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Two hybrid inorganic—organic materials were obtained by crystallization of metal cationic complexes
[FeLs]?* with fractionally charged organic radical anions TCNQ™~, where L = 3-(thiazol-2-yl)pyrazole
(3tpH) or 4,4'-bithiazole (4bt) and TCNQ = 7,7,8,8-tetracyanoquinodimethane. Crystal structure determi-
nation revealed the formula [FeLz:](TCNQ)s for each complex, indicating the average charge of —2/3 per
each TCNQ unit. The crystal packing of each complex features layers of the [FeLs]>" cations alternating
with layers of 1D stacks of the TCNQ™~ anions. Magnetic measurements revealed a predominantly high-
spin state of the Fe(i) ion for [Fe(3tpH)3l(TCNQ)s and a gradual spin crossover for [Fe(4bt)s](TCNQ)s.
Transport measurements showed that both materials behave as semiconductors, with room-temperature

1

conductivity values equal to 2.0 x 1075 S cm™ and 2.0 x 1072 S cm™, respectively. The substantially
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higher conductivity of the bt-containing material was traced to the more uniform charge distribution over
the TCNQ units, as established by the crystal structure analysis. Overall, this study provides insight into
design principles for solvent-free crystal structures that combine spin crossover with electrical
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Introduction

Molecular materials that exhibit bistability due to existence in
different physical states are of interest for the development of
new sensing and switching technologies that leverage the con-
trast between optical, electric, or magnetic responses of the
corresponding states.'™'" One of the largest groups of such
materials is represented by spin-crossover (SCO) complexes of
transition metal ions that undergo switching between the low-
spin (LS) and high-spin (HS) electronic states with different
structural, optical, and magnetic parameters.'>*® The practical
appeal of SCO materials is justified by the broad range of trig-
gers that can be used to switch between the LS and HS states,
including temperature, pressure, irradiation with light or
X-rays, and application of electric and magnetic fields."” "
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One of the active research thrusts aims to combine SCO
with another function, to achieve multifunctional materials
that could be used in novel applications or as replacement for
more costly composite materials in existing technologies.**™”
In this vein, of particular interest are SCO materials that can
exhibit high electric conductivity, placing them in the regime
of spin-state switchable conductors or semiconductors.*®>
This class of materials has been actively developed since early
2000s,”*7*7 and the general consensus reached to date suggests
a hybrid material approach, as opposed to a single-component
design, being effective for achieving high conductivity in a
spin-state switching crystalline or polymeric solid. In this vein,
cationic SCO complexes were combined with organic counter
anions known to provide effective charge transport pathways
in organic conductors.>*° Embedding bistable SCO nano-
particles in a conducting polymer matrix was also demon-
strated as an appealing alternative approach.***

We and other groups have used the well-known organic
acceptor 7,7,8,8-tetracyanoquinodimethane (TCNQ) as a com-
ponent that imparts conductivity to such hybrid materials.
Crystallization of cationic SCO complexes of Fe' (electronic
configuration 3d°, spin states S = 0 or 2),***® Fe'" (3d°, S = 1/2
or 5/2),” Co" (3d’, S = 1/2 or 3/2),***° and Mn"™ (3d*, S =1 or
2)°%%! with fractionally charged TCNQ™~ anions (0 < 6 < 1)
afforded a range of SCO materials, with the conductivities as
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Table 1 Examples of conducting spin-crossover materials with frac-
tionally charged TCNQ™~ anions

Compound” Tip,l K 6°Sem™
[Fe"(tpma)(xbim)](Cl0,)(TCNQ),.s-DMF*> 145 2.0x107"
[Fe''(tpma)(xbim)](BF,)(TCNQ), 5-DMF*? 160 n/a

[Fe"(tpm),](TCNQ);** 445 (est.) 1.5x1072
[Fe,(bpypz),(TCNQ),](TCNQ),*® 337/339 7.7x107"
[Fe"!(sal,-trien)](TCNQ),-MeOH*’ >400 6.0x107"
[Fe"(3-bpp),](TCNQ);-5MeCN** 230/261¢ 3.1x107°
[Fe"(1-bpp),|(TCNQ); 5-3.5MeCN*® 234 1.1x107*
[Fe"(1-bpp),|(TCNQ),-4DCE*® 166 1.7 x107°
[Co"(terpy),](TCNQ);-MeCN*® >400 1.3x107"
j(:o”gterpy)z](TCNQ)4~:«;DMF~o.5H2049 >350 3.3x107*
[Mn"(5-Cl-salpen)](TCNQ); 5-2MeCN>° 73/123 1.0x107*
[Mn""(3,5-Cl,-sal,323)](TCNQ)," ~300 5.0 x107°

“tpma = tris(2-pyridylmethyl)amine; xbim = 1,1"-(a,a-0-xylyl)-2,2"-bisi-
midazole; tpm = tris(pyrazol-1-yl)-methane; Hbpypz = 3,5-bis(2-pyridyl)
pyrazole; Hjsal,-trien = N,N'-bis(2-(salicylideneamino)ethyl)-ethane-
1,2-diamine; 3-bpp = 2,6-bis(pyrazol-3-yl)pyridine; 1-bpp = 2,6-bis
(pyrazol-1-yl)pyridine; terpy = 2,2';6',2"-terpyridine; 5-Cl-salpen = N,N'-
bis(3-(2-oxy-5-chlorobenzylideneamino)-propyl)-ethylene-diamine.

P The temperature at which the fractions of the HS and LS ions are
equal (two values correspond to a hysteretic transition; est. indicates
Ty, values estimated by extrapolation above the accessible range).
“The conductivity values measured at room-temperature, with the
current directed along the TCNQ stacks in the crystal structure. ¢ The
SCO was incomplete, with only ~40% HS — LS conversion.

high as 7.7 x 107" S em™" (Table 1). This progress notwith-
standing, the stability of these hybrid materials remains a
major challenge, because the majority of them contain crystal-
lization solvent that can be readily lost, especially when the
material is heated above room temperature.** The desolvation
can lead to the loss of structural coherence and deterioration
of both SCO and transport properties. Only a few materials
listed in Table 1 were isolated free of crystallization solvent in
their crystal structures. Moreover, the loosely packed structures
are likely to decrease the cooperativity of the spin conversion,
making the thermally driven SCO appear more gradual,”>>° as
was indeed observed for most of the materials reported to
date.

To address these challenges, we have been exploring the
use of different cationic Fe(u) complexes, known to exhibit
SCO with conventional anions (e.g., ClO,~ or BF,"), in crystalli-
zation reactions with the TCNQ™~ anions. For example, we
showed that increasing the size of the ligand from 3-bpp to
bzimpy (2,6-bis(benzimidazol-2"-yl)pyridine) led to more stable
complexes [Fe(bzimpy),]|(TCNQ),-nSolv, which did not lose the
crystallization solvent and showed robust semiconducting be-
havior, although they exist only in the LS state up to 400 K.**
An alternative approach is to utilize smaller ligands that create
a tighter-packed van der Waals surface of the complex, thus
encouraging the formation of compact crystal structures
without incorporation of solvent molecules. This approach is
inspired by the successful synthesis of the solvent-free SCO
material [Fe"(tpm),](TCNQ)>.**

Recently, we reported SCO behavior in homoleptic Fe(u)
complexes prepared with thiazole-based ligands, 3-(thiazol-2-
yl)pyrazole (3tpH) and 4,4-bithiazole (4bt) (Scheme 1).°° The
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Scheme 1 Organic molecules used in this work.

size and shape of the SCO cations, [Fe(3tpH);]*" and [Fe
(4bt);]**, resemble in some way those observed for the
[Fe"(tpm),]** cation. Therefore, we hypothesized that these
cations could be crystallized with the TCNQ™~ anions to
achieve solvent-free hybrid semiconducting materials. Herein,
we report the solvent-free structures [Fe'(3tpH);](TCNQ); (1)
and [Fe"(4bt);](TCNQ); (2) that corroborate our hypothesis.
Although compound 1 exists only in the HS state, compound 2
exhibits gradual and complete SCO with the average crossover
temperature of 272 K. Moreover, the synthesis of these
materials suggests a strategy for obtaining other solvent-free
crystal structures with the potential to combine SCO behavior
with electrical conductivity.

Results and discussion
Synthesis

We and others have previously shown that Et;NH(TCNQ),
serves as an excellent precursor for the synthesis of transition
metal complexes with fractionally charged TCNQ™~ anions by
simple crystallization with the desired cationic complex of the
corresponding metal.***'"®* In the present work, crystalliza-
tion of TCNQ-containing complexes 1 and 2 was achieved by
direct layering of a solution of Et;NH(TCNQ), on top of a solu-
tion of perchlorate salt of the [Fe(3tpH);]*" or [Fe(4bt);]**
cation, respectively, which was prepared in situ. This procedure
afforded high-quality crystals of 1 and 2 as dark-green rods in
~30% yield. Despite the moderate yield, the size and quality of
the crystals were considered more important for subsequent
magnetic and transport measurements. Most likely, the yield
can be improved, but we did not pursue further optimization
of these reactions.

Thermogramivetric analysis (TGA, Fig. S1) revealed that
both complexes remained thermally stable to ~160 °C, at
which point the mass began to decrease slowly and then more
rapidly above 200 ©°C, indicating decomposition of the
material. No evident mass loss was observed between 25 °C
and 160 °C, suggesting the lack of crystallization solvent in the
samples of 1 and 2, in agreement with the results of crystal
structure determination discussed below.

Crystal structures

Single-crystal X-ray diffraction experiments were performed at
90 K and 230 K for 1 and at 100 K, 230 K, and 300 K for 2,
revealing that both crystallize as solvent-free compounds. In
general, such solvent-free structures have been relatively rare

This journal is © The Royal Society of Chemistry 2025
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for the hybrid materials formed by crystallization of SCO com-
plexes with TCNQ™~ anions (Table 1).

Both 1 and 2 crystallize in the space group C2/c, as observed
at all temperatures for which the crystal structure was deter-
mined (Table S1). The asymmetric unit (ASU) contains a half
of the cationic complex (either [Fe(3tpH);]** or [Fe(4bt);]*")
and one and a half TCNQ™™ anions (Fig. S2). Each cation
resides on a 2-fold rotational axis, and each anion is dis-
ordered between two configurations generated by ~0.5 A slip-
page along the long axis of the molecule (Fig. S3). This dis-
order, most likely, is correlated with the disorder of the
ligands surrounding the Fe center. Thus, in [Fe(3tpH);]**, each
ligand is disordered over two positions, corresponding to the
interchange of the aromatic rings with and without the S atom
(Fig. S3a), while in [Fe(4bt);]*" two of the ligands show a split
position of the S atom in each ring (Fig. S3b).

The Fe** ion resides in a pseudo-octahedral coordination
environment rendered by three 3tpH or three 4bt ligands
(Fig. 1). In the case of 1, the average Fe-N bond length
changes from 2.14 A at 90 K to 2.18 A at 230 K (Table 2), indi-
cating the predominantly HS state of the Fe*>" ion, by compari-
son to the bond lengths observed for the LS and HS forms of
[Fe(3tpH);](ClO,), (1.982 A at 100 K and 2.180 A at 230 K,
respectively).®® The angular distortion parameter, Xy, also
exhibits only minor changes, increasing from 79(8)° to 89.9
(5)°, although the slight decrease in both the average Fe-N

Fig. 1 The cations [Fe(3tph)s]?* (a) and [Fe(4bt)s]?* (b) in the crystal
structures of 1 and 2, respectively.
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bond length and the X5, parameter upon cooling might indi-
cate an onset of a thermally driven HS — LS conversion.

In complex 2, the average Fe-N bond length of 1.980(1) A at
100 K indicates the LS state for the Fe*' ion. At 230 K, the
average Fe-N distance is only slightly longer, at 2.001(1) A, but
at 300 K it is substantially elongated, to 2.139(1) A, suggesting
predominantly the HS state. The Xy, also shows a pronounced
increase, from 51.9(2)° at 100 K to 82.4(4)°, in agreement with
the thermally driven conversion from the LS to the HS state.
Thus, the comparison of the Fe-N bond lengths and their
changes with temperature in complexes 1 and 2 clearly reveals
the higher stability of the LS state in the latter, in agreement
with the higher ligand-field strength of 4bt in comparison to
that of 3tpH, as demonstrated in our previous works.**°

The crystal packing of 1 is characterized by alternating
layers of the [Fe(3tpH);]*" cations and TCNQ™ anions. The
layers are parallel to the bc plane and alternate along the a axis
(Fig. 2a). The anionic layers contain columns of the TCNQ™~
ions that run along the b axis. In the cationic layers, the most
important interactions are van der Waals S---S contacts at
3.520 and 3.682 A at 230 K (Fig. 2b). No significant - stack-
ing interactions are observed. The columns of anions exhibit a
stacking sequence [ABBABB...], where A and B indicate sym-
metry-independent TCNQ™~ fragments. The interplanar dis-
tances within the column vary non-uniformly, being notably
shorter for the B---B than for the A---B separation: 3.11 A vs.
3.35 A at 230 K (Fig. 2c). The distribution of negative charge on
the TCNQ™®~ fragments was estimated using the Kistenmacher
formula,®® —6 = -41.67¢/(b + d) + 19.8, where b, c, and d corres-
pond to interatomic distances in the TCNQ structure
(Scheme S1). The charges so calculated were scaled to provide
the total charge of —2 per one TCNQ, and two TCNQjg units, to
compensate for the charge of the [Fe(3tpH);]*" cation (see the
SI). This procedure yielded charges of —0.56 for TCNQ, and
—0.72 for TCNQg, showing a rather uniform charge distri-
bution in the anionic column. It should be noted, however,
that these calculations were performed only using the more
populated fraction of the disordered TCNQg fragments.
Calculations that used the other part of the disorder or the
values averaged over both parts did not yield meaningful
results (a similar situation was observed for structure 2 dis-
cussed below).

Table 2 Metric parameters of the Fe(i) coordination in the crystal structures of 1 and 2

1 2
Complex
Temperature 90 K 230K 100 K 230 K 300 K*
d(Fe-N), A 2.10(5) (x2) 2.161(3) 1.977(1) (x2) 1.998(2) (x2) 2.132(3) (x2)
2.12(4) (x2) 2.178(4) 1.980(1) (x2) 2.002(2) (x2) 2.140(3) (x2)
2.19(1) (x2) 2.191(4) 1.984(1) (x2) 2.004(2) (x2) 2.146(3) (x2)
d.(Fe-N), A 2.14(3) 2.177(2) 1.980(1) 2.001(1) 2.139(1)
Zoo (deg) 79(8) 89.8(5) 51.9(2) 57.5(2) 82.4(4)

“The Xy, parameter is defined as the sum of absolute deviations of each of the twelve cis-octahedral N-Fe-N bond angles from the ideal value of
90°. In complexes with chelating ligands, the HS state is generally characterized by larger values of X4, due to stronger distortion from the ideal

octahedral coordination.®®

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) The crystal packing of 1 viewed parallel to the ac plane, with the columns of the TCNQ™~ anions propagating perpendicular to the plane
of the drawing; the unit cell is shown with solid orange lines. (b) A view of a single layer of the [Fe(3tpH)s]* cations in the bc plane; the network of
intermolecular S---S contacts is shown with dotted yellow lines, with the interatomic distances in A. (c) The stacking of the TCNQ™~ anions, with the
interplanar distances shown in A. Color scheme: Fe = magenta, S = yellow, N = blue, C = gray. The H atoms are omitted for clarity. Only one part of

the disorder is shown for each crystallographically disordered fragment.

The crystal packing of 2 is essentially identical to that
observed for 1, with layers of [Fe(4bt);]** cations alternating with
layers that contain columns of TCNQ™~ anions. The layers are
parallel to the bc plane and alternate in the a direction, while the
anionic stacks extend in the b direction. In contrast to the struc-
ture of 1, the packing of the cationic complexes appears less
efficient, with the nearest S---S distances being as large as 4.49 A.

Similar to 1, the crystal packing of 2 contains stacks of
TCNQ™~ anions with the repeat sequence [ABBABB...], which
is characterized by a sequence of interplanar n—x interactions
at 3.185, 3.243, 3.315, 3.185, and 3.243 A. Thus, the difference
between the A---B and B---B separations is not as large as in
the case of 1. This might explain the more even charge distri-
bution on the TCNQ units in 2, —0.68 for TCNQ, and —0.66 for
TCNQg, which also has reflection in the relative conductivity of
these materials (see below).

Magnetic properties

Magnetic susceptibility (y) measurements were performed on
powder samples of 1 and 2. In the case of 1, the yT product
remained nearly constant, around 3.2 emu K mol ™, upon cooling
from 300 K to 150 K but began to decrease gradually at lower
temperatures (Fig. 3). The higher-temperature T value is charac-
teristic of the HS Fe(u) ion and consistent with the results of
crystal structure analysis (Table 2). We also note that the observed
4T values lack the contribution from the TCNQ™™ radical anions.
This can be explained by the formation of transient singlet states
due to pairing of hopping charges in the TCNQ stack.®”

The decrease in yT at lower temperatures might be attribu-
ted to spin-orbit coupling or zero-field splitting, but such
effects are usually not very strong for the HS Fe(u) ion and
manifest themselves only below ~50 K.®® Hence, we suggest
that this decrease in yT is correlated with the slight decrease
in the Fe-N bond lengths and the angular distortion para-
meter Xo, suggestive of an onset of the HS to LS conversion.

17828 | Dalton Trans., 2025, 54,17825-17833
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Fig. 3 The temperature dependence of T measured for a powder
sample of 1 in the cooling mode (the black curve) and for a powder
sample of 2 in the cooling and heating modes (the blue and red curves,
respectively).

Compound 2 showed a gradual and complete SCO in the
range from 220 to 400 K. Initially, we cooled the sample from
300 K, observing the decrease in yT from 2.44 emu K mol ™" to
a plateau of ~0.2 emu K mol™" below 200 K (Fig. 3), which
indicates a nearly complete conversion to the LS state. Upon
heating from 10 K, the yT vs. T curve essentially coincided with
the one measured in the cooling mode. The gradual increase
in yT observed above 220 K continued to 400 K (the highest
temperature accessible in our experiment) but the y7 began to
approach the completion of the SCO, exhibiting a slower
increase and reaching the maximum value of 3.26 emu K
mol™" at 400 K. The value of the SCO temperature (T}/), at

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 The temperature dependence of electrical resistivity measured
on single-crystal samples of 1 and 2.

which the fractions of the LS and HS ions are equal, is esti-
mated as 272 K.

These observations for the SCO behavior of 2 are in good
agreement with the results of crystal structure analysis
(Table 2), where we clearly observed the complete LS state for
the Fe(u) ions at 90 K. At 230 K, the average Fe-N bond length
and the Xy, parameter are slightly increased relative to those
observed at 90 K, which agrees with the onset of the SCO
above 220 K observed in the magnetic data. Finally, the 300 K
structure exhibits the metric parameters that are closer to the
HS state than to the LS state, based on the comparison to the
metric parameters of Fe(u) coordination observed for the
crystal structure of 1 at 230 K. This structural behavior, again,
is well correlated with the magnetic data, where we observe the
mid-point of the SCO to occur at Ty, = 272 K.

Transport properties

The temperature dependence of electrical resistance was
measured on single crystals of 1 and 2 using the standard
4-probe technique. A smaller size of crystals of 1 necessitated
some modification of the 4-probe setup (Fig. S4). The conduc-
tivity at 295 K was found to be 2.0 x 107> S em™" for 1 and 2.0
x 107> S cm™" for 2. The higher conductivity of 2 can be attrib-
uted to the more uniform charge distribution over the TCNQ
units, as observed from the crystal structure analysis discussed
earlier. Both compounds showed a gradual increase in resis-
tivity as the temperature was lowered (Fig. 4), in agreement
with the semiconducting behavior expected for these materials
based on the comparison to similar compounds that combine
cationic metal complexes with fractionally charged TCNQ™~
anions.*> The logarithmic resistance showed nearly linear
dependence of inverse temperature, allowing us to determine
the activation energy for charge hopping as 0.18 eV for 1 and
0.17 eV for 2 (Fig. S5).

This journal is © The Royal Society of Chemistry 2025
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Conclusions

This work demonstrates the successful crystallization of Fe(n)
cationic complexes with the TCNQ™™ radical anions to obtain
hybrid materials, one of which exhibits gradual and complete
SCO. Importantly, the size and shape of the complex cations is
commensurate with the columnar packing of the TCNQ™~
anions so that the resulting crystal packing does not include
any crystallization solvent. Such situation leads to crystals that
are more resistant to disintegration over time, as observed for
the majority of other reported materials of this type, which
typically crystallize as solvates. The conductivity observed for
the complexes reported here places them in the class of hybrid
semiconductors, one of which demonstrates spin-state conver-
sion. To increase the conductivity further will require investi-
gation of other types of organic acceptor molecules - e.g., such
as substituted TCNQ derivatives — and their structural match-
ing to SCO cations that can be chosen from an extensive
library of Fe-, Mn-, or Co-containing SCO complexes.

Experimental
Starting materials

All reactions were performed under inert atmosphere using stan-
dard Schlenk techniques. [Fe(H,0)s](ClO,), was purchased from
Millipore Sigma and used as received. Et;NH(TCNQ),,*° 3tpH,”
and 4bt”" were prepared according to the published procedures.
Anhydrous commercial solvents were additionally purified by
passing through a double-stage drying/purification system (Pure
Process Technology). Elemental analyses were carried out by
Atlantic Microlab, Inc. (Norcross, GA, USA). Thermogravimetric
analysis (TGA) was performed on a TGA-550 thermogravimetric
analyzer (TA instruments), with each sample (~2 mg) heated under
argon atmosphere from 25 °C to 400 °C at a rate of 10 °C min ™.

[Fe(3tpH);](TCNQ); (1). A mixture of [Fe(H,0)s](ClOy),
(36.4 mg, 0.100 mmol) and 3-tpH (45.3 mg, 0.300 mmol) was
dissolved in 2 mL of acetonitrile (MeCN) in a Schlenk tube and
stirred for 1 h to yield a clear orange solution. On top of this
solution was carefully layered a dark-green solution of Et;NH
(TCNQ), (76.6 mg, 0.150 mmol) in 9 mL of MeCN, using a thin
cannula. The tube was left undisturbed in a purge box filled
with nitrogen gas. After 6 days, dark-green rod-shaped crystals
of 1 were isolated by filtration and dried by suction. Yield =
30.0 mg (27%). Elem. anal.: caled (found) for FeS;N,,Cs4H,-,
%: C, 57.80 (57.01), H, 2.43 (2.21), N, 26.21 (26.04).

[Fe(4bt);](TCNQ); (2). This complex was synthesized in a
manner similar to that described for complex 1, using 36.4 mg
(0.100 mmol) of [Fe(H,0)s](ClO,),, 67.3 mg (0.400 mmol) of
4-bt, and 76.6 mg (0.150 mmol) of Et;NH(TCNQ), as starting
materials. Crystals of 2 were isolated as dark-green rods. Yield
= 34.0 mg (29%). Elem. anal.: caled (found) for FeCs4N;gS¢H,4,
%: C, 55.28 (55.92), H, 2.06 (1.96), N, 21.49 (22.15).

X-ray crystallography. Single-crystal X-ray diffraction was per-
formed on a Rigaku-Oxford Diffraction Synergy-S diffract-
ometer equipped with a HyPix detector and monochromated

Dalton Trans., 2025, 54,17825-17833 | 17829


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dt02365c

Open Access Article. Published on 05 November 2025. Downloaded on 6/12/2026 10:06:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Cu-Ka and Mo-Ka radiation sources. In a typical experiment, a
single crystal was suspended in Parabar® oil (Hampton
Research) and mounted on a cryoloop which was cooled to the
desired temperature in an N, cold stream. The data set was
recorded as w-scans at 0.5° step width and integrated with the
CrysAlis software package.”” An empirical absorption correc-
tion was applied based on spherical harmonics as
implemented in the SCALE3 ABSPACK algorithm.”® The space
group was determined with CrysAlis, and the crystal structure
solution and refinement were carried out with SHELX’* using
the interface provided by Olex2.”” The final refinement was
performed with anisotropic atomic displacement parameters
for all non-hydrogen atoms, except for some atoms of highly
disordered anions or solvent molecules, which in such cases
were refined isotropically. Full details of crystal structure
refinements and the final structural parameters have been de-
posited with the Cambridge Crystallographic Data Centre
(CCDC). The registry numbers and a summary of data collec-
tion and refinement parameters are provided in Table S1.

Magnetic measurements. Magnetic properties were measured
on polycrystalline samples, using a magnetic property measure-
ment system (MPMS-XL, Quantum Design) equipped with a
superconducting quantum interference device (SQUID). Direct-
current (DC) magnetic susceptibility was measured in an applied
field of 1000 Oe in the 5-400 K temperature range, at cooling/
warming rate of 1 K min~" or 2 K min™". The data were corrected
for temperature-independent paramagnetism (TIP), due to the
contribution from the excited states of the d® Fe** ion, for dia-
magnetic contribution from sample holder, and for the intrinsic
diamagnetism using tabulated constants.”®

Transport measurements. Electrical resistance was measured
on selected single crystals, with the size of 0.28 x 0.14 X
0.03 mm? for 1 and 1.20 x 0.21 x 0.18 mm® for 2. A four-probe
measurement setup was used for the latter, while the smaller
size of the former necessitated a modified 4-probe configur-
ation. The current was applied parallel to the longest direction
of each crystal. The direct current was applied by means of a
Keithley 6221 source while a Keithley 2182 nanovoltmeter or a
Keithley 6517A electrometer was used to measure the voltage.
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