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Abstract: Tetrahedral Fe(Il)-based metal-organic cages represent a distinctive family of spin
crossover materials that display tunable magnetic bistability in the solid state under thermal,
chemical or photonic stimuli. This review summarizes the latest progress in the design,
synthesis and characterization of such Fe(Il) spin crossover cages, with particular emphasis on
how ligand field strength, host-guest interactions, and intermolecular interactions influence
their spin-state switching behavior and spin-state distribution. Representative cage
architectures, including face-capped Fe(Il)sLs and edge-bridged Fe(Il)sLs systems, are
discussed in detail, focusing on their structural features and spin crossover properties as
elucidated by single-crystal X-ray diffraction, magnetic susceptibility measurements and >’'Fe
Maéssbauer spectroscopy. In addition, we highlight emerging solid-state applications of these
spin crossover cages, such as gas sensing and guest-responsive adsorption. Finally, we outline
main hurdles and future research directions for the development of tetrahedral Fe(II) based spin

crossover cages as functional molecular materials.
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1. Introduction

Spin crossover (SCO) in transition metal complexes with 3d*-3d’ electron configurations
has attracted considerable attention due to its relevance to potential applications in memory
storage, molecular electronics, spintronic devices, and chemical sensing.!”” This phenomenon
arises from the reversible switching between high-spin (HS) and low-spin (LS) states, which
can be triggered by various external stimuli such as changes in temperature, pressure, electric
fields, light irradiation, or guest binding (Figure 1).31% In 1963, Madeja and Kénig reported the
first Fe(II) SCO compound [Fe(phen).X:] (phen = 1,10-phenanthroline) and studied the anion
effects on the spin state.!” This work provided a solid foundation for the study of Fe(Il) SCO
compounds. To date, Fe(Il) containing compounds remain the most widely investigated SCO

systems, characterized by significant magnetic, structural and optical variations upon spin-state

switching.* 18-23
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Figure 1. Schematic illustration of the d orbital splitting in an octahedral Fe(Il) ion. External
stimuli such as temperature, pressure, light, magnetic or electric fields and guest binding can

induce spin-state switching.

SCO systems were previously recognized as potential molecular switches in memory storage
devices from a materials standpoint.'® 2*?7 In general, desirable SCO properties typically
include complete and abrupt transitions, thermal hysteresis and room temperature switchability.
Such behaviors are governed not only by the intrinsic ligand field strength and structural
features of the complex, but also by the degree of cooperativity, which arises from both intra-
and intermolecular interactions.” -3 Strong interactions between Fe(Il) centers are typically
present in systems with high cooperativity, allowing for this "communication" to take place.’*
36 Covalently connecting numerous metal centers in a polynuclear or polymeric architecture

can potentially impart cooperativity, however it should be emphasized that this method is not
2



necessarily guaranteed to work®. A successful case is the 1,2,4-triazole polymers studied by
Kahn and co-workers.3** Comparable to polymeric systems, discrete polynuclear complexes
have the benefit of more controllable design and synthesis as well as simpler characterization.3%
4 For example, the crystal structure of the extensively studied [Fe(Rtrz);]** (R = 4-amino-1,2,4-
triazole) chains was only obtained in 2011.% Therefore, increasing research interest has focused
on polynuclear Fe(Il) SCO systems, particularly tetrahedral cages, whose intrinsic cavities
enable the tuning of SCO properties via guest inclusion.**° In addition to the confined guests
inside the cavities, guest molecules located in the lattice between cages can also critically
influence spin-state switching. Thus, both types of host-guest interactions play a decisive role
in modulating SCO behavior, and the associated spin-state transitions are often accompanied
by distinct optical responses, providing opportunities for the development of SCO cages as
colorimetric sensors.3!">* Furthermore, molecular storage applications typically require systems
with at least two stable spin states. Fe(Il) based SCO cages, in principle, can access up to five
distinct spin configurations, i.e., (Fe""LS),(Fe"HS)s-» (n = 0-4), offering enhanced potential for
multi-state data storage.** Although higher-nucleated supramolecular complexes such as Fes
supramolecular nanoballs and Fes cubes®® 3+ may have similar or even superior magnetic
properties to tetranuclear cages, the relative complexity of their ligand design, synthesis, and

characterization methods has led to even more sparse research in this area.

There are two configurations for Fe(Il) tetrahedral cages, the edge-bridged FesLs (Figure
2a)% and the face-caped FesLs (Figure 2b),%2 constructed from six bis-bidentate ligands located
at the edges of the tetrahedron and four tritopic bidentate ligands located on the faces of the
tetrahedron, respectively.>% Regarding the synthesis of Fe(Il) cages, subcomponent self-
assembly methods with simple synthesis and analytical procedures have been widely used. This
method generates complicated structures from simple building blocks through the simultaneous
formation of dynamic (N=C) bonds and coordinative (N—Fe) linkages.*® "-7* A large number
of Fe(II) tetrahedral cages reported to date, particularly those assembled through subcomponent
self-assembly, exhibit LS states due to the strong ligand fields imposed by pyridine-imine and

2,2"-bipyridyl-based donors. 5 6% 7172
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Figure 2. Representation of two typical LS cages based on pyridine-imine building blocks with

edge-bridged FesLs (a)® and face-caped FesLs (b)? configurations.

Compared to pyridine nitrogen atoms, imidazole nitrogen donors generally generate a
weaker ligand field. As a result, imidazole-imine coordination environments may offer an
appropriate ligand field strength to support SCO behavior in Fe(Il) cage complexes™ . On this
basis, in 2013, the Kruger group reported the first SCO cage adopting a face-capped
configuration, in which imidazole-imine coordination sites played a key role in achieving spin
state conversion.” In Figure 3, all the ligands used for the construction of Fe(Il) SCO

tetranuclear cages are summarized.>® 7687

In addition, as the bond length between the metals
(Fe-Fe distance) and the volume of the cavity are two other key parameters for cage-like
compounds, we have summarized and compared them as well (Table 1). In this review, we
provide an overview of Fe(Il)-based SCO tetrahedral cages, with particular emphasis on their
behavior in the solid state. We outline strategies for ligand design and cage construction, and
summarize representative structural types including face-capped and edge-bridged
configurations reported to exhibit SCO. Special attention is given to how subtle changes in
ligand field strength, intermolecular interactions and host-guest interactions influence the solid-

state spin-state switching properties. In addition, we highlight recent advances in the

development of SCO cages as functional materials for solid-state applications.
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Figure 3. Ligand structures used to prepare SCO FesL4 (L1-L5) and Fe4Ls (L6-L17) cages. For
L7-L9, both the (R,R) and (S,S) structures at the chiral (*) center were employed to build

coordination complexes.



Table 1. Structural information and SCO properties for representative Fe(Il) tetrahedral cages.

Temperature Fe-Fe Cavity CCDC
Cage SCO behaviour ref
(K) distancey, (A) volume (A%) number
[Fes(L1)4](BF4)s-14.75MeCN-4.5C¢Hs'3H,0, 1 153 14.16 108.84 gradual 907705 76
[Fes(L1)4](BF4)s-14.75MeCN-4.5C¢Hs 3H,0, 1 293 14.33 112.30 gradual 907706 76
[Fes(L3)4](CF;3S03)s, 2 100 11.85 57.05 gradual 908546 77
[Fes(L4)4](BF4)s 16MeCN, 4 100 14.76 202.09 gradual 1057843 78
[Fes(L5)4](BF4)4+ solvent, 5 100 14.59 BF, included gradual 2157667 53
[Fes(L7)6](Cl04)s (R), 6 150 9.62 85.02 gradual 1025013 79
[Fes(L7)6](ClO4)s (S), 6 123 9.57 81.07 gradual 1025014 79
[Fes(L8)6](ClO4)s-11.59MeCN-2C4H;00-H,0 (R), 123 9.64 85.42 gradual 1025015 79
7
[Fes(L8)s](Cl04)s:6MeCN (S), 7 123 9.68 89.73 gradual 1025016 79
[Fes(L9)6](ClO4)s-2MeCN (S), 8 123 9.67 90.46 gradual 1025017 79
[Fes(L10)6](BF4)s, 9 173 11.38 1D channel gradual 1447306 80
[Fes(L6)s](BF4)st solvent, 10 100 12.75 78.13% gradual, Ty, =311 K, T, 1914986 81
=340 K, 29 K hysteresis
[Fes(L11)6](Cl04)s, 11 173 9.59 83.98 gradual 1873319 82
[Fes(L12)6](CF5SOs)s+ solvent, 12 173 12.38 cube-like gradual, T;, =344 K 1847958 83
cavities
[Fes(L13)6](CF5SOs)s+ solvent, 13 173 12.23 cube-like gradual, 7, =328 K 1847959 83
cavities

[Fes(L14)6](Cl04)s- 10MeNO,-5.6H,0, 14 113 8.68 0 gradual 1959705 84
[Fes(L15)6](BF4)s-10.8MeCN-4H,0, 15 113 8.73 0 gradual 1959706 84
[Fes(L16)s](BF4)s-3.64(C4Hs0)-2(CoH;3N)+solvent, 120 12.71 0 gradual 2191810 85
16
[Fes(L16)s](Cl04)s-3(C,H3N)+solvent, 17 120 12.63 0 gradual 2270896 86
[Fes(L16)s)(CF3SOs) 15+ 11(CoHsN)+solvent, 18 100 12.29 0 gradual 2270897 86




The cavity volumes were calculated by MoloVol®: Large probe radius in A = 3; Spatial resolution of the
underlying grid in A = 0.5. The rest of calculations were done with default values of 1.2 A and 0.2 A,
respectively. It is worth noting that the cavity volumes we studied are generally confined, i.e., unlinked

to the outside of the cage. So unclosed cavity volumes are not considered in this table.

2. FesL4 type SCO cages and their application

Kruger et al. reported the first example of a face-capped tetrahedral SCO cage, termed as
cage 1.7 This discrete tetrahedral cage was synthesized via subcomponent self-assembly by
reacting  Fe(BF4),'6H.O  with  2,4,6-tris(4-aminophenoxy)-1,3,5-triazine  and  2-
imidazolecarboxaldehyde in acetonitrile (Figure 4a). The Cs-symmetric ligands are located at
the faces of the tetrahedron, while the four Fe(Il) centers occupy the vertices (Figure 4b). A
single BF,4~ anion is encapsulated within the cavity, while the remaining BF4 ions reside outside
the cage, participating in hydrogen bonding with imidazole N-H groups to form a 3D hydrogen-
bonded network. Variable-temperature magnetic susceptibility measurements were employed
to study the SCO behaviours (Figure 4¢). The y,,T value at 290 K is 7.4 cm*-K-mol !, indicating
a partially populated HS state (around 60% HS). Upon cooling, the value gradually decreases,
reaching ~0.15 cm*-K-mol™! at 60 K, consistent with complete transition to the LS state. Fitting
the magnetic data with the ideal solution model gave thermodynamic parameters of AH = 14.1
kJ-mol™ and A4S = 50.3 J-K'-mol! with a transition temperature 7}, = 284 K. Single Crystal
X-ray Diffraction (SXRD) studies at variable temperatures revealed a 7.5% increase in the cage
cavity volume upon SCO, accompanied by elongation of Fe-N bond distances and expansion
of the unit cell, further supporting the spin-state transition. In addition, photoinduced spin-state
switching was observed at 10 K under white-light irradiation (2 mW-cm), where the y,, T value
increased from 0.13 to 0.46 cm?-K-mol! after prolonged exposure. The metastable HS state
relaxes thermally around 60 K, suggesting the photoinduced effect is localized near the surface
and limited in extent. As the first example of a Fe(Il) SCO cage, this work not only
demonstrated the feasibility of integrating SCO behavior into a well-defined cage architecture,
but also established the imidazole-imine coordination strategy as a key platform for the

development of subsequent SCO active molecular cages.
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Figure 4. Synthesis method (a) and crystal structure of 1 (b). (¢) y»T vs. T plots for the solvated

1 (black), dried 1 (red) and in solution (blue).”®

In the same year, Nitschke, Brooker and co-workers reported two new Fe(Il)sL4 type cages
synthesized by subcomponent self-assembly using 2-formyl-N-methylimidazole and triamines
A or B, yielding cages 2 and 3, respectively (Figure 5a).”” Both structures feature
tris(iminoimidazole) ligands coordinated to Fe(Il) centers (Figure 5b). In the solid state, cage 2
exhibits a gradual SCO transition from a HS state at 298 K (y»7 = 12.99 cm*K-mol™) to a
predominantly LS state at 50 K (y,7=4.61 cm*-K-mol ™), corresponding to approximately 75%
conversion (Figure 5c¢). Variable-temperature Mdssbauer spectroscopy further confirmed the
coexistence of spin states and the SCO process, showing characteristic changes in isomer shift
(0) and quadrupole splitting (4Ep) consistent with the transition from HS to LS Fe(Il) centers
(Figure 5d). In contrast, cage 3, which contains a more pyramidal triamine on the ligand
structure, remains LS at room temperature and undergoes guest-responsive SCO in solution.
Variable-temperature 'H NMR spectroscopy in nitromethane revealed a gradual spin-state
conversion (77, = 333 K), which is subtly modulated by guest encapsulation: the presence of
CS; or Br within the cavity lowers the transition temperatures 77, to 324 K and 328 K,
respectively. Furthermore, this study demonstrated that even small modifications to the ligand

structure, such as changes in the geometry of the triamine component, can result in dramatic



differences in the solid-state magnetic properties of the resulting cage, highlighting the

sensitivity of SCO behavior to structural perturbations.
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Figure 5. (a) Synthesis method of cages 2 and 3. (b) Crystal structure of cage 2. y,,T vs. T plots

(¢) and variable-temperature °’Fe Mdssbauer spectra (d) for cage 2.”’

In 2015, Li et al. reported a large tetrahedral Fe(I)4L4 cage, termed as cage 4, constructed
via metal-directed self-assembly using a rigid, Cs-symmetric tris-bidentate ligand bearing
imidazole-imine coordination sites.”® SXRD analysis revealed a T-symmetric tetrahedron with
Fe-Fe distances ranging from 14.5 to 15.1 A (Figure 6a). Magnetic susceptibility measurements
demonstrated a gradual and incomplete SCO transition from 300 K to 50 K. For the solvated
form (Figure 6b), the y,T value declined from 11.44 cm?®-K-mol™ at 300 K to 7.85 ¢cm*-K-mol-
at 50 K, while the desolvated sample showed a larger drop from 11.60 cm?-K-mol™! at 400 K
to 8.29 cm?®-K-mol at 50 K, indicating approximately 30% conversion to the LS state (Figure
6¢). Mossbauer spectroscopy at 5 K revealed two distinct doublets corresponding to HS (6 =
1.26 mm's™!, AEp =2.18 mm's™!) and LS (6 = 0.21 mm-s™, 4Ep = 0.94 mm-s™") Fe(II) species
in a 67%:33% ratio, consistent with magnetic data and suggesting that only one of the four
metal centers undergoes SCO (Figure 6d). Notably, irradiation with a 4 = 532 nm laser at 5 K
induced a significant increase in y,,T value, clearly demonstrating a Light Induced Excited Spin

State Trapping (LIESST) effect.



(b) 12F
(a)
_ 10}
)
£
e
e 8
<@
&~
£
S
4h 1 1 1
0 100 200 300
Temperature | K
_ 10}
£
£ 1.00
x =
T8 £
2 E
N 2 0.95
=X 6L E
=
-6 -4 -2 0 2 4 6
4h s . . . Velocity /| mm s
0 100 200 300 400

Temperature | K

Figure 6. (a) Crystal structure of cage 4. y.T vs. T plots for solvated (b) and non-solvated (c)

cage complexes. 3’Fe Mdssbauer spectrum for cage 4 recorded at 5 K (d).”

On this basis, by introducing subtle modification to the ligand structure, i.e., by replacing
the central core with a more electron-deficient triazine unit while maintaining the imidazole-
imine coordination motif, Garcia and co-workers constructed a new SCO Fe(Il)sLs cage (5),
which operates as a rapid colorimetric sensor for gaseous ammonia under ambient conditions.>
The cage was assembled via subcomponent self-assembly from Fe(BF4),-6H,0, 2,4,6-tris(4-
aminophenyl)-1,3,5-triazine, and 1-methyl-2-imidazolecarboxaldehyde in a 4:4:12
stoichiometric ratio in acetonitrile (Figure 7a). SXRD at 100 K revealed that the cage adopts a
tetrahedral geometry (Figure 7b). Each Fe(Il) center adopts a distorted octahedral FeNe
coordination environment and one BF4; anion is encapsulated in the cage cavity. Cage 5
exhibits a rapid and distinct color change from light brown to purple upon exposure to NHs(g

at room temperature, occurring within 10 sec (Figure 7c). Diffuse reflectance spectroscopy and
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3"Fe Mossbauer analysis confirmed that NHs () adsorption induces a spin-state transition from
HS to LS at the Fe(II) centers (Figure 7¢). In the pristine state at 298 K, Mdssbauer spectroscopy
revealed a mixed-spin state population, with three quadrupole doublets corresponding to LS
Fe(Il) (6 = 0.20 mm's™!, 4Ep = 0.70 mm-s™', A = 29%) and two HS Fe(II) species (HS-1: § =
0.99 mm-s!, 4Ep = 1.39 mm-s”, A = 44%; HS-2: 6 = 1.10 mm-s™, 4Ep = 2.60 mm's™, A =
27%) (Figure 7¢). Upon NHjs) exposure, the LS:HS ratio increased to 60%:40%, indicating a
significant spin-state conversion (Figure 7f). This guest-induced SCO is attributed to hydrogen
bonding and electronic interactions between NH3 molecules and the N-rich ligand framework,
which perturbs the ligand field and favor stabilization of the LS state. SQUID magnetometry
further supported the sensing mechanism, showing a marked decrease in the y,,7 value at 298
K, ie., from 11.92 cm*K-mol! in the pristine sample to 8.43 c¢cm’-K-mol'! after NHj,
treatment, proving the increase in LS population (Figure 7d). Moreover, cage 5 was
successfully applied as a visual indicator for real-time pork spoilage monitoring at 4 °C, i.e. in
fridge storage conditions, correlating NHj) release with food degradation, as a result of the
development in bacteria in meat samples. Therefore, SCO cage 5 exhibits excellent optical
responsiveness, making it a promising candidate for practical ammonia sensing and smart

packaging applications.>
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3. FeqL type SCO cages and their application

In 2015, Gu et al. reported a family of enantiopure Fe(Il)sLs cages synthesized via highly
diastereoselective subcomponent self-assembly from 1,4-di(imidazole-2-
carboxaldehyde)butane, chiral phenylethylamines, and Fe(ClO4),-6H-O (Figure 82).” The
resulting cages (6-8) adopt T-symmetric tetrahedral architectures, in which four Fe(Il) centers
occupy the vertices and six C,-symmetric imidazole-imine ligands define the edges. Each Fe(II)
center is coordinated in a fac-A or fac-A geometry depending on the absolute configuration of
the chiral amine, resulting in homochiral AAAA or AAAA cage enantiomers (Figure 8b). SXRD
confirmed the chiral structures and revealed Fe-Fe distances of 9.41-9.81 A and Fe-N bond
lengths of 1.916-2.06 A, consistent with LS Fe(II). Magnetic susceptibility measurements
revealed gradual and incomplete SCO transitions near room temperature. Upon heating from 2
K to 400 K, the y.T values increased from ~0.1-1.0 cm*-K-mol™! to a maximum of 8.84-10.49
cm?®-K-mol! for cages 6-8, indicating a partial conversion to the HS state (73.7-87.4%) (Figure
8c). The SCO behavior was strongly influenced by ligand substituents and solvent content.
Thermal desolvation led to decreased spin-state populations and more gradual transitions upon
cooling. Furthermore, dynamic subcomponent exchange was demonstrated: electron-rich
amines could efficiently displace electron-deficient ones, enabling post-synthetic cage-to-cage
transformation without loss of stereochemical integrity. This work demonstrates the versatility
of chiral subcomponent assembly in producing structurally well-defined, enantiopure SCO
cages with tunable magnetic properties and dynamic structural responsiveness.
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Figure 8. (a) Synthesis method of 6-8. (b) Crystal structures of 6. (c) y» vs. T plots for 6-8.”
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In 2016, Gu and co-workers presented the first example of single-crystal-to-single-crystal
(SCSC) metal-center exchange in a Fe(Il)sLs cage, offering a novel post-synthetic strategy for
tuning SCO behavior in discrete polynuclear systems.®’ A porous Ni(II)sL¢ cage featuring one-
dimensional supramolecular channels was synthesized, enabling Fe(Il) ions to diffuse into the
crystal lattice and gradually replace Ni(II) centers to afford Fe/Ni-mixed cages (FeNi-1 to FeNi-
3) while retaining crystallinity and cage integrity (Figure 9a-¢). In contrast, the non-porous
Fe(Il)sL¢ cage (9) with densely packed structure did not permit metal exchange. Magnetic
susceptibility data at 298 K revealed an increase in y,,T from 5.60 cm*-K-mol™! (FeNi-1) to 6.78
cm?-K-mol! (FeNi-2) and 7.37 cm3-K-mol! (FeNi-3), reflecting progressive incorporation of
Fe(I) centers. Notably, only FeNi-3 (Fe:Ni ~ 1:1) showed partial SCO behavior, with its y,T
value decreasing from 8.06 cm*-K-mol™! at 400 K to 7.37 cm*-K-mol! at 290 K and remaining
nearly constant thereafter, indicating that only ~11.5% of the Fe(II) centers undergo thermal
spin transition (Figure 9f). Mdssbauer spectroscopy of FeNi-3 at 80 K further confirmed the
coexistence of HS (6 = 1.17 mm-s™!, AEy;=2.86 mm-s!) and LS (6 = 0.37 mm-s™!, 4Ep = 0.49
mm-s!) Fe(II) species, with a HS population of approximately 86.8%. This work demonstrates
that SCSC metal exchange, governed by crystal porosity and diffusion pathways, offers a rare
and effective approach to modulate SCO profiles in cage-based materials without

compromising structural integrity.
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In 2019, Li and co-workers reported a mixed-spin SCO Fe(Il)sLs cage (10), assembled
from a bis-bidentate thiazolylimine ligand and Fe(BF4),-6H,0 in acetonitrile (Figure 10a).3!
SXRD revealed that each cage adopts T-symmetric tetrahedral geometry, with six bis-bidentate
ligands bridging four Fe(Il) centers (Figure 10b). The cage encapsulates a central BF4 anion
within its cavity and exists as enantiomeric pairs (AAAA and AAAA configurations). Structural
analysis at 100 K confirmed a [LS-LS-LS-HS] configuration, as confirmed by Fe-N bond length
and distortion parameters. Variable-temperature SQUID magnetometry demonstrated a gradual
and reversible SCO behaviour with significant thermal hysteresis (Figure 10c¢). Upon cooling
from 400 K to 100 K, the y,.T value declined from 9.95 to ~3.0 cm?*-K-mol™!, corresponding to
an incomplete transition to the LS state. The transition temperatures were 77,2, = 311 K and
T1»" = 340 K, giving a thermal hysteresis width of 29 K. This behavior indicates a spin-state
distribution change from [3HS-1LS] to [3LS-1HS] upon cooling. Furthermore, variable-
temperature X-ray photoelectron spectroscopy (VT-XPS) on a thin film of cage 10 allowed
quantification of spin states at the surface. Calibrated against SQUID data, the VT-XPS
revealed that only ~35% of Fe(II) centers on the surface undergo SCO, compared to 58% in the
bulk (Figure 10d). This difference is attributed to surface effects such as lattice relaxation and
reduced cooperativity. The study represents the first application of VT-XPS to SCO cages and
reveals distinct magnetic behaviors between surface and bulk states. In addition, this work is
significant for future implementation of SCO cages in spintronic devices and surface-confined

molecular materials.
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In 2019, Gu and co-workers prepared a rare supramolecular zeolite framework with LTA
topology constructed from a tetrahedral cage (11) and ClO4 anions.’? The cage was self-
assembled from a tris(imidazole-imine) ligand and Fe(Cl10s), in acetonitrile, yielding air-stable
dark purple crystals (Figure 11a). SXRD at 173 K revealed that each cage contains four Fe(Il)
centers coordinated by six Cr-symmetric bis-bidentate ligands, with an Fe-Fe distance of 9.59
A (Figure 11b). The average Fe-N bond length of 1.98 A is consistent with a LS Fe(II)
configuration. Notably, these cages further assembled via electrostatic interactions with ClO4~
anions to generate a 3D zeolite-like framework, comprising double 4-rings, truncated octahedra
(B-cages), and cuboctahedra (a-cages), thereby mimicking the classic LTA zeolite structure
(Figure 1lc-j). Magnetic measurements revealed a gradual and incomplete SCO transition
between 2 and 400 K (Figure 11k). The y»T value increased from low values at 2 K to 11.20
cm*-K-mol™! at 400 K, with a transition temperature estimated at 321 K. This corresponds to

the switching of Fe(Il) centers from the LS to HS state. Upon guest inclusion (iodine vapor or
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anionic dyes such as Amaranth and Congo Red), the SCO behavior of 11 was completely
suppressed. The disruption of SCO is attributed to multiple host-guest interactions, including
charge-transfer, n-n stacking, and hydrogen bonding between the cage framework and the guest
molecules. This study demonstrates the feasibility of assembling zeolite-type frameworks from
discrete SCO cages and highlights the role of guest encapsulation in regulating their magnetic

bistability.
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Figure 11. Synthesis method (a) and crystal structure of cage 11 (b). (c) One edge and one
vertex of cage 11. (d) Two adjacent cages bridged through a C1O4™ anion. (¢) Diagram of double
4-rings. (f) Diagram of B-cage. (g) Diagram of two [-cage attached to a double 4-rings. (h)
Diagram of a-cage. (i) Diagram of 12 double-4 rings around each a-cage. (j) Diagram of LTA

topology. y»T vs. T plots for 11 (k), 11@] (1), 11@AM (m) and 11@CR (n).%

In 2018, Gu et al. reported two Fe(Il)sLs cages (cages 12 and 13) featuring rare cube-like
cavities, designed for selective inclusion of fullerene molecules and exhibiting guest-responsive
SCO properties.®?* The cages were assembled from flexible di(imidazole aldehyde) ligands
containing O-benzene (cage 12) or O-naphthalene (cage 13) units, combined with (R)-1-
(naphthalen-2-yl)ethanamine and Fe(OTf); in acetonitrile (Figure 12a). SXRD revealed edge-
bridged tetrahedral architectures with T point group symmetry. The average Fe-N bond lengths
are 1.96 A (cage 12) and 1.98 A (cage 13), suggesting a LS electronic configuration of Fe(II)

at 173 K (Figure 12b). The flexible linkers enabled rotation and distortion, producing unusual
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cube-like cavities enclosed by n-rich aromatic walls, suitable for Ce binding via n-w and donor-
acceptor interactions. Encapsulation of Ceo was confirmed by NMR and HRMS, with formation
of [Ceo@12] and [Ceo@13] host-guest complexes. Cage 12 exhibited stronger affinity for Ceo
due to better shape complementarity, whereas neither cage showed appreciable binding to Cro,
consistent with Rebek’s 55% volume rule. Solid-state magnetic susceptibility measurements
revealed that both cages displayed incomplete and gradual SCO behavior, with 7}, = 344 K for
12 and 328 K for 13 (Figure 12¢-d). Upon Cs inclusion, 77, decreased to 312 K and 306 K,
respectively, indicating stabilization of the HS state (Figure 12c-d). Furthermore, abnormal
increases in y,7 values at low temperatures (e.g., up to 4.16 cm3-K-mol™! at ~50 K) were
observed in the Cso-bound complexes, likely arising from exchange interactions between Cg -
electrons and Fe(Il) centers, suggesting the emergence of guest-mediated magnetic
communication. This study demonstrates that the interplay between structural flexibility and
guest binding can effectively modulate the SCO behavior of Fe(Il)sLs cages, establishing a
versatile platform for magnetic host-guest systems with potential in fullerene recognition and

sensing technologies.
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rigid rr-electron group

,.":.',',j-/ 0
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Figure 12. (a) Synthesis method of cages 12 and 13. (b) Crystal structures of 12 (top) and 13

(bottom). y»T vs. T plots for 12 and C¢c=12 (c) and 13 and Cec=13 (d).8

In 2020, Tanaka et. al reported two structurally well-defined tetrahedral Fe(Il)4Ls cages,
termed as 14 and 15.3* SXRD revealed symmetric tetrahedral architectures in which four Fe(II)
centers occupy the vertices and are bridged by six bis-bidentate ligands (Figure 13a-c, ¢). The
internal cavities are densely filled with phenylene spacers, leaving no accessible space for guest
inclusion. Each Fe center is coordinated facially by three chelating imidazole-imine donors,
with average Fe-N distances of 2.11-2.25 A at 113 K, characteristic of HS Fe(II). In contrast to
many previously reported SCO cages,?*® these structures are achiral, possessing S4 symmetry
with two A and two A configurations. Magnetic susceptibility measurements (5-300 K) on
desolvated samples demonstrated gradual but incomplete SCO in both complexes (Figure 13d).
The incomplete SCO is attributed to the rigid, n-stacked phenylene framework that imposes
steric constraints preventing full Fe-N bond contraction during spin transition. Notably, cage
15 shows a slightly higher transition temperature than cage 14, consistent with the stronger
ligand field imparted by electron-donating methyl substituents. Electrochemical studies showed
quasi-reversible Fe(Il)/Fe(III) redox couples at 0.61 V for 14 and 0.48 V for 15 (vs Fc'/Fc),
further supporting the stronger donor ability of methylated ligands (Figure 13f-g). These
findings highlight how subtle variations in ligand electronics can significantly affect SCO
behavior in Fe(Il) cages, offering useful design principles for future development of responsive

host-guest and magneto-electrochemical systems.
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Figure 13. Crystal structures of 14 (a) and 15 (c) and their corresponding asymmetric units (b

and e). (d) ywT vs. T plots for 14 (red) and 15 (blue). Cyclic voltammograms of 14 (f) and 15

(g)-™

In 2022, Garcia and co-workers reported the first Fe(Il)sLs SCO cage based on pyridyl-
hydrazone ligand scaffolds, synthesized via subcomponent self-assembly of Fe(BF4),-6H,0,
N,N-diaminonaphthalenetetracarboxydiimide, and 2-formylpyridine in a 4:6:12
stoichiometry®® (16) (Figure 142). SXRD at 120 K revealed a symmetric tetrahedral architecture
with each Fe(Il) center octahedrally coordinated by three bis-bidentate ligands, forming FeNs
environments (Figure 14b). The Fe-N bond lengths (1.98-2.00 A) confirm a LS configuration
at low temperature. The solid-state structure was stabilized by peripheral hydrogen bonds and
extensive n-m interactions between adjacent cages. Magnetic susceptibility measurements (2-
400 K) on desolvated crystals revealed a gradual and incomplete SCO behavior (Figure 14c¢).
Upon cooling from 400 K to 100 K, the y,,T value declined from 12.49 to 5.44 cm*-K-mol’,
with no thermal hysteresis. Mdssbauer spectroscopy at 80 K showed two quadrupole doublets:
a dominant LS Fe(Il) species (6 = 0.45 mm-s™!, 4Ep = 0.36 mm-s™!, A = 62%) and a HS
component (6 = 1.17 mm-s, 4Ep = 3.12 mm-s™!, A = 38%), confirming partial SCO (Figure
14d). DFT calculations revealed that the incorporation of electron-withdrawing carbonyl
groups near the coordination site lowers the energy gap between HS and LS states, rationalizing
the observed SCO in contrast to analogous pyridyl-imine cages, which remain LS.
Thermodynamically, the Gibbs free energy difference AGrs.cs shifts from favoring the LS state
at 2 K to slightly favoring the HS state at 400 K, consistent with experimental findings. This
work introduces a new ligand platform for SCO cage design and demonstrates that fine-tuning
coordination environments via functional group modification can promote SCO in systems

previously considered magnetically silent.
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Figure 14. Synthesis method (a) and crystal structure (b) of 16. (c) y»T vs. T plots for 16. (d)

57Fe Mossbauer spectrum of 16.%5

Building on this, Garcia group investigated the gas sensing behavior of cage 16 using
microcrystalline samples.®! Magnetic susceptibility measurements show that the SCO behavior
of 16 in the microcrystalline state is similar to that in the crystalline state (Figure 15a). Upon
exposure to NHj), the microcrystalline cage exhibited a rapid and visible color change from
light purple to dark gray within 90 sec (Figure 15b). >’Fe Mdssbauer spectroscopy confirmed a
complete conversion to the LS state: in the pristine sample, three distinct quadrupole doublets
were observed, corresponding to two HS species (6 = 0.95 mm-'s™, AEo=2.00 mm-s™'; § = 1.07
mm-s™, AEg = 2.74 mm-s™) and one LS species (6 = 0.37 mm-s™!, 4Ep = 0.30 mm-s™!), in a
41%:59% HS:LS ratio (Figure 15¢). After NHs(g) exposure, only LS signals remained, including
a new LS species (6 = 0.32 mm-s™!, 4Ep = 0.62 mm-s™!), attributed to direct coordination of
NHj; to Fe(Il) centers (Figure 15d). The sensing process was accompanied by in situ formation
of NH4BF4 through reaction between NHj), water, and lattice BFs anions (Figure 15¢).

Notably, the Mossbauer spectrum of regenerated 16 collected after dynamic vacuum/heating
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shows the same all-LS pattern, confirming that the NHs-induced transition is effectively

irreversible (Figure 15f).
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Figure 15. (a) ;T vs. T plots for microcrystalline cage 16. (b) Response time curve of 16 to
NH;(g) at room temperature. >’Fe Mossbauer spectrum of 16 (c), 16@NH; (d) and regenerated

16 (f). PXRD patterns of 16, 16@NH3 and regenerated 16 (¢).”!

In 2024, Garcia et. al further developed two new Fe(Il)sLs cages (17-18) based on cage 16
constructed via subcomponent self-assembly using a pyridyl-hydrazone coordination mode and
different anions (ClO4 and CF3SOs’) to systematically investigate solvent and anion effects on
SCO behavior (Figure 16a).8¢ SXRD confirmed that all cages adopt edge-bridged tetrahedral
architectures and octahedral FeNg coordination environments (Figure 16b-c). The observed Fe-
N bond distances (1.96-2.00 A) and X parameters (~62.8°) are consistent with a LS Fe(II) state
at low temperature (Figure 16b-c). Magnetic susceptibility measurements revealed gradual and
incomplete SCO for all three cages, with desolvated samples showing higher y,,T values than
solvated analogues, indicating that solvent molecules stabilize the LS state (Figure 16d). For
18-desolvated, the y,T value reaches 12.40 cm?*K-mol"' at 400 K and decreases to 6.03
cm?-K-mol! at 50 K, indicating a [2HS-2LS] spin-state distribution (Figure 16¢). Cage 17
(ClOy) exhibited the lowest y,T (3.42 cm?*-K-mol™! at 50 K) and was assigned a [1HS-3LS]

configuration (Figure 16¢). Mdssbauer spectra at 80 K confirmed these observations: for 16-
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18, the relative areas of LS/HS species were 62%:38%, 80%:20%, and 56%:44%, respectively,
with typical parameters (LS: 6 = 0.45 mm-s', 4Ep = 0.36 mm-s"'; HS: 6 = 1.17 mm's™!, 4Ep =
3.12 mm-s™) (Figure 16f-h). To rationalize these results, DFT calculations were performed on
spin isomers of the [FesLs]®" core and simplified mono-Fe models including anions. The
calculated energy gaps between HS and LS states reproduced the experimentally observed
trends, with cage 17 exhibiting the largest LS stabilization (AGus.is = -0.9 kcal-mol™).
Theoretical Mdssbauer parameters matched well with experimental data, supporting model
validity. Analysis showed that although the anions do not significantly perturb the FeNg core
geometry or Fe d-orbitals, C104 anions display slightly stronger interactions with LS states,
rationalizing the observed spin-state distribution differences. These studies underscore the

critical role of counter anions and solvents in modulating SCO behavior in Fe(Il) cages.
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Figure 16. (a) Synthesis method of cages 16-18. Crystal structures of 17 (b) and 18 (¢). (d) ymT

vs. Tplots for 17 (black circles), desolvation of 17 (blue circles) and 17-desolvated (red circles).
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(€) ymT vs. T plots for desolvated 16-18. >’Fe Mossbauer spectra of desolvated 16 (f), 17 (g) and

18 (h) recorded at 80 K.3¢

In 2025, Gupta and co-workers synthesized three Fe(Il)sLs tetrahedral cages (19-21) via
subcomponent self-assembly, using 4,4'-diaminobiphenyl, pyridine-2-carboxaldehyde, and
FeX, salts (X = BFs, ClOs, NTf) (Figure 172).3" This work demonstrates that variations in
anion identity and ligand conformation directly influence the diastereomeric distribution (T, S4,
and Cs) (Figure 17b-d) in both solid and solution phases, which in turn has a significant impact
on the SCO behavior of the resulting cages. Solid-state magnetic susceptibility measurements
revealed that 19 and 20, dominated by the homochiral T-isomer, show nearly identical, gradual
and incomplete SCO behaviors, with y,,T values increasing from ~3.8 cm?-K-mol"! at 3 K to
~7.8 cm*-K-mol! at 380 K, corresponding to ~54% HS population (Figure 17¢-f). In contrast,
21, enriched in the Ss-isomer and associated with bulkier NTf, anions, displayed a delayed and
weaker spin transition with y,7 rising only from 2.74 to 4.72 ¢m*-K-mol"! over the same
temperature range (Figure 17¢). In solution, variable-temperature 'H NMR (Evans method) and
UV-Vis spectroscopy further confirmed that the spin transition temperatures follow the trend
T, (19) < Ty (20) < Ty (21), consistent with increasing LS stabilization due to decreased
steric bulk around the Fe(Il) centers in S4 and C; dominated cages. This work underscores the
critical role of diastereomeric distribution and ligand geometry in determining the magnetic
behavior of SCO-active cages, and provides valuable design insights into the use of structural

isomerism as a strategy to tune spin-state equilibria.
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4. Conclusions and Perspectives

In conclusion, tetrahedral Fe(Il)-based metal organic cages have gained increasing
attention as versatile SCO systems, owing to their unique ability to combine magnetic
bistability with host-guest chemistry. Recent advances in ligand design and self-assembly
strategies have enabled the construction of both face-capped Fe(Il)sLs and edge-bridged
Fe(Il)sL¢ architectures, which display diverse SCO behaviors under thermal, chemical, or
photonic stimuli. These cages serve as valuable models for understanding how factors such as
ligand field strength, intermolecular interactions and guest encapsulation influence spin-state
switching and distribution. Through a combination of magnetic susceptibility, Mossbauer
spectroscopy, and crystallographic analysis, structure-function relationships have been
systematically established. In addition, we also summarized emerging solid-state applications
of these SCO cages, such as gas sensing and guest-responsive adsorption. These studies
demonstrate the potential of Fe(Il) SCO cages not only for probing fundamental structure-
property relationships, but also for developing functional materials that integrate magnetic,

optical, and host-guest responsiveness in the solid state.
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Despite these advances, several key challenges remain. (i) Achieving cooperative and
abrupt SCO transitions with thermal hysteresis in cage systems remains rare due to the limited
intermolecular coupling in discrete structures. (ii) Rational prediction of SCO behavior based
on ligand design is still not an easy task, as small structural changes can lead to dramatic and
sometimes unpredictable magnetic responses. (iii) Maintaining crystallinity and structural
integrity remains a major challenge, as these supramolecular cages often contain a large amount
of lattice solvent. The loss or exchange of solvent, especially during SXRD measurements, can
casily lead to crystal cracking, structural collapse, or loss of long-range order. This prevents
accurate structural characterization and complicates the correlation between molecular

structure and SCO behavior.

In the future, the research on SCO-active Fe(Il) cages is expected to achieve further
development through a wider range of design strategies and functional integration. (i)
Diversifying ligand structures beyond specific motifs such as imidazole-, pyridyl-, or
hydrazone-based donors will be essential for enriching cage geometries, tuning ligand field
strength, and enabling new SCO profiles. Ligand electronic effects, conformational flexibility,
and steric bulk all provide useful handles to modulate spin-state energetics and cooperativity.
(i1) Controlling cage structural parameters such as Fe-Fe distance and internal cavity volume
by varying ligand length, structure and connectivity provides a way to tune SCO behavior and
guest binding properties. This opens up new possibilities for dual-responsive systems that
combine magnetic bistability with molecular recognition or encapsulation. (iii) Transforming
molecular cages into functional materials such as thin films, composites, or sensor arrays
represents a promising path to practical applications. Combining SCO cages with optical
readout methods or electronic interfaces is expected to construct real-time and reversible small

molecule sensing platforms, especially in the solid state.
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