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Abstract 

An iron(II) complex (1·CH3CN) composed of a tridentate all nitrogen coordinating ligand—

ethyl 2,6-bis(1H-pyrazol-1-yl)isonicotinate (BPP-COOEt)—shows bistable spin-state 

switching characteristic with thermal hysteresis width (ΔT1/2) = 44 K and switching temperature 

(T1/2) = 298 K in the first cycle. Crystal structures of the LS and HS forms of the complex reveal 

that spin-state switching induces a pronounced angular distortion, creating an energy barrier 

separating the LS and HS states. Traversing the barrier requires substantial molecular 

rearrangement in the presence of constraints imposed by the crystal lattice, rendering the spin-

state switching of 1·CH3CN hysteretic in the solid-state. The rare observation of bistable SCO 

with T1/2 centred at room temperature (RT) renders the complex an ideal model system to study 

reversible spin-state tuning under ambient conditions.    

 

Introduction 

Molecular materials that show switching of a physical property—for example, magnetic1–12 or 

electric13–17—accompanied with hysteresis are candidates desirable for applications. Several 

classes of magnetic-molecular systems such as organic radicals,18,19 single-molecule magnets 

(SMMs), and spin-crossover complexes are all known to show bistable switching characteristic. 

However, to the best of our knowledge, SCO complexes are the only class of molecules that 

frequently show bistable switching near room-temperature (RT).4,12 For realistic applications, 

SCO complexes showing a sizable thermal hysteresis width (ΔT1/2)—around 70 K—with 

switching centred around RT are required.4 However, preparing an SCO complex that can 

undergo hysteretic switching around RT is not a trivial task because spin-state switching in the 

solid-state is controlled by a myriad of factors, which are system-dependent. Therefore, it is 

necessary to conduct a systematic search starting from a basic ligand skeleton featuring a 

moderate ligand field allowing spin-state switching of a coordinated metal ion, iron(II) in the 

context of this study. 2,6-bis(1H-pyrazol-1-yl)pyridine (BPP)-based ligands are a class of 

tridentate nitrogen-donor ligands that facilitate spin-state switching of the coordinated iron(II) 

centre, as first reported by Halcrow and co-workers in 2001.20 The propensity to modify the 

BPP skeleton with functional groups at the pyridine and pyrazole rings allows systematic 

studying of spin-state switching of the resultant iron(II)-BPP complexes.21 Recently, 

technologically relevant spin-state switching characteristics of iron(II) complexes a, b, c, and d 

(Figure 1) composed of a BPP-based ligand—ethyl 2,6-bis(1H-pyrazol-1-yl)isonicotinate 

(BPP-COOEt)—have been reported. The reports showed that SCO in the complexes is lattice 

solvent- and anion-dependent.9,22,23 Such observations prompted us to further study the role of 
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lattice solvent in controlling SCO in iron(II) complexes composed of BPP-COOEt. 

Consequently, in this study, we report on the bistable spin-state characteristic of an iron(II) 

complex (1·CH3CN; Figure 1) based on BPP-COOEt ligand. Complex 1·CH3CN shows ΔT1/2 

= 44 K with T1/2 centred at RT (298 K) in the first cycle. However, the switching is not stable 

upon repeated cycling due to gradual lattice solvent release and self-grinding of the crystallites; 

therefore, the practical utility of the complex is unforeseeable. However, complex 1·CH3CN is 

a rare example of a mononuclear iron(II) complex that shows bistable SCO with T1/2 centred at 

RT. Crucially, our attribution, as detailed in the following sections, that pronounced molecular 

distortion contributes to the opening of thermal hysteresis loop could enable future designs of 

iron(II)-based SCO complexes with technologically relevant spin-state switching 

characteristics. 

  

 

Figure 1. Ethyl 2,6-bis(1H-pyrazol-1-yl)isonicotinate (BPP-COOEt)-based iron(II) 

complexes—a, b, c, and d—studied previously9,22,23 and in this study (1·CH3CN). 

 

Results 

Preparation of complex 1·CH3CN 

Ligand BPP-COOEt was synthesized following a previously reported procedure.24 Treatment 

of Fe(BF4)2·6H2O as a solid with the acetonitrile solution of the ligand yielded a wine-red 

solution, indicating complex formation (Scheme 1). Slow diffusion of diethyl ether into the 

acetonitrile solution of the complex at 4 °C over a period of 2-3 weeks yielded wine-red crystals 

suitable for single-crystal X-ray diffraction (SC-XRD) studies. In one such crystallization 

attempt, a few yellow crystals suitable for the SC-XRD studies were also obtained along with 

the wine-red crystals. 
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Scheme 1. Preparation of complex 1·CH3CN. 

After harvesting from the mother liquor, the wine-red crystals were washed with ether and dried 

under vacuum for 4 h. Elemental analysis of the dried crystals revealed that lattice acetonitrile 

solvent is retained after the drying process. 

X-ray crystal structures of the low spin (LS) and high spin (HS) forms of complex 

1·CH3CN 

Structure determination of wine-red (173 K) and yellow (293 K) crystals (Figure 2 and Table 

1) revealed that the complexes are in the LS and HS states, respectively, as inferred from the 

Fe-N bond lengths and angular parameters collected in Table 2. The complexes crystallized 

with one molecule of acetonitrile in the lattice. 

 

Figure 2. Single-crystal X-ray structures of the (a) LS and (b) HS forms of 1·CH3CN 

determined at 173 K and 293 K, respectively. The lattice acetonitrile molecules and BF4 anions 

are not shown for clarity. The spin-state switching is accompanied with conformational 

switching of one of the ethyl substituents and pronounced angular distortion. 

 

Table 1. Crystallographic data of LSa and HSb forms of 1·CH3CN. 

 1·CH3CN (LS, 173 K) 1·CH3CN (HS, 293 K) 

Formula C30H29B2F8FeN11O4 C30H29B2F8FeN11O4 

FW/g.mol-1 837.11 837.11 

T/K 173 293 

Crystal System Monoclinic Monoclinic 
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Space group P21/c P21/n 

a/Å 10.6227(2) 9.694(3) 

b/Å 23.8289(5) 25.264(6) 

c/Å 16.4258(3) 15.183(2) 

α/° 90 (1) 90 

β/° 119.508(1) 96.941(11) 

γ/° 90 90 

V/Å3 3618.50 (13) 3691.3(12) 

Z 4 4 

ρ/g.cm-3 1.537 1.506 

μ/mm-1 4.190 0.501 

R1 0.0573 0.0902 

wR2 0.1496 0.2693 

a ccdc 1560719, bccdc 2194264 

 

Table 2. Selected bond lengths (Å), angles, and angular parameters (°) of the LS and HS forms 

of 1·CH3CN. 

Parameter 1·CH3CN (LS) 1·CH3CN (HS) 

T/K 173 293 

Fe1-N1(pyrazolyl) 1.962(3) 2.148 

Fe1-N3(pyridyl) 1.899(3) 2.137 

Fe1-N5 (pyrazolyl) 1.976(3) 2.178 

Fe1-N6 (pyrazolyl) 1.975(3) 2.185 

Fe1-N8 (pyridyl) 1.887(3) 2.144 

Fe1-N10 (pyrazolyl) 1.953(3) 2.160 

rFe-N 1.942 2.158(6) 

N3-Fe1-N8 (ϕ) 172.87(12) 159.45 

N6-Fe1-N10 (ψ) 160.53(12) 146.04 

N1-Fe1-N5 (ψ) 160.43(12) 145.69 

θ 86.70 80.08 
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On a comparative scale, the HS-form features a distorted coordination geometry relative to its 

LS counterpart. Such distortion in the crystal lattice is known to induce spin-state switching 

with a wide hysteresis loop, as reported for the BPP-based9,23 and related systems.4  

Spin-state switching characteristics of 1·CH3CN 

Magnetic susceptibility measurements of gently ground wine-red crystals were performed 

under 0.1 T applied magnetic field. A scan rate of 2 K min-1 was employed, and the data were 

collected in the settle mode. 

The complex exhibited abrupt SCO with 44 K and 52 K hysteresis loops for the first (T1/2↑ = 

320 K and T1/2↓ = 276 K) and second (T1/2↑ = 320 K and T1/2↓ = 268 K) heating-cooling cycles, 

respectively, as depicted in Figure 3. The obtained χT products of 3.18 cm3 K mol-1 and 0.18 

cm3Kmol-1 at 335 K and 200 K, respectively, for the first cycle, reveal the presence of pure HS 

and predominantly LS species at those temperatures—a genuine temperature-induced spin-state 

switching is inferred. Further cycling resulted in a steady decrease of the χT product (Figure 3 

and Table 3) indicating the increase of the trapped LS state and unstable nature of the spin-state 

switching characteristic of the complex to repeated thermal scanning.  
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Figure 3. Spin-state switching characteristic of 1·CH3CN. χT versus T plots of the complex 

showing bistable—abrupt and hysteretic—spin-state switching characteristic with ΔT1/2 = 44 K 

and T1/2 = 298 K (cycle 1).  
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To check for the reproducible nature of the spin-state switching, a fresh crop of wine-red 

crystals of the complex was grown, and the spin-state switching characteristic of the sample 

was studied by repeatedly subjecting it to thermal scanning from 335 K-to-5 K, and vice versa 

(Figure 4). The T1/2 and ΔT1/2 values obtained from the first cycle are comparable with the ones 

obtained from the measurements shown in Figure 3. Upon repeated scanning, a steady decrease 

of χT values was observed until the 11th scan. Further scanning resulted in a stabilized χT versus 

T plots with the sample trapped in a mixed spin phase predominantly composed of LS 

complexes. The incremental spin-state evolution in response to repeated cycling is attributed to 

self-grinding effect25 and the concomitant gradual lattice solvent loss (vide infra). The cycling 

is also accompanied by a steady rise of χT value in the 5 K-to-275 K region, as recently observed 

for an iron(II)-BPP system by Halcrow and co-workers.26 A fraction of the complex molecules 

in the mixed phase, obtained after the 11th cycle, undergoes gradual SCO, as depicted in Figure 

4.  
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Figure 4. Spin-state switching characteristics of 1·CH3CN upon repeated cycling. χT 

versus T plots of wine-red crystals of 1·CH3CN. A second set of freshly prepared crystals were 

used for the measurements. 
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Table 3. Parameters associated with the SCO of 1·CH3CN. 

 SQUID DSC 

 χT (HS)/cm3Kmol-1 T1/2/K ΔT/K T1/2/K ΔT/K 

Cycle 1 3.18 298 44 298 44 

Cycle 2 3.02 294 52 294 56 

Cycle 3 2.79 294 51 293 60 

Cycle 4 2.56 295 50 292 66 

 

To further confirm the occurrence of temperature-induced spin-state switching in 1·CH3CN, 

differential scanning calorimetric (DSC) studies were performed, as shown in Figure 5a. The 

T1/2 and ΔT1/2 values obtained from the DSC studies (Table 3) are in good agreement with the 

values obtained from the magnetic measurements shown in Figure 3, confirming the bistable 

spin-state switching characteristic of 1·CH3CN.  

Figure 5. Differential scanning calorimetric (DSC) and small- and wide-angle X-ray 

scattering (SWAXS) studies of complex 1·CH3CN. (a) DSC profiles showing temperature-

induced spin-state switching in the 210 K-to-330 K temperature range. (b) SWAXS patterns of 

1·CH3CN showing continuously evolving crystalline phases in response to repeated heat-cool 

cycling. The patterns were collected at 297 K after heating and cooling the sample ex-situ at 

330 K and 77 K, respectively.  
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Our attempts to reversibly cycle single-crystals of 1·CH3CN from the LS state to the HS state 

inside the diffractometer were not successful due to the explosion of the crystals when heated 

in the vicinity of spin-transition temperature. Similar attempts with the HS crystals met with 

the same fate while cooling them. Such unsuccessful attempts with the single-crystals led us to 

study complex 1·CH3CN with the help of small- and wide-angle X-ray scattering (SWAXS) 

studies to get a glimpse of lattice variations during the spin-state switching process. As shown 

in figure 5b, the SWAXS pattern obtained from a ground sample of 1·CH3CN is comparable 

with the calculated pattern obtained from the single-crystal data. The differences between the 

SWAXS and calculated patterns obtained at 293 K and 173 K, respectively, are attributed to 

temperature- and grinding-induced variation of lattice parameters. Such attribution is based on 

our recent observation of grinding-mediated loss of crystallinity of complex c (Figure 1).23 

Repeated heat-cool cycles of ground 1·CH3CN caused an irreversible drift superposed with 

SCO modulation of diffraction profiles, serving as an in-situ proof of the thermal-cycling-

mediated evolution of the high- and low-temperature crystalline phases. A comparison between 

the results obtained from the magnetic and SWAXS studies led us to the following conclusion: 

the two initial structures—heat 1 (HS) and cool 1 (LS) in Figure 5b—have different lattice 

features showing that the SCO is coupled with a lattice parameter variation, as also evidenced 

from the SC-XRD studies (Figure 2 and Table 1-2). In the subsequent cycles, the spin-state 

switching characteristics are incrementally modified by the gradual removal of solvent 

molecules, leading to the formation of two stable solvent-free phases complying both with LS-

states. 

 

To shed light on the fate of lattice acetonitrile in 1·CH3CN during the repeated heat-cool 

cycling, thermogravimetric analyses (TGA) of various forms of the complex were performed. 

The crystalline 1·CH3CN underwent a 5% weight loss around 400 K, corresponding to the loss 

of one molecule of acetonitrile from the lattice (Figure 6a). On the contrary, no such weight 

loss is observed for a sample dried at 423 K (Figure 6a), revealing the complete removal of 

acetonitrile molecule from the lattice. TGA analysis of the sample obtained after SWAXS 

studies also showed a lack of pronounced weight loss (Figure 6b). Actually, the TGA profiles 

of the deliberately desolvated sample at 423 K and the sample obtained after the repeated 

SWAXS measurements are comparable. Based on the above observations, we conclude that 

repeated spin-state switching of 1·CH3CN is accompanied with a gradual loss of lattice 

acetonitrile molecules, forming 1·xCH3CN (x < 1) lattice with varying solvent content before 

the formation of solvent-free 1. Note that the solvent removal process during the SWAXS 
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measurements is accelerated due to the ex-situ heating and cooling of the sample, which is in 

contrast to the magnetic measurements performed inside a SQUID cavity. The almost complete 

loss of lattice solvent after four external heat-cool cycles during the SWAXS studies is justified 

based on the above argument.  

 

Figure 6. Thermogravimetric analyses (TGA) of 1·CH3CN. (a) TGA of 1·CH3CN (black 

curve) and its solvent-free version (red curve). (b) TGA of 1·CH3CN ((black curve) and the 

sample obtained after four cycles of SWAXS measurements ((red curve) shown in Figure 5b. 

 

Discussion 

The first synthesis of BPP-COOEt ligand used to prepare 1·CH3CN reported in this study was 

reported almost 20 years before.24 However, the utility of the ligand to prepare iron(II)-based 

mononuclear complexes was not reported until 2018.22 The first reported iron(II) complex (a, 

Figure 1) of the ligand, showed an irreversible LS-to-HS switching with the switching 

temperature centred around 330 K. Once heated above 350 K, complex a lost the lattice acetone 

solvent and the solvent-free version was trapped in the HS-state in the subsequent cooling. Our 

attempts to study similar complexes as acetonitrile (complex b; Figure 1) and nitromethane 

(complexes c and d; Figure 1) solvates led to the observation of hysteretic spin-state 

switching.9,23 Remarkably, complex c showed stable hysteretic spin-state switching 

characteristics with T1/2 = 288 K; ΔT1/2 = 62 K.23 In a different scenario, Sato and co-workers used 

BPP-COOEt to prepare a mononuclear cobalt(II) complex, which underwent switching of 

orbital angular momentum due to switching of coordination number from seven-to-six, and vice 

versa,27 demonstrating an altogether different switching mechanism contrast to the spin-

multiplicity-based switching demonstrated in this study. The above discussion indicates that 

coordination complexes based on a simple ligand system such as BPP-COOEt can feature 

exotic magnetic properties. 
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In a recent study, we observed pronounced molecular distortion upon spin-state switching of 

complexes c and d (Figure 1).23 Such distortion coupled with conformational variation of the 

Et group stabilizes the complexes either in a LS- or HS-state; creating an energy barrier, thereby 

thermal hysteresis loops are observed upon spin-state switching. Recently, Real and co-workers 

reported a mononuclear iron(II) complex with a wide 105 K thermal hysteresis loop and ΔT1/2 

= ̴308 K. They elucidated that molecular distortion and conformational switching cause 

hysteretic spin-state switching associated with the complex.4 The angular parameters collected 

in Table 2 reveal that the HS-form of complex 1·CH3CN features a distorted molecular 

geometry relative to its LS counterpart showing close to the ideal octahedral geometry. The 

obtained variations in ϕ and θ—Δϕ = 13.42° and Δθ = 6.62°—indicate that the complex needs 

to traverse a significant energy barrier to switch from one spin-state to another; that is, HS-to-

LS and vice versa. Moreover, conformation of one of the ethyl groups of 1·CH3CN varies upon 

spin-state switching (Figure 2). Based on the SC-XRD data and previous studies discussed 

above, we attribute the origin of the 44 K thermal hysteresis width observed for 1·CH3CN to 

the pronounced molecular distortion and ethyl group conformational variation. Note that the 

HS-form of the complex is obtained after a chance crystallization, and we were unable to 

generate the HS-form in-situ, as afore discussed. 

 

Overall, complex 1·CH3CN reported in this study is one of the rare mononuclear iron(II) spin-

crossover complexes showing hysteretic spin-state switching with T1/2 centred at RT. However, 

the SCO is lattice-solvent-dependent, and the solvent loss accompanying the spin state 

switching process combines with significant variations of the crystalline structures, as inferred 

from the SWAXS studies. Such aspects render the SCO unstable to thermal cycling, impeding 

the practical utility of the complex as a molecular switch or memory. On the positive side, the 

attribution that pronounced angular distortion and conformational variation of ethyl group 

contribute to the opening of thermal hysteresis in 1·CH3CN adds to the extensive knowledge 

collected on SCO systems over almost a century. As a perspective, the pronounced distortion 

associated with the HS-state of 1·CH3CN and lattice constraints hindering the HS-to-LS 

switching could confer the HS-state of the complex with a long lifetime, enabling reversible 

addressing of the spin-states at RT. Finally, the grand old phenomenon of SCO continues to 

evolve keeping abreast with the contemporary developments in molecular magnetism and 

related topics.5,28–39 We are happy that the topic has chosen us to express interesting facets, as 

discussed in this script. 
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Experimental 

Materials 

Anhydrous solvents and Fe(BF4)2·6H2O were purchased from commercial sources and used as 

received. Glassware were dried in a vacuum oven at 150 °C prior to the experiments. All the 

complexation reactions were performed under argon (Ar) atmosphere. 

 

Synthesis of BPP-COOEt ligand (L) and complex 1 

Ligand L was synthesized according to the literature procedure.24 

 

Ligand (L) (0.058g, 0.2 mmol) was solubilized in 10 ml of ACN. To this [Fe(BF4)2]·6H2O (0.1 

mmol) was added and the mixture was stirred at RT for 2 h under Ar atmosphere. The reaction 

mixture was filtered and portioned into test tubes followed by isothermal diffusion of Et2O at 4 

°C over a period of 2-3 weeks yielded good quality crystals suitable for X-ray analysis. 

Formation of a nearly colorless solution is considered as an end point of the crystallization 

process. 

Yield of complex 1: 46 mg (60%).  

Elemental analysis: calc for C28H26B2F8FeN10O4·CH3CN: C, 43.05; H, 3.49; N; 18.41. Found: 

C, 42.7, H, 3.5, N, 18.28. 

Physical measurements 

Magnetic measurements of the complex were performed on a MPMS-3 SQUID-VSM 

magnetometer (Quantum Design). The temperature-dependent magnetization was recorded at 

an applied DC field of 0.1 T. A temperature sweeping rate of 2 K min–1 was employed, unless 

otherwise noted. Gelatine capsules were used as sample holders in the 5 K to 335 K temperature 

range.  

Small- and wide-angle X-ray scattering (SWAXS) patterns of the complex were obtained with 

a linear monochromatic Cu Kα1 beam (λ = 1.5405 Å). The beam was obtained using a sealed-

tube generator equipped with a bent quartz monochromator. The samples were filled in sealed 

cells of adjustable path. The sample temperature was controlled within ±0.1 °C, and exposure 

times were of 24 h. The patterns were recorded on image plates scanned by Amersham Typhoon 

IP with 25 µm resolution (periodicities up to 120 Å). I(2θ) profiles were obtained from images, 

by using a home-developed software. 

Thermogravimetric analyses were performed with a TA Instruments Q50 instrument operated 

at a scanning rate of 5 K/min. 
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Elemental analyses of the complex was performed using Elementar vario MICRO cube 

elemental analyser. 
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