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Decoding Framework Dynamics in a Spin Crossover Flexible Metal-Organic
Framework

Ana Martinez-Martinez,? Jorge Albalad,?® Esther Resines-Urien,? E. Carolina Safiudo,* A. Lorenzo Mariano, Oscar Fabelo, ¢ Jose
Alberto Rodriguez-Velamazan,® Roberta Poloni,”™ Daniel Maspoch®“8 and José Sanchez Costa®*

Functional spin crossover (SCO) metal-organic frameworks (MOFs) hold promise for miniaturized spin-based devices due to their tuneable molecule-based
properties near room temperature. SCO describes the phenomenon where transition metal ions switch between high spin (HS) and low spin (LS) states upon
external stimuli. However, even simple guest molecules like water can significantly alter the properties of these materials. Understanding the interplay
between SCO and these molecules is therefore crucial. This work investigates this interplay in a fascinating 3D Fe(ll) SCO-MOF, recently reported to exhibit
reversible conductivity even in bulk.** We employ a combined experimental and computational approach to explore how guest molecule uptake/release
influences SCO dynamics including a transition from partial HS/LS to a fully LS state at high temperatures, (named reverse SCO) and ligand disorder-order
behaviour. Our findings reveal a solid-state mechanism that differs from those previously described.

Introduction

Metal-organic frameworks (MOFs) have emerged as a versatile class of materials due to their tuneable properties and potential
for a broad number of applications, including gas storage, molecular sensing, catalysis, and electronics.13 Among these, MOFs that
exhibit spin crossover (SCO)42—the ability to switch between the high spin (HS) and low spin (LS) electronic states in response to
external stimuli? (Fig. 1a)— are particularly attractive for spintronic devices, magnetic sensors,12 energy saving!® and memory
storage systems.* SCO transitions are typically driven by changes in temperature,’> pressure,t¢ light exposure,17.18 or the
adsorption/desorption of guest molecules, 1921 which alter the magnetic and electronic properties of the material.22-24

While conventional SCO systems exhibit a LS to HS transition upon heating, there is growing interest in materials that demonstrate
the reverse SCO behaviour, where the switch occurs from HS to LS upon heating.2526 The reverse SCO is a thermodynamically
counterintuitive process, as the more entropic HS state is typically favoured at higher temperatures. This rare phenomenon is
generally of low magnetic magnitude and often induced by a crystallographic phase transition.?’ Controlling the reverse SCO offers
unique opportunities for designing ON/OFF advanced materials with dynamic magnetic and electronic functionalities.?8

Beyond temperature, guest molecules have been shown to significantly influence the SCO behaviour293° through: i) steric effects
that favour the HS state3!-34 reducing the critical transition temperature, and ii) electronic effects3536 that can either decrease or
increase it. The structural adaptability of these materials allows them to respond dynamically to environmental changes, providing
a high degree of control over the magnetic properties through simple external stimuli, such as temperature or humidity.37-32 This
flexibility, linked to the reversible nature of solvent uptake and release, can play a central role in the SCO process.40:41

In this work we present a comprehensive investigation of 3D MOF, [Fex(Hoe7bdt)3]-xH20 (1, where x = 0—10 and bdt?™ = 1,4-
benzeneditetrazolate),*2%* which exhibits a reverse spin crossover (SCO) transition upon heating and subsequent dehydration,
transitioning from a mixed HS/LS state to a fully LS state. This transition takes place between 343 K and 423 K and involves an
increase in the intrinsic electrical conductivity of the MOF. Through a combination of experimental techniques, including single-
crystal X-ray diffraction (SCXRD) and adsorption/desorption isotherms, alongside density functional theory (DFT) calculations, we
elucidate a novel dynamic mechanism involving the interplay of phenyl ring order-disorder, lattice network changes, solvent
accessibility volume and spin state.

This result highlights the importance of the flexibility of the framework and its ability to modulate the spin state based on hydration
levels. In addition, the spin state has been shown to affect the charge transport properties of this MOF#4 adding an additional layer
of functionality. The ability to manipulate both magnetic and electrical behaviours via the adsorption/desorption of guest
molecules—specifically water—underscores the significance of understanding host-guest interactions in MOFs. 45-47
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Fig. 1. a) Representation of the two spin states of an Fe(ll) ion, the HS and the LS electronic states. Under external stimuli, such as temperature,
pressure, light irradiation or the inclusion of analytes, the crystal field splitting Ao can be modified and the SCO materials can switch between both
electronic states. b) 3D perspective of 1 at room temperature (13%). LS Fe is represented in dark blue, HS Fe in orange, N in blue, and Cin grey. H
atoms are omitted for clarity.

Results and discussion

Water adsorption/desorption isotherms of 1

Initially, we performed an adsorption study to investigate the loss/uptake of water molecules of 1. Fig. 2 shows the water
adsorption isotherms measured at room temperature for two consecutive cycles. Note that prior to the first cycle, the crystals
were activated at 423 K under vacuum for 12 hours to ensure complete dehydration.

In the first adsorption isotherm, water uptake increased rapidly with increasing H,O partial pressure (P/Po) up to approximately
0.4. Beyond this point, the uptake gradually reached a total of 23.6% corresponding to 9.8 water molecules per molecular formula.
However, during desorption, a hysteresis was observed that did not revert to the original starting point, indicating incomplete
desorption. The minimum remaining water content after the first cycle was 3.8%, suggesting that 1.6 water molecules per formula
remained strongly adhered within the lattice (Fig. 2a).

A second adsorption/desorption cycle (Fig. 2b) was immediately performed following the first, without any further activation of
the sample, starting from the end point of the first cycle, with compound 1 containing 1.6 H,O molecules in the lattice. Upon
completion of adsorption, the mass percentage regained (18.7%) indicates the uptake of 8.1 water molecules, which were
completely removed during the desorption cycle. To confirm the behaviour observed in the first isotherm, a third cycle was carried
out on the same sample (Fig. S1 and S2t). Before this third cycle, the material was re-activated at 423 K under vacuum for 12
hours. Afterward, the same adsorption and desorption behaviour as in the first cycle was observed.
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Fig 2. a) First water adsorption/desorption cycle at 298 K of crystalline 1. b) Second water adsorption/desorption cycle at 298 K, immediately
after the first without reactivation.

These observations suggest the presence of two distinct water populations within the network. One population is readily adsorbed
and desorbed (~8.0-8.5 H,0 per formula), while the other remains tightly bound and requires harsher conditions (vacuum and
elevated temperature) to be removed from the lattice (~1.5 H,0 per formula). This result is consistent with the previously reported
quantity of water found in the pores of as-synthesized 1, as determined by TGA.% Two different weight losses regions were
observed, a sharper decrease up to 350 K (~6 H,0) followed by a more gradual weight loss up to 515 K (~3 H,0) (Fig. S37).

To further elucidate the relationship between the water molecules and the spin state, magnetic measurements (Fig. S41) were
carried out of 1 as-synthetized, 1 measured after the first adsorption/desorption cycle (~1.5 H,O per formula) and 1 after
submerging the dehydrated crystals in water for 15 days. The product of the temperature-dependant magnetic susceptibility for
1 is around 3 cm3-K-mol1, which is in agreement with one Fe(ll) centre in the HS state and one in the LS. After the first water
isotherm is performed, the xmT product drops to 1.2 cm3-K-mol?, concurrent with a partial spin transition of the HS iron centres to
the LS. After rehydration, the original xmT value is restored, confirming that the spin transition is caused by the loss of water
molecules.

Single-crystal X-Ray diffraction

Unveiling water adsorption sites in 1 at low temperature (11%)

To investigate whether these apparently distinct populations of water molecules are correlated with their position in the structure,
the SCXRD structure of 1 was measured at 100 K (119), where the order of water molecules in the pores is maximal.

Complex 1100 crystallizes in the trigonal crystalline system with a total volume of 3207 A3. The structure extends along the c-axis
with 1D Fe-tetrazole chains linked by 2,3-bridging tetrazole as illustrated in Fig. 1b. According to the Fe-N bond lengths (Fe1-N1:
1.946 A and Fe2-N2: 2.098 A), 1100 exhibits a 59 % population of Fe ions in LS and 41 % in HS, in agreement with a partial spin
transition induced by temperature cooling.42
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are depicted in dark red, interactions between water molecules themselves in green, and water molecules-phenyl rings in light blue.

The analysis of 1190 revealed three distinct water molecules (01w, O2w, and O3w, see Fig. 3). Olw occupies two distinct positions,
each with an occupancy of 0.5, forming hydrogen bonds with the tetrazole organic ligand (O1w-N3: 2.833 A; O1w-N4: 2.915 A) and
interacting with the phenyl ring via dipole-1t (shortest distance with the ring: 01w-C3: 2.876 A). Similarly, 02w occupies two positions
with 0.1667 occupancy each. 02w forms a hydrogen bond with Olw (02w-O1w: 2.415 A) and interacts with the ligand’s benzene
moiety (shortest distance: 0O2w-C4: 2.404 A). Finally, O3w occupies the centre of the triangular pore, forming a hydrogen bond
with 02w (03w-02w: 2.769 A) and interacting with the phenyl group (03w-C3: 2.773 A). For complete details, see Table $S31 and
Fig. S57.

It is important to remark that in the crystallographic studies, the number of water molecules per formula is lower than that
determined with the isotherms, as only the ordered water molecules can be fixed in a specific position.

By correlating the adsorption isotherms with the SCXRD information extracted from the 119 structure, it can be proposed that the
easily adsorbed/desorbed water molecules are of the O2w and O3w types, whereas the water molecules that remain attached to
the network after desorption are likely of the Ol1w type, due to the strong hydrogen bonds they form with the tetrazoles.

SCXRD of 1 under heating process (1100 = 1300-) 1350 5 7420)

Then, a comprehensive temperature-dependent SCXRD study was conducted to elucidate the structure-property relationship
within this MOF. Single crystals of 1 were collected and analysed at 300, 350 and 420 K (detailed information is provided in Fig. 4
and Section 5 of the SIT). This study used the PLATON/SQUEEZE*® tools to determine the solvent accessible volume (SAV) and
electron density (ED) (both expressed by unit cell ([Fes(Ho.s7bdt)s]) in the pores of the structure of 1100, 1300 1350 gnd 1420, SAV
refers to the space within the material where solvent molecules, such as water, can enter and move freely. The ED calculated
within the SAV can be correlated with the presence of water molecules (see Fig. 4a and Table S57 for further details). Moreover,
the temperature-dependent disorder of the benzyl ring® (Fig. 4b) was explored, as it produces a steric hindrance that affects the
SAV.



In 119, the framework volume is 3207 A and the SAV has a value of 533 A3, where an electron density corresponding to 24 water
molecules was found. Furthermore, at this temperature, the phenyl carbons are observed in two different positions (see Fig.4b).
An increase in temperature to 300 K (denoted as 1190 > 13%) resulted in an expansion of the unit cell volume to 3299 A3, along
with a rise in the HS population to 50 %. This expansion can be attributed to the elongation of Fe-N distances (details provided in
Table S2t). At this temperature, the disorder within the benzene rings remained significant, with a slight increase compared to
that observed in 1190, However, the SAV increased significantly to 1005 A2. As no guest water loss occurs at this temperature, the
primary contributor to the framework expansion is the spin transition, as the benzene disorder showed only a minor increase (see
Fig. 4). The electron density found within the SAV corresponds to 23.4 water molecules, very similar to the number observed at
100 K.

Further heating from 1390 - 1350 in which a percentage of 02w and O3w water molecule types are released, resulted in a decrease
in the framework volume, consistent with the partial transition of iron metal centres to the LS state, 69% LS and 31% HS. Although
dehydration is not complete in 1359, the water loss induces flexibility in the framework, significantly decreasing the cell volume to
3069 A3. This framework contraction leads to a reduction in the SAV to 518 A% and coincides with a considerable increase in the
disorder of the benzene-ring of the ligands. In addition, the SCXRD structure revealed an out-of-plane configuration for the phenyl
carbon atom directly linked to the tetrazole moiety (see Fig. 4b, S61 and Table S4t), likely related to the space created by water
release. These combined observations suggest a dynamic adaptation of the organic framework through phenyl ring rotations, with
can accommodate both structural contractions and elongations.

Finally, in 1429, the spin transition is complete. At this temperature, likely O2w and O3w water molecule types are all released and
O1w type is partially lost. This results in a further decrease in the framework volume to 3015 A3. The benzene ring configuration
adopts a more ordered state, with two closely spaced positions, despite the elevated temperature. This leads to a notable increase
in pore accessibility, reaching a value of 915 A3. The electron density found within the SAV corresponds to 2.4 H,O molecules per
unit cell.

Based on this information, it can be concluded that several factors influence the evolution of pore accessibility in 1 with
temperature. One key factor is the reduction of the framework volume as the proportion of metal centres in the LS increases,
highlighting the correlation between magnetic behaviour and structural changes (Fig. S8). However, when the temperature reaches
420K, this decrease in framework volume is accompanied by a very considerable increase in the SAV. Despite the lattice decreasing
around 2% (1350 & 1420), SAV increases by 43%. This significant increase is due to the benzene unit positioning itself in such a way
that it does not sterically hinder the entry of the solvent, making the pore more accessible.
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Fig. 4. a) Schematic representation of the evolution of the electron density in the pores with temperature. b) Disorder evolution
in the benzene ring of the H,bdt ligand with temperature. c) Variation of the framework volume, SAV and the number of water
molecules found with temperature.

In the SCO phenomenon, the transition from a HS state to a LS state causes ligands within the crystal lattice to become immobilized
in specific positions.#? This effect is particularly pronounced in ligands with cyclic groups, such as phenyls, which have inherent
rotational freedom. The fixation of these ligands occurs mainly due to a reduction in the distance between Fe-donor bonds during
the spin transition, which can reach up to 20% (approximately 0.2 A). This results in a decrease in the volume of the crystal cell and
an increase in the electron density in the environment of the ligands, limiting their positional freedom.

In porous materials such as MOFs, when guest molecules -- such as water -- present in the pores are evacuated, the electron
density decreases, reducing the steric hindrance around the ligands and, therefore, increasing their rotational capacity.

The SCO-MOF studied in this work exhibits both singularities at once. On one hand, the HS-to-LS transition should immobilize the
ligands, restricting their positional freedom, while on the other hand, the evacuation of water molecules from the pores should
facilitate the rotation of the phenyl groups. However, the experimental results reveal that as the temperature rises, the positional
freedom of the phenyl rings decreases. This indicates that, in this case, the ligand fixation effect induced by the spin transition and
the associated reduction of the framework volume predominates over the theoretical increase in positional freedom that would
be expected from the evacuation of water from the pores and the increase in the SAV (see high temperature part of Figure 4).
The optimized geometries for both LS and HS/LS states across varying water contents at the O1w position were used to calculate the adiabatic
energy difference between the LS and HS/LS configurations. The Hubbard U density-corrected scheme was employed for this purpose (see
section S87 for further details).5°

The calculations consistently establish a progressive stabilization of the HS/LS configuration upon increasing the water molecule content
(Table S67). The energy difference between HS/LS and LS configurations (AEns/is.1s) increases from 0.515 eV for the dehydrated phase to
0.356 eV for the system calculated with six water molecules (see Table S61 for details). Interaction and steric effects upon increase of water
content yield to a progressive increase of the benzene torsion together with an increase in the average Fe-N bond lengths and unit cell
volume (see Table S7).



Conclusions

Our findings reveal that the pores of MOF 1 contain two distinct populations of guest water molecules: Olw, which strongly
interacts with the framework of 1, and O2w and O3w, which have weaker interactions. This results in O2w and O3w water
molecules being readily adsorbed and desorbed from the pores, while O1lw water molecules remain tightly bound and requires
harsher conditions for removal.

This water uptake/release behaviour in 1 induces the HS to LS transition in 1, in a reverse spin crossover phenomenon. Above 300
K, MOF 1 undergoes a transition from the HS/LS state to the LS state. At these temperatures, guest water molecules (i.e., 02w and
03w water types) are released from the pores of 1, inducing flexibility to the frameworks, accompanied by a volume contraction
and a change of the configuration of the benzene ring within the organic linker. This suggests a dynamic adaptation of the
framework through phenyl ring rotations, leading to a significant decrease in SAV (1300-1350). Upon complete conversion to the
LS state (1350->1420) at high temperature, where MOF 1 is almost dehydrated (a percentage of Olw water type is still observed),
the position of the phenyl rings is more restrained, resulting in a higher SAV despite the lower framework volume. DFT calculations
support these experimental observations, demonstrating a progressive stabilization of the LS configuration with decreasing water
content which is concomitant with a shortening of Fe-N bond lengths and a smaller torsion of the benzene rings. This highlights
the interplay between water molecules and the SCO process, with water loss facilitating the transition to the LS state.

The reverse SCO, as observed in the example presented here, represents a new resource for the design of switchable advanced
materials. Furthermore, this work reveals a counter-intuitive process where the expected increase in positional freedom of phenyl
ligands, due to water molecule evacuation from MOF pores, is outweighed by the immobilizing effect of the reverse spin crossover
(SCO) from high-spin (HS) to low-spin (LS). This outcome is highly significant for both the spin-crossover and MOF research
communities, as it highlights an unexpected dominance of the spin-transition effect, providing new insights into ligand dynamics
and the interactions between spin states and structural flexibility within MOF materials. This knowledge could lead to the
development of more precise and responsive materials for applications in areas such as molecular switches, data storage, and

smart sensors, where the ability to control ligand dynamics through spin state manipulation could offer significant advantages.5~
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