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SUMMARY 

Bistable molecules represent a potential miniaturization limit for 
high-density information technologies. However, molecules exhibit 
memory effect typically at very low temperatures. This is the case of 
spin crossover (SCO) complexes, where the concept of a molecular 
memory has not been considered, due to the fast spin-state 
interconversion of all previous systems. Breaking this principle, here 
we report a slow relaxation process found in a SCO iron-triazole 
polyanionic complex. Multiple experimental evidences confirm the 
opening of a thermal hysteresis upon solid dilution and even in liquid 
solution. Density functional Theory (DFT) calculations assign the 
origin of this unexpected phenomenon to the appearance of an 
energy barrier that slows down the spin-state relaxation processes 
at the molecular level. These results show how SCO molecules may 
store information at room temperature, opening unique 
opportunities for molecular data storage. 

Keywords: spin crossover, molecular memory, thermal hysteresis, DFT calculations, 
iron. 

INTRODUCTION 
Spin crossover materials are switchable transition metal complexes where the high 
spin (HS) and low spin (LS) states can be reversibly interconverted by external stimuli 
(temperature, light, pressure, magnetic field, etc.).1-3 In the solid state these 

The bigger picture 
Single molecules are the 
smallest processable units 
for information storage and 
sensing. However, molecular 
phenomena is typically 
limited to very low 
temperatures. Thermal 
energy is able to depopulate 
(erase) the excited state back 
to the ground state. Spin 
crossover (SCO) molecules 
are an exception to this rule, 
showing memory effect 
above room temperature, 
but only when the electronic 
switchability is associated to 
a bulk phase transition. This 
synergy has its origin in the 
cooperativity among SCO 
molecules in the crystal, 
disappearing in diluted 
samples. We have found a 
surprising exception to this 
model: a polyanionic iron 
complex able to show 
memory effect even upon 
dilution. Our results 
demonstrate that molecular 
species can exhibit thermal 
hysteresis if intramolecular 
interactions are able to slow 
down the relaxation 
processes at the single 
molecule level. Our findings 
open unprecedented 
opportunities for single-
molecule memories at (and 
above) room temperature. 



	
	
complexes can show a thermal hysteresis loop, conferring a memory effect to the 
material – even at and above room temperature – as a result of cooperative 
intermolecular interactions (mainly of elastic origin) among a large ensemble of 
molecules.4-11 
Several alternatives have been proposed to exploit SCO bistability at the nanoscale. 
SCO nanoparticles have shown to retain hysteresis down to a few nanometers. This 
miniaturization affects the temperature and width of the hysteresis cycle,12-29 as 
confirmed by spatially resolved microscopy,30-32 and by single-particle transport 
measurements.33-42 Sensing applications were also investigated.43 
Another strategy to achieve bistability in SCO molecules deals with the incorporation 
of bistable ligands, in the so-called “ligand driven spin state switching”. In these cases, 
the isomerization of the ligands, typically induced by light, indirectly triggers the spin 
conversion.44–47 This approach allows for memory effect at the molecular level due to 
electronic/ligand re-organization. However, the reversible photoswitching through 
ligand-driven effects is mostly limited to the liquid phase, though a few promising 
exceptions exist.48–52  

The discovery of the light-induced excited spin state trapping (LIESST) effect in the 
1980s generated great expectations for information storage and processing in SCO 
molecules.53–57 However, this phenomenon is basically limited to cryogenic 
temperatures due to the small intramolecular barrier for the spin-state interconversion. 
This situation is similar to that of single-molecule magnets, struggling with low 
blocking temperatures.58,59 
Here we demonstrate how a polyanionic iron trinuclear complex bridged by 
polysulphonated 1,2,4-triazole derivatives (Figure 1) exhibits memory effect upon 
dilution in a diamagnetic matrix, and even in liquid solution. These observations are 
unique for SCO materials, since thermal hysteresis was always attributed to 
cooperative effects arising from lattice interactions in the solid. In the absence of 
cooperativity, the memory effect in this system appears to have a pronounced 
molecular character, dominated by single-molecule events: intramolecular and/or 
supramolecular (with solvent molecules and surroundings). The twelve negatively 
charged sulfonate groups dominate and limit molecular dynamics. The LS⟺HS 
transitions with the different Fe–N bonding distances in each spin state configurations 
will require the corresponding reorganization of these anionic groups, with the 
surrounding cations and solvent molecules. These steric effects open an activation 
barrier resulting in extremely slow spin-state interconversion: several hours at room 
temperature. 
 
RESULTS AND DISCUSSION 
Magnetic solid dilutions  
The [Fe3(µ-L)6(H2O)6]6– polyanion (Fe3, L = 4-(1,2,4-triazol-4-yl)ethanedisulfonate)60 was 
diluted with its diamagnetic, isomorphous ZnII analogue (Zn3), given that their crystal 
structures with (Me2NH2)+ cations are isostructural (Table S1 and Figure S1). The 
dilution series (Me2NH2)6[Zn3(µ-L)6(H2O)6](1–x)[Fe3(µ-L)6(H2O)6]x (x = 1.00, 0.60, 0.40, 0.20 
and 0.05) was obtained by fast precipitation of the corresponding mixed solutions of 
the two pure salts in the desired ratio (Methods sections and Table S2). ESEM-EDX 
mapping of the solid solutions showed homogeneous distribution of Fe and Zn (Table 
S3 and Figure S2). The absence of local phase separation was further confirmed by 
X-ray powder diffractograms (Figure S3) and their corresponding refined cell 
parameters (Figure S4 and S5). All plots are well fitted with the crystallographic data 
from the Zn3 single crystal solution. Interestingly, these materials show a slight 
contraction of the unit cell that corresponds to ≈3% for Zn3 and ≈ 4% for 5%Fe3 
(Tables S6-S7). No evidence of metal scrambling was detected in these solid dilutions 
by mass spectrometry and solution UV-Vis measurements during our fast precipitation 



	
	
method (Figure S6 and S7). Thus, we can assume that the Fe3 and Zn3 trimers are the 
major polyanionic components of these solid solutions.  

A                     B 

	
	

Figure 1. Molecular structure of the polyanionic FeII complex [Fe3(µ-L)6(H2O)6]6–(A) Scheme of the [Fe3(µ-L)6(H2O)6]6– (L = 4-
(1,2,4-triazol-4-yl)ethanedisulfonate) polyanion. (B) Molecular structure of the [Fe3(µ-L)6(H2O)6]6– complex. 
 
Magnetic susceptibility measurements were performed as a function of temperature. 
In the 2–300 K range, all samples show a typical paramagnetic behavior (Figure S8). 
At room temperature, the χmT value for Fe3 is 6.5 cm3mol–1K, consistent with a HS-LS-
HS configuration in the FeII trimers (spin-only χmT = 6.0 cm3mol–1K).60 The central FeII 
position remains in the LS state due to the strong ligand field imposed by the FeN6 
coordination to six triazole ligands. The terminal Fe positions remain in HS state down 
to 2 K, because three weak ligand field water molecules complete their coordination 
sphere. In the dilution series, the χmT values at room temperature are in good 
agreement with the corresponding Fe3 content (Table S4). 
Upon heating over room temperature, at very slow scan rates (0.3 K min–1) to avoid 
fast-scan artifacts,61 the χmT product increases above 350 K corresponding to a 
gradual LS→HS transition on the central Fe, slowly reaching saturation after ≈ 8 hours 
at 400 K (Figure S9). The saturation values are consistent with a complete spin 
transition of the central FeII ion resulting in a HS-HS-HS trimer. It is worthy to mention 
that these solid solutions are thermally stable up to ≈ 500 K, as confirmed by 
thermogravimetric analyses (Figure S10). Thus, up to 400 K they only suffer 
dehydration (all magnetic measurements were performed with open capsules to 
avoid re-hydration processes). When the temperature is decreased, a thermal 
hysteresis appears. The HS-HS-HS state starts to be depopulated below ≈ 300 K, with 
a strong dependence on scan rate. For an easier comparison, the hysteresis cycles in 
Figure 2a are represented per mol of Fe3, showing how dilution does not affect the 
width of the hysteresis cycle (Table S5 and Figure S11a). Main SCO parameters remain 
consistent within experimental error down to the highly diluted 5%-Fe3 sample with a 
88 ± 6 K hysteresis width, T1/2↑= 380 ± 5 K and T1/2↓= 292 ± 6 K. Successive thermal 
cycles offer consistent magnetic behavior, discarding any contribution of a 
dehydration process to the magnetic measurements (Figure S11b). 
According to common elastic models for spin crossover systems, the Fe3 thermal 
hysteresis should eventually disappear upon dilution in the Zn3 matrix. The bistability 
correlates with long-range cooperativity between SCO centers in the solid.62–65 In 
addition, the spin transition temperatures should downshift due to the destabilization 
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of the smaller LS FeII moieties, given that the ionic radius of FeII in the HS state and 
ZnII are nearly the same.66 None of these expectations match the experimental data. 

A 
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Figure 2. Spin crossover behavior of Fe3/Zn3 solid dilutions. 
(A) Variable temperature magnetic data for the series (Me2NH2)6[Zn3(µ-L)6(H2O)6](1–x)[Fe3(µ-L)6(H2O)6]x (x = 1.00, 0.60, 0.40, 0.20 
and 0.05). Arrows indicate scan direction. 
(B) Temperature dependence of the χmT product for (Me2NH2)6[Zn3(µ-L)6(H2O)6]0.95[Fe3(µ-L)6(H2O)6]0.05 at different scan rates 
showing the trapping of metastable HS state when cooling down at >1 K min–1. 
(C) Determination of the TTIESST from the heating branch (0.3 K min–1) of the trapped HS state as cooled down at 10 K min–1. For 
easier comparison, magnetic data is represented per mol of FeII trimer. 
 
We studied in detail these kinetic effects in the (Me2NH2)6[Zn3(µ-L)6(H2O)6](1–x)[Fe3(µ-
L)6(H2O)6]x (x = 0.05, 5%Fe3) solid solution (Figure 2b). While the heating branch shows 
almost identical behavior with scan rate, the cooling branch is highly scan-rate 
dependent, with the appearance of a trapping process at > 0.3 K min–1. When the 
cooling scan rates are higher, the system cannot relax to the HS-LS-HS ground state 
and is trapped in its excited HS-HS-HS configuration, in a so-called “temperature-
induced excited spin state trapping“ (TIESST).67 Over 40% of the HS-HS-HS species 
is quenched at a 2 K min–1 cooling rate, and > 90% is quenched at 10 K min–1. Once 
the metastable state is trapped, the ground state can only be recovered by warming 
the sample above 250 K, which coincides with the estimated “TIESST temperature” 
(Figure 2c). This TTIESST is similar in all dilutions to the bulk value (Figure S12). The 
relaxation curves of the trapped metastable HS-HS-HS state follow an exponential 
function below TTIESST, and a stretched exponential function above TTIESST (Figure S13a 
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and Equations S4 and S5). Both behaviors are typical for a non-cooperative system. 
The activation energy of the relaxation process has been estimated from the 
Arrhenius equation (Figure S13b and Equation S6) as Ea = 2015 ± 140 cm–1 (≈ 2900 K 
≈ 5.8 kcal mol–1). Remarkably, the relaxation process above 250 K becomes 
temperature-independent, as observed also in the pure compound Fe3. 
To rule out the participation of a crystallographic phase transition in the thermal 
hysteresis, we also investigated the structural evolution upon heating. We collected 
powder X-ray diffraction (PXRD) patterns for Zn3 and 5%Fe3 as a function of 
temperature in vacuum to mimic the SQUID sample space conditions. Upon heating 
the samples from 298 K to 400 K, both compounds lose crystallinity with few broad 
peaks remaining at 400 K (Figure S14). No changes to the position or width of these 
peaks occur after cooling the samples back to room temperature (Figures S14) and 
these consistent spectra are maintained after successive cycles. Once these samples 
are left open to air at room temperature, the initial crystallinity is recovered. This 
confirms the molecular stability of the samples during these treatments (Figures S15). 
We also collected calorimetry data. In all cases we found that successive cycles are 
featureless after the initial heating ramp which is dominated by the dehydration 
process (Figure S16). All these data support again that no phase transition is taking 
place in the temperature range where the SCO thermal hysteresis is observed. 
Thermal hysteresis in liquid solutions 
As to further confirm the molecular origin of the observed memory effect, we decided 
to carry out experiments in liquid solution. The existence of the intact trimer in 
solution was supported by negative electrospray ionization mass spectroscopy. The 
mass spectra of an aqueous solution of Fe3 showed an abundant peak at m/z = 
1768.55 that is assigned to {[Fe3L6](Na3H2)}– species (Figure S17).  
The UV-vis absorption spectra for complex Fe3 (4 mM) dissolved in a water/ethylene 
glycol mixture shows a significant temperature-dependence in the absorbance 
around 320 nm (Figure S18). The Fe3 LS fraction can be directly related to the 
absorption intensity of this UV peak, since it is bleached at 293 K, suggesting that all 
FeII centers are HS at this temperature. Upon cooling to 243 K the absorption 
significantly increases, which denotes a conversion from the HS-HS-HS to the HS-LS-
HS state. The heating process is quite abrupt, with a T1/2↑ = 270 K, whereas the 
cooling presents a more gradual character with a T1/2↓ = 256 K, thus opening a 14 K 
wide hysteresis. Both branches converge above 273 K closing the hysteresis loop and 
evidencing a complete and reversible spin state switching. This unexpected thermal 
hysteresis in liquid solution is reproducible with consistent parameters, as it appears 
to be scan rate independent in our accessible experimental range (Figure 3a, Figure 
S19). The relaxation process inside the hysteresis cycle is very slow, excluding the 
appearance of an experimental artefact related merely to slow thermalization. At T = 
260 K, the Fe3 solution keeps a distinct spin state memory for over two hours (Figure 
3b). No thermal effect was observed in the absorption spectra of analogous Zn3 
solutions (Figure S7e), thus we can discard a solvation effect participating on the 
hysteretic behavior of the Fe3 sample.  
We collected solution NMR data in a mixture of D2O/CD3OD for the free ligand, and 
for Zn3 (Figure S20). The diamagnetic nature of Zn analogue allowed us to obtain 2D 
DOSY data (Figure S21a) that confirmed its symmetry and the absence of free ligand 
in solution. As expected, the NMR data for the Fe trimer at room temperature showed 
a much more complex spectroscopic scenario, due to the presence of paramagnetic 
species. We found a highly deshielded set of 1H signals with broad peaks around 23, 
14 and 13 ppm. The paramagnetic nature of Fe3 hampered the collection of 2D DOSY 
data, resulting in very weak and broad signals (Figure S21b). In this case, the absence 
of free ligand in solution and of Zn/Fe metal scrambling were confirmed by 
comparative NMR spectra (Figure S22).  



	
	
Next, we analyzed the behavior of [Fe3(µ-L)6(H2O)6]6– in D2O/CD3OD solution as a 
function of temperature. Interestingly, at low temperatures, the intensity of the 
original set of signals decreases concurrently with the appearance of new peaks 
around 8.5, 4.8 and 4.4 ppm. Intuitively, the sharper shape of the new signals, and 
their position at higher magnetic fields allowed us to initially assign them to the HS-
LS-HS trimer (denoted as HLS signals).  
Consequently, the original set of broader signals, predominant at room temperature, 
was assigned to the HS-HS-HS trimer (denoted as HHS signals). The temperature-
dependence between HHS and HLS in the 1H-NMR spectra collected in the 250–300 K 
range (Figure 3c) demonstrates the existence in solution of a reversible, stable and 
dynamic chemical exchange process. Experimental evidence for this reversible 
equilibrium and signal assignments were collected from EXSY experiments (Figure 
S23–27). Any aggregate or nanoparticle formation can be discarded due to the good 
quality of the NMR data obtained, incompatible with the involvement of aggregated 
species in solution. This fact was also corroborated with dynamic light scattering (DLS) 
data, where no signal for species larger than the isolated trimers were found (Figure 
S28-S29). 
As with UV-vis data, we can estimate the concentration of the HS-LS-HS species in 
solution to be proportional to the integral of the HLS signals. The thermal evolution of 
the HS-LS-HS population (see integrals values in Figure S30) shows the appearance 
of a hysteresis, in agreement with the UV-vis data (Figure 3d). These findings support 
that both measurements follow the same equilibrium process between two molecular 
species in solution. It is important to remark that the thermal hysteresis observed in 
the liquid solution of Fe3 is analogous in water/ethylene glycol or water/methanol 
solution (Figure S31), and that the hysteresis observed by NMR is also consistent and 
repeatable in successive cycles (Figure S32–S33). 
To further relate this thermal hysteresis observed in solution to a magnetic spin state 
switching, we carried out two additional magnetic susceptibility measurements. The 
NMR-based Evans method allows to estimate the total magnetic moment of a 
paramagnetic species in solution from the paramagnetic shift provoked in the 
reference solvent chemical shift. The results obtained for a solution of 
(Me2NH2)6[Fe3(µ-L)6(H2O)6] are consistent with a reversible change in the spin state of 
the species in solution (See methods section, Figure 3e and Figure S34). The room 
temperature χmT product of ≈ 9.5 cm3 K mol–1 indicates HS-HS-HS configuration, 
decreasing down to ≈ 6.8 cm3 K mol–1 at 250 K, consistent with a dominant HS-LS-HS 
fraction, as observed in the solid-state data. The appearance of a thermal hysteresis, 
with a maximum width of ≈ 12 K is also evident when comparing the heating and 
cooling branches.  
The magnetic susceptibility data of Fe3 liquid solutions were also recorded with a 
SQUID magnetometer (See Methods section). Despite the diamagnetic background 
of the blank solutions (solvents + glass tubing), and of an analogous Zn3 solution, the 
raw magnetization data confirms the appearance of a thermal hysteresis in the 
magnetic susceptibility (Figure 3f), that does not appear in any of the blanks (Figure 
S35). The cooling branch shows a higher paramagnetic signal than the heating branch, 
with a maximum width of ≈ 14 K.  
The comparison of all spectroscopic and magnetic data obtained from different 
techniques on the liquid solutions of Fe3 (Figure S36) support the existence of a 
thermal hysteresis of the magnetic property in solution, where intermolecular long-
range interactions are precluded. This point towards a molecular origin of the memory 
effect observed, controlled by the temperature–induced switching in the spin state 
of a single molecule. 
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Figure 3. Spin crossover behavior of Fe3 in liquid solution. 
(A) Thermal evolution of the normalized absorbance at 320 nm for an Fe3 solution (4 mM) in water/ethylene glycol (3:4) at different 
scan rates. 
(B) Absorbance evolution in time at 260 K, after a cooling (blue points) or a warming process (red points) at 0.5 K min–1. The 
isothermal curves are fitted with the simple exponential function, 𝐴𝑏𝑠(𝑡) = 	𝐴𝑏𝑠! + (𝐴𝑏𝑠 − 𝐴𝑏𝑠!)exp	(−𝑘"# · 𝑡), where the fitted 
parameters are 𝐴𝑏𝑠!  = 0.8601(4), (𝐴𝑏𝑠 − 𝐴𝑏𝑠!)  = - 0.1763(9), 𝑘"#  = – 1.014(12) after cooling and 𝐴𝑏𝑠!  = 0.8753(4), 
(𝐴𝑏𝑠 − 𝐴𝑏𝑠!) = 0.0736(12), 𝑘"#= –1.091(37) after warming. 
(C) Evolution of the 1H NMR spectra of Fe3 in D2O/CD3OD (3:4) in the 300–250 K range. The 1H signals of the HS and LS species 
are defined as HHS and HLS, respectively. 
(D) NMR HLS peak integral at 8.5 ppm.  
(E) Magnetic susceptibility estimated by Evans NMR spectroscopy. 
(F) Magnetization data collected with a SQUID magnetometer. 
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Computational analyses on the origin of the SCO-based molecular memory 
To shed light into the origin of this unexpected phenomenon, electronic structure 
calculations at the Density Functional Theory (DFT) level were done on the [Fe3(µ-
L)6(H2O)6]6– molecule. All calculations were done using the SCAN functional,68 which 
has been recently benchmarked for several SCO systems with first row transition metal 
ions.69 It provides a proper description of the ground states for all studied systems in 
this work (see Supplemental DFT calculations section). The theoretical analysis of the 
hysteresis in spin-crossover compounds using DFT methods was introduced by Wolny 
and co-workers using periodic and discrete models to study the effect of the spin 
state of nearest neighbors on the spin transition.69,70 In that work, they introduce the 
energetic parameter Hcoop as a measure to quantify the level of cooperativity in spin 
crossover systems from the effect of the surrounding metal centers upon the spin-
state energy levels of a transitioning center (Figure 4A). Hcoop is calculated as the 
difference found in the low- to high-spin transition energy of a transitioning center 
when surrounded by either high-spin cations, E1 = E(HS-HS-HS) – E(HS-LS-HS), or low-
spin cations, E2= E(LS-HS-LS)  E(LS-LS-LS). The higher Hcoop, the wider the thermal 
hysteresis expected in a material, as supported by the strong cooperativity in bulk. 
However, such parameter is ill-defined for a single molecule in which only one center 
undergoes spin-transition. The environment remains fixed, regardless of the spin-
state. Here we propose a new analogous parameter, Hblock (Figure 4B), that 
determines the relationship between the energies involved in the heating and cooling 
processes. For this trinuclear complex, the heating relates to E1, quantified from HS-
LS-HS to HS-HS-HS optimized geometries with a low-spin central center; and the 
cooling  to E2, quantified from the same HS-HS-HS to HS-LS-HS optimized geometries 
but with a HS central center. A positive value for Hblock would indicate that higher 
energy is required in the cooling process than in the heating one (see SI for details). 
In other words, Hblock can measure the structural quenching in SCO molecule to remain 
in a given spin-state. Even if both parameters (Hcoop and Hblock) refer to the 
thermodynamic contributions in a spin-transition process (kinetic effects have not 
been considered), a significant energy difference would predict longer relaxation 
times for one process compared to the other. Thus, this difference as estimated from 
Hblock, can predict the possibility of a single SCO molecule to offer thermal hysteresis. 
Hblock was computed for the fully optimized [Fe3(µ-L)6(H2O)6]6– system, and also for an 
analogous complex in which the SO3

– groups have been replaced by hydrogen atoms, 
noted as [Fe3(µ-L’)6(H2O)6]6+ (see Supplemental DFT calculations section). An 
optimized model with eleven additional water molecules was studied to check the 
effect of the environment on the molecule (see details in Supplemental DFT 
calculations section). The corresponding values for the negative and positive isolated 
molecules are 6.0 and 2.4 kcal/mol, respectively while the value for the negative 
molecule with the water environment is 32.9 kcal/mol. It is remarkable to note that 
the computed Hblock value for the isolated [Fe3(µ-L)6(H2O)6]6– system is of the same 
order of magnitude than the corresponding Hcoop parameter calculated for bulk 
systems showing thermal hysteresis due to intermolecular cooperative effects.71 The 
inclusion of the external water molecules has a huge effect in the Hblock parameter 
because it changes the conformation of the external ligands with SO3

– groups and 
consequently, the electrostatic interaction between such SO3

– groups and the FeII 

cations. As additional control calculations, we computed Hblock for two FeII neutral 
complexes,69 [Fe(phen)2(NCS)2] and [Fe{H2B(pz)2}2(bipy)] (phen = phenantroline, bipy 
= bipyridine and H2B(pz)2 = dihydrogen bis(pyrazol-1-yl)borate), and in both cases 
Hblock lays below 1 kcal/mol. These higher energy requirements found for negatively 
charged [Fe3(µ-L)6(H2O)6]6– support the distinct observed behavior. 
The origin this this phenomenon can be explained in the LS→HS transition of the 
central cation, which requires many significant changes in addition to Fe–N bond 



	
	
lengths and magnetization increments. The estimated charge for the central FeII 
position in the HS state is also larger than in the LS state (around 0.4-0.5 e–) due to 
the occupation of the antibonding eg orbitals. This results in a net metal to ligand 
electron density transfer. The electrostatic interactions of the electro-deficient HS 
state with a negatively charged environment produces an overstabilization of the HS-
HS-HS state. Thus, the high-spin state of the central cation is “blocked”. This hinders 
the HS→LS cooling transition in such metal center (E2 in a single-molecule process, 
Figure 4B) as it is shown experimentally in Figure 2 and 3, also in bulk phase with a 
very high TTIESST.60 
The inclusion of external water molecules in the calculations provokes that some SO3

– 
groups interact with them instead of with terminal intramolecular hydrogen atoms. 
These water molecules (or other solvents able to generate hydrogen bond patterns) 
play a fundamental role in constraining the molecular geometry. These solvation 
effects help the SO3

– groups to remain closer to the FeII cations, enhancing the 
electrostatic effects that stabilize the HS state of the central cation (see Supplemental 
Information, Table S8). In addition, the interactions between the charged SO3

– groups 
with water molecules, and also with counter cations, will difficult the required 
structural changes in the coordination sphere of the central FeII cation as imposed by 
the spin transitions, that demand relatively large changes in the Fe–N bonds between 
both spin-states (see values in Supplemental section). Hence, there is a subtle 
dynamic balance of intermolecular and intramolecular hydrogen bond interactions, 
with the former enhancing the asymmetry (rigidity) between the heating-cooling 
processes. 
If we consider a truthful single molecule in vacuum, as these calculations can do, we 
find a strong intramolecular H-bonding between the SO3

– groups and the water 
molecules bound to the terminal FeII centers, that remain always in HS state (see 
Figure S37). The fixed spin of the terminal FeII centers creates a cage effect increasing 
the rigidity of the structure, and hindering the spin transition of the central iron. This 
is particularly relevant during the HS→LS transitions, that imply a size reduction, so 
yielding a “self-cooperative” effect, in addition to the more general electrostatic.  



	
	

 
Figure 4. Description of the theoretical parameters that quantify the energy 
involved in the hysteresis processes in spin-crossover systems. 
(A) Hcoop determines the environmental influence if neighbor atoms are in the high (E1) 
or low-spin (E2) states in the spin-transition of a metal center. Consequently, a large 
Hcoop value implies a high degree of cooperativity effects in periodic or solid-state 
systems.  
(B) At single molecule level, there is no cooperativity, and Hblock quantifies the 
difference between the structural quenching in the heating (E1) and cooling (E2) 
processes for the spin-transition of the central FeII metal ion. 
Gray and purple spheres indicate HS and LS states respectively, while the label 
indicates the calculated structure. Dashed and normal bonds correspond to the 
distances of the HS and LS first coordination spheres to represent the larger 
coordination sphere of the LS structure. 
 
CONCLUSION 
During the last decades, one of the main challenges in molecular magnetism was to 
find a molecular magnetic material with open hysteresis at room temperature to 
realize molecular memory storage. Up to now, this research, based mainly in 
enhancing local magnetic anisotropy, has succeeded to reach a maximum 
temperature of 80 K with dysprosocenium molecules.58,59 Here, we show that the 
challenge of molecular magnetic memories at high temperatures can be realized with 
spin crossover systems, even when bulk cooperativity was supposed to be an 
unavoidable requirement to exhibit thermal hysteresis. 
A trinuclear iron complex exhibits thermal hysteresis in the transition between high- 
and low-spin states even upon dilution, where cooperative events are precluded. This 
phenomenon can be assigned to its constrained molecular structure, where charge 
distribution and anion-hydrogen bonding induce an over stabilization of the excited 
HS state, as confirmed by DFT analysis. As a result, the very slow relaxation down to 



	
	
the LS ground state opens a thermal hysteresis, even in diluted liquid solution, 
demonstrating that SCO systems may also exhibit bistability at the single-molecule 
level. 
It is important to mention the contribution of supramolecular interactions. Although 
the origin of the memory effect resides at the SCO polyanion, the over stabilization 
of the HS state will be tuned by the surroundings that may impose additional 
limitations to molecular restructuration. In general, these interactions are expected to 
enhance the memory effect. For instance, we found a > 90 K thermal hysteresis in 
solid dilutions, but a > 12 K thermal hysteresis in liquid solution, where molecular 
motion is less restricted. 
 

EXPERIMENTAL PROCEDURES 
Resource availability 
Lead contact 
Further information and requests for resources should be directed to and will be 
fulfilled by the lead contact, José Ramón Galán Mascarós (jrgalan@iciq.es). 
 
Materials availability 
All reagents were of commercial grade and used without further purification. The 
ligand 4-(1,2,4-triazol-4-yl)ethanedisulfonate (L) was obtained as the 
dimethylammonium salt (Me2NH2)2L following a literature procedure.60 
 
Resource availability 
Synthesis 
(Me2NH2)6[Fe3(µ-L)6(H2O)6] (Fe3) was synthetized following a procedure reported 
previously in our group.60 Single crystals were hand collected and used for all further 
experiments. 
(Me2NH2)6[Zn3(µ-L)6(H2O)6] (Zn3). Zn(ClO4)2·6H2O (38 mg; 0.10 mmol), and (Me2NH2)2L 
(90 mg; 0.24 mmol) were dissolved in water (5 mL total volume), obtaining a colorless 
solution. Ethanol vapor was slowly diffused into this aqueous solution to induce 
crystals growth. Single crystals of Zn3 were obtained after two days, filtered, washed 
with ethanol (3 × 15 mL) and dried in air. 
(Me2NH2)6[Zn3(µ-L)6(H2O)6](1-x)[Fe3(µ-L)6(H2O)6]x solid solutions. These diluted solid 
solutions were prepared from mixed aqueous solutions of Fe3 and Zn3 in the desired 
molar ratios (Table S2), with an excess of 2.5 equivalent of L (20 mg) in a total volume 
of 10 mL of water. Ascorbic acid was also added to avoid FeII oxidation. After 10 
minutes stirring, the mixed samples were obtained by precipitation with ethanol (20 
mL). This suspension was centrifuged to collect the solid and it was filtered and 
washed with ethanol/diethyl ether and dried in air. Yield: (37.2 mg) 63 % for x = 0.6; 
(38.7 mg) 64 % for x = 0.4; (40.1 mg) 65 % for x = 0.2; (43.5 mg) 54 % for x = 0.05. 
The actual Fe/Zn content was determined by EDX and ICP-OES analysis (Table S3). 
Still, the samples were labelled according to the initial ratio in the reagents. 
Solutions of (Me2NH2)6[Fe3(µ-L)6(H2O)6]. Fe3 was dissolved in a mixture of 
water/ethylene glycol (4 mM) or water/methanol (1 mM) in a 3:4 volumetric ratio for 
both mixtures. The solutions were prepared and maintained under inert atmosphere 
to avoid the FeII oxidation. The aqueous mixtures, water/ethylene glycol and 
water/methanol mixtures (3:4) do not freeze at the lowest working temperature (≈ 240 
K or ≈ –33⁰C), having their freezing points around –50 and –65 ⁰C, respectively (Figure 
S15a). 
 
Instrumentation 
ICP-OES was used to carry out elemental analysis with an Agilent 725-ES inductively 
coupled plasma optical emission spectrometer at University of Valladolid.  



	
	
Environmental scanning electron microscopy (ESEM) images and Energy-dispersive 
X-ray spectroscopy (EDX) analysis were obtained with a QUANTA600 equipment (FI) 
under high vacuum conditions with a Large-Field Detector at 20 kV.  
TGA was performed using a TGA/SDTA851 Mettler Toledo with a MT1 microbalance. 
Dynamic light scattering (DLS) data was collected with a Malvern Nano ZS/ZEN3600. 
X-ray powder diffraction (XRPD) measurements were made using a Siemens D5000 
diffractometer fitted with a curved graphite diffracted-beam monochromator, 
incident and diffracted-beam Soller slits, a 0.06° receiving slit and scintillation counter 
as a detector. The angular 2θ diffraction range was between 5 and 40°. The data were 
collected with an angular step of 0.05° at 10s per step and sample rotation. Cu–kα 
radiation was obtained from a copper X-ray tube operated at 40 kV and 30 mA. The 
obtained XRPD patterns were analyzed by Pawley profile analysis using Topas 
software.72 
High-resolution mass spectra (HRMS) were obtained with a MicroTOF II from Bruker 
Daltonics with the negative ionization mode (ESI–). The instrument was operated at a 
capillary voltage of 4 kV with an end plate offset of –500 V, using N2 as nebulizer gas 
at 0.4 bar and as dry gas at 4.0 L min–1 and a dry temperature of 180 °C. The 
instrument was calibrated with NaI clusters in the 876–2825 m/z range. The sample 
was introduced with direct injection with a syringe pump. 
UV-vis spectra were recorded in 1 cm quartz cells with an Agilent 8453 diode array 
spectrophotometer (λ =190–1100 nm). A cryostat from Unisoku Scientific Instruments 
was used for temperature control. A Pt100 sensor was inserted into the quartz cell to 
monitor the exact temperature in the solution. The measurements were carried out 
under inert atmosphere.  
NMR spectra were obtained on Bruker spectrometers (500 MHz and 600 MHz). 1H 
NMR chemical shifts are reported in parts per million (ppm), relative to 
tetramethylsilane (TMS). The deuterated solvents were deoxygenated before their 
employment in the experiments. The relative integrals obtained in the subsequent 
thermal cycles of Fe3 were calculated using sodium 2,2-dimethyl-2-silapentane-5-
sulfonate (DSS) as internal standard. All diffusion 1H NMR experiments on the Zn 
compound were carried out on dilute solutions (concentration: 1 mM) at 250 K. All 
the spectroscopic data were processed, including the DOSY experiments, with the 
Bruker TOPSPIN software package. The paramagnetic susceptibility of solution of Fe3 
was determined via the standard Evans measurements using 1H-NMR spectroscopy. 
An NMR tube with a coaxial insert was used. The outer tube was filled with a 4 mM 
solution of Fe3 in D2O/ethylene glycol (3:4) solution. To compensate the diamagnetic 
contribution of the ligands, the inner tube was filled with a 4 mM solution of 
diamagnetic zinc complex in D2O/ethylene glycol. The concentration of the internal 
standard, non-deuterated acetone, was maintained constant in the inner and outer 
tubes (2% by volume). 1H-NMR spectra were recorded in a 500 MHz spectrometer 
within the 250 – 300 K temperature range. Equation 1 was used to calculate the 
magnetic susceptibility from the experimentally measured shift in acetone signals 
between the inner and outer tubes. 

𝜒$ = 	 %&ƒ(
)*ƒ$

+ 𝜒$+ +
,!" (."/.#)

$
𝜒.12$                                          (1) 

where 𝜒$ is the molar paramagnetic susceptibility (cm3·mol−1), δf is the frequency 
difference between the acetone peaks of the inner and outer tube (Hz), M the 
molecular weight of the paramagnetic complex (g·mol−1), f the frequency of the NMR 
instrument (Hz) and m the mass of the complex in 1mL of solution (g). 𝜒(+  is the mass 
susceptibility of the solvent (cm3·mol−1), d0 and dx the density of the solvent and 
solution (g·cm−3) and 𝜒.12$ is the diamagnetic correction (cm3·mol−1). 
Since same solvents are used in the inner and outer tubes, the solvent correction 
factor (𝜒$+ ) could be neglected. Since the diamagnetic correction (𝜒.12$ ) in this 
experiment has been considered experimentally by using equivalent diamagnetic 



	
	
complex in the inner tube, and same solvents are used in the inner and outer tubes, 
the solvent correction factor (𝜒$+ ), density difference and theoretical diamagnetic 
correction can be neglected. Thus, we use the Equation 2 for calculating the molar 
paramagnetic susceptibility. 

𝜒$ = 	 %&ƒ(
)*ƒ$

                                                                (2) 

Magnetic measurements were carried out on grained powders, placed in an open 
capsule, to allow dehydration during the first heating process, with a Quantum Design 
MPMS-XL SQUID magnetometer (Quantum Design, Inc, San Diego, CA, USA) under 
an applied field of 1000 Oe at different temperature scan rates. Experimental 
susceptibilities were corrected for the diamagnetic contribution. This contribution was 
experimentally obtained by fitting of the low temperature data (< 200 K) of each 
sample to a Curie-Weiss law with addition of a diamagnetic term:  

𝜒 = 	 3
(4–6)

+	𝜒.12                 (3) 

where χ is the magnetic susceptibility, 𝐶 the Curie constant, T is temperature, 𝜃 is the 
Weiss constant and χ789 the diamagnetic contribution. 
Solution magnetic measurements were carried with a Quantum Design MPMS-XL7 
magnetometer equipped with the Reciprocating Sample Option (RSO) for higher 
sensitivity. The solutions were placed in the center of a 17 cm closed quartz tube and 
measured under a 1000 Oe magnetic field. The temperature program started at 300 
K and the sample was cooled to 250 K and warmed again to 300 K at different 
cooling/heating rates to avoid spin trapping and thermal shift. 
Single-crystal X-ray diffraction data of Zn3 were collected at 100(2) K on a Bruker APEX 
duo diffractometer with an APEX II CCD detector using Mo–Kα (λ=0.71073 Å) and 
equipped with an Oxford Cryostrem 700 plus. Crystal structure solution was obtained 
using SIR2011 and refinement was performed using SHELX73 v. 2018/3 under the 
ShelXle (Rev. 912) interface.74 All non-hydrogen atoms were refined anisotropically. 
The asymmetric unit contains one molecule of the trimeric complex, six dimethyl 
ammonium cations and five crystallization water molecules (in addition to the six water 
molecules bound to Zn terminal cations). Most of the sulfonate rests of the 
polyanionic complex are disordered in two orientations. The dimethylammonium 
cations are disordered in 16 positions with different occupancies summing a total of 
six cations. The five crystallization water molecules are disordered in 13 positions with 
different occupancies. The structure was refined with strong damping factors based 
on the analogous isostructural iron derivative (CCDC 1016539) until, after some 
corrections and omitting the damping factors, it refined consistently. The measured 
sample was a weak diffracting crystal and only a ratio of 5.2:1 reflections to 
parameters was reached. The location of the cations and water molecules is extremely 
diffuse and their positions could only be located using the positions at the iron 
complex structure which was based on a much better dataset. Crystallographic data 
have been deposited at the Cambridge Crystallographic Database Centre, with 
deposition number CCDC 2019876. Copy of data can be obtained free of charge on 
application to the CCDC, Cambridge, UK via www.ccdc.cam.ac.uk/data_request/cif. 
Powder X-ray diffraction (PXRD) measurements at 300 and 400 K were made using a 
Siemens D5000 diffractometer (Bragg−Brentano parafocusing geometry and vertical 
θ−θ goniometer) fitted with a curved graphite diffracted-beam monochromator, 
incident and diffracted-beam Soller slits, a 0.06° receiving slit, and a scintillation 
counter as a detector. The angular 2θ diffraction range was between 4° and 30°. The 
data were collected with an angular step of 0.05° at 10 s per step and sample rotation. 
A low background Si(510) wafer was used as sample holder. Cu-Kα radiation was 
obtained from a copper X-ray tube operated at 40 kV and 30 mA. The obtained PXRD 
patterns were analyzed by Pawley profile analysis (between 4° and 30°) using the 
TOPAS software based on the Rietveld method.75,76 
 



	
	
Computational methods 
DFT calculations were performed by using the fhi-aims code.77 The structures for high- 
and low-spin states were optimized with the PBE functional78 using the tight numerical 
basis set (See Supplemental DFT calculations section).77 Furthermore, dispersion 
effects were included by using the approach proposed by Tkatchenko and Scheffler.79 
GGA functionals provide very good optimised geometries in comparison with more 
sophisticated functionals (hybrid or meta GGA).80 However, the GGA are not accurate 
to predict the energetics of the spin states because they result in a large 
overestimation of the stability of the low-spin state.81 Hence, we have employed the 
SCAN meta-GGA functional developed by Perdew and coworkers68 that some of us 
recently positively benchmarked with a large set of spin-crossover molecules.69 
 
SUPPLEMENTAL INFORMATION 
This section should include the titles and (optional) legends of all supplemental items. 
Document S1 is the main supplemental PDF: 
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