 ppm, measured by a Metrohm
899 coulometer entry-level titrator). All reactions were carried out by using Pyrex glass-coated
magnetic stirring bars and the resulting solid was manipulated with polypropylene or pyrex
spatulas to avoid the presence of any magnetic impurity. Due to the extreme air and moisture
sensitivity of the reduced compounds, all manipulations were performed under dinitrogen or argon
atmosphere. To avoid the loss of intercalated THF molecules over time, the samples were stored
inside the glovebox freezer at 7= 248 K when not in use.

Synthesis of compound 1: chemical reduction of Cr(OSO2CH3)2(pyz)2

THF

Cr(OSO,CHj,),(pyz), + 2 Li*[CyHqp7]
-2 [CyHy0]

15(Li(SO,CHs),) + (2 — x) Li[SO,CH,]

Lithium 1,2-dihydroacenaphtylenide was prepared by stirring 231.3 mg (1.5 mmol) of 1,2-
dihydroacenaphtylene over a 10-fold excess of lithium metal (104 mg) in 8 mL of THF for 3 hours.
The resulting dark olive (dark yellow-green) colored solution was filtered using a 0.2 um PTFE
membrane syringe filter and added dropwise to a stirred suspension of Cr(OSO2CHs)2(pyz):2
(286 mg, 0.71 mmol) in 5 mL of THF. The mixture was stirred for 4 days at room temperature and
the resulting dark grey fine microcrystalline powder was separated by centrifugation, washed with
THF, and allowed to stand in a nitrogen atmosphere for 10 minutes (see notes a) and b) below).
Collected: 344 mg of solid.

Synthesis of Lio.7[Cr(pyz);]Clos-(THF) (2-(THF))

>
CrCl,(pyz), + 2 Li*[C;,H o] % 2-(THF) > 400K, 2-0.25(THF)

-2 [CyzHy0]

Chemical reduction of CrCly(pyz), was accomplished following the same procedure as given for
1, using CrCla(pyz)2 (200 mg, 0.71 mmol) as precursor instead of Cr(OSO.CH3)2(pyz)2. The
compound was filtered on a fine sintered glass Buchner funnel, washed with 2 x15 mL of dry THF
and dried for a few minutes under static vacuum (10°!' bar) at room temperature to afford a dark
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brown solid (see notes c) to ) below). Yield of 2:(THF): ~200 mg, ~90 % yield based on
CrCl(pyz)a.

Comments on the synthesis:

a) Cr(OSO2CH3)2(pyz)2, product 1 and Li[SO3;CH3] are all insoluble in THF.

b) The color of product 1 (dark grey) contrasts notably with that of Cr(OSO2CH3)2(pyz): (light
brown) suggesting the occurrence of a chemical modification during the course of the reaction. It
is worth mentioning that Li[SO3CH3] is a colorless solid and therefore its identification by PXRD
led to the conclusion that the dark grey product 1 is a mixture of compounds.

c¢) The duration of the reaction (4 days) is crucial for the isolation of the phase-pure compound.
The use of fewer than two equivalents of the reducing agent (Li[Ci2H10]) or shorter reaction times
lead to a mixture of 2-(THF) and CrClx(pyz). phases, as determined by magnetic measurements.
d) The amount of THF in the final material decreases over time when 1 and 2-(THF) are allowed
to stand at room temperature and/or upon grinding, as evidenced by a mass loss and further
demonstrated by FTIR measurements for 2-(THF) (Fig. S22). Thus, the samples are habitually
stored in a freezer (248 K) inside the glovebox to avoid the loss of intercalated solvent molecules
that was confirmed by the constant weight of the samples over several months.

e) ICP measurements (vide infra) showed that under the employed synthetic conditions (amount
of solvent and reaction time), the Cr:Li ratio in the final compound was of 1:0.7(1) (based on nine
different batches). The Cr:Cl ratio of ca. 1:0.7 was independently estimated from the XANES data
at the Cl K-edge (Fig. S11). The Cr:Li and Cr:Cl ratios were further confirmed by EA (Table S6)
and gravimetric analysis of the LiCl that remained in solution after the reaction. For such purpose,
the THF fractions were combined and the volatiles flash distilled to afford a beige solid. The
organic residues were extracted with toluene and the insoluble solid, assumed to be LiCl, was
collected on a pre-weighted, fine sintered glass funnel. The mass of the solid obtained by
difference, 0.0374 g, was consistent with the presence of 1.3 LiCl equivalents (expected value:
0.0391 g) in the filtrate.

f) The “drying” of 2:-(THF) was performed by heating the solvate in a capped but only partially
sealed screw cap-vial at 400 K for 18 hours or at 500 K for 10 hours under dinitrogen or argon
atmosphere. However, ~25 % of the THF remained in the final material, leading to the general
formulation Lio.7[Cr(pyz)2]Clo.7-0.25(THF), 2:0.25(THF) (Table S6). Further drying of the
material under dynamic vacuum (> 1072 bar) was unsuccessful as 2-0.25(THF) readily
decomposed, as verified by both the FTIR (Fig. S24) and EA measurements.

Elemental analyses

Samples for C, H, N were prepared in pre-weighed 6 x 6 x 10 mm Sn foil pans, typically using 3-
5 mg of solid sample. The pans were transferred to the analyzer sealed in 0.5 mL Eppendorf Flex-
tube® microcentrifuge tube and placed inside a separate vial under Argon. The pre-calibrated
Vario EL III element analyzer was used to determine the C, H, N weight percentage from sample
masses (obtained by weighing by difference the pre-weighted centrifuge tube and Sn foil pan
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before quickly transferring them to the sampling chamber). The error on the C, H and N values is
estimated between 0.5% and 0.1 % (0.1 % corresponds to the error in the ideal standard conditions
given by Vario). The results are summarized in Table S6.

Inductively coupled plasma (ICP) — optical emission spectroscopy (OES)
ICP-OES measurements were performed on two different spectrometers, which required different

sample preparations:

(a) Samples were prepared by refluxing approximately 10 mg of solid in a mixture of 1 mL of
HNO3 (65 %) and 1 mL of HCI (37 %) under argon atmosphere and diluting to 100 mL with Milli-
Q water. Samples were analyzed by ICP-OES on a Varian ICP/OES 720 ES spectrometer.

(b) Samples were prepared by digesting approximately 20 mg of solid in 10 mL of hot concentrated
HNO3 (65 %) in a sealed pressure vessel under argon and diluting to 20 mL with Milli-Q water.
Samples were analyzed by ICP-OES on a Perkin-Elmer Optima 4300 DV ICP optical emission
spectrometer for simultaneous multi-element detection.

Measurements carried out on nine independently prepared samples of 2-(THF) gave an average
Cr:Li ratio of 1:0.7 with an estimated standard deviation of 0.1 (the experimental values are 1:0.65,
0.67,0.52, 0.77, 0.64, 0.85, 0.73, 0.69, 0.71).

Fourier-transform infrared spectroscopy
FTIR spectra of neat, solid samples were recorded on a Bruker Alpha Platinum single reflection
diamond ATR module using 24 scans at 4 cm™' resolution in an argon filled glovebox. For

convenience, the spectra are plotted as the transmittance versus the wavenumber (7= 10~ with 4
being the absorbance).

Raman spectroscopy

Raman scattering measurements were carried out in backscattering geometry using a commercial
(XploRA, Horiba scientific) confocal Raman spectrometer equipped with a motorized xy stage, a
1200 grooves/mm grating, and a long working distance x50 Olympus objective with 0.45
numerical aperture. The samples were loaded into quartz capillaries of 0.5 mm diameter and
irradiated at 785 nm with an 0.37 mW laser power. The integration time was 3 minutes and two
accumulations were performed.

Computational details

Molecular model calculations on the X-ray structure fragments were done with ORCA 4.1 (44,45)
package. The positions of the hydrogen atoms were added and optimized using the B3LYP
(46,47,48,49) method and def2-TZVP (50) basis set. The exchange interactions were calculated at
the same level of theory using the broken-symmetry approach (Ising Hamiltonian) assuming that
the exchange coupling between the Cr spin and each pyrazine radical spin is the same. The spin-
Hamiltonian of the [Cr(pyz)s]* model complex can be written using an Ising model considering
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Cr-radical interactions (J--_g) and interactions between two radicals in trans-positions (Jpg) and
in cis-positions (Jz'g):

H=—=2]¢cr_g Z Szcrsf,i — 2JRr Z 5§i5§j — 2Jprg Z 55i55i+1
i=1—-4 1

i=1,2 i=1,3
j=34

The exchange parameters can be estimated using the energies of the broken-symmetry solutions
(see Table S9):

EaaaaA - EbbbbA

Jer-r = — 16
_ Eqaaaa + Epvbva — 2Eqpapa
]RR - 8

_ Eqaaaa + Eppvva + 2Eqpapa — 4Eappaa
]R’R - 8

Geometry optimization and frequency calculations together with Raman intensities were
calculated using Gaussianl6 (5/) for neutral and reduced pyrazine ligands and molecular
fragments of the Cr complex using different methods and basis sets detailed below.

X-ray absorption spectra of Cl K-edge were simulated using orbital energies (52) calculated with
the pure functional BP86 (53,54) and scalar relativistic approximation ZORA with relativistic
version of def2-TZVP basis set (55) and CP(PPP) basis for Cr, while spin-orbit coupling (56,57)
was accounted as a perturbation. The spectra were plotted using 0.7 eV line width (Fig. S12).

Thermogravimetric analysis - mass spectrometry (TGA-MS)

TGA-MS for compound 2-(THF) was performed under argon on a NETZSCH STA 449 F5
Jupiter® coupled with QMS 403 D Aéolos Quadro (Erich NETZSCH GmbH & Co. Holding KG,
Selb, Germany) thermogravimetric analyzer with a heating rate of 5 K min!. Due to the extreme
air sensitivity of the compound, the pre-weighed sample (8.6 mg) was covered with anhydrous
cyclohexane (14.13 mg) inside a N»-filled glovebox. The pan containing the suspension was kept
inside a closed vial and it was quickly transferred to the TGA-MS instrument after removing the
vial from the glovebox.

Powder X-ray diffraction (PXRD)
Microcrystalline powder samples were loaded into 0.5 mm borosilicate glass capillaries inside a

glovebox under a dinitrogen atmosphere, and the capillaries were sealed with wax. High-resolution
powder X-ray diffraction data were subsequently collected at beamline BMO1 (part of the Swiss-
Norwegian Beamlines, SNBL) at the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France. Diffraction patterns were collected with a wavelength of 0.6673 and 0.7829 A
for compounds 1 and 2-(THF), respectively. For the variable-temperature PXRD studies, the
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sample was heated under a dinitrogen stream using a Cryostream 700+ with a 6 K min™!' ramping
rate.

The indexing of the powder X-ray diffraction patterns, Pawley refinements, structure solution, and
the final Rietveld refinement were performed with the Fullprof (58) and Materials Studio (59)
programs. The refinement of the crystal structure of 2-0.25(THF) (Table S7) was performed on a
powder pattern collected at 500 K (Fig. S27) and at 290 K after cooling from 500 K (Fig. 3). The
refinement was done considering the size-strain anisotropic peak broadening of the powder
patterns and preferred orientation along [100] direction (Modified March's function). Using
CrClx(pyz)2 (CCDC 1563526) as a structure model, the following atomic restrains for the pyrazine
rings were used: diw-n) = 2.90 A, dwn-c) = 1.35 A, dic-cyshort = 1.33 A, dic-C)iong = 2.56 A with ¢ =
0.001 A and dc.c) = 1.62 A between disordered pyrazine rings with ¢ = 0.01 A. Atomic
displacement parameters were refined isotropically at first: independently for Cr, with the same
Biso for C, N and Cl, and with a 1.5Bjs, of C, N and Cl for Li. Finally, they were fixed and the
B(overall) was refined together with atomic coordinates. The Li/Cl content was fixed at 0.7
according to the ICP, EA, gravimetric (vide supra) and XANES data (Fig. S11). It is worth
mentioning that THF molecules were not found and thus were not included in the final structural
model.

X-ray absorption spectroscopy (XAS):

X-ray absorption experiments have been performed at the ID12 beamline (60) of the European
Synchrotron Radiation Facility (ESRF). For the Cr K-edge experiments, the X-ray source was the
first harmonic of APPLE-II type helical undulator (HU-38), whereas for the CI K-edge ones, it was
the first harmonic of HELIOS-II-type helical undulator (HU-52) in pure helical mode. The
advantage of using helical mode is that the content of the higher order harmonics is strongly

reduced, since only the fundamental harmonic is emitted on the undulator axis. The X-ray beam
was monochromatized using a fixed-exit double-crystal monochromator equipped with a pair of
Si(111) crystals. Powdered samples mixed with mineral oil were mounted inside argon filled
glove-box into vacuum tight sample holders covered with 13-um thick kapton foil. X-ray
absorption near edge structure (XANES) spectra were recorded using total fluorescence yield
detection mode. The X-ray fluorescence signal from the samples were collected in the back-
scattering geometry, through the kapton window, using Si photodiodes. The Cr K-edge extended
X-ray absorption fine structure (EXAFS) spectra were measured in transmission mode using an
optimized "gap-scanning technique" (67). The processing of experimental EXAFS spectra was
done using the Viper software (62). No corrections for the phase and amplitude of backscattering
atoms were applied. Local magnetic properties of the Cr site at 295 K were studied using X-ray
magnetic circular dichroism (XMCD) method at the Cr K-edge. The XMCD spectra were obtained
as the difference between two consecutive XANES spectra recorded with opposite photon
helicities of the incoming photons under external magnetic field produced by a superconducting
solenoid. Measurements were performed for both directions of applied magnetic field parallel and
antiparallel to the incoming X-ray wavevector in order to ensure the absence of experimental
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artifacts. The element-selective magnetization curve was recorded by monitoring the maximum of
XMCD signal as a function of an applied magnetic field.

Magnetic measurements
The characterization of the magnetic properties was performed on a Quantum Design SQUID

magnetometer MPMS-XL operating between 1.8 and 400 K for applied dc fields ranging from —7
to 7 T. The measurements were performed on microcrystalline samples (~10 mg) sealed in
polyethylene bag (size ~ 3 x 0.5 % 0.02 cm), which was subsequently sealed into a polypropylene
bag to allow measurements up to 400 K. The additional polypropylene bag was also used to protect
the samples, which are extremely sensitive to air and moisture. The magnetic data were corrected
for the in-situ sample decomposition above 300 K, the intrinsic diamagnetic contributions of the
sample and sample holder. The magnetic data for 1 (Figs. S2-S4) were calculated based on the
molecular weight of the Cr(OSO.CHj3)2(pyz) precursor (402.39 g mol™).

The high-temperature magnetic characterization (up to 540 K) was performed on a Microsense
Vibrating Sample Magnetometer (VSM) for applied dc fields ranging from —1.8 to 1.8 T. The
microcrystalline powder (~10 mg) was loaded into a quartz tube of ~4 mm internal diameter and
sealed with epoxy glue to second quartz tube of ~4 mm external diameter. The preparation of the
sample was carried in a glovebox under inert atmosphere (Ar or N»). The zero field-cooled
(ZFC)/field-cooled (FC) magnetization data were collected on samples of 2-(THF) (Fig. 4) and
2:0.25(THF) (Fig. S35) introduced first in the magnetometer at 300 K under zero field.
Magnetization data were obtained while warming in the presence of a magnetic field of 50 Oe
(ZFC) and subsequently cooling (FC) to room temperature under the same magnetic field. The
high-temperature VSM M vs. H data (400-520 K) were scaled to the results obtained at 300 and
400 K from the SQUID MPMS magnetometer.

Electrical conductivity

Resistivity measurements on 1, 2:(THF) and 2:0.25(THF) were carried out using a home-made
4-point probe installed inside a Quantum Design PPMS-9 system working between 1.8 and 400
K. Acquisitions were performed with the use of an external device (Keithley 2401 source-meter).
These measurements were performed on pellets of polycrystalline samples (typically 7 mm

diameter and 1 mm thickness; about 50-60 mg) prepared under dinitrogen atmosphere with a
manual press. The pellets were loaded in the homemade resistivity cell allowing the four aligned
needle probes (mounted on springs) to be in contact with the pellet.
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Table S1.

Summary of the magnetic properties of selected chromium powder, nanoparticles and oxides. AF

= antiferromagnet; F = ferromagnet; 7w = Néel temperature; 7c = Critical or Curie temperature.

Sample (size/shape) Magnetic property Reference
Cr bulk AF, In=311K (32)
Cr powder/strained AF, Tn =450-475 K (33,34)
(Czr rrllrerllr;opartlcles Curie paramagnetism (35
Their magnetic properties are
extremely sensitive to surface
Cr nanoparticles (13-73 nm)  oxide layers. Paramagnetism (36)
or AF (In< 310 K) or F order
can be observed.
Cr';03 bulk AF, Tn=308 K (37)
Cr'VO; bulk F, Tc =392(6) K (38)
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Fig. S1.

Synchrotron X-ray powder diffraction pattern of 1 (solid blue line), collected at room-temperature
(298 K) with a wavelength of 0.6673 A and its Pawley refinement (solid red line). The Pawley
refinement led to C2/m space group with a = 7.8081(5) A, b = 7.4473(5) A, ¢ = 6.5356(4) A and
B =90.561(3)°, similar to what found for LifCH3SOs] (a = 7.8586(16) A, b = 7.4889(15) A, c =
6.5454(13) A and B = 90.234(15)°, 29). The difference (solid gray line) between the best Pawley
fit (solid red line) and the experimental data (solid blue line), and calculated line positions (blue
bars) are also shown in the figure. Considering that the Bragg diffraction peaks correspond
exclusively to the salt LifCH3SOs], these data suggest that the Cr-based magnet present in 1, is
poorly crystalline, nanocrystalline or amorphous.
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Fig. S2.

Magnetization versus applied dc magnetic field data (at 7 to 8 Oe s!) in the —7 to 7 T field range
for 1 at selected temperatures from 1.85 K and increasing the temperature up to 400 K. As the
exact composition of 1 is unknown, the magnetization data were normalized using the molecular
weight of the Cr(OSO2CHz3)2(pyz)2 parent compound.
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Fig. S3.

Temperature dependence of the remnant magnetization, Mremn, determined from the M vs. H data
(Fig. S2) at each temperature for 1. As the exact composition of 1 is unknown, the magnetization

data were normalized using the molecular weight of the Cr(OSO>CH3)2(pyz): parent compound.
The green line is a guide for the eye.
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Fig. S4.

Temperature dependence of the coercive field, Hcoer, determined from the M vs. H data (Fig. S2)
at each temperature for 1. The green line is a guide for the eye.
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Fig. SS.

Synchrotron X-ray powder diffraction pattern of 2-(THF) (solid blue line), collected at room-
temperature (298 K) with a wavelength of 0.7829 A and its Pawley refinement (solid red line; R,
=1.33 % and Rwp = 1.75 %). The Pawley refinement led to an orthorhombic Pmmm space group
with the following cell parameters: a = 6.9239(9) A, b = 6.9524(2) A and ¢ = 8.478(2) A. The
difference (solid gray line) between the best Pawley fit (solid red line) and the experimental data
(solid blue line), and calculated line positions (blue bars) are also shown in the figure.
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Fig. Se.

Normalized Raman spectrum (4 = 785 nm) of neutral pyrazine (pyz; blue trace), 2-(THF) (black
trace) and Cr'"'Cla(pyz): (red trace) between 1800 and 200 cm™ recorded at room temperature. The
labelling denotes the Wilson nomenclature (63; * denotes neutral pyrazine ligands). Peak
assignment of pyrazine’: 1578 cm™ — 8a; 1518 cm™ — 8b; 1356 cm™ — 3; 1246 cm™ — 9a; 1013
cm!' — 1; 700 cm™! — 6b. Tentative peak assignment of 2-(THF)™*: 1620 cm™ — 8a; 1229 cm™! —
9a; 1007 cm™! — 1 and/or 8b; 646 cm™ — 4, 6a or 6b. The spectra of 2-(THF) does not show any
bands corresponding to THF, which could be due to partial evaporation of THF before (grinding
of the samples to load them into quartz capillaries) and/or during the measurements (heat generated
during the irradiation of the sample). Tentative peak assignment of Cr'"'Cly(pyz)2"+%: 1607 cm™! —
8a"; ~ 1556 cm™ — 8a; 1218 cm™ — 9a™; ~1187 cm™! —9a; 1031 cm™! —1%; ~ 979 cm™! — 1 and/or
8b; 673 cm™ — 6b"; ~ 638 cm™ — 4, 6a or 6b; 260 cm™! — sym Cr-Cl stretching.

T8a: sym. C=C stretching; 8b: asym. C-N stretching; 3: C-H rocking; 9a: C-H scissoring; 1: C-H
scissoring, in-plane ring-breathing; 6b: asym. in-plane ring-deformation; 4: C-H twisting, asym.
out-of-plane ring-deformation; 6a: sym. in-plane ring-deformation. These assignments are
consistent with those proposed in the literature for IR spectra of pyrazine (64).

! Detailed computational analysis of optimized geometries, vibrational frequencies and Raman
activities of neutral and reduced pyrazine are shown in Table S2. The chosen method, PBEO/def2-
QZVP level, reproduces the experimental structure of neutral pyrazine with 0.01 A accuracy
(Table S3) and the harmonic frequencies together with the Raman activities, which agree with
previous theoretical studies (65). There is little information available for the Raman spectra of
reduced pyrazine, however, Raman surface scattering at silver electrodes indicated that the
reduction of pyrazine leads to low energy shift of all observed bands (66). Thus, in the
experimental spectra of the parent compound, Cr'"'Cly(pyz),, the most intense peaks are assigned
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to neutral pyrazine (denoted with *), while the shoulders can tentatively be assigned to the reduced
pyrazine in this mixed valence compound. In contrast, the well-defined peaks in 2-(THF) strongly
suggest the presence of only reduced pyrazine, as expected for complete reduction of all pyrazine
ligands.

The calculated vibrational frequency analysis given in Table S2 shows that the highest intensity
peak at 1059 cm™ (1, according to Wilson notation) is associated with the C-H scissoring and ring
breathing mode and predicted to shift to lower frequency by 54 cm™' upon reduction. However, the
band 8b that corresponds to asym. C-N stretching shifts by ~ 600 cm™ and almost overlaps with 1
when pyrazine is reduced. Moreover, 4 shifts by ~100 cm™! and gains significant intensity upon
reduction. This computational analysis reflects the difficulty in assigning the experimental spectra
of reduced pyrazine, which has been attributed to both the shift in the fundamental frequencies and
to the changes in Raman activities of certain bands (66).

% The band at 260 cm™ in the Cr''Clx(pyz): parent compound can be assigned to the symmetric
Cr-Cl stretching (67), as supported by harmonic frequency calculations of the gas phase optimized
structure of [CrClx(pyz)4]° (B3LYP/def2-SVP, calculated value = 263 cm™).
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Table S2.

Normal mode analysis and Raman activities computed for neutral and reduced pyrazine at
PBEO0/def2-QZVP level. The most active Raman bands observed in our experimental window (Fig.

S6) are highlighted by a blue background.

Neutral pyrazine Reduced pyrazine
# | Wilson | Symmetry V,em™'| Raman | Wilson | Symmetry v, cm'| Raman
notation Activity | notation Activity
1 16a Au 350 0 16b Bau 269 0
]'o
2 16b Bsu ' ' 433 0 16a Ay 418 0
3 6a A, 607 2 6a A, 578 7
4 6b Bsg 721 6 4 Bog 682 5
] [
5 4 Bae 788 1 6b Bs, ! : 711 | 5
6 11 Bsu | | 810 0 11 Bsu | | 733 0
1 r afe
| ?
7 10a Big [ ! 954 0 10a Big ] 803 0
- =
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8 5 Bag ' [ | 1004 0 17a Ay L | 823 ] 0
I ! ]
| ’
9 | 17a Ay ' | | 1018 0 5 B, 874 | 4
100 12 B 1039 0 12 B ) 981 | 0
N \ -
11 1 A, 1059 | 50 1 A, R 1005 | 37
AN
12| 15 Bay 1099 0 8b Bsg S [ 1039 ] 25
A /
13| 18a B 1177 0 15 Bay . 1068 | 0
" '
14| 14 Bay 1255 0 18a B \, [ 1084 0
15| 9a A, 1259 | 16 9a A, 1232 | 17

7

\\
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16 3 Bag 1375 1 19b Bau b 1302 O
N /

17| 19 Bou 1451 0 3 B, § \E 1365 7
AR S

18| 19a Biu 1528 0 19a Biu iy 1453 0
g .

19 8b Bsg 1617 6 14 Bau 3 14751 0

20 8a A 1643 21 8a A 1637 | 117

21 7b By 3166 134 7b Bs, 3080 | 202

22 13 B 3167 0 13 B 3082 O
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20b

B2u

3181

20b

B2u

3108

24

3187

380

3115

510
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Table S3.

Computed harmonic frequencies (v, in cm™') and Raman activities of neutral and reduced pyrazine
using PBEOQ with different basis sets. It is worth noting that the relative intensities of Raman spectra
are strongly basis set dependent. Nevertheless, Def2-QZVP is the largest basis set that should thus
be considered as the best choice to describe experimental results. The red boxes without
background indicated the regions of the experimental Raman spectra where bands are observed in

Fig. S6.
def2-QZVP def2-TZVP def2-SVP aug-cc-pVDZ 6-31++G**

neutral reduced neutral reduced neutral reduced neutral reduced neutral reduced

vV Activity v Activity] Vv Activity v  Activity| Vv  Activity ¥  Activity| Vv  Activity v  Activity| Vv Activity v  Activity
350 0 269 0 350 0 280 0 351 0 296 0 349 0 226 1 348 0 230 0
433 0 418 0 433 0 421 0 441 0 419 0 430 0 423 0 431 0 407 0
607 2 578 7 607 3 578 4 603 3 577 4 604 2 574 1122 | 605 3 575 425
721 6 682 5 721 6 678 2 727 7 672 3 717 5 675 1 721 7 664 0
788 1 711 5 788 0 711 6 791 1 720 6 779 0 706 9 775 1 711 10
810 0 733 0 809 0 731 0 810 0 746 0 805 0 729 0 807 0 732 0
954 0 803 0 955 0 813 1 953 2 832 10 947 0 819 40 949 0 819 109
1004 0 823 0 1000 0 857 0 1006 0 908 0 983 0 890 0 988 0 884 0
1018 0 874 4 1015 0 871 0 1017 0 918 0 1004 0 910 0 999 0 889 9
1039 0 981 0 1039 0 979 0 1036 0 983 12 |1034 0 985 0 1036 0 986 0
1059 50 1005 37 1060 47 1006 40 |1067 37 986 0 1057 56 1003 3554 (1059 50 1004 1135
1099 0 1039 25 1099 0 1026 12 (1101 0 1018 34 |1097 0 1066 157 |1102 0 1050 187
1177 0 1068 0 1178 0 1067 0 1178 0 1076 0 1172 0 1069 0 1179 0 1074 0
1255 0 1084 0 1259 16 1085 0 1253 21 1085 0 1253 17 1078 0 1264 17 1083 0
1259 16 1232 17 1259 0 1234 21 1305 0 1231 31 1279 0 1225 3044 (1281 0 1238 1036
1375 1 1302 0 1374 1 1303 0 1363 1 1327 0 1362 1 1307 0 1375 2 1319 0
1451 0 1365 7 1451 0 1365 6 1456 0 1355 6 1444 0 1356 19 (1454 0 1369 23
1528 0 1453 0 1527 0 1454 0 1528 0 1450 0 1518 0 1444 0 1529 0 1457 0
1617 6 1475 0 1618 6 1482 0 1649 7 1513 0 1623 7 1475 0 1628 7 1481 0
1643 21 1637 117 1645 19 1646 44 |1663 18 1674 28 1651 23 1630 19450 |1653 23 1633 8025
3166 134 3080 202 (3168 137 3077 207 |3180 149 3068 227 |[3183 135 3102 167 (3197 142 3109 172
3167 0 3082 0 3169 0 3079 0 3181 0 3071 1 3184 0 3103 0 3198 0 3111 0
3181 0 3108 0 3184 0 3106 0 3194 0 3096 0 3199 0 3129 0 3212 0 3137 0
3187 380 3115 510 [3190 371 3113 523 3201 383 3107 537 [3204 389 3135 2296 |3217 391 3143 1250
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Fig. S7.
Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
of a neutral pyrazine molecule. The LUMO orbital features bonding C—C and antibonding C—N

interactions, leading to shortening of the former and lengthening of the latter upon reduction (Table
S4).
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Table S4.
Bonds lengths (A) for DFT-optimized structures of neutral and reduced pyrazines.

Experiment | PBE0/def2-QZVP | PBE(0/def2-TZVP | PBE(/def2-SVP PBE(/aug-cc-pVDZ | PBE0/6-31++G**

neutral (65) | neutral | reduced | neutral | reduced | neutral | reduced | neutral | reduced neutral | reduced
N—C | 1.3376(13) 1.326 1.369 1.327 1.370 1.329 1.372 1.333 1.373 1.333 1.373
c—c | 1:3968(37) 1.388 1.368 1.389 1.368 1.397 1.376 1.396 1.378 1.395 1.377
c-H | 1.0831(37) 1.085 1.090 1.086 1.092 1.096 1.103 1.092 1.097 1.088 1.093
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Table S5.

Gas phase optimized (B3LYP/def2-TZVP) molecular fragments of  [CrClx(pyz)4]7?,
[CrCl(pyz)s]'4, [Cr(pyz)s]> where ¢ = 0, 1, 2, 3 and 4. The highest point group symmetry (with
R < 0.01) and Mulliken spin population on the Cr site (in parentheses) are shown above each
structure (Mulliken spin population values close to 3 and 4 correspond to Cr'"" and Cr',
respectively). The bond lengths in the first coordination sphere are shown in A.

q [CrCly(pyz)s] [CrCl(pyz)s]'™* [Cr(pyz)]**
0
1
2
3
Both CI~ dissociate,
4 .
no minimum found
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Fig. S8.

Calculated gas phase (B3LYP/def2-TZVP) relative Gibbs free energy (in eV) of molecular
fragments of [CrCla(pyz)4] ™, [CrCl(pyz)4]' and [Cr(pyz)s]>“ where ¢ = 0, 1, 2, 3 and 4 is the
number of added electrons. The * symbols indicate the states with a Cr'! metal ion, while others
possess a Cr'! center as illustrated by the fragment structures given in Table S5. These calculations
establish that reduction of the pyrazine ligands is more favorable and facilitated by the complete
dissociation of the chloride ligands, as indicated by the relative stability of [Cr(pyz)s]* where ¢
=3 or 4, compared to [CrCl(pyz)s]'~? and [CrCla(pyz)s] derivatives.
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Fig. S9.
Normalized XAS spectra at the Cr K-edge for 2-(THF) (black line) and CrClx(pyz): (red line), at
295 K. Inset: magnified view of the spectra in the EXAFS region.
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Fig. S10.
k*-weighted EXAFS spectra at the Cr K-edge for compound 2-(THF) (black line) and CrClx(pyz)>
(red line) at 295 K.
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Table S6.
Elemental analysis results for 2-(THF) and 2-0.25(THF)."

C (%) H (%) N (%)
2-(THF) Sample 1 - 1st measurement 46.53 5.127 18.01
2-(THF) Sample 1 - 2nd measurement 44.47 5.137 17.82
2-(THF) Sample 1 - 3rd measurement 45.61 5.164 18.19
2-(THF) Sample 2 44.79 4.683 17.34
2-(THF) Sample 3 - 1st measurement 46.65 5.195 17.56
2-(THF) Sample 3 - 2nd measurement 45.55 5.023 17.88
Average (ESD) for 2:(THF) 45.60(88) 5.05(19) 17.80(31)
Calc. for Liy7[Cr(pyz):|Clo.7:(THF) 45.91 5.14 17.84
After heating at 400 K the compound
2-(THF) (average on 6 measurements with 41.71(53) 3.84(37) 21.81(121)
ESD)
After heating at 480-500 K the compound
2-(THF) (average on 6 measurements with 41.13(96) 3.66(19) 21.82(106)
ESD)
Calc. for Liy7[Cr(pyz):]Clo.7-0.25(THF) 41.60 3.88 21.56

* The CHN-analysis were performed without the addition of a V,Os additive (to avoid additional
weighing errors) and the variation of the C percentages could be caused by the formation of metal
carbide during the combustion cycle.
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Fig. S11.
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Normalized XANES spectra at the Cl K-edge of 2-(THF)" (black line) and CrCla(pyz): (red line)
recorded at 295 K.

*Considering the raw XANES spectra at the Cl K-edge of 2+(THF) and CrClx(pyz), measured in
the exact same experimental conditions (including the same sample holder) with only a few
minutes of intervals, it is possible to evaluate at about 0.74, the respective amount of chloride per
chromium in 2-(THF) knowing that two chlorides are present in CrClx(pyz). (see below the

calculations for two sets of measurements on two different 2:-(THF) samples).
First set of measurements:

Compounds | Intensity at | Intensity at | Difference | Average | Cl amount in 2-(THF)
2810.7 eV | 2845.8 eV
CrCl(pyz): 0.3614 2.6256 2.2642 22664
CrCl(pyz): 0.3507 2.6194 2.2687 ]
2-(THF) 0.4191 1.2427 0.8236 0.75 per Cr
sample 1 0.8482
2-(THF) 0.3666 1.2394 0.8728 '
sample 1
Second set of measurements:
Compounds | Intensity at | Intensity at | Difference | Average | Cl amount in 2-(THF)
2810.7 eV | 2845.8 eV
CrCl(pyz): 0.2181 1.9202 1.7021 1.7036
CrCl(pyz): 0.2169 1.9220 1.7051 '
2-(THF) 0.2450 0.8698 0.6248 0.73 per Cr
sample 2 0.6245
2-(THF) 0.2447 0.8689 0.6242 '
sample 2
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Fig. S12.

Calculated (BP86/def2-TZVP/ZORA, linewidth of 0.7 eV) XANES spectra at the Cl K-edge
(excitations from Cl 1s orbital) of the molecular fragments (i) [CrClx(pyz)4]* taken from structural
model of 2-:0.25(THF) (Fig. 3; dcr--c1=3.598 A, blue trace on the right plot) and (ii) [CrCla(pyz)4]°
taken from X-ray structure of CrClx(pyz)2 (dcr-c1 = 2.337 A, blue trace on the left plot, 26). For
comparison, the pre- and rising Cl K-edge regions of the normalized experimental XANES spectra
for 2-(THF) (black trace), for 2:0.25(THF) (grey trace) and CrCla(pyz): (red trace) are shown at
295 K. The calculated spectra (top x-axis; blue traces) are shifted by 62 eV from the experimental
ones, but the energy shift and loss of intensity associated with Cl dissociation and change of Cr
oxidation state are well reproduced.
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Fig. S13.
Normalized XANES spectra at the Cl K-edge of 2-(THF) (black line) and LiCl in its solid form
(blue line) and in aqueous (purple line) and THF (red line) solutions recorded at 295 K. It is worth
noting that LiCl XANES spectra in both solution and solid state do not display any near-edge
feature. These results are in contrast with the observation of a detectable near-edge signal in

2-(THF) indicating that chlorides are still in enough electronic proximity to the Cr'! ions in the
structure.
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Fig. S14.

Temperature dependence of the synchrotron powder X-ray diffraction patterns of 2:-(THF),
collected between 298 and 500 K with a heating rate of 6 K min~' (1= 0.7829 A). Inset: magnified
view of the low-angle region (4-10°) for selected temperatures highlighting the diffraction shifts
at the structural change above 380 K linked to the THF partial loss (see main text).
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Fig. S15.
Thermogravimetric analysis (TGA) of 2-(THF) under a flow of argon at a 5-K min™! heating rate.
The initial mass drop corresponds to cyclohexane (14.13 mg) that was used to protect the sample
(8.6 mg). Note that even though the initial mass was of 22.73 mg, 0.946 mg of cyclohexane

evaporated during the furnace closing and temperature stabilization. Therefore, the initial mass in
the TGA spectra is of 21.784 mg, which was obtained at 301.15 K.
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Fig. S16.
Thermogravimetric analysis (TGA) of 2:(THF) derived from Fig. S15 after removing the mass
corresponding to cyclohexane (at 5 K min™'). Expected weight percentages for
Lio.7[Cr(pyz)2]Clo.7-(THF): 1 THF, 23.0 %; 1 pyz, 25.5 %; 2 pyz, 51 %, 0.7 C1, 7.9 %; Cr, 16.6 %;
0.7 Li, 1.5 %. Thermogravimetric analysis - mass spectrometry (TGA-MS) measurements (Fig.
S17-S20) indicate that (a) the 1% step between 300-355 K (24.5 %) corresponds to the loss of
almost one THF, (b) the 2" (355-520 K, 36.5 %) and the 3" (520-700 K, 11 %) steps originate the
loss of pyrazine ligands and/or decomposition products of pyrazine, in addition to some residual
THF that was not evaporated in the 1% step, (c) the 4" (above ~700 K, 3 %) step is due to a partial
loss of chloride. The residual weight percentage (25 %) agrees with the sum expected for lithium,
chromium, and the remaining chloride amount (23 %). The premature decomposition of the
compound below 520 K can be ascribed to the way of preparing and heating the sample in the
TGA experiment, as the material is clearly stable at least up to 520 K when heated in closed
containers (under argon or dinitrogen), as confirmed by powder X-ray diffraction (Fig. S14) and
magnetic (Fig. 4) measurements.
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Fig. S17.

TGA-MS thermogram showing the weight loss in 2-(THF) (black line; at 5 K min™') highlighting
the THF loss and the corresponding ion current at m/z = 71 (C4H;0" fragment, green line).
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Fig. S18.
TGA-MS thermogram showing the weight loss in 2-(THF) (black line; at 5 K min™') highlighting
the pyrazine loss and the corresponding ion current at m/z = 80 (blue line).
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Fig. S19.

Magnified view of the TGA-MS thermogram showing the weight loss in 2-(THF) (black line; at
5 K min~') highlighting the loss of pyrazine (ion current at m/z = 80, blue line) and decomposition
products of pyrazine (ion current at m/z = 26, CoHa, purple line; ion current at m/z = 53, NCHCN,
brown line).
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Fig. S20.

TGA-MS thermogram showing the weight loss in 2-(THF) (black line; at 5 K min™') highlighting
the chlorine loss and the corresponding ion current at m/z = 35 (orange line).
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Fig. S21.

ATR-FTIR spectra collected at room temperature for 2:(THF) (black line) and THF (green line).
Peak assignment for the most intense bands of THF (68,69): 2972 c¢cm™', asymmetric C-H
stretching; 2856 cm™!, symmetric C-H stretching; 1066 ¢m™!, ring stretching; 906 c¢cm™, ring
breathing; 657 cm™', CH> wagging. The green arrows (1) denote the areas in which the most
relevant THF bands are observed in 2-(THF) (note that the band at 1066 cm™' of THF overlaps
with pyrazine bands).
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Fig. S22.

ATR-FTIR spectra collected at room temperature for 2:(THF) (black line) and a ground sample
(red line). The green arrows (1) denote the areas in which the main differences between pristine
and ground 2-(THF) are observed, which agree well with the areas in which the most intense bands
of THF appear (note that the band at 1066 cm™ of THF overlaps with pyrazine bands).
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Fig. S23.

ATR-FTIR spectra collected at room temperature for 2-(THF) (black line) and 2-0.25(THF) after
a 400-K treatment (18 hours; blue lines) and after a 500-K treatment (10 hours; red line). Left:
green arrows (1) denote the areas in which the main differences between 2:-(THF) and
2:0.25(THF) are observed, which agree well with the areas in which the most intense bands of
THF appear (note that the band at 1066 cm™' of THF overlaps with pyrazine bands). Right: green
arrows (1) denote the areas in which the most intense bands of THF should appear (note that the
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band at 1066 cm™' of THF overlaps with pyrazine bands).
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Fig. S24.

ATR-FTIR spectra collected at room temperature for 2-(THF) (black line) and a sample exposed
to dynamic vacuum (1073 bar, blue line). The significant differences between both spectra indicate
the decomposition of the material.
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Fig. S25.
Normalized XANES spectra at the Cr K-edge of 2-(THF) (black line) and 2-0.25(THF) (grey line)
recorded at 295 K. Inset: magnified view of the spectra in the near-edge region.
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Fig. S26.
Normalized XANES spectra at the Cl K-edge of 2-(THF) (black line) and 2-0.25(THF) (grey line)
recorded at 295 K.
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Fig. S27.

Synchrotron powder X-ray diffraction pattern of 2:0.25(THF) collected at 500 K with a
wavelength of 0.7829 A. The best Rietveld refinement (red line; R = 3.14 %) of the synchrotron
PXRD pattern of 2:0.25(THF) at 500 K (blue line) is shown together with the experimental/model
difference (grey line) and calculated line positions (blue bars). The resulting structural model is
the same as the one shown in Figs. 3B-C. The indexation of the main diffraction peaks is shown.
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Table S7.
Crystallographic parameters of the structural model for 2:0.25(THF) obtained from the best
Rietveld refinement of the powder X-ray diffraction pattern collected at 500 K (Fig. S27) and at

290 K after cooling from 500 K (Fig. 3).

Temperature 500 K 290 K
CCDC number 2007863 1983877
Crystal system tetragonal tetragonal
Space group P4/mmm P4/mmm
al A 6.99618(13) 6.98932(14)
b/A 6.99618(13) 6.98932(14)
clA 7.273(3) 7.195(3)
Volume | A3 355.97(14) 351.46(13)
VA 1 1
Observed reflections 96 93
Parameters 13 13
Restraints 5 5
GOF 4.11 4.54

R, 1.559 1.632
Ryp 2.145 2.324
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Fig. S28.
Magnetization versus applied dc magnetic field data (at 8 to 12 Oe s7!) in the —1.6 to 1.6 T field
range for 2-(THF) (and thus for 2:0.25(THF) after partial desolvation above 400 K). These data

were collected after the M vs. H hysteresis plots shown in Figs. 4B-C, during the cooling process
from 520 K to room temperature.
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Fig. S29.

Temperature dependence of the remnant magnetization, Mremn, determined from the M vs. H data
(Figs. 4B-C and S28) at each temperature for 2-(THF) (and thus for 2:0.25(THF) after partial
desolvation above 400 K). The blue squares correspond to the first heating of the sample from 1.85
to 520 K, while the purple squares are determined upon cooling from 500 to 300 K. The solid red
line is the best fit to the mean-field (MF) Bloch law: Miemn oc (1 — (T/Tcmr)*?)? with Temr = 506

K, (considering data up to 490 K, 7*(GoF) = 0.00057; 43). The solid purple line is a guide for the
eye.

S46



l’LoHcoer (T)

T (K)

Fig. $30.

Temperature dependence of the coercive field, Hcoer, determined at each temperature from the M

vs. H data for 2-(THF) (Figs. 4B-C; blue squares) and 2-0.25(THF) (Fig. S31; red squares) on the
first heating from 1.85 to 530 K. The solid lines are a guide for the eye.

S47



Table S8.
Critical temperatures (7c) and coercive fields (Hcoer) for commercial inorganic magnets, selected
molecule-based magnets, 2¢(THF) and 20.25(THF).

RT LT
Compound Tc (K) Heoor (O€) Heoor (O€) Ref.
Hard ferrites 720-735 | 1100-3100 | cos decreases | o,
upon cooling
2 AINiCos 1130-1175 | 615-750 _ Not 70,71
= significantly
£ »
s AINiCog 1130 | 1500-1900 | SSPVElO g
= temperature
2 SmCos 1000 6700-9000 | 43000 (4.2 K)' 70}27’ :
1
S 15000-17000
=
= Sm>Cor7 1070 8000 42K 70,73
50000-65000
Nd,Fe14B 550-590 | 9300-27000 (80K 70,74
V[TCNE], yCH,Cl, :
2y 0.5) > 350 60 60 (42K) | 12,13
. | V[TCNE] (x ~ 2) thin films 400 ~45 7 (5K) 75
oS
5 V[Cr™(CN)s]os6°2.8H>0 315 <25t 25 (10 K) 23
5 KVI[Cr(CN)s]-2H,0 376 ~4 165 (5 K) 76
9] N N
g Polymerized TCNQ-hnked = 400* - 50 ~300 (5 K) 24
) covalent organic framework
§ 1,3,5-tr1a21pe-11nked covalent > 400t 300 300 (10 K) 25
= organic framework
= | Lios[Cr(pyz)2]Clos-(THF) 510 5300 13500 (1.85 K) ;‘;‘rsk
. thi
Lio7[Cr(pyz)2]Clo.7+0.25(THF) 515 7500 13500 (1.85K) | work

RT: room temperature; LT: low temperature; TCNE: tetracyanoethylene; TCNQ: 7,7,8,8-
tetracyanoquinodimethane

* The coercive fields for commercial inorganic magnets are strongly dependent on the sample
preparation (heat treatment, grain size, surface impurities, doping...). The quoted values should
thus be considered with caution as they are not necessarily intrinsic to the material.

T Above decomposition temperature.

! Not experimentally reported.
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Fig. S31.
Magnetization versus applied dc magnetic field data (at 5 to 12 Oe s7') in the —7 to 7 T field range
for 2:0.25(THF) from 1.85 K to 530 K.
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Fig. S32.

Magnified view of the magnetization versus applied dc magnetic field data (at 5 to 12 Oe s7') in
the —2 to 2 T field range for 2:0.25(THF) from 1.85 K to 530 K.
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Fig. S33.

Magnetization versus applied dc magnetic field data (at 8 to 12 Oe s!) for 2-0.25(THF) in the
—1.8 to 1.8 T field range collected after the data shown in Figs. S31-S32 and decreasing the
temperature from 500 to 300 K.
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Fig. S34.

Temperature dependence of the remnant magnetization, Mremn, determined from the M vs. H data
for 2:0.25(THF) from 1.85 K to 530 K (Figs. S31-S32; red squares) and then on cooling down to
300 K (Fig. S33; purple squares). The solid red line is the best fit to the mean-field (MF) Bloch
law: Mremn o (1 — (T/Tcmp)*®)'? with Tewr = 514 K, (considering data up to 510 K,
7(GoF) = 0.00195; 43). The solid purple line is a guide for the eye.
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Fig. S35.

Zero-field cooled (ZFC)/field-cooled (FC) magnetization data for 2:(THF) (blue) and
2-0.25(THF) (red) obtained under an applied dc magnetic field of 50 Oe at 5 K min™'. Inset:
magnified view of the main plot in the temperature range 480-530 K. The samples were introduced
first in the magnetometer at 300 K under zero field. Magnetization data were obtained while
warming in 50 Oe (ZFC) and subsequently cooling (FC) to room-temperature under the same
magnetic field. The solid lines are a guide for the eye.

S53



12,
2 1}
C [
= 08
o |
| - L
& 06}
v |
W 04Ff
< 0.1
§ 02F e 2+(THF)
[ -0.15
5085 6000 6015 6030 6045 6060
photon energy (eV)
Fig. S36.

Normalized XANES and X-ray magnetic circular dichroism (XMCD) spectra at the Cr K-edge of
2-(THF) (black line) and 2:0.25(THF) (grey line) recorded at 295 K under 7-T applied magnetic
field. XMCD spectra are given as the percentage of the XANES edge jump.”

“The Cr K-edge XMCD is able to measure the local chromium magnetization, as the spin-orbit
interactions of the ligand atoms are negligibly small and consequently cannot introduce a
significant orbital moment at the Cr centers (26). The above XMCD spectra for 2:-(THF) and
2:0.25(THF) are essentially identical in shape and intensity (including Coster—Kronig
multielectron excitations at 6040—6045 eV), unambiguously demonstrating the indistinguishable
electronic and magnetic characteristics of Cr in the two materials.
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Fig. S37.

Field dependence of the XMCD signal (at = 71 Oe s! and 295 K) at the maximum dichroism,
6000.7 eV, for 2-(THF) (black circles) and 2:0.25(THF) (grey circles) scaled and superimposed
to the M vs. H data (at ~ 5 Oe s7!) at 300 K (black and grey solid lines, for 2-(THF) and
2-0.25(THF), respectively). As expected, the field dependence of the local Cr magnetization is
perfectly superimposed on the bulk M vs. H hysteresis loops, evidencing the dominant role of the
Cr" ions in the magnetic behavior of 2-(THF) and 2-0.25(THF).
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Table S9.

Calculated (B3LYP/def2-TZVP) energies of the high-spin state and three broken-symmetry states
for the [Cr(pyz)4]*~ fragment extracted from the structural model of 2-0.25(THF) used to calculate
three exchange coupling constants using the Ising spin-Hamiltonian (Fig. S38). The spin density
contour plots (0.01 isovalue) show which spins are flipped in a corresponding broken-symmetry
state (purple color).

Energy (Hartree) Spin Density (0.01 isovalue)
-2101.438322

-2101.468333

-2101.453861

-2101.454293
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Fig. S38.
Left: Variation of the calculated (B3LYP/def2-TZVP) exchange coupling constants (in cm™';

defined in the scheme on the right) for the [Cr(pyz)s]>~ fragment extracted from the structural
model of 2-0.25(THF) (Fig. 3) with a modified pyrazine torsion angle (the zero torsion angle
corresponds to a perpendicular arrangement of all pyrazines with respect to the layer;
experimentally the torsion angle is estimated at 43.2°). Difference in energy of the high-spin state
at a given torsion angle relative to that at 45° (AE; in kcal mol™!; see Table S10) is plotted as the
black trace. The antiferromagnetic metal-ligand exchange interaction, |Jcr—gr|, increases by ~20%
when the torsion angle changes from 0° and 60°. This effect is more pronounced for weaker
exchange interactions between organic spins. Right: Scheme of the magnetic exchange pathways
in the [Cr(pyz)4]*~ model fragment.
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Table S10.

Variation of the exchange coupling constants (cm™'; defined in the right part of Fig. S38), the

associated high-spin state energy (absolute value, £ in Hartree) and the difference in energy of the

high-spin state at a given torsion angle relative to that at 45° (AE; in kcal mol™") with a modified

pyrazine torsion angle (the zero angle corresponds to a perpendicular arrangement of all pyrazines
with respect to the layer; the experimentally found torsion angle is 43.2°). These parameters were

calculated for the [Cr(pyz)s]*>~ fragment extracted from the structural model of 2-0.25(THF) (Fig.

3).
Torsion Energy Jerrlhe Jr-r’hc Jr-r/he AE
angle (°) (Hartree) (cm™) (cm™) (cm™) (kcal mol™)
0 -2101.424124 -336 -259 -81 8.98
5 -2101.424599 -338 -251 -78 8.68
10 -2101.425758 -343 =227 -70 7.95
15 -2101.427372 -351 -194 -57 6.94
20 -2101.429411 -362 -157 -43 5.66
25 -2101.431694 -373 -123 -28 4.23
30 -2101.433952 -385 -96 -16 2.81
35 -2101.435989 -396 -75 -8 1.53
40 -2101.437674 -406 -60 -5 0.48
43.2 -2101.438322 -412 -53 -6 0.07
45 -2101.438434 -415 -49 -7 0.00
50 -2101.437174 -422 -40 -16 0.79
55 -2101.432058 -427 -30 -31 4.00
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Fig. S39.

Ligand-field splitting of Cr 3d orbitals computed using ab initio ligand field theory based on
CASSCF(4,5)/NEVPT2 calculations of a neutral [Cr''Clx(pyz)4]° fragment from structural model
of 2-0.25(THF) (left) and a [Cr''Clx(pyz°)s]" fragment based on the X-ray structure of the
CrCla(pyz)2 precursor (right) (26). According to the calculations, the metal-ligand exchange
interaction is strong and antiferromagnetic Jc,_g/hc =412 cm™ (=593 K) in the [Cr''Cla(pyz)s]*
fragment for 2-0.25(THF), but this value is considerably smaller than in the [Cr'''Cly(pyz)4]°
fragment for CrCla(pyz), where the exchange interaction between Cr''! and the radical spin was
estimated to be ~ —2000 cm™ (26). The reason for that could be the additional contribution from
singly occupied orbital (SOMO) d-2 of Cr!! in 2, which is expected to be ferromagnetic due to its
orthogonality with the SOMO of pyrazine radical.
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