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ABSTRACT: Molecule-based Spin Crossover (SCO) materials display likely one of the most 

spectacular switchable processes. The SCO involves reversible changes in their physicochemical 

properties (i.e. optical, magnetic, electronic and elastic) that are coupled with the spin-state change 

under an external perturbation (i.e. temperature, light, magnetic field or the inclusion/release of 

analytes). Although very promising for their future integration into electronic devices, most SCO 

compounds show two major drawbacks: i) their intrinsic low conductance, and ii) the unclear 

mechanism connecting the spin-state change and the electrical conductivity. Herein, we report the 

controlled single-crystal-to-single-crystal temperature-induced transformation in a robust metal-

organic framework (MOF), [Fe2(H0.67bdt)3]·9H2O (1), being bdt2− = 1,4-benzeneditetrazolate, 

exhibiting a dynamic spin-state change concomitant with an increment in the anisotropic electrical 

conductance. Compound 1 remains intact during the SCO process even after approximately a 15 

% volume reduction. The experimental findings are rationalized by analyzing the electronic 

delocalization of the frontier states by means of density-functional theory calculations. The results 

point to a correlation between the spin-state of the iron and the electronic conductivity of the 3D 

structure. In addition, the reversibility of the process is proved. 

INTRODUCTION 

The future of electrically conducting materials is moving apart from the current design-limited 

metal-oxide semiconductors technology. In this perspective, three-dimensional metal-organic 

frameworks (MOFs)1,2 containing transition metals have been proposed as an elegant synthetic 
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strategy to achieve novel electrically conducting materials.3,4 Although this research is still in its 

infancy, mainly due to the low conductivity nature of these materials, some strategies5 are critically 

improving electron transport reaching conductivities comparable to that of graphene.6 Some of 

these strategies involve stronger charge delocalization between metals and ligands,7 the 

introduction of π-π continuous charge transport pathways,8 extended conjugation through the 

organic framework6,9–11 and, uniquely in MOFs, transport mediated through guest molecules.12–14 

Recently, it has been established that not only the design of the framework determines the 

conductance in the MOF but also the selection of the metal is critical to obtain non-negligible 

conductance through an otherwise equivalent MOF.15,16 In particular, iron seems to be the best 

candidate to obtain high-conductance MOFs. 

Besides conductivity, MOFs are as well significantly versatile materials to host magnetism.17,18 

Magnetic centers can be introduced in different positions of the ordered lattice, from the 

coordination framework17 to the inorganic nodes19 and as guest molecules20,21 to provide MOFs 

with magnetic order22,23 or single molecule magnetism (SMM)24,25 that could be used for quantum 

bits,26 in spintronics27 and likely in one of the most spectacular switchable behaviors, the spin 

crossover (SCO) phenomenon.28,29  

Fe(II) is likely the most studied magnetic cation in the SCO family because of the drastically 

different properties between its High Spin (HS, S = 2, paramagnetic) and Low Spin (LS, S = 0, 

diamagnetic) states.30–32 Occasionally, the balance between these two states is so delicate that 

modulation of an external parameter is sufficient to reversibly switch between them. This external 

perturbation induces the so-called SCO between HS and LS states (Figure 1a).33Although 

temperature is the most common method to switch between the spin states, it can also be achieved 

through light irradiation,34,35 pressure35 or the inclusion/exclusion of small molecules into the 
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material, including water molecules, as described here.36–38 The SCO transition also causes a 

variation of ≈12 % of the metal-to-ligand bond distances (Figure 1a) leading to a remarkable 

change of molecular size and shape during the spin conversion. Notably, in the solid state, the SCO 

always involves a structural transformation in the material, concomitant with different magnetic, 

optical, electrical, and structural outputs.39 

The combination of electrical conductivity and the SCO phenomenon in a single material has 

been a long-desired goal of the scientific community or even further, a “scientific dream”40 since 

the electrical current would constitute a more viable way to read signals in SCO devices. There is 

experimental evidence that the spin-state switching may lead to a reversible increase/decrease of 

the electrical conductance and dielectric constant in the SCO material, making SCO compounds 

ideally suitable for the construction of electronic devices4,41–44 However, the actual exploitation of 

the SCO is a challenge45 since SCO materials are insulating by nature. To surpass this critical 

drawback three main strategies are pursued i) design of devices in which the spin change of the 

metal centers is reflected in the electrical signal of a conductor;46–48 ii) morphology control and 

SCO particle-size reduction49–51 and iii) promote conductivity in the bulk material (powders and 

single crystals).52–55 Thus, the electronic charge transport study and its interplay with magnetically 

active spin-state switch is very attractive and remains challenging, mainly due to the difficulty of 

obtaining both properties in a single crystalline material. In this work, we explore the relationship 

between the conductivity variation and the electronic (and spin) state in a single crystal MOF.4 

With these considerations in mind, we chose to study the robust framework 

[Fe2(H0.67bdt)3]·9H2O (1) (Figure 1), being bdt2− = 1,4-benzeneditetrazolate (Figure 1b),56,57 that 

undergoes a partial SCO transition at low temperature. Sample 1 is built via tetrazolate-bridged 

1D chains of Fe(II) forming a triangular three-dimensional structure with a large surface area 
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(Figure 1c,d).13 We note that a polymorph of this framework exhibiting Fe(III) defects has been 

reported by Long and Dincă et al. to provide the highest conductance ever reported in MOFs.58 

Therefore, this MOF combines the main ingredients to be magnetically active and, at the same 

time exhibits a significant conductance owing to the interplay between the metal centers, the 

pyrazolated groups and the guest water molecules. 

Here, we report the controlled single-crystal-to-single-crystal temperature-induced 

transformation from [Fe2(H0.67bdt)3]·9H2O (1) to [Fe2(H0.67bdt)3]·4H2O (2) and 

[Fe2(H0.67bdt)3]·2H2O (3). Exceptionally, the Fe(II) MOF crystallinity remains intact in 2 and 3 

even after approximately a 15 % volume reduction. 

 

Figure 1. (a) Representation of the two spin states of an ion with six d electrons, the high-spin (HS, 

paramagnetic) and the low-spin (LS, diamagnetic) electronic states. Under external stimuli, such as 

temperature, pressure, light irradiation, or the inclusion of analytes, the crystal field splitting Δ0 can be 
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modified and the SCO materials can switch between both electronic states. (b) H2bdt ligand drawing. (c) 

1D Fe(II)-tetrazole building block and view of the layer formed from the 1D chains. (d) 3D perspective of 

1. LS Fe is represented in dark blue, HS Fe in orange, N in blue and C in grey. 

Furthermore, the 123 crystal transformation exhibits a dynamic spin-state change 

concomitant with an increment in the anisotropic electrical conductance. The theoretical 

rationalization of experimental results by means of the analysis of the electronic structure in the 

MOF points to a correlation between the spin-state of the iron and the electronic conductivity of 

the 3D structure. In addition, the reversibility of the process (31) is proved by powder X-ray 

diffraction (PXRD). 

EXPERIMENTAL SECTION 

All reagents and solvents were commercially available and used as received. The FeSO4 was 

purchased from Scharlab while the precursors of the H2bdt ligand and the NaSCN were purchase 

from Fluorochem. The H2bdt ligand and the MOFs 1, 2 and 3 were synthesized using a method 

reported in the literature56,59 with modifications (details in the ESI†). FT-IR spectra were recorded 

as neat samples in the range 400-4000 cm-1 on a Bruker Tensor 27 (ATR device) Spectrometer. 

TGA was performed using a TA Instrument TGAQ500 with a ramp of 1 °C min-1 under air from 

303 to 873 K. Optical reflectivity measurements between 288 and 373 K were performed using a 

MOTIC SMZ-171 optical stereoscope coupled with a MOTICAM 3. Images were collected in 

BMP format without any filter using the Motic Images Plus 3.0 software, with the mean value 

from each region of interest (ROI) analyzed under the ImageJ program. The temperature was 

controlled using a Linkam T95 system controller and a LNP 95 Liquid Nitrogen Cooling System. 

NMR spectra were recorded on a Bruker Advance 300 (1H: 400 MHz) spectrometer at 298 K using 
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partially deuterated solvents as internal standards. Elemental analysis (C, H and N) was performed 

on a LECO CHNS-932 Analyzer at the “Servicio Interdepartamental de Investigación (SIdI)” at 

Autónoma University of Madrid. Differential Scanning Calorimetry (DSC) measurements were 

performed in a Setaram DSC-131 calorimeter between 298K and 470 K at a heating rate of 10 

K/min. For this experiment, 1.5 mg of sample were used, and blank runs were performed. Powder 

X-ray diffraction (PXRD) measurements were collected on a Panalytical X’pert MPD 

diffractometer with monochromatic Cu-Kα radiation (λCu = 1.5406 Å) equipped with a capillary 

stage and operating under transmission mode. Solid samples of 1, 3, and 1’ were mounted and 

flame sealed within Pyrex® capillary tubes (Øint = 0.7 mm) prior to PXRD measurements. DC 

electron transport measurements were carried out on single crystals of 1 by a two-probe method 

using a Keithley 2450 SourceMeter under light. Electrical contact to individual 1 crystals are made 

directly via the conducting tips of the electrical probe station. Charge transport is probed along the 

ab plane of the crystals. The length of the crystals and the separation between the tips is typically 

a few hundred micrometers (100-200µm). The temperature was controlled using a Linkam T95 

system with a LNP 95 Liquid Nitrogen Cooling System. AC admittance spectroscopy 

measurements were performed in a Lakeshore Cryogenics (Model PS-100 Tabletop) probe station, 

equipped with a Zurich Instruments MLI500 kHz Lock-in-Amplifier. Measurements were carried 

out with a heating rate of +2 K·min-1 and AC excitation frequency: ω/2π= 10 kHz; AC voltage 

Vac = 100 mV; offset DC bias voltage: V = 1 V). DFT calculations were performed using 

QuantumEspresso.60,61 The structural optimization of 1 and 3 is performed for the bare materials 

without water molecules using the PBE functional in conjunction with the optimized norm-

conserving Vanderbilt pseudopotentials.62 The projected band structure and electronic density of 

states are computed using the PBE+U approach.63 In order to achieve a good description of the 
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electronic structure of Fe (II) complexes using the Hubbard U method,64,65 we have parametrized 

U for all the atoms of the primitive cell in order to mimic the density of states obtained using the 

well-behaved Heyd–Scuseria–Ernzerhof (HSE) exchange-correlation functional functional.66,67 

Additional technical details regarding the calculations and the comparison of PBE+U with other 

functionals are reported in the ESI†. 

RESULTS AND DISCUSSION 

Magneto-structural temperature-induced transformation of [Fe2(H0.67bdt)3]·9H2O (1)  

Orange hexagonal single crystals of 1 were obtained by slightly modifying the method reported 

by Dan Li et al.56 (see Figure 1 and ESI† for further details). Single crystal X-ray diffraction 

analysis at 300 K reveals that compound 1 presents an incommensurate modulated structure, with 

superstructure reflections appearing in the c-direction. The fundamental reflections correspond to 

a hexagonal unit cell a, b = 22.59(3) Å, c = 7.46(3) Å, as seen in Table S1†, while the 

superstructure reflections can be indexed by multiplying the c-axis of the basic cell by a factor of 

ca. 4. The modulated structure is most probably due to a positional disorder of the tetrazole ligands 

propagating along the c-direction. To avoid the complexity of such description and to facilitate 

comparison, we described an average structure in the basic unit cell, keeping only the fundamental 

reflections and modelling the actual position of the tetrazole by a disorder of the molecule in three 

positions. This basic structure can be described in the trigonal space group R3. 

The asymmetric unit contains two crystallographic independent Fe(II) metal centers and three 

H2bdt ligands (details of the structure solution and refinement are summarized in Table S2†). Both 

iron metal centers show an octahedral environment in which they are coordinated to six nitrogen 

atoms belonging to six different H2bdt ligands defining {Fe-(tetrazolate)}n chains. The average 
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Fe-N bond lengths are Fe1-N1: 1.972 Å and Fe2-N2: 2.182 Å (Table S3†), i.e. Fe1 is in the range 

of low spin-state while Fe2 is in the high spin-state.68 The three-dimensional structure is expanded 

along the c axis, where one-dimensional Fe-tetrazole chains are linked by 2,3-bridging tetrazole 

of three different H2bdt ligands (Figure 1c).56,57 The octahedral sequential orientation gives rise 

to an overall zig-zag distribution along the c-axis (Figure S5†). The cell parameters were 

monitored to follow the evolution of the crystalline structure of 1 with temperature. As can be 

noticed, the structure evolves with temperature, with two very noticeable changes mainly in the 

periodicity along c as deduced from the superstructure reflections. The first change occurs around 

320-330 K and the second one above 380 K (Figure 2). A crystallographic study was performed 

at three specific temperatures, i.e. before the first abrupt change in the periodicity along c, at 300 

K (1), right before the second notable change, at 353 K (2), and after the last change at 420 K (3) 

(Figure 3a and ESI†). 

 

Figure 2. Evolution of the cell parameters with the temperature. The data extracted from SCXRD is given 

in Table S1† 
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Single crystal X-ray diffraction analyses reveal that 2 and 3 crystallize in the trigonal space 

groups R3m and R3m, respectively. Similarly to 1, phases 2 and 3 contain two independent Fe(II) 

centers octahedrally coordinated to six H2bdt ligands. However, in 2, a decrease in the metal-donor 

bond lengths is observed (Fe1-N: 1.926 Å, Fe2-N: 1.995 Å, see Figure 3a and Table S3†). These 

Fe-N distances correspond to both Fe(II) atoms in the LS state.69 The spin transition from HS to 

LS in the Fe(II) centers occurs concomitantly with the loss of water molecules as the temperature 

is increased (see SI† for further details). In 3, the Fe-N distances are reduced even further, in 

accordance with both Fe(II) metal centers in the LS state (Fe1-N1: 1.912 Å, Fe2-N2: 1.975 Å). 

Regarding the distances between the metal centers, a decrease is observed as the temperature 

increases. The Fe1-Fe2 distances are 3.732 Å, 3.588 Å and 3.540 Å along the c axis and 13.103 

Å, 12.883 Å and 12.856 Å in the plane ab, respectively for 1, 2 and 3 (Figure S6†). 

 



 11 

Figure 3. (a) Crystal structures of 1, 2 and 3, where LS Fe is represented in dark blue, HS Fe in orange, 

N in blue and C in grey. The disorder of the tetrazole molecules and H atoms have been omitted for clarity. 

Fe-N distances are given in Å. The reversibility methodology from 3 to 1 is explained in detail in the SI. 

(b) Optical images of 1 at room temperature, 2 after heating up to 353 K and 3 to at 423 K and subsequent 

change of color and length (in mm) in plane ab (d1 and d2) and in the c axis (d3). 

Spin crossover materials are quite sensitive to the presence/absence of guest molecules,70 like 

water.28,71 A thermogravimetric analysis (TGA) was performed from room temperature up to 873 

K (see Figure S7†). A first weight loss begins at around 305 K and ends at 350 K (10.14 %) 

suggesting the loss of five water molecules which gives rise to [Fe2(H0.67bdt)3]·4H2O (2). A second 

change in the slope around 350 K and 423 K (3.57 %) fits with the release of two additional water 

molecules, coinciding with the novel formulation [Fe2(H0.67bdt)3]·2H2O (3). 

Following the 123 transformation 

The SCO switch suggested by the change in the Fe-N distances was confirmed by measuring the 

magnetic susceptibility, χM, of the crystals in the 10 K to 375 K temperature range, which is 

covering the 1 and 2 phases of the crystal (Figure 4a). At room temperature, the χMT value is 3.18 

cm3 K mol-1 , a value in agreement with two independent Fe(II) sites, one in HS state and the other 

in LS state. Upon cooling 1 to 20 K, the χMT value decreases attaining a value of 2.3 cm3 K mol-1, 

corresponding to the transition of approximately 30 % of the Fe(II) ions in HS state into LS, with 

a transition temperature T1/2 of 125 K.56,57 Upon heating the sample back to room temperature, the 

magnetic susceptibility reaches the starting χMT value of 3.18 cm3 K mol-1. Interestingly, when 1 

is heated up to 353 K and therefore to the 2 crystalline phase, χMT decreases abruptly to reach 1.89 

cm3 K mol-1 which is consistent with 70 % of the Fe(II) ions being in the LS state (Figure 3a). 

The maximum temperature that could be reached in the SQUID magnetometer used for this 
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measurement was 375 K, at which a value of 1.33 cm3 K mol-1 was obtained. This corresponds to 

80 % of the metal centres in the LS. Based on values of Fe-N distances obtained in SCXRD (Table 

S3†) and this trend of decreasing χMT with temperature, everything indicates that at 423 K (3) all 

Fe(II) ions are in LS at 423K (3). 

The spin transition in the crystals is accompanied by a clear color change of the material from 

orange to dark blue (Figure 3b). To obtain additional information on the variation of this optical 

property with temperature, optical reflectivity measurements were performed. The optical 

reflectivity (O.R.) of an orange crystal of 1 measured while heating it from 298 K to 480 K is 

shown in Figure S8†. Initially, as the temperature increases, the O.R. decreases progressively 

mirrored by a darkening of the crystal. When the temperature reaches 340 K, the crystal turns to a 

dark blue color until 370 K. In addition to the color change, a volume variation in the crystals can 

be seen as the temperature increases. Thereby, three different distances i.e. d1 and d2 in the ab 

plane and d3 coincident with the c axis were measured in five crystals (Figure S10†). The data 

obtained, compiled in Table S4†, allowed us to calculate the percentage of reduction (%) in the 

three distances with increasing temperature when going from 1 to 3 by increasing the temperature, 

obtaining that the crystals size decreases an average of 6.2 ± 0.3 % in d1, 7.2 ± 0.4 % in d2 and 3.8 

± 0.8 % in d3. Therefore, the relative crystal volume reduction, assuming that the crystals are 

regular hexagonal prisms, is 15.8 ± 0.9 % (Figure S11†). 

Water molecules are therefore clearly evacuated from the pores of the three-dimensional lattice 

with increasing temperature. A control test was carried out to establish whether the undergoing 

spin transition is induced by temperature or by the loss of water molecules. Thus, some crystals of 

1 were immersed in oil and others were left in the air. The temperature was gradually increased, 

and it was observed that the color change of the crystals in air occurred at much lower temperature 
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(323 K) than in the crystals immersed in oil (348 K) (Figure S9†), confirming the direct link 

between the loss of water molecules and the spin transition. This could be related with the mobility 

of the aromatic rings in the structure which is higher as the hindrance provided by the water 

molecules is removed. A similar mechanism was previously observed in other porous SCO 

compounds.72 

 

Figure 4. (a) Differential scanning calorimetry between 298 K and 480 K. (b) Temperature dependence 

of XMT. (c) Zoom of the DSC and XMT plot between 300 and 375 K. 

To obtain further evidence of the two magneto-structural transitions in 1, differential scanning 

calorimetry (DSC) measurements were performed between 293 K and 473 K. Two endothermic 
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peaks, i.e. the crystal absorbs energy, can be observed during the heating process (Figure 4b). The 

first one is centered around 337 K and is consistent with the structural changes and the first 

magnetic transition described (Figure 4c). In addition, a second endothermic peak is observed 

around 383 K in agreement with a second abrupt change in the periodicity along the cell 

parameters. 

Reversibility 

Powder X-ray diffraction (PXRD) measurements of the hydrated (1), dehydrated (3) and 

rehydrated (1’) forms were carried out to study the reversibility of the process. The results are 

shown in Figure S12†. The patterns obtained from polycrystals 1 and 3 are in excellent agreement 

with the simulated single-crystal diffractograms.  

Sample 1 was heated for 12 hours at 423 K under vacuum to ensure that H2O molecules were 

completely desorbed from the material. The PXRD was then performed. The first observation is 

that the pattern collected is different from the previously collected for 1. The appearance/shift of 

the peaks suggests a new crystalline phase associated with the evacuation of H2O molecules. 

Comparison of this pattern with that simulated for single crystal of 3 confirms that they are in the 

same crystallographic phase. Afterwards, 3 was immersed in H2O for 6 hours giving rise to the 

rehydrated form, named 1’. The diffractogram suggests that 1’ is the same as 1, in agreement with 

the reversibility of the process.  

Electron transport measurements of 123 

Based on the previously reported high conductivity of an isostructural MOF,13 charge transport 

across individual crystals of 1 was explored to understand the impact that the sharp structural and 
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magnetic transformation in the MOF may have on its electronic properties. Thereby, the electrical 

current (I) was measured by making direct contact with individual crystals in an electrical probe 

station, as shown in Figure 5a. The crystal color evolution with temperature is consistent with that 

observed in the reflectivity measurements, confirming that the structural transitions are preserved 

in this setup throughout high electrical fields in the charge transport measurements. 

Figure 5b shows the current-voltage (IV) characteristics measured on a single crystal between 

298 K and 423 K. The tips of the probes are connected to the lateral facets of the hexagons so that 

charge transport is mainly probed along the ab crystallographic plane (see Figure 1a). The current 

shows a non-linear, asymmetric dependence with bias, probably indicating the presence of 

Schottky barriers at the interface between electrodes and the material and/or between grain 

boundaries in the crystal. 

The main IV characteristics are roughly reproducible in all the measured crystals (example 

shown in Figure S14†). Remarkably, the current monotonously increases from around 10-10 A at 

room temperature to 10-8 A at 423 K, i.e. two orders of magnitude difference. The conductivity at 

the highest temperatures reaches σ = (6.1 ± 0.2)·10-8 S cm-1 (Figure S15† and Table S6†). This 

value is comparable to those found in the literature for other Fe-based MOFs at room temperature15 

and larger than those found in other metal MOFs.3 Note that the complex crystal shape together 

with its continuous change in volume makes it difficult to estimate its effective dimensions (see 

Table S4†). This high-conductance can be expected for Fe-MOFs linked by tetrazolates, where 

the azolate tends to promote electronic coupling between the metals and the organic framework.3,13 

In addition, the H2bdt bridge linking different chains is conjugated, contributing to the 

delocalization and mobility of the electrons. A similar increment of the current with temperature 

is observed when I is measured at a fixed bias voltage (V = 4 V), as seen in Figure 5c. The current 
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grows exponentially with temperature, indicative of thermally activated transport across the 

crystal. Interestingly, three distinct regions can be roughly distinguished in temperature that could 

correspond to the three magneto-structural metastable states described for this MOF. 

 

Figure 5. (a) Optical images of a single crystal trapped between the conducting tips of an electrical probe 

station. The numbers indicate the different crystal states shown in Figure 2. (b) Current-voltage IV 

characteristics measured on a single crystal at different temperatures. (c) I measured as a function of T at a 

fixed V = 4 V. Three different regions (marked 1, 2 and 3) can be observed at temperatures consistent with 
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the magneto-structural transitions. (d) Arrhenius plot of the measurement in (c). The vertical lines mark the 

structural transitions observed in the DSC (blue dotted lines) and in the X-ray diffraction (red solid lines) 

experiments. The green lines are fits to an Arrhenius law with activation energy barriers: 220 meV, 33 meV, 

146 meV and 219 meV from low to high temperatures. The red dots represent the inverse lattice parameters 

a, b as a function of the temperature. (e) Current-voltage IV characteristic measured at room temperature in 

1 and the same crystal after ramping up to 423 K (transformation to 3) and cooling down back to room 

temperature. The larger conductance in 3 is preserved even at room temperature. 

Figure 5d shows the Arrhenius plot of the same measurement. The vertical lines mark the 

structural transitions observed in the DSC and magnetic measurements (blue dotted lines) and in 

the X-ray diffraction (red solid lines) experiments. The distinct temperature regions are clearly 

observed and approximately fit between the structural transitions. The solid green lines are fits to 

an Arrhenius law in the corresponding temperature ranges. The activation energies (Ea) obtained 

from the fits are 220 meV, 33 meV, 146 meV and 219 meV from low to high temperature 

respectively. These values are in line with those reported in literature for highly conducting 

MOFs.15,58  

The switch in the activation energy seems therefore intrinsically related to the magneto-

structural changes in the crystal. This scenario is reinforced by directly comparing I with the 

change in the a, b lattice parameters with temperature (red dots in Figure 5d). Current and lattice 

parameters (directly connected to the SCO transition and the spin-state) qualitatively follow the 

same trend with temperature. Interestingly, in spite of some controversy in the field, many reports 

in literature show that SCO crystals in their LS state are more conducting that in the HS state,4 

although this may be very sensitive to the local environment at the nanoscale.73 It seems therefore 

that the SCO transition could be behind the sharp reduction of Ea (from 220 meV to 33 meV at 
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around 330 K), observed in Figure 5d. The subsequent increment in Ea could be associated with 

the second structural transition and the progressive change in the lattice parameters. This scenario 

is further supported by impedance spectroscopy measurements shown in Figure S17†, that in 

addition show the high-quality crystallinity of the samples, in all temperature range (from 1 to 3). 

Remarkably, the increment in the conductance observed in 3 is preserved when cooling down the 

crystal back at room temperature, as seen in Figure 5e. This result suggests that the increment in 

conductance is linked to the spin transition, only reversible by introducing water back in the MOF. 

Finally, to probe the directionality of the conductivity in the crystal, additional electron transport 

measurements were carried out along the c-axis direction, that is, along the 1D Fe(II)-tetrazole 

chains (see Figure 1c) for sample 1. Figure S16† shows the IV characteristics measured on the 

same crystal along the c-axis and in the ab plane. The current measured along the c-axis is 1-2 

orders of magnitude lower than that measured in the ab plane. The conductance through the 

crystals seems to be highly anisotropic. This result is roughly reproducible in all the measured 

crystals. Addi 
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Figure 6. (a) Resistance R and (b) reactance X components of the complex impedance Z* measured as 

a function of the frequency and at different temperatures. The inset shows the equivalent electric circuit 

describing bulk (Rb, Cb), grain boundaries (Rgb, Cgb) contributions and contacts to the probes (Rp). (c) 

Nyquist representation of Z*. The solid lines are simulations of X and R using the equivalent circuit shown 

in (a). The green arrow marks the semicircle corresponding to the grain boundaries contribution. (d) Rb 

obtained from the fit to the Nyquist plots. Rb decreases with increasing temperature and qualitative follows 

the drop in the a, b lattice parameters. 

AC impedance spectroscopy has been performed at different temperatures to gain a deeper 

insight into the different mechanisms (grain size, dielectric properties, grain boundaries, etc.) 
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contributing to charge transport. The AC measurements are focused on the ab plane that presents 

the highest conductance. 

Figure 6a,b show the real (resistance, R) and imaginary (reactance, X) components of the 

complex impedance Z* measured in a 1 single crystal as a function of the frequency (5 Hz < ω/2π 

< 510 kHz) at different temperatures. The frequency dependence of X and R is indicative of 

capacitive effects in the sample, related either with its dielectric properties or with grain 

boundaries. Figure 6c shows the corresponding Nyquist representation of Z* for high temperatures 

(See Figure S17† for the full plot and Figure S19† for the Debye relaxation time, τ, versus 

temperature, T). A large full semicircle appears accompanied by a significantly smaller semicircle 

overlapping at low frequencies (marked by the green arrow). This frequency response is typical 

for MOFs and other polycrystalline semiconductors.74–76 The double semicircle can be modeled 

with an equivalent circuit made by two parallel RC circuits connected in series (inset in Figure 

6a) accounting for two contributions to transport: the crystal grain or bulk (Rb, Cb) and the grain 

boundaries (Rgb, Cgb). An additional resistance Rp accounts for the contacts to the probes. Note that 

the main semicircle presents a nearly constant radius with no significant depression in the vertical 

axis. This is an indication of a Debye-like single conduction mechanism with a single relaxation 

rate, pointing to a high-quality crystallinity of the samples. Importantly, this single relaxation mode 

is essentially maintained after heating the samples over the structural transitions and up to 423 K. 

The crystallinity is preserved as observed in the single crystal X-ray diffraction experiments. 

The solid lines in Figure 6c are fits to R and X obtained with the equivalent circuit shown in the 

inset on Figure 6a (See SI for the mathematical description of the model). Figure 6d shows the 

bulk resistance Rb as a function of the temperature obtained from the corresponding fits. Rb 

decreases with increasing temperature and qualitatively reproduces the drop in the a,b lattice 
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parameters length (red dots in Figure 6d). On the other hand, the bulk capacitance Cb remains 

approximately constant with temperature. A similar drop in resistance is observed for the grain 

boundaries (Figure S18†). Note however that the semicircle corresponding to the grain boundaries 

is almost completely overshadowed by the large one corresponding to the bulk. Therefore, the 

large uncertainty to obtain Rgb and Cgb, precludes us from establishing conclusions with respect to 

the grain boundaries. The change in conductance seems driven by a variation in the resistive 

properties of the crystal grain and not by changes in the dielectric properties. This trend is 

consistent with the intrinsic variation (contraction) of the lattice parameters with increasing 

temperature.  

Electronic structure of 1 and 3 

To gain knowledge about the experimental anisotropic conductivity and to rationalize the 

conductivity behavior of the different crystalline magneto-structural phases, density-functional 

theory (DFT) calculations were performed for 1 and 3. In both cases, the calculations were 

performed using the periodic three-dimensional structure (see ESI† for further details) optimized 

starting from the experimental atomic coordinates. The projected band structure, the projected 

density of states and the plot of the valence band maximum (VBM) are reported in Figure 7. 

For 3, the valence band maximum (VBM) exhibits Fe character while the conduction band 

minimum (CBM) is mostly localized on the ligands as shown in the projected band structure and 

projected density of states in Figure 7a. In accordance with the ligand field splitting diagram, the 

VBM consists of a d-π* hybridized band between Fe and the whole π* state of the ligand. This 

band exhibits an on-plane character and spatially localizes along the c-axis (Figure 7c). 

Specifically, each Fe atom hybridizes with two ligands along the same direction in the ab plane 
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and every ligand hybridizes with two Fe atoms on each side (Figure S22†). The CBM and the 

CBM+1 are mostly localized on the ligands with a marginal contribution from the Fe atoms. These 

rather flat bands shown in Figure 7a are localized each along one specific direction. 

The scenario is substantially modified in 1. The VBM is a spin down state localized only on the 

HS Fe centers which exhibits negligible overlap with neighboring ligands and consequently 

negligible band dispersion as shown in Figure 7b, 7d, and Figure S26†. The lower bands found 

at similar energy for spin up and spin down consist of d-π* hybridized states similar to the VBM 

of 3, i.e. they localize on Fe and ligands along one specific direction within the ab plane. But 

because in this case they extend only on LS Fe, the hybridization along the c-direction occurs in a 

stepwise way as shown in Figure 7d. The four unoccupied bands at around 1.7 eV consist of π 

states of the ligand with marginal contribution from the Fe, similar to 3. 

To summarize, in 3, the VBM is a Fe-ligand hybridized state that runs across the ab plane and 

connects all ligands along the c direction through two concomitant Fe atoms. In 1, the Fe-ligand 

hybridization occurs through the same plane but the “on plane” character is lost since only the LS 

state iron participates in the hybridization, thus preventing a direct channel across the c direction. 

This scenario supports the higher conductance in the ab plane in 1 where the charge carriers can 

find a percolative path across the ab plane, in contrast with the c-axis direction. In addition, the 

analysis of the frontier bands suggests a more efficient channel for electron transport in 3 that 

would support a lowering of the activation barrier when switching from HS to LS with temperature. 

In addition, the presence of water in the unit cell of 3 negligibly affects the electronic structure 

near the Fermi level, as shown in Figure S26†. This result, together with the analysis of the spatial 

localization of the electronic bands in 1 and 3, reinforces the idea that the modulation of the 

conducting properties here presented are associated to a change in the spin state of the MOF. 
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Figure 7. (a) Projected band structure and projected density of states computed using PBE+U for 3. The 

size of the blue circles in the band structure indicates the magnitude of the weight of the Fe-d character at 

each k-point. (b) Projected band structure and projected density of states computed using PBE+U for 1. The 

size of the blue and orange circles in the band structure indicates the magnitude of the weight of the Fe-d 

character for the spin down and spin up channels, respectively, at each k-point.(c)Side view of the optimized 

structure and isosurface of the wavefunction corresponding to the valence band maximum (VBM) at the Г 

point. (d) Optimized structure and isosurface of the wavefunction corresponding to the VBM-1 at the Г 

point. Purple and orange circles in (c) and (d) indicate the position of the LS and HS Fe(II) ions respectively. 



 24 

CONCLUSION 

This work shows a detailed study of the physicochemical, electrical, magnetic and structural 

properties of a MOF that undergoes a reversible spin transition with temperature and concomitant 

loss of its host water molecules. Throughout the study, a structure-property correlation was carried 

out, which is fundamental for understanding the intrinsic properties of this material. In particular, 

a detailed single crystal to single crystal study in temperature was performed. The physico-

chemical study showed that the sharp temperature-induced structural transitions in the crystals are 

accompanied by a change in colour (from orange to dark blue), volume (15 %) and magnetism 

(from paramagnetic to diamagnetic). These properties are restored when the porous material 

returns to its original composition, i.e. by incorporating water molecules in a controlled manner, 

in agreement with a reversible behavior.  

In addition, electrical transport measurements through single crystals shows a modulation of the 

current at the temperature-induced spin transition, being the LS state more conducting than the HS 

state. Besides the conductance is highly anisotropic with respect to the axes of the crystal. To 

understand this result, a DFT study was carried out, which agrees with the idea that the diamagnetic 

iron spin state (LS) enhances electron transport in the 3D material (Figure 8). The investigation 

presented here provides a new scenario for the design and development of multifunctional 3D 

structures based on conductive molecules. 
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Figure 8. Schematic illustration of the proposed current path inside the SCO MOF for 1 (HS/LS) and 

3(LS/LS).  
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