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The unique properties of graphene, transition-metal dichalcogenides and other two-dimensional (2D) materials have boosted
interest in layered coordination solids. In particular, 2D materials that behave as both conductors and magnets could find
applications in quantum magnetoelectronics and spintronics. Here, we report the synthesis of CrCl,(pyrazine),, an air-stable
layered solid, by reaction of CrCl, with pyrazine (pyz). This compound displays a ferrimagnetic order below ~55K, reflecting
the presence of strong magnetic interactions. Electrical conductivity measurements demonstrate that CrCl,(pyz), reaches a
conductivity of 32mS cm™ at room temperature, which operates through a 2D hopping-based transport mechanism. These
properties are induced by the redox-activity of the pyrazine ligand, which leads to a smearing of the Cr 3d and pyrazine =
states. We suggest that the combination of redox-active ligands and reducing paramagnetic metal ions represents a general
approach towards tuneable 2D materials that consist of charge-neutral layers and exhibit both long-range magnetic order and

high electronic conductivity.

properties not seen in 3D materials that are central to emer-
gent molecular-scale electronics'. However, existing 2D mate-
rials such as atom-thick layers or heterostructures of graphene’
and transition-metal dichalcogenides® have limitations, and their
simple chemical nature complicates significantly the possibilities
to modulate their electronic, magnetic or optical properties for
specific applications. Furthermore, almost all these 2D materials
are non-magnetic in their pristine forms*, hampering their use in
emerging technologies relying on the quantum spin of transported
electrons, such as spintronics’, magnetoelectrics® and multiferroics’.
In contrast, transition-metal-doped semiconductors are of particu-
lar interest for spintronics application due to their near-total spin
polarization®’. However, the precise distribution of metal ions is
difficult to control, and spatially low-dimensional systems have not
been obtained. For molecule-based systems, significant efforts have
been devoted to improving and tailoring the characteristics of mag-
nets'’ and conductors'’, and a combination of these properties is
typically only found in materials with separate magnetic and con-
ductive sublattices'>".
An alternative approach to 2D materials is inspired by reticu-
lar molecule-based metal-organic framework (MOF) chemistry'.

Two—dimensional (2D) materials offer a plethora of exciting

The synthetic engineering of the inorganic and organic modules
leads to almost endless possibilities for tuning both the physical
properties and anisotropy of the chemical bonding in a 3D crystal-
line solid. Interestingly, recent reports have shown great promise for
the isolation of novel 2D materials as single sheets or van der Waals
heterostructures through exfoliation of coordination solids featur-
ing weak dispersion forces between covalently bonded layers'®. To
introduce strong electronic and magnetic communication between
spin carriers in such coordination solids, extensive electronic delo-
calization is essential'. Indeed, record high electrical conductivities
have been obtained in 2D coordination solids of ditopic or polytopic
conjugated organic ligands and transition-metal ions due to strong
m—-d conjugation between the ligand and metal ion orbitals'’-*.
However, all of these materials are non-magnetic and involve only
square-planar coordinated metal ions. To expand the perspective to
the ubiquitous octahedrally coordinated metal ions, recent atten-
tion has turned towards multidimensional coordination networks
involving Fe""-benzoquinone radical units*-**. However, restrain-
ing the chemistry to only those, and a few related, redox partners
puts significant limitations on the materials that can be exploited.
Indeed, many other metal ion-ligand couples are known to exhibit
interesting inner-sphere redox reactions. For instance, several
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Fig. 1] Structure of CrCl,(pyz),. a, Fragment of the layered structure shown along the CI-Cr-Cl axis (crystallographic c direction), as determined from
synchrotron X-ray powder diffraction data at room temperature. b, Perspective view of the staggered stacking of the layers perpendicular to the ¢ direction.
¢, Thermal ellipsoid plot drawn at 80% probability level showing the positional disorder of the pyrazine rings (dark/light colour). Dark green, Cr; light green,
Cl; blue, N; dark grey, C. Hydrogen atoms have been omitted in a and b for clarity. Selected bond lengths and angles: Cr-N1, 2.003(2) A; Cr-N2, 2.059(2) A;
Cr-Cl, 2.337(M) A; N1-C1,1.349(2) A; C1-C1,1.327(3) A ; N2-C2,1.333(2) A ; C2-C2,1.351(3) A; ZginearalC1-N1-Cr-Cl, 42.5°; Zy04aC2-N2-Cr-Cl, 43.9°,

aromatic amines are known to be redox-active when coordinated
to moderately reducing transition-metal ion centres, often resulting
in remarkable electronic structures and reactivities for the molecu-
lar species®. In an attempt to extend this chemistry to coordination
networks and to boost both magnetism and electronic conductiv-
ity in related 2D materials, we turned our attention to the possible
redox-activity of the simple pyrazine (pyz) ligand. This common
ditopic ligand is found in thousands of crystallographically char-
acterized coordination networks”. Although the pyrazine anion
radical can be generated by alkali metal reduction in solution® or
recently by photon-assisted charge separation in the solid phase®,
the first indication of a transition-metal ion reduction of pyr-
azine was reported in 1980 by Dunne and Hurst. The purported
[Cr'"(Hpyz')]** complex, called ‘pyrazine green™, formed from the
reaction between Cr** and pyrazine in aqueous solution, was shown
to decay quickly to form [Cr"(pyz)]** and the dihydropyrazinium
radical ion H,pyz'*. Inspired by these results, we report the isolation
and characterization of a structurally simple layered coordination
solid, CrCl,(pyz),, which exhibits both long-range magnetic order
and high 2D electronic conductivity.

Results and discussion

The reaction of CrCl, with a large excess of pyrazine at 200°C
affords a black microcrystalline powder (Supplementary Fig. 1).
Elemental analysis of Cr, Cl, N, C and H is consistent with the
CrCl,(pyz), formulation (see Methods). The crystal structure
(Fig. 1) was solved from synchrotron X-ray powder diffraction
data (see Methods and Supplementary Fig. 2). CrCl,(pyz), crys-
tallizes as a layered structure in the orthorhombic Immm space
group. The trans-CrCl,(pyz), layers are stacked along the crystal-
lographic ¢ direction and spaced apart by 5.4 A. Without indica-
tions of a larger supercell from analysis of the powder diffraction
pattern, the pyz rings are disordered on two positions imposed by
the mirror planes of the Immm space group (Fig. 1c). Despite the
orthorhombic space group, the 2D network closely approaches the
symmetry of a square lattice with Cr---Cr distances of 6.90351(4)
and 6.97713(4)A and Cr-N bond lengths of 2.003(2) and
2.059(2) A (Fig. 1 caption). On the other hand, the Cr-Cl bond
length, 2.337(1) A, is much shorter than the 2.80 A found in the
related, mononuclear complex trans-[Cr"Cl,(pyridine),]*. Indeed,
the metric parameters of the Cr site in CrCl,(pyz), are in the
expected range for Cr**, as illustrated by trans-[Cr"Cl,(pyridine),]
(ClO,)-1/4H,0 (Cr(11)), with Cr-N and Cr-Cl bond lengths of
2.1A and 2.3 A, respectively (Supplementary Fig. 3).

Because examples of the apparent absence of a Jahn-Teller axis
in Cr** complexes have been reported®, further insight into the Cr
oxidation state in CrCl,(pyz), was obtained using X-ray absorption
spectroscopy (XAS). XAS spectra were collected at the Cr K-edge
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of CrClL(pyz),, and two mononuclear model complexes—Cr(11),
(trans-[Cr"Cl,(NCNH,),]) and Cr(111), (trans-[Cr"Cl,(pyridine),]
(ClO,)-1/4H,0) (Fig. 2)—Dboth featuring a {CrN,CL,} chromophore
but possessing established +11 and +111 oxidation respectively. The
experimental spectra shown in Fig. 2a and Supplementary Fig. 4 are
dominated by the 1s — 4p transitions, with much weaker pre-edge,
dipole-forbidden, 1s — 3d transitions. The rising edge commences
at lower photon energy for Cr(11) than for Cr(11r), reflecting the
stronger binding energy of the 1s core electrons in the latter. As has
been previously discussed™, the energetically lowest-lying pre-edge
feature, 1s— t,,, is a fingerprint of the Cr oxidation state, which is
largely insensitive to the exact ligand field.

The Cr K-edge XAS spectra show that the CrCl,(pyz), and
Cr(111) data largely overlap (Supplementary Fig. 4), with an energy
of the pre-edge feature for CrCl,(pyz), that is only 0.2eV higher
than that of Cr(111) (Fig. 2a). The X-ray crystallographic and spec-
troscopic analyses therefore both point towards the presence of
Cr’** in CrCl,(pyz),, which necessitates that the pyz scaffold has
been reduced by one electron per formula unit during synthesis.
Although the crystal structure reveals the presence of two crystal-
lographically different pyrazine ligands, the small differences in the
N-C (1%) and C-C (2%) bond lengths do not allow assignment of a
localized radical ligand. The Cl K-pre-edge intensity provides direct
access to the Cl 3p character in the Cr 3d orbitals and thus serves
as a complementary probe of the Cr electronic structure®. The Cl
K-edge spectra of CrCl,(pyz), and Cr(111) are strikingly similar
(Fig. 2b and Supplementary Fig. 4), whereas the pre-edge intensity
for Cr(11) is significantly lower. These XAS data thus corroborate
unequivocally the similar Cr electronic structure in CrCl,(pyz),
and the archetypal Cr** complex, Cr(111).

The magnetic susceptibility—-temperature product, y7T, of
CrCl,(pyz), which amounts to 2.7cm’Kmol™ at 400K (Fig. 3),
significantly increases on decreasing the temperature (for exam-
ple, 3.3 and 4.7 cm? Kmol™ at 300K and 200K, respectively). This
thermal behaviour at high temperatures highlights the presence of
strong magnetic interactions between spin carriers. A direct com-
parison of the yT product at 400K with the Curie constant values
(1.9cm*Kmol™ for §=3/2 Cr**; 3.0 or 1.0cm’Kmol™ for §=2
high-spin or S=1 low-spin Cr?*, respectively; 2.25cm?Kmol™ for
uncoupled S=3/2 Cr** and S=1/2 pyrazine radical spins; with
g=2) is thus not straightforward. These magnetic susceptibility
data are also poorly described by the Curie-Weiss law, as expected
for low-dimensional systems showing strong 7z—d conjugation and
strong magnetic interactions®. A sudden increase in the suscep-
tibility is observed at ~55K, suggesting the existence of a mag-
netic phase transition (Fig. 3 inset and Supplementary Fig. 5).
This result is corroborated by alternating current (a.c.) suscepti-
bility data (Supplementary Fig. 6), which show an abrupt increase

1057


http://www.nature.com/naturechemistry

ARTICLES

NATURE CHEMISTRY

CrCly(py2),
4 Cr(m)
Cr(n)

Absorption (a.u.)
o
o
IS
|

0.00 T T T T T T T T T
5,986 5,988 5,990 5,992 5,994
Photon energy (eV)
b 42
1.0
’3‘ 4 CrCly(pyz),
g 08 ] Cr(m)
i) —
= 0.6 ] Cr(n)
2 04 —
g 4
0.2 —
0.0 T 1 T T T T T T
2,816 2,818 2,820 2,822 2,824

Photon energy (eV)

Fig. 2 | XAS at the pre-K-edge region. a, Cr K-edge spectra of CrCl,(pyz),,
Cr(xmx) (trans-[Cr"Cl,(pyridine),]1(CIO,)-1/4H,0) and Cr(1x) (trans-
[Cr'Cl,(NCNH,),1) recorded at T=3K. b, Cl K-edge spectra of the same
compounds. To facilitate a direct comparison, data were normalized to zero
before the edge and to unity far above the edge (Supplementary Fig. 4).
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Fig. 3 | Magnetic properties for CrCl,(pyz),. a, Temperature dependence of
the yT product (uoHy,=0.1T). Inset: Temperature dependence of susceptibility
at selected d.c. magnetic fields. b, Magnetic field dependence of the
magnetization obtained with a sweep rate of 30 Oe min™. Inset: Temperature
dependence of the remnant magnetization deduced from the main panel.
Solid line: simulation of the temperature dependence of the remnant
magnetization, M., (1-(T/T)*)’ with T.=52K and #= 0.33,a = 2.0.
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in both the in-phase (y’) and out-of-phase (y”) susceptibilities at
~55K. The field dependence of the magnetization shows a hyster-
etic behaviour with a remnant magnetization below ~55K (Fig. 3
inset and Supplementary Fig. 7), further supporting the assignment
of an ordering transition at ~55K. Notably, this ordering tempera-
ture is much higher than that observed for any previously reported
pyrazine-based networks. The saturation magnetization at 7T and
1.85K amounts to 1.8 ug, which is much lower than expected for a
ferromagnetically coupled Cr**-radical pair (~4 uj), but is close to
the ~2 uy expected for antiferromagnetically coupled Cr** and radi-
cal spins. This result supports unambiguously the existence of an
ordered ferrimagnetic state below 55K with strong antiferromag-
netic interactions within the 2D coordination network and a paral-
lel alignment of the layer magnetic moments.

Density functional theory (DFT) calculations performed on
the simple model fragment, trans-[CrCl,(pyz),], reveal significant
spin density on the dangling pyrazines (Supplementary Fig. 8), and
a broken-symmetry calculation provides a rough estimate for the
very strong antiferromagnetic Cr**-pyz radical exchange coupling
of around -2,000cm™! (J/hc=-2,040 cm™" with the -2J convention).
The calculated spin density of the S=3/2- 8’ =1/2 broken-symme-
try solution and the corresponding Mulliken population analysis
are given in Fig. 4a. The summed spin population on the pyz ligands
of -0.68 is close to the ideal value for one electron delocalized on the
four pyrazines of the model complex.

To further elucidate the electronic and magnetic ground state of
CrCl,(pyz),, periodic lattice DFT calculations were performed on the
experimentally observed ferrimagnetic state and on the likely low-
lying antiferromagnetically ordered phase (see Methods). Although
both configurations feature antiferromagnetic interactions within
the layers, the difference arises from the nature of the interactions
between the layers. The DFT-optimized structures with fixed experi-
mental lattice constants are similar for both the ferrimagnetic and
antiferromagnetic states, and close to the experimentally determined
structure. The optimized C-N-Cr-Cl torsion angles are in the 33-36°
range leading to pyrazine rings, which are slightly less tilted than in
the experimental structure (43-44°). In both cases, an absolute local
magnetic moment of ~2.54 ; is found for each Cr** jon (Crl and

Fig. 4 | DFT calculations. a, DFT-calculated spin density of the broken-
symmetry state of the hypothetical [CrCl,(pyz),] model complex in the gas
phase (isosurface value of +£0.005; blue, positive; red, negative). b, DFT-
relaxed structure of CrCl,(pyz), with fixed experimental lattice constants.
The labelling highlights structurally distinct units. Calculated spin moments
in units of g for the ferrimagnetic (antiferromagnetic) state: Cr1, 2.54
(-2.54); pyz1,-0.32 (0.31); pyz2, -0.28 (0.28); Cr2, 2.54 (2.54); pyz3,
-0.26 (-0.26); pyz4, -0.27 (-0.26). The local N and C magnetic moments
were -0.12 (0.008) and -0.011 (0.001), respectively, and the Cl moments
are negligibly small.
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multi-electron excitations®.

Cr2 in Fig. 4b), which is significantly reduced from the expected
~3 ug for Cr’*. As expected, the local magnetic moments of the pyr-
azine ligands (pyzx, x=1-4, Fig. 4b) are always antiparallel to the
nearest Cr moment. The resulting magnetization at saturation for
the 2D network is estimated as 1.98 s, in excellent agreement with
the experimental data (Supplementary Fig. 7). Thus, the difference
between the possible ferrimagnetically and antiferromagnetically
ordered states arise only from the respective orientation (parallel and
antiparallel, respectively) of the CrCl,(pyz), layer magnetic moments
(Fig. 4 caption). We note that these ferrimagnetic and antiferromag-
netic states are virtually degenerate at this level of theory (within
~10cm™ per formula unit), highlighting the very weak interlayer
magnetic interactions as compared to the intralayer ones.

In an attempt to determine experimentally the magnitude of the
local Cr moment in CrCl,(pyz),, X-ray magnetic circular dichro-
ism (XMCD) experiments were performed. At the Cr K-edge, the
XMCD signal is due to the orbital polarization of the Cr 4p and 3d
states that could be induced either by the intra-atomic spin-orbit
interaction of the Cr atoms and (or) by hybridization of the Cr 4p
states with spin-orbit split states of neighbouring atoms”. Given the
fact that spin-orbit interactions of the pyz ligand atoms are neg-
ligibly small, the second term can be simply neglected. Thus, the
observed XMCD signals at the Cr K-edge are due to Cr magnetiza-
tion only, and their intensity is directly proportional to the magnetic
moment of the absorbing atom. The XMCD spectra of CrCl,(pyz),
and Cr(111), shown in Fig. 5, reveal several clear features in the
pre-edge (1 in Fig. 5), at the edge (%) and also characteristic super-
Coster-Kronig multi-electron excitations (§)**.

The pre-edge signal originates from electric quadrupolar tran-
sitions in Cr ions (1s— 3d) while the negative XMCD peak at the
edge involves the 4p states, which are polarized by the 3d states. The
multi-electron excitations also involve transitions from shallow core
3p states into 3d states and could be also considered as a fingerprint
of the 3d moment. The XMCD spectra of Cr(111) and CrClL,(pyz),
have essentially the same shape, including multielectron excita-
tions, confirming the identical local electronic structure of Cr ions
in these systems. Indeed, the intensity of the XMCD spectrum of
Cr(111) can be scaled by a factor of 0.75 to the CrCl,(pyz), spectra
to yield nearly total overlap. Considering the bulk magnetization of
the Cr(111) model complex (Supplementary Fig. 9), which saturates
at 3.1y, the local Cr magnetic moment in CrCL(pyz), can thus
be estimated at 2.3 yi,. Notably, the Cr moment is strongly reduced
from the expected ~3u;, as already concluded from the DFT cal-
culations (2.54 yi, vide supra), in excellent agreement with the low
experimental value of the CrCl,(pyz), magnetization at saturation.
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Fig. 6 | Electrical conductivity. a, Temperature dependence of the two-
contact conductivity of CrCl,(pyz),. The solid line is the best fit to the

2D Mott law described in the Methods with 6,=1.2%x10?mScm™ and
To=4.2%x10°¢K. Inset, Fermi edge region of the UV photoelectron spectrum
of CrCl,(pyz), (purple) and the metallic reference (Mo, grey). The solid
line is a fit to the Fermi function. b, First-principles projected density

of states (pDOS) computed using the Heyd-Scuseria-Ernzerhof (HSE)
exchange-correlation functional (see Methods) of the ferrimagnetic state
of CrCl,(pyz),, showing the major contributions of the N-p, C-p and Cr-d
states to the conduction band.

Organic mixed-valence systems with strong through-metal cou-
pling were recently reported by some of us as a convenient design
principle to yield new conductive MOFs”. Similarly, it is straight-
forward to imagine the highly delocalized open shell frontier states
of CrCl,(pyz), could also allow for bulk electronic conductivity. The
black colour of CrCl,(pyz), was a promising indicator of indispens-
able low-energy electronic excitations, which are clearly detected
by UV-vis-NIR diffuse reflectance spectroscopy (Supplementary
Fig. 10), with a strong, very broad absorption band that steadily
increases in intensity with decreasing photon energy. These strong
absorption features extend into the NIR region, suggesting a
quasi-continuous distribution of localized mid-gap states in close
energetic proximity**. Indeed, a broad absorption maximum
is observed at 0.5eV, which could be assigned as an intervalence
transfer band (Supplementary Fig. 11)*. The temperature depen-
dence of the electrical conductivity, o, of CrCl,(pyz), is shown in
Fig. 6a. The room-temperature conductivity is 6xr=32mScm™,
which places CrCl,(pyz), among the more conducting coordina-
tion solids reported so far'®". In contrast to, for example, organic-
based charge-transfer salts'"*, the lack of z-z interactions in
CrCl,(pyz), suggests the presence of a transport mechanism involv-
ing both ligand 7 orbital and metal d orbitals. The soft decrease of
the conductivity with decreasing temperature suggests an insulating
ground state for CrCl,(pyz), with charge transport dominated by
a thermally activated hopping mechanism. Indeed, the tempera-
ture dependence of ¢ could be modelled well by the 2D Mott law
invoking a variable-range hopping mechanism (see Methods) com-
monly used to describe bulk transport of Mott-Hubbard insulators
(Fig. 6)*. The 2D nature of the transport is further supported by the
temperature dependence of the Seebeck coefficient, for which the
effect of grain boundaries can be neglected (Supplementary Fig. 12).

The DFT calculations predict a metallic and insulating ground
state for the ferrimagnetic and antiferromagnetic phases, respec-
tively, with direct and indirect bandgaps for the antiferromagnetic
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phase given by 0.42 and 0.19eV at I" and close to I' (Supplementary
Fig. 13). Although UV photoelectron spectroscopy (Fig. 6a inset
and Supplementary Fig. 14) agrees with a small optical bandgap
(on the order of 0.5 V), conductivity measurements do not support
a metallic ground state (in constrast with the projected density of
states (pDOS); Fig. 6b). Most probably, this discrepancy between
theory and experiments might have its origin in the structural dis-
order of the pyrazine ligands, which is not captured in the extended
structure DFT calculation*. In low-dimensional solids, charge local-
ization is commonly induced by disorder that is difficult to account
for in a perfect crystal calculation. The pDOS (Fig. 6b) also supports
the potential impact of the pyrazine disorder on the conductivity
properties of CrCl,(pyz), as the frontier orbitals of the valence and
conduction bands are dominated by organic C and N 2p states. On
the other hand, the contributions from the Cr 3d states are some-
what smaller and become only dominant from ~1.5eV above the
Fermi level. Notably, the Cr 3d states show significant dispersion,
which further supports a strong z—d hybridization®.

Conclusions

In this Article we have shown how the redox-activity of a simple
ligand, pyrazine, can be used to enhance the electronic and mag-
netic communication in a layered material, the coordination solid
CrCl,(pyz),. Although structural and X-ray spectroscopic data
point toward an oxidation state assignment of +111 for the Cr site,
its magnetic moment is significantly lower than the expected value
for Cr**. DFT calculations suggest a strong degree of 7—d conjuga-
tion, which, to a certain extent, questions the concept of a metal ion
oxidation state, but provides a high magnetic ordering temperature
and an unexpectedly high electrical conductivity. In that sense, layers
of CrCl,(pyz), can be considered as a 2D version of the numerous
molecular (0D) complexes based on low-valent metal ions, which
have shown strong ligand redox-activity and fascinating electronic
structures®. Similarly, it can be envisioned that 2D coordination sol-
ids with improved properties can be designed using strongly reducing
transition metal ions in conjunction with organic ligands previously
considered to be wholly redox-inactive. The electrically neutral layers
of CrCl,(pyz), also provide the attractive possibility for exfoliation
and nanostructuring of this kind of material”’. Additionally, it should
be stressed that CrCl,(pyz), shows a noticeable resemblance to the
cuprates in terms of symmetry, magnetic exchange interactions* and
7—d conjugation®. We therefore believe that these results open up
exciting new synthetic prospects for novel 2D magnetic conductors
derived from metal-organic coordination solids and capable of gen-
erating spin-polarized currents in low-dimensional devices.

Methods

Synthesis. All handling of CrCl,(pyz), was performed under a dry N, or Ar
atmosphere. A 50 ml Teflon-lined stainless-steel autoclave reactor was charged with
CrCl, (0.20g, 1.6 mmol; Aldrich, 99.99% trace metal basis) and pyrazine (2.0g,
25mmol; Aldrich, >99%) and placed in an oven (200°C) for 24 h. The reactor was
cooled to room temperature and the purple-black microcrystalline product of
CrCl,(pyz), was washed with a 20-ml aliquot of N,N-dimethylformamide and 2 x
20ml of acetonitrile then dried in vacuo. The yield was 70-75%. Elemental analyses
were performed at Mikrolab Kolbe, Miilheim an der Ruhr, Germany. Anal. Calcd.
(found) for C;H,CLCIN,, Cr: 18.37% (18.12%), Cl: 25.05% (25.33%), C: 33.94%
(33.96%), H: 2.85% (2.94%), N: 19.79% (19.57%). Sum: 100% (99.92%). Characteristic
Raman (Horiba Scientific XploRA, 4,,.=785nm) shifts (cm™): 670; 1,029; 1,221; 1,613.

inc

Spectroscopy. XAS and XMCD spectra were obtained at the ID12 beamline
(ESRE, The European Synchrotron). We used the fundamental harmonic of the
Apple-II type undulator for experiments at the Cr K-edge, whereas Cl K-edge data
were collected using the fundamental harmonic of the Helios-II type undulator.
All XAS spectra were recorded using total fluorescence yield detection mode

and were subsequently corrected for reabsorption effects. XMCD spectra were
obtained as the difference between two consecutive XAS spectra recorded with
opposite photon helicities. The XMCD spectra were systematically obtained in
both magnetic field directions (at 17 T) to ensure the absence of experimental
artefacts. UV-vis-NIR diffuse reflectance spectra were collected using a CARY

1060

5000 spectrophotometer interfaced with Varian Win UV software. The samples
were held in a Praying Mantis air-free diffuse reflectance cell. Polyvinylidene
fluoride (PVDF) powder was used as a non-adsorbing matrix. FTIR spectra were
obtained on a Bruker VERTEX 70v spectrometer. The sample was protected by Ar
and opened in the N, purged sample compartment and was immediately put on

a diamond sample platform from an ATR accessory (MPV-Pro, single reflection;
Harrick Scientific Products). UV photoelectron spectra (UPS) were collected at the
MATLINE beamline at the ASTRID2 synchrotron located at Aarhus University.
Powdered samples were pressed into the pockets on the sample plate (pocket size:
6 mm diameter and 0.5 mm depth; beam spot size at the sample: 0.7 mm X 1 mm).
The valence band spectrum was measured by using an incident photon energy of
59.76 eV corresponding to the Fermi edge of the Mo reference.

Magnetic measurements. Magnetic characterization was performed on
polycrystalline samples sealed in polypropylene bags (~3x 0.5 0.02 cm; typically
10-20 mg) using an MPMS-XL Quantum Design SQUID magnetometer. All
handling of CrCl,(pyz), was performed under a dry N, or Ar atmosphere,

but no alterations of its properties were observed after prolonged exposure to
atmospheric air. The a.c. susceptibility measurements were performed with an
oscillating field of 3 Oe with a frequency from 1 to 1,500 Hz. The field dependence
of the magnetization was measured at 100K to confirm the absence of any bulk
ferromagnetic impurities. Magnetic data were corrected for the diamagnetic
contributions from the sample and sample holder.

Electrical conductivity. The two-contact variable-temperature conductivity

was measured in a home-built two-electrode screw cell with a contact area of
0.04757 cm? In an Ar-filled glove box, pellets were pressed between two copper
rods with contacts polished to a mirror finish. The screw cell was sealed with Torr
Seal low-vapour-pressure epoxy to make an airtight seal. Two-contact conductivity
measurements were performed in a Quantum Design MPMS2 SQUID
magnetometer with a d.c. transport rod modified to accommodate two 26 AWG
silver-coated copper cables sealed at the top of the rod with a gas-tight Swagelok
fitting and Torr Seal low-vapour-pressure epoxy. The sample cell was attached to
the rod and descended into the cryostat chamber. I-V profiles were collected with a
Bio-Logic SP200 potentiostat with 30 nA current resolution. All data collected were
ohmic within a +1 V window with a very small apparent temperature hysteresis
that vanished after thermal cycling and equilibration at 300 K. The resulting I-V
profiles were modelled with Ohm’s law, E X 6=, where E is the applied electric
field and j is the current density, to determine the sample conductivity ¢ with units
of Scm™. The temperature dependence of the conductivity was fit to the Mott law
relevant for a variable-range hopping mechanism:

0

1) [T]ﬂ
o(T) =oyexp|—|—-
T

where d is the dimensionality of transport (in the present case of a 2D lattice, d = 2),
and o, and T, (Mott temperature) are empirical constants related to the carrier
density and localization length of the hopping electron.

Further synthetic, characterization, magnetic, crystallographic and
computational details are provided in the Supplementary Information.

Data availability

All data generated and analysed in this study are included in the Article and

its Supplementary Information, and are also available from the authors upon
request. Crystallographic information has been deposited in the Cambridge
Crystallographic Data Centre under accession codes CCDC 1563526 (CrCl,(pyz),)

and CCDC 1563527 (Cr(iii)).
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