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Structural and theoretical insights into solvent effects in an 
iron(III) SCO complex 

Raúl Díaz-Torres,a† Theerapoom Boonprab,a Silvia Gómez-Coca,b Eliseo Ruiz,b Guillaume 
Chastanet,c Phimphaka Harding*a and David J. Harding*a 

Alcohol effects in a series of iron(III) spin crossover complexes [Fe(qsal-Cl)2]NO3·ROH (R = Me 1, Et 2, 1-Pr 3) 

are explored. Despite the solvents differing from each other by only one or two CH2 groups, unique packing 

motifs are observed for each complex. While 1 crystallizes in triclinic P𝟏̅ with two independent iron(III) centres, 

connecting them in a tight undulating 1D chain with a rectangular cross-section; 2 (monoclinic P21/c) and 3 

(monoclinic I2/a) crystallize with only one iron center. For 2, a linear 1D chain is observed with a square cross-

section, while 3 exhibits a looser 1D chain formed by dimers. The 3D supramolecular networks are distinctive 

with 1 showing identical parallelogram shaped 2D sheets, whereas 2 and 3 show alternating 2D sheets with 

differing staggering between the layers (AB). These results are supported by Hirshfeld surface analysis. The 

magnetic studies show no significant SCO for 1 and 3. However, 2 shows an incomplete gradual spin transition 

(T1/2 = 200 K). Moreover, upon partial ethanol desolvation, a 25 K hysteresis near room temperature (T1/2↓ = 

275 K, T1/2↑ = 300 K) is observed. The packing observed in 2 is present in many other [Fe(qsal-X)2]+ complexes 

with hysteresis and abrupt SCO. DFT calculations using the r2SCAN functional quantify the differences for the 

1 and 2 in the low-high spin energy and their cooperative effects. This study illustrates that even small changes 

in the solvent can dramatically influence the crystal packing and therefore the SCO properties. 

 

Introduction 

The interest in molecular devices is constantly growing as 

industry demands new devices to address our present and 

future technological needs.1–4 Spin crossover (SCO) complexes 

exhibit bistability, and as molecular switches, they can be used 

as active components in memory devices or molecular sensors.5 

Switching occurs between two different electronic states: high 

spin (HS) and low spin (LS) under the application of certain 

external stimuli. Concomitant with the spin transition, there are 

changes in magnetism, size and colour. However, despite of the 

large number of reported SCO compounds, workable devices 

are still a challenge.4 The main reason relates to the difficulty in 

designing suitable compounds due to the multitude of factors 

that influence the SCO properties.6 Firstly, the ligand must 

generate a suitable ligand field, and engage in strong 

intermolecular interactions, for instance hydrogen bonds,7–9 -

 interactions,10 and halogen bonds.11–13 Collectively these 

interactions determine the cooperativity. Depending on the 

degree of cooperativity, different types of transition will be 

obtained: incomplete, gradual, or abrupt, possibly with 

hysteresis, the latter being the most interesting in terms of 

applications. In addition to the ligand, the SCO behaviour is 

strongly influenced by the anion and solvent.14–20 Generally, 

changing the anion completely alters the packing and therefore, 

the SCO properties. In contrast, solvent effects tend to be more 

subtle, with minor modifications of the lattice. One of the first 

examples of the impact of solvent on SCO materials was 

reported in 2002 by Kepert et al. who showed that different 

alcohols could be absorbed into a 2D framework material 

switching on SCO.21 Since then, many studies have shown a 

variety of solvent effects, even in molecular materials.18,22 In 

some systems SCO becomes more abrupt upon solvent 

exchange,22–25 while in others the SCO becomes stepped or 

even hysteretic.26,27 Indeed, in [Fe(tolpzph)2(NCS)2]·THF 

(tolpzph = 4-p-tolyl-3-(phenyl)-5-(2-pyrazinyl)-1,2,4-triazole) it 

is even possible to quantitatively sense the solvent.28 However, 

in most of these studies the solvents were of different sizes or 

geometry, and supramolecular connectivity, making it difficult 

to discern the relative influence of each factor.  

In seeking to address this problem, the present work 

explores the influence of different alcohols on the SCO 
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properties of an iron(III) SCO complex, [Fe(qsal-Cl)2]NO3·ROH 

(qsal-Cl = 4-chloro-2-[(8-quinolylimino)methyl]phenolate; ROH 

= Me 1, Et 2, 1-Pr 3). The [Fe(qsal-X)2]anion family was chosen 

as it is among the best explored in iron(III) SCO chemistry with 

studies covering anion, substituent and solvent effects 

providing an excellent library of comparative complexes.17,19,29–

31 We demonstrate that the different alcohols impact the 

packing and thus the SCO properties of the system providing 

insight that may lead to more designed systems in the future. 

Experimental Section 

Materials 

All reactions were carried out in aerobic conditions using 

commercial grade solvents for the synthesis of all compounds. 

The Hqsal-Cl ligand was synthesized as described previously.32 

All other chemicals were purchased from TCI Chemicals or 

Sigma-Aldrich and used as received. 

 

Synthesis of [Fe(qsal-Cl)2]NO3·MeOH 1 

Hqsal-Cl (56.5 mg, 0.2 mmol) was dissolved in dichloromethane 

(3 mL) giving an orange solution. NEt3 (28 L, 0.2 mmol) was 

added and the solution was stirred for 5 min resulting in a 

change to dark orange. Next, blank MeOH (5 mL) was layered 

on the top of the Hqsal-Cl solution. In a separate flask, 

Fe(NO3)3·9H2O (40.4 mg, 0.1 mmol) was dissolved in MeOH (5 

mL), filtered and then layered on the top of the previous 

solution and left for 4 days. Black crystals were obtained which 

were washed with hexane and air-dried (51 mg, 75 %). Anal. 

Calcd. for C32H20Cl2FeN5O5·CH4O (713.27 g·mol−1): C 55.56 %, H 

3.39 %, N 9.82 %. Found: C 55.70 %, H 3.05 %, N 10.35 %. ESI+ 

(m/z): 618.0 [Fe(qsal-Cl)2]+. IR Data (KBr, cm-1): 3043 (C-H), 1595 

(C=N), 1384 (N-O). 

 

Synthesis of [Fe(qsal-Cl)2]NO3·EtOH 2 

The same procedure as above was used substituting MeOH for 

EtOH (56 mg, 82 %). Anal. Calcd. for FeC32H20Cl2N5O5·C2H4O 

(727.30 g·mol−1): C 56.14 %, H 3.60 %, N 9.63 %. Found: C 56.24 

%, H 3.29 %, N 10.09 %. ESI+ (m/z): 618.0 [Fe(qsal-Cl)2]+ IR Data 

(KBr, cm-1): 3033 (C-H), 1598 (C=N), 1382 (N-O). 

 

A small number of crystals of 2H2O were isolated after slow 

evapouration of the mother liquor. Heating of the crystals to 

360 K readily yielded 2ns. We were unable to prepare this 

compound in sufficient quantities for elemental analysis and 

hence we include only the crystal structure for comparative 

purposes. 

 

Synthesis of [Fe(qsal-Cl)2]NO3·1-PrOH 3 

The same procedure as in 1 substituting MeOH for 1-PrOH (55 

mg, 80 %). Anal. Calcd. for FeC32H20Cl2N5O5·C3H8O (741.38 

g·mol−1): 56.70 %, H 3.81 %, 9.45 %. Found: C 56.64 %, H 3.74 %, 

N 9.68 %. ESI+ (m/z): 618.0 [Fe(qsal-Cl)2]+ IR Data (KBr, cm-1): 

3031 (C-H), 1596 (C=N), 1383 (N-O). 

 

X-ray Crystallography 

The diffraction data of 1-3 were collected on a Rigaku SuperNova 

diffractometer with a HyPix 3000 detector using CuKα radiation ( = 

1.54184 Å).33 Data reduction, scaling, and absorption corrections 

were performed using CrysAlisPro.34 The structures were solved, and 

the space groups P𝟏̅, P21/c, P21/n and I2/a were determined for 1, 2, 

2ns and 3, respectively, by intrinsic phasing using ShelXT and refined 

by full matrix least-squares minimization on F2 using SHELXL.35,36 All 

non-hydrogen atoms were refined anisotropically. Hydrogen atoms 

were included in calculated positions and refined with isotropic 

thermal parameters, which were 1.2x or 1.5x the equivalent isotropic 

thermal parameters of their parent carbon or oxygen atoms. In the 

case of 2 at 280 K and 3 at all temperatures a solvent mask was 

applied to account for diffuse electron density. All pictures were 

generated with OLEX2.37 Crystallographic data for the structures 

have been deposited with the Cambridge Crystallographic Data 

Centre (CCDC) 2175687-2175695. Powder X-ray diffraction data 

were measured on a Rigaku SuperNova diffractometer with a HyPix 

3000 detector using CuKα radiation ( = 1.54184 Å). The samples 

were gently ground and then suspended in Fomblim Y oil, and the 

data were collected between 2θ = 5−50°. 

 

Physical measurements 

Infrared spectra (4000−400 cm−1) were recorded as KBr pellets on a 

Bruker Tensor 27 FT-IR spectrometer with OPUS data collection 

program. Elemental analyses were carried out using a Eurovector 

EA3000 analyzer. ESI-MS were carried out on a Bruker AmaZon X 

LCMS Mass Spectrometer. Magnetic measurements were carried out 

with a Quantum Design SQUID MPMS 7XL device operating from 10 

K to 390 K at 20 kOe of applied magnetic field. The temperature scan 

rate was fixed at 0.4 K/min. Polycrystalline samples were introduced 

in a polypropylene bag that was mounted in a capillary tube made of 

polyimide. The diamagnetic contribution of the bag was corrected 

from blank measurements and the diamagnetic corrections for the 

measured compounds were estimated from Pascal Tables 

DFT calculations 

DFT calculations were performed with the all-electron FHI-aims 

computer code (tight option).38 The geometry optimizations were 

carried out using the periodic structures only Gamma k-point using 

the PBE exchange-correlation functional39 including dispersion 

contributions40 (CIF files of the optimized structures may be found in 

the ESI). The state energies were calculated using the r2SCAN 

functional41 that have been proposed as the best option for the 

energetics of spin crossover systems.42 

Results and discussion 

Synthesis and IR spectroscopy 

The complexes were synthesized by layering a solution of 

Fe(NO3)3·9H2O in MeOH 1, EtOH 2 or 1-PrOH 3 over a solution of 

Hqsal-Cl in dichloromethane, with base added. Crystals were 

obtained for all the complexes in good yield. Slow evaporation of 2 

resulted in very small amounts of the H2O solvate, which upon 

heating to 360 K, gave rise to the desolvated complex, [Fe(qsal-
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Cl)2]NO3 2ns. The IR spectra show a strong stretch at ca. 1600 cm-1 

assignable to the imine group of the qsal-Cl ligand.32 The anion 

stretch is observed at 1382-1384 cm-1, as expected for a free anion.43 

At higher energies, the stretches for the O-H group of the alcohol 

solvents are observed at ca. 3300 cm-1.  

 

Structural studies 

X-ray crystallographic studies of [Fe(qsal-Cl)2]NO3·ROH (R = Me 1, Et 

2, 1-Pr 3) were conducted at 150 K and 280 K to study their SCO 

behaviour. In all cases, structural studies beyond 280 K to get the 

desolvated complex were unsuccessful due to a loss of crystallinity. 

PXRD studies show that the crystal structures of 1-3 are reflective of 

the bulk material (Figure S1). 

Complex 1 crystallizes in triclinic P𝟏̅, while 2, 2ns and 3 exhibit 

monoclinic symmetry (space groups P21/c, P21/n and I2/a, 

respectively). Interestingly, the asymmetric unit in 1 reveals two 

crystallographically independent FeIII centers (Fe1 and Fe2) along 

with two counteranions and two methanol molecules. Meanwhile 2, 

2ns and 3 have only one FeIII center, one counteranion and one 

molecule of the corresponding solvent in the case of 2 and 3 (EtOH 

2, 1-PrOH 3). In 1 at Fe2, one of the qsal-Cl ligands shows substantial 

disorder of the quinoline ring and in one of the nitrate anions. A more 

pronounced disorder of the anion and solvent is found in 2, while for 

3 a solvent mask was required as the 1-PrOH was severely 

disordered. In all cases, the FeIII center is coordinated in an 

octahedral environment with two qsal-Cl ligands orthogonal to each 

other in a mer fashion. Selected Fe-N/O bonds, cell volumes and 

octahedral distortion parameters are given in Table S1 and Figure 1 

shows the structures of 1 and 2 at 150 K. 

 

Fig 1. Asymmetric unit in 1 (left) and 2 (right) at 150 K. Ellipsoids are 

drawn at 50 %.

 

Fig 2. Structural representation of the supramolecular interactions of 1D chain (bottom) and 3D supramolecular network (top) for 
(a) 1 (left), 2 (middle) and 3 (right) at 150 K. (b) 2ns 3D supramolecular network (left) and 1D chain (right) at 200 K. Disordered 
atoms and hydrogens that are not involved in the interactions are omitted. 

 



ARTICLE Journal Name 

4 | J. Name., 2012, 00,  1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

At low temperature, the four systems show similar Fe-N/O 

distances ca. 1.95-1.97 Å and 1.87-1.88 Å, respectively, consistent 

with LS FeIII giving a [LS-LS] state for 1, and LS for 2, 2ns and 3. Heating 

to 280 K causes no significant changes in the Fe-N/O distance for 3, 

indicating no SCO behavior. For 1, the Fe1 center shows no changes 

while a slight increase is found at Fe2 (ΔFe-Nav 0.092 Å and ΔFe-Oav 

0.012 Å). This is consistent with the magnetic measurements, where 

only a slight increase in the magnetic susceptibility is observed (vide 

infra). However, in the case of 2 and 2ns, a significant increase of the 

Fe-N/O distance is observed (ΔFe-Nav 0.145 Å and ΔFe-Oav 0.019 Å), 

indicating that the FeIII center is mostly HS at 280 K and 360 K, 

respectively.44 The octahedral distortion parameters ( and ) are in 

agreement with the above spin state assignments, particularly , 

where a more significant change is observed for 2 (150K = 135; 280K= 

225) and 2ns (200K = 123; 360K= 193).45 

 

Structural packing 

As found in many [Fe(qsal-X)2]+ systems, the metal centers are 

connected into a 1D chain via orthogonal - interactions, 

confirming the robustness of this motif.12,16,23,46 However, certain 

differences are observed that depend on the solvent of 

crystallization. 

In the case of 1, the metal centers pack forming an undulating 1D 

chain via three different - interactions involving Fe1-Fe1 centers 

(Type A), Fe2-Fe2 centers (Type B) and Fe1-Fe2 centers (Type C), two 

C-HO interactions and one additional C-HCl interaction (Figure 2, 

left). This arrangement has also been observed in [Fe(qsal-F)2]anion 

(anion = NCS, BF4, ClO4, PF6, NO3, OTf).16 The cross-section is 

rectangular (Figure 2), resulting in different Fe-Fe distances (ΔFe-Fe 

= 0.92 Å). For 2, the 1D chain is supported by one type of - 

interaction and two C-HO interactions, with a square cross-section 

(Figure 2, middle) and similar Fe-Fe distances within the chain (ΔFe-

Fe = 0.17 Å). The same 1D chain is found in [Fe(qsal-Cl)2]NCS·MeOH.46  

However, the Fe-Fe distances are shorter than those in 2 (ΔFe-Fe = 

0.11 Å), perhaps explaining the more gradual SCO in 2, compared 

with the stepped SCO for the NCS system. In 2ns, the 1D chain is 

supported by a pair of Cl···O halogen bonds resulting in a wide 

rectangular cross-section with different Fe-Fe distances within the 

chain (Figure 2, bottom; ΔFe-Fe = 3.60 Å). For 3, dimers are formed 

supported only by - interactions, which are further connected by 

weak C-HCl interactions, creating clear gaps in the linear 1D chain 

(Figure 2, right). These gaps are mainly occupied by disordered 1-

PrOH molecules. It is important to note that, as the temperature 

increases, the - interactions become longer if the metal center 

undergoes SCO (Table S3). In 2 and 2ns, the - (Type A) distance 

increases from 3.36 to 3.39 Å and 3.46 to 3.50 Å, respectively, while 

for 1 (Fe2 center), the - (Type B) increases from 3.22 to 3.36 Å. 

Conversely, in the case of 3 and 1 (Fe1 center), there is a decrease in 

these values consistent with the lack of SCO behavior at these 

centers.46 

Beyond the packing of the 1D chain, C-HCl interactions are 

essential in connecting the chains to form the 3D supramolecular 

network (Figure 2 and S2-S3). Moreover, a ClO halogen bond 

involving the nitrate anion is observed in 1. Halogen bonding also 

appears in [Fe(qsal-Br)2]NO3·MeOH,47 helping to improve 

cooperativity (stepped SCO), while in 1 the effect is minimal, 

reflecting the smaller  hole typically found for Cl.48 Notably, the 

neighboring chains for 2ns are connected by C-H···O interactions 

involving the nitrate anion (Figure S3). 

As can be seen in Figure 2 (top), a remarkable difference is 

observed in the construction of the 3D network. For 1, identical 

parallelogram shaped 2D sheets are observed. In the case of 2, 2ns 

and 3, the 2D sheets are stacked alternately. However, the degree of 

distortion between the 2D planes (AB) is significantly different in 

each case. Interestingly, the particular packing observed in 2 with the 

very regular arrangement is present in many other [Fe(qsal-X)2]+ 

complexes that exhibit abrupt and hysteretic SCO and seems to be a 

common feature in these systems (vide infra).16,46,47 In 2ns, the 

packing is unique and has not previously been observed in any 

[Fe(qsal-X)]+ system. The planes are interdigitated (Figure S4), with 

plane A linked to the lower plane A by C-H···Cl interactions and to the 

plane B by C-H···O interactions, involving the nitrate anion (Figure 

S5). Moreover, multiple - interactions as well as C-H··· 

interactions are also observed, resulting in a rather tightly packed 

structure (Figure S6). 

The difference in their arrangements has a direct influence on 

the compactness of the network, easily evidenced by the distance 

between the planes (dplane) (Table S4). 1 shows the tightest structure 

(dplane = 10.28 Å), followed by 2 (dplane = 13.65 Å), 2ns (dplane = 14.35 

Å and 3 (dplane = 18.61 Å). In the case of 1, the short distance might 

explain the stabilization of the LS state, as is also observed in [Fe(qsal-

F)2]NO3. In contrast, the distance in 3 is significantly higher, and 

therefore the lack of SCO probably relates to the loss of connectivity. 

As expected, the trend in the dplane values for 1-3 seems to be 

connected with the solvent size, as in all cases the solvent and the 

anion molecules are located between the planes, connecting the 2D 

planes by C-HO interactions (Figure S3). Unsurprisingly, as the 

network becomes looser, the solvent is found to be more disordered, 

requiring the use of solvent mask for 3. 

Overall, for each alcohol we observe unique packing, despite the 

solvents differing from each other by only one or two CH2 groups. 

This is enough to completely modify the supramolecular packing and 

therefore their magnetic behavior (vide infra). This contrasts with 

many other systems, where typically such small changes in the 

solvent results in isostructural systems.49,50 A clear example can be 

seen in the [Fe(qsal-I)2]OTf·solvent (solvent = MeOH, EtOH, n-PrOH, 

i-PrOH, acetone and MeCN), where despite the different solvents of 

crystallization, an almost identical packing is observed.22 

 

Hirshfeld Analysis 

For 1, 2 and 2ns, a Hirshfeld surface analysis was performed to 

provide deeper insight into the relationship between the 

intermolecular interactions and the SCO behavior.51 For 3, the 

analysis was not undertaken due to the application of the solvent 

mask. The Hirshfeld surface of 2 is shown in Figure 3, where the red 

spots represent the strongest intermolecular interactions. As can be 

seen, these red spots correspond mainly to OH interactions, 

however HH, CC and HCl interactions are also present. The 

contribution of each one, as well as their strength are determined by 

the 2D fingerprint plots (Figure 3 and Table S5). The contributions 
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show that the changes in the interactions between 1 and 2 are 

minimal. For 2ns, the OH interaction is slightly weaker as it doesn’t 

contain the H-bonds contribution from any solvent (Figure S7). The 

lack of difference between the interactions of 1 and 2 supports the 

above analysis, where the supramolecular packing is key to magnetic 

behaviour rather than individual interactions. 

 

Fig 3. Hirshfeld surface mapped with dnorm of 2 (left), and 2D 

fingerprint of 2 (top) and 1 (bottom) of all contacts and OH 

interactions. 

 

Thermal stability and powder X-ray diffraction studies 

TGA studies of 1-3 were undertaken with the results shown in Figure 

S8. The MeOH solvate shows a mass loss of 4.3 % (calculated 4.5 %) 

between the 300 and 340 K, consistent with one MeOH molecule. In 

2, a mass loss of 3% centered at 340 K occurs, indicative of loss of 

half an EtOH molecule (calculated 3.1 %). Continued heating results 

in a more gradual mass loss of 2.3 %, suggesting almost complete loss 

of the other half of the EtOH molecule, before the compound 

decomposes completely. In contrast, 3 shows complete solvent loss 

in a single step, but this time centered at 470 K. 

To explore these changes further we undertook PXRD studies after 

heating the samples (350 K for 1-3 and 480 K for 3) in the oven for 30 

min (Figure S9-S11). The results are consistent with the TGA studies. 

For 1, the diffraction pattern is different from 1, and closely matches 

the simulated pattern of 2ns, confirming the loss of solvent. In 

contrast for 2, the PXRD shows slight changes from the simulated 

pattern of 2, but no close match to 2ns confirming that under these 

conditions only partial desolvation takes place, result in a new phase 

2ps. For 3, the diffraction pattern matches 3, indicating that it 

remains totally solvated after heating at 350 K. However, heating to 

480 K results in a new diffraction pattern that is different from both 

3 and 2ns. This suggests that heating to this temperature results 

either in incomplete desolvation or the onset of decomposition. 

 

Magnetic measurements 

Variable temperature magnetic susceptibility studies were 

conducted on polycrystalline samples of 1-3 between 10-380 K for 2 

(Figure 4) and 10-350 K for 1 and 3 (Figure 5), under a constant 
magnetic field of 20 kOe. At 10 K, the MT values for 2-3 are ca. 0.5 

cm3 K mol−1 and slightly lower for 1 (MT = 0.25 cm3 K mol−1). Despite 

the range of values, in all cases they are consistent with a LS FeIII 

center. Heating up to 350 K, 1 and 3 show very gradual transitions 

(20 % HS and 30 % HS for 1 and 3, respectively), consistent with the 

lack of SCO behavior observed crystallographically. In the case of 2, 

the first heating until 350 K shows a reversible gradual transition (T1/2 

= 200 K), reaching a maximum value of 3.0 cm3 K mol−1 (ca. 70% HS). 

This value is lower than would be expected for a full HS state FeIII 

center, but is still consistent with the crystallographic data. However, 

when the sample is heated to 380 K, cooling now reveals an abrupt 

transition at T1/2↓ = 275 K. Heating from 200 to 320 K shows another 

abrupt transition this time at T1/2↑ = 300 K, with subsequent cooling 

confirming a hysteresis of 25 K. The change in the SCO behavior is 

most likely due to partial desolvation, in agreement with TGA 

analysis (Figure S8). 

 

Fig 4. Thermal variation of MT versus T plots for 2: 1st cycle from 10 

to 300 K (black), 2nd cycle from 10 to 350 K (red), 3rd cycle from 10 to 

380 K (blue) and 4th cycle from 200 to 320 K (pink). 

 

To explore the impact of heating on the samples additional 

measurements were undertaken. While no changes after several 

cycles are observed for 3 (Figure S12), indicating the robustness of 

the solvent in the crystal lattice as observed in the TGA; a small 

hysteresis loop of 10 K (T1/2↓ = 285 K, T1/2↑ = 295 K) is observed for 

1 after heating up to 400 K (Figure S13). TGA (Figure S8) and PXRD 

studies (Figure S9), suggest that this change in the magnetic behavior 

is probably due to substantial desolvation of 1. That the desolvation 

is not quite complete, is suggested by the fact that the maximum MT 

value is 2.1 cm3 K mol−1 at 400 K, and far lower than that expected 

based on the crystallographic data for 2ns, where at 360 K the 

compound is mostly HS (Table S1). In the case of 2, a similar magnetic 

profile is observed whether applying a vacuum or heating to higher 

temperature. This probably indicates a higher degree of desolvation, 

compared to heating to only 380 K (Figure S14-S15). As observed in 

the TGA and PXRD studies, only half of the ethanol molecules are lost 

easily. Hence, while in 3 the solvent seems to be tightly packed and 

no desolvation is observed, for 1 almost complete desolvation 
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occurs, with the ethanol solvate sitting in between these extremes. 

The different degrees of desolvation upon the various treatments of 

2 directly impact the hysteresis and led us to undertake theoretical 

calculations to rationalize this behavior (vide infra). 

 

Fig 5. Thermal variation of MT versus T plots for 1 and 3: 1st cycle 

from 10 to 300 K (black for 1, blue for 3), 2nd cycle from 170 to 350 K 

(red for 1) and from 10 to 350 K (green for 3). 

 

It is important to note that hysteresis is uncommon in SCO systems 

and those close to room temperature are even rarer.52–56 Therefore, 

the hysteresis observed for the partially desolvated complex 2, and 

the different magnetic behaviour of the three solvated complexes, 

make this complex a promising candidate for use in SCO devices to 

sense for the presence of alcohol molecules. 

 

DFT calculations 

To better understand the differences between the methanol and 

ethanol solvates and 2ns, we undertook DFT calculations using the 

r2SCAN exchange-correlation functional.41 The optimized DFT unit 

cells of 1, 2 and 2ns in both spin states (see details experimental 

section and coordinates in ESI) show a good agreement with the 

experimental ones (see Table S6). For compound 2, we also 

considered a system where two of the four ethanol molecules in the 

unit cell were removed (2ps). The reason for removing two ethanol 

molecules was based on the mass loss observed in the TGA discussed 

earlier (Figure S8). The calculated values related to the energetics of 

the SCO properties are shown in Table 1. The results show a higher 

low- and high-spin state difference for 1 consistent with the fact that 

SCO is only found in 2 and 2ps. The energy for compound 2 is in the 

range of energies in which the entropic term becomes dominant as 

the temperature is increased.57 The structural differences between 

the optimized 2 and 2ps complex structures are very small but the 

EHS - ELS gap is slightly larger for 2ps in agreement with the higher 

transition temperature for the system after the partial loss of 

solvent. 

The coordination environment of the optimized HS and LS DFT 

structures for compounds 1 and 2 have been analysed by continuous 

shape measures.58,59 The shape measurements relative to the 

octahedron geometry, S(Oh), for compound 1 are 0.237 and 0.270 for 

Fe1 and Fe2 respectively in the LS state, and 1.614 in both cases for 

the HS. Compound 2 shows S(Oh) values of 0.371 and 1.917 for LS and 

HS respectively. The increase from LS to HS is in agreement with 

previously found correlations between octahedricity and the 

magnetic moment of SCO compounds.60 In the case of compounds 

with two meridionally coordinated tridentate ligands, the longer Fe-

N distances in the HS state results in a decrease of the bite angles 

and a larger deviation from ideal octahedron. Additionally, values 

found for LS states are smaller for 1, meaning that the geometries 

are closer to the ideal ones which is expected to be related to the 

larger energy of the antibonding eg orbitals and agrees with 1 not 

showing SCO. 

 

Table 1 Calculated low-high spin state energy differences (in 

kcal/mol per iron center) for 1-2 using the r2SCAN exchange-

correlation functionals. Positive values indicate a low-spin ground 

state. Calculated energy differences (in kcal/mol) with the r2SCAN 

functional with four FeIII centers, E1 (energy difference 4HS-1LS3HS), 

E2 (energy difference 1HS3LS-4LS) and Hcoop (E2 -E1). 

 EHS - ELS E1 E2 Hcoop 

1 (1 MeOH) 11.2 11.4 13.6 2.2 

2 (1 EtOH) 8.3 7.6 9.6 2.0 

2ps (0.5 EtOH) 8.6 5.9 11.0 5.1 

2ns 10.1 9.1 10.9 1.8 

 

To quantitatively analyze cooperative effects, we consider that 

the unit cells have four metal centers. This allows us to determine 

the Hcoop parameter proposed by Wolny and coworkers61  as a 

quantitative measure of the cooperativity effects due to the 

environment in solid-state periodic systems. Such parameters can be 

quantified as the low-high spin state energy differences of a metal 

centre surrounded by high- (E1) or low-spin (E2) cations (see Table 1). 

Thus, E1 is calculated as the energy difference of four high-spin FeIII 

centres and the equivalent system with one centre in low-spin state 

(E2 as the difference of all-metal centres in low-spin state and the 

case with one high-spin cation) (Figure S16-S19). The larger Hcoop for 

compound 2ps (see Table 1) agrees with the hysteresis found 

experimentally when 2 loses two molecules of ethanol (see Figure 4 

and S13). The increment in the cooperativity is generated when the 

partial loss of solvent is significant, since in the case of 1 similar 

values as 2 were obtained. From a structural point of view, the 

calculated intermolecular Fe···Fe distances in 2ps from the optimized 

structures are around 0.05-0.1 Å shorter than in 2 and may also 

contribute to the higher cooperativity observed in this system. As 

noted above, 2ns has larger Fe···Fe distances than 2, which likely 

account for the weaker cooperativity. This supports the fact that the 

degree of solvation has an important impact on spin crossover 

behaviour. 

Conclusions 

In the present work we have studied the influence of alcohols on the 

SCO behavior of three iron(III) qsal-Cl complexes, [Fe(qsal-
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Cl)2]NO3·ROH (R = Me 1, Et 2, 1-Pr 3). Surprisingly, despite the small 

differences between the solvents, a radically different packing is 

observed. While 1 shows a 1D chain with a rectangular cross-section 

and a tight supramolecular structure; 3 exhibits a looser structure 

where the metal centers are weakly connected by - interactions 

into dimers. In both cases, no significant SCO is observed. However, 

2 seems to show an ideal balance in terms of compactness. The 

magnetic behavior shows an incomplete gradual spin transition at 

T1/2 = 200 K. In addition, a drastic change in the magnetic properties 

is observed upon partial loss of ethanol, showing an abrupt transition 

near to room temperature with a 25 K hysteresis. Periodic DFT 

calculations show that the higher distortion of the coordination 

sphere from Oh symmetry of the FeIII cations in 2 facilitates the spin 

transition. Furthermore, the calculations show larger cooperative 

effects when 2 partially loses solvent molecules. Therefore, this work 

shows that even small changes in the solvent may have a direct 

impact on the supramolecular packing, and consequently on their 

magnetic response. We believe that the findings from this work help 

to define more complete magnetostructural correlations in Fe-qsal-

X SCO family which are likely to be useful in the design of devices and 

sensors based on these materials. 
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