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ABSTRACT  
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Hysteretic spin crossover in coordination complexes of 3d-metal ions represents one of the most 

spectacular phenomena of molecular bistability. In this paper we describe a self-assembly of 

pyrazine (pz) and Fe(BH3CN)2 that afforded a new 2D coordination polymer [Fe(pz)2(BH3CN)2]∞. 

It undergoes an abrupt, hysteretic spin crossover (SCO) with T1/2 of 338 K (heating) and 326 K 

(cooling) according to magnetic susceptibility measurements. Mössbauer spectroscopy revealed a 

complete transition between the low-spin (LS) and the high-spin (HS) states of the iron centers. 

This LS to HS transition induced an increase of the unit cell volume by 10.6%. Meanwhile, a 

modulation of multiple [C‒ Hδ+ ∙∙∙ Hδ-‒B] dihydrogen bonds stimulates a contraction in direction 

c (2.2 %). Simplicity of the synthesis, mild temperatures of transition, a pronounced 

thermochromism, stability upon thermal cycling, a striking volume expansion upon SCO and an 

easy processability to composite films make this new complex an attractive material for switchable 

components of diverse applications. 

 

INTRODUCTION  

Spin crossover (SCO) is a well-known phenomenon of electronic reorganization in 3d-metals 

compounds.1 It is emerged from the existence of two electronic configurations, namely low-spin 

(LS, with a fewer number of unpaired electrons) and high-spin (HS, with a higher number of 

unpaired electrons). This phenomenon is also attracting attention because of a memory effect 

observed for some SCO systems and realized via appearance of a thermal hysteresis loop (when 

LS or HS configuration may exist at the same conditions, depending on the previous thermal 

history).2  
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Among different 3d-metal ions, Fe(II) takes leading positions as a central ion for engineering of 

SCO complexes. This is because there are many combinations of organic and inorganic ligands 

that are suitable for the construction of the switchable systems, and also practically attractive 

transition temperatures with a drastic change of many physical characteristics (optical, magnetic, 

electric, mechanical, etc.).  

Unsubstituted pyrazine is a simple and a widely used bridging N,N’-donor ligand for the synthesis 

of Fe(II) SCO complexes. It is a notable building unit for constructing cyanometallic MOFs, so 

called analogues of Hofmann clathrates (with Ag, Au, Ni, Pd, Pt as co-metals).3 They are 3D 

frameworks built of heterometallic cyano-bridged layers, that are interconnected by a pyrazine 

linker. They all display abrupt hysteretic SCO: Ag and Au above room temperature (RT),3a,3b Ni 

and Pt complexes near RT,3c,3e and Pd complex below RT.3d Some other pyrazine-based 3D 

frameworks with azide4, thiocyanate5 and 1,4-benzenedicarboxylic acid6 as co-ligands are HS and 

do not display SCO. 2D grids built of Fe(II) ions bound with pyrazine linkers and supported with 

thiocyanate or selenocyanate anions as a co-ligand are also paramagnetic.7 Meanwhile another 

ligand-mixed 2D framework (with pyrazine, trans-4,4′-azo-1,2,4-triazole and thiocyanate ligands) 

display a water-sensitive SCO below RT8.  

Pyrazine can also play a bridging role to form 1D chain coordination compounds. Known 

complexes are usually HS,9 which is directly related to the presence of O-donor co-ligands in the 

coordination sphere of Fe(II). However, in case of selected co-ligands,10 complexes can have 

incomplete (a Salen-type Schiff base co-ligand) or complete (acetonitrile co-ligand) SCO below 

RT. Worth noting, pyrazine based complexes with co-ligands can also serve as sensors and change 

their spin states via a single-crystal-to-single-crystal transformation11 or desorption/absorption12.  
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Cyanoborohydride (BH3CN–) is a small anionic N-donor ligand that has been successfully 

employed for the synthesis of molecular Fe(II) SCO complexes. The majority of these compounds 

contain two bidentate N-donor ligands forming the equatorial environment around Fe(II) centers 

and two BH3CN– anions in the trans-positions. Rodríguez-Jiménez et al.13 have significantly 

contributed by synthesizing such complexes based on 4-(4-methylphenyl)-3-phenyl-5-(azine)-

1,2,4-triazole, where azine = pyridine, 5-substitueted 2-pyridine, pyridazine, 4-pyrimidine, 

pyrazine, and 2-pyrimidine. All these complexes possess SCO in the solid state and in solutions, 

all below or near RT. The works of Scott, Ross et al.14 are devoted to the complexes based on 2,2′-

dipyridylamino-s-triazine core ligands, all with SCO. All mentioned BH3CN– complexes are 

formed by large rigid ligands that are capable to display π‒π contacts and majorly crystallize with 

guest solvents that contribute to the SCO characteristics (cooperativity, temperature, 

completeness). Another family of molecular complexes is formed by tetradentate chelating ligands 

in cis-α-conformation and two BH3CN− co-ligands in cis-positions. Thus N,N’-bis(2-

pyridylmethyl)-1,2-ethanediamine and its analogues can provide FeN6
15 and FeN4S2

16 

coordination environments. These complexes demonstrate a complete SCO in a wide range of 

temperatures; however, in case of large ligand molecules15e,16b a more distorted octahedral 

environment is formed and it inhibits the occurrence of SCO. Some other examples of molecular 

complexes with the BH3CN− co-ligand that do or do not display SCO can be found in references.17  

BH3CN− anion is also suitable for designing polymeric SCO complexes. They can be 1D helical 

chains,18 2D square grid networks,19 or even 3D porous coordination polymers20 when a 

tetradentate N,N’-bridging ligand is used. In the case when large aromatic ligands are employed, 

pores of various sizes can be achieved. 
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Notably, the works above evidence that in a series of compounds of a general formula 

Fe(L)(XCN)2, where X = S, Se, BH3, a borohydride derivative is more likely to possess SCO. 

Also, complexes containing BH3CN− usually have higher temperatures of SCO compared to their 

chalcocyanate counterparts.15b,16b,21 

In this paper we report on a new Fe(II) coordination compound, which is a solvent-free 2D 44 

grid network and is formed by pyrazine and BH3CN− ligands. Its crystal structure, magnetic, 

optical and calorimetric properties are studied and discussed. 

EXPERIMENTAL SECTION 

Materials. p-Toluenesulfonic acid monohydrate (CH3C6H4SO3H∙H2O), iron powder (Fe), 

pyrazine (pz, C4H4N2), sodium cyanoborohydride (NaBH3CN) and ethanol were purchased from 

commercial sources and used as received. Iron(II) p-toluenesulphonate hexahydrate 

(Fe(OTs)2∙6H2O) was synthesized according to a previously reported procedure.22  

Synthesis of Fe(pz)2(BH3CN)2. An excess of NaBH3CN (100.5 mg, 1.6 mmol, 2 eq.) was 

dispersed in ethanol (5 ml) and mixed with a solution of Fe(OTs)2∙6H2O (202.4 mg, 0.4 mmol, 1 

eq.) in ethanol (1 ml). The obtained solution of Fe(BH3CN)2 was separated from a precipitate by 

centrifugation and an excess of pyrazine (192.3 mg, 2.4 mmol, 3 eq.) in ethanol (0.5 ml) was added 

under stirring. In 5 minutes, a formation of red crystals suitable for single crystal X-ray analysis 

was observed. In 1 hour, a dark red polycrystalline powder of Fe(pz)2(BH3CN)2 was removed from 

the solution by centrifugation, washed with ethanol and dried in air. Yield is ca. 60.5 mg (51%). 

Anal. Calcd (%) for C10H14B2FeN6: C, 40.51; H, 4.73; N, 28.36. Found: C, 40.35; H, 4.79; N, 

28.27. IR (cm-1): 3106(w), 2332(m), 2200(m), 1600(w), 1474(w), 1412(s), 1186(m), 1168(m), 

1118(s), 1048(m), 1016(w), 836(s), 762(w), 696(s). 
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Free standing films. A procedure similar to the described previously was applied. A powder of 

Fe(pz)2(BH3CN)2 (4 mg) was dispersed in a solution of PMMA (16 mg, FW ~ 300) in CHCl3 (0.25 

ml) by stirring for 5 min. The suspensions were deposited on Teflon substrates at 35 °C and the 

chloroform was let to evaporate. After removing from the substrate, the annealing of films was 

done by heating at 95 °C for 1 h. 

Physical Characterization.  

X-ray diffraction. Single crystal XRD experiments for Fe(pz)2(BH3CN)2 were made using 

Oxford-Diffraction XCALIBUR E CCD diffractometer with graphite-monochromated Mo-Kα 

radiation. Experiments were performed at 293 K. CrysAlisPro package from Oxford Diffraction 

was used to integrate the data and to determine the unit cell. The structures were solved with using 

intrinsic phasing methods (ShelXT program) and refined via least-squares minimization algorithm 

(ShelXL program).23 Olex2 was used as a graphical interface for the solution and refinement of 

the structurs.24 Non-hydrogen atoms were refined as anisotropic. Pyrazine molecule was refined 

as disordered between two positions (50:50). All hydrogen atoms were positioned geometrically 

and refined using a riding model (C-H = 0.93 Å, B-H = 1.08 Å). CCDC 2179860-2179861 contain 

the supplementary crystallographic data for this paper. These data can be obtained free of charge 

from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

Crystallographic information for the LS structure of Fe(pz)2(BH3CN)2 is summarized in Tables 

S1-S4. 

PXRD measurements. PXRD was performed on Rigaku SmartLab 9kW diffractometer (Cu-Kα 

radiation) at 293 K (LS form) and 368 K (HS form) in the range of 2Θ 5 – 65° and a step of 0.005°. 

Refinement of the high-spin crystal structure was performed using Expo2014 software. Non-
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hydrogen atoms were refined as isotropic. Bond lengths were restrained. Pyrazine molecule was 

refined as disordered between two positions (50:50). Crystallographic information for the high-

spin structure of Fe(pz)2(BH3CN)2 is summarized in Tables S5-S8. 

Magnetic susceptibility measurements. Magnetic properties of Fe(pz)2(BH3CN)2 as a function 

of temperature were studied in the range of 273–373 K using a MPMS3 SQUID magnetometer 

(Quantum Design Inc.), in DC mode (1000 Oe field). Cooling and heating rates were 2 K min−1. 

Diamagnetic corrections of the sample holder and the complex (estimated from Pascal’s constants) 

were applied. 

Calorimetric measurements. DSC curves were obtained using Linkam DSC600 stage (N2 

environment, 10 K min−1 scan rate). 

Optical reflectance measurements. Optical monitoring of SCO was performed using  the an 

Optica SZM-1 microscope and a Sigeta UCMOS 1300 camera. Temperature control was made 

using DSC600 Linkam cryostat (scan rate 2 K min−1, 303 – 373 K temperature range, N2 

environment). Images were acquired using ToupView software (one image per degree) and 

processed using ImageJ software. 

UV-Vis spectroscopy. Absorption spectra were recorded at 298 K and 368 K with Varian Cary® 

50 UV-Vis spectrophotometer (190–1100 nm). 

Elemental analysis and FTIR. CHN elemental analysis was performed with a Vario Micro Cube 

(Elementar) CHNOS elemental analyzer. FTIR spectra were recorded at 293 K using PerkinElmer 

spectrometer BX II equipped with ATR sampling accessory (4000–650 cm−1).  
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Mössbauer spectroscopy. 57Fe Mössbauer experiments at 293 and 353 K was made as described 

previously. Powder sample of Fe(pz)2(BH3CN)2 (50 mg) was used. Isomer shifts are given relative 

to iron metal at room temperature. 

RESULTS AND DISCUSSION 

Structure description. The title complex in the form of red crystals is rapidly formed by a reaction 

of Fe(BH3CN)2 with pz in ethanolic medium. Crystal structure of Fe(pz)2(BH3CN)2 was obtained 

at 293 K.  This complex crystalizes in the tetragonal I4/mmm space group with two formula units 

Fe(pz)2(BH3CN)2 per cell (Table 1). A fragment of its structure illustrating a coordination 

environment of iron (II) is shown in Figure 1a. Iron(II) ion is located on a special position 

(Wyckoff position 2a); it has FeN6 coordination environment of a slightly compressed octahedron 

that consists of two axial monodentate NCBH3
−

 anions and four equatorial nitrogen atoms from 

bridging pz ligands. At 293 K the average bond distance <Fe‒N> for Fe(pz)2(BH3CN)2 is equal to 

1.981(2) Å, which correspond to its LS state.25 All equatorial Fe‒N bond lengths are the same and 

equal to 1.995(6) Å. Axial bonds are shorter and are equal to 1.952(4), probably because of a 

negative charge on the axial ligands, making them stronger σ-donors. 

A pyrazine ligand can rotate around either a or b direction. This leads to its disorder between two 

positions in the structure obtained at room temperature (50:50) (Fig. 1c). 

The resulting four-connected, planar structural unit leads to the formation of 2D grid-like layers in 

the ab plane with iron ions in the nodes and pz ligands as linkers. The 2D 44 square grid networks 

with sizes of 6.797 Å × 6.797 Å are stacked in the ABAB manner (Figure 2a,b), so that BH3 groups 

point to the square holes of adjacent layers. Such kind of 2D Fe(II)-based SCO grids supported by 
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cyanoborohydride ions is known for much larger bridging N,N’-donor ligands, like 1,2-bis(4-

pyridyl)ethane), 1,4-bis(pyrid-4-yl)benzene, 1,1,2,2-tetrakis(4-(pyridin-4-yl)phenyl)ethene.19 

The major weak interactions responsible for staking 2D layers in a 3D supramolecular structure 

are C‒H···H‒B contacts (Figure 2c). These Hδ‒ to Hδ+ contacts can be considered as an interaction 

between C‒H proton and the B‒H bond as a whole, and are known from literature as dihydrogen 

bonds26. They may play an important role in stabilization of a dense packing of 2D layers upon 

crystallization. In the title complex the H···H contacts are 2.076‒2.254 Å, the B‒H···H and C‒

H···H angles are 132.9‒155.7° and 119.7‒142.6°, respectively. These values are typical for C‒

Hδ+···Hδ‒‒B dihydrogen bonds,19a while one should consider that B‒H and C‒H bond lengths were 

fixed upon the refinement. A high disorder of H atoms of BH3 group which is related to the high 

symmetry of the complex also contributes to the dispersion in the distances of H···H contacts.  

Usually, intermolecular interactions in SCO complexes are represented by hydrogen bonding27 and 

π-π stacking27b,28, while dihydrogen bonding is rare since SCO complexes lack metal hydride, 

borane type or similar fragments incorporating Hδ‒. In the title complex the presence of BH3 groups 

stimulates the dihydrogen interactions that are responsible for stacking 2D layers in the ABAB 

manner, leading to the dense 3D supramolecular arrangement and ensuring no free space for any 

guest inclusion. Namely, the absence of guests is responsible for the stability of the SCO behavior, 

e.g., water guest effects are usually observed in complexes of such wide classes as 1,2,4-triazolic 

complexes29 and analogues of Hofmann clathrates30.  

A comparison of the PXRD pattern of the polycrystalline sample obtained in the synthesis shows 

a nice agreement with the found crystal structure (Figure S2a). Unfortunately, upon heating single 

crystals to the temperatures where they are in HS state, they lose their quality and become 

unsuitable for X-ray analysis. PXRD patterns of the polycrystalline sample at 368 K show a 
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pronounceable change of the structure related to the LS→HS transition. Notably, a PXRD pattern 

recorded after 10 consequent thermal cycles shows the reversibility of the structural changes that 

occur in the complex upon the spin transition (Figure S2a). Indexing of the diffractogram reveals 

that the complex keeps its tetragonal symmetry in the HS state, while the unit cell increases by 

10.6%. This change occurs because of expansions in a and b directions of 6.3% each. This is 

provoked by the Fe‒N bond elongation that is typically observed upon a LS→HS transition (ca. 

0.2 Å for Fe(II)). The pyrazine ligands are rigid and this strain is efficiently transmitted to the 44 

nets. A less typically contraction of 2.2% occurs in c direction. Even though Fe to NCBH3 distance 

also increases, the expansion of grid size to 7.229 Å × 7.229 Å leads to some changes the geometry 

of H···H contacts and allows a denser packing of 2D layers along the c direction (8.04 Å in LS 

state vs. 7.86 Å in HS state). Rietveld refinement of the HS structure (Figure S2b) reveals a 

satisfactory model with principal structural parameters summarized in Table 1.  

Volume expansion always accompanies spin crossover in transition metal complexes. While the 

typical Fe‒N bond length change is ~ 0.2 A (~10%), the total volume expansion is defined by the 

presence of bulky organic ligands the size of which remains unchanged. Labile fragments/contacts 

geometry of which can be adjusted upon the transition also affect the total expansion. Usually the 

expansion is within 2-10% range, e.g. for a similar complex with a longer bridging ligand an 

expansion of 5.5% is observed 19a. Worth noting some exceptional examples with small ligands 

when the expansion reaches values above that in the title compound31.  
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Figure 1. (a) Fragment of the crystal structure of Fe(pz)2(BH3CN)2 showing atom labelling 

scheme. Displacement ellipsoids are shown with 50% probability. Symmetry codes: (i) +x, 1-y, 1-

z; (ii) +y, 1-x, +z; (iii) 1-x, 1-y, 1-z; (iv) 1-y, +x, +z; (b) View of the crystal structure of 

Fe(pz)2(BH3CN)2 demonstrating an infinite 2D layer; (c) Fragment of the crystal structure showing 

the pyrazine disorder along a or b axis. 

Table 1. Selected structural parameters of Fe(pz)2(BH3CN)2 in LS and HS forms  

Parameter LS (293 K) HS (368 K) 

a (Å) 6.797(3) 7.229(2) 

b (Å) 6.797(3) 7.229(2) 

c (Å) 16.082(5) 15.717(2) 

V (Å3) 743.0(7) 821.366(6) 

Fe‒N1 (Å) 1.952(4) 2.146(4)* 

Fe‒N2 (Å) 1.995(6) 2.176(4)* 

<Fe‒N> (Å) 1.981(2) 2.166(4) 

Voct  [FeN6] (Å
3) 10.367 13.562 

ζ (Å) 0.115 0.080 
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B···C (Å) 3.7386 3.7190 

* parameters were restrained during the Rietveld refinement 

 

Figure 2. (a, b) Interposition of the 2D grid-like layers of Fe(pz)2(BH3CN)2 shown in blue and 

yellow; (c) Fragment of the crystal structure showing H···H contacts as dashed green lines. 

 

Spin-crossover behavior. Temperature dependence of the magnetic susceptibility recorded on 

Fe(pz)2(BH3CN)2 powder upon heating/cooling in the range 273 ‒ 373 K is given in Figure 3. At 

room temperature the χMT value is 0.20 cm3 K mol-1 which is attributed to the Fe(II) ion in the LS 

state (S = 0). Non-zero values of χMT at low temperatures may be explained by an inaccurate 

integration of the signal from a small amount of the diamagnetic sample (as described below, a 

Mössbauer spectrum of the complex evidences that there is no any residual HS fraction at low 

temperatures). The value of χMT remains almost constant upon heating to 334 K. Upon further 

heating χMT increases abruptly with T1/2↑ = 338 K attaining a value of 3.57 cm3 K mol-1 at 373 K 

indicating that the transition to the HS state (S = 2) is practically completed. The subsequent 

cooling mode provides evidence for a 12 K hysteresis loop with T1/2↓ = 326 K. The spin transition 

is reproducible in the consequent thermal cycle, as seen from a good superpositions of the two 

transition loops (Figure 3). Such kind of abrupt transition above room temperature is not frequent 
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and mostly takes place in the complexes of Fe(II) with 4-substituted 1,2,4-triazoles32 and analogues 

of Hofmann clathrates.33 These spin transitions are among the most looked for since they occur at 

technologically important temperatures and possess a memory channel brought by a hysteresis 

loop.  

The cooperativity of the transition is usually confirmed by its abruptness and the presence of the 

hysteresis loop. A quantitative criterion for that cooperativity is the parameter of cooperativity (Γ), 

which is introduced by the Slichter-Drickamer model34:  

ln
(1−𝛾𝐻𝑆)

𝛾𝐻𝑆
=  

𝛥𝐻+𝛤(1−2𝛾𝐻𝑆)

𝑅𝑇
−

𝛥𝑆

𝑅
               (1) 

where γHS is the HS fraction, R is the gas constant, ΔH is the enthalpy change, ΔS is the entropy 

change associated with the spin transition (thermodynamic parameters of SCO were extracted from 

DSC measurement described here below). A modeled curve is shown in Figure 3 and corresponds 

to Γ = 6.6 kJ mol‒1, that points on a high cooperativity of the spin transition compared with 2RT1/2 

= 5.6 kJ mol‒1 35.  

Notably, the closest structural analogues of the title complex which contain SCN− or SeCN− co-

ligands do not have SCO,7 in line with the general trend to more likely have SCO with BH3CN− 

compared with SCN− and SeCN−, regardless of the crystal packing and the nature of N-ligand. 
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Figure 3. Magnetic properties of Fe(pz)2(BH3CN)2 (χMT vs. T plot) recorded in heating and 

cooling modes at a scan rate of 2 K min-1 in two consequent thermal cycles (empty dots) and a 

simulated curve (blue solid line). The complex displays a cooperative spin transition with a thermal 

hysteresis of 12 K (T1/2↑ = 338 K, T1/2↓ = 326 K). A gradual increase of the χMT above 350 K is 

attributed to a diamagnetic contribution. 

Mössbauer spectra of the complex in the two spin states (LS at 293 K and HS at 353 K) demonstrate 

a complete transition in both directions (Figure 4). At 293 K the spectrum of Fe(pz)2(BH3CN)2 

shows a unique doublet with an isomer shift of δLS = 0.327(1) mm s-1 and a quadrupole splitting 

of ΔEQ
LS = 0.458(1) mm s-1 in agreement with Fe(II) species in the LS state. When heated to 353 

K the spectrum reveals a complete disappearance of the LS species and instead only a doublet 

typical for the HS state is detected (δHS = 1.026(1) mm s-1 and ΔEQ
LS = 1.356(1) mm s-1). 
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Figure 4. Mössbauer spectra of Fe(pz)2(BH3CN)2 at 293 and 353 K reveal a complete transition 

between diamagnetic and paramagnetic states of all Fe(II) centers. 

Optical Measurements. Spin transition is always accompanied by a color change due to the 

alteration of d-d electron transitions in metal ions and charge transfer bands. Therefore, the 

observed thermochromic effect allows to follow temperature induced spin transitions in complexes 

by measuring intensity of the transmitted, reflected or scattered light. The title complex has a dark 

red color in the LS state and orange in the HS state. This is related to the change of the absorption 

spectra of the complex upon SCO: a band at 530 nm (presumably attributed to the 1A1→
1T1) 

disappears upon LS→HS transformation while other bands of the charge transfer nature are 

slightly shifted or not affected (see Figure S3). Optical reflection of Fe(pz)2(BH3CN)2 as a function 

of temperature is shown in Figure 5. The values of transition temperatures obtained in optical 

experiments are consistent with those, obtained in magnetic measurements: T1/2↑ = 337 K and 

T1/2↓ = 321 K. Independence of the SCO curve profile on the scan rate (in the range 0.5 – 10 K 
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min–l) is shown in Figure S4 with just very minor changes of the heating branch. This confirms 

there are no considerable kinetic effects for the transition in this compound. Temperature shift 

comparing to the magnetic measurements is most likely associated with different thermalization 

of samples. Optical images of Fe(pz)2(BH3CN)2 powder at 293 K and 363 K are shown in Figure 

5b. A drastic color change and an abrupt LS↔HS transition make this complex an attractive 

thermochromic indicator above RT. 

 

Figure 5. a) Temperature-dependent normalized reflection of Fe(pz)2(BH3CN)2 (heating/cooling 

rate is 2 K min-1). b) Photographs of Fe(pz)2(BH3CN)2 in different spin states made at 293 K (LS) 

and 363 K (HS). 

The title complex can be processed to composite films with organic polymers using a procedure 

similar to previously described. Drop-casting of a complex suspension in PMMA/CHCl3 solution 

leads to free-standing films (Figure 6a). These films were annealed at 95 °C and further used for 

optical characterization. The PXRD pattern shows no significant changes in the structure of the 

complex upon composite formation (Figure 6b). However, the changes of some peak intensities 
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may evidence the preferential orientation of the complex particles in the polymer matrix along ab 

plane. A partial exfoliation may also be supposed. 

Elaborated films have colors of the title complex, namely they are dark red at low temperatures 

(the low-spin form) and orange at high temperatures (the high-spin form). SCO in the composites 

was monitored in optical reflectance experiments at variable temperatures. The composite films 

display an abrupt spin transition with thermal hysteresis within the same temperature range as the 

bulk powder (T1/2↑ = 340 K and T1/2↓ = 321 K for 20 wt%) (Figure 6c). Such thermochromic 

behavior makes polymer composites based on Fe(pz)2(BH3CN)2 attractive thermochromic material 

for various sensors and markers. Polymeric composites are also perspective for fabrication of SCO 

actuators because of the pronounceable expansion occurring upon the spin transition.  

 

Figure 6. a) Schematic representation of a composite film elaboration; b) PXRD patterns (298 K) 

of the powder of Fe(pz)2(BH3CN)2 and a composite PMMA/SCO film (20 wt%) based on the 

complex; c) Normalized reflection of Fe(pz)2(BH3CN)2-based composite as a function of 

temperature measured at 2 K min-1 scan rate. LS and HS photographs of the film (20 wt%) are 

inserted. 
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DSC and TGA characterization. Differential scanning calorimetry (DSC) curves obtained for 

Fe(pz)2(BH3CN)2 are shown in Figure 7a as the ΔCp(T) function. Upon heating an endothermal 

peak is observed which is associated with the LS→HS transition; the cooling branch has an 

exothermic peak associated with the HS→LS transition. The obtained critical temperatures (T1/2↑ 

= 338 K and T1/2↓ = 322 K) are similar to those obtained in other experiments. Average values of 

the enthalpy change (ΔH) and the entropy change (ΔS) associated with spin transition, ΔH = 19.4 

kJ mol-1 and ΔS = 58.7 J mol-1 K-1, are consistent with the values typically observed for other 

cooperative spin transitions27a,36. 

 

Figure 7. a) DSC curves of Fe(pz)2(BH3CN)2 showing thermal effects upon SCO. Measurements 

were carried out at 10 K min-1 scan rate. b) TGA (green) and DTA (red) curves of Fe(pz)2(BH3CN)2 

at 300-673 K in argon flow. A phase transition and a decomposition of the framework are observed. 

Thermogravimetric measurements (TGA, Figure 7b) indicate a stability of the framework up to 

ca. 410 K and a its gradual decomposition above this temperature. Decomposition occurs in a wide 

range of temperatures and one cannot extract thermal ranges where some distinguished species are 
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eliminated. Notably, a differential thermal analysis (DTA) curve shows an endothermal peak at ca. 

333 K which should be associated with the LS→HS transition.  

CONCLUSIONS 

Here we reported on a new 2D metal-organic framework displaying cooperative spin crossover 

above room temperature. Abrupt, complete and reproducible spin transitions occur at 338 K in 

heating mode and at 326 K in cooling mode, revealing a hysteresis loop of 12 K. Spin transition is 

accompanied by a striking color change (red ↔ orange), considerable volume change (10.6%), 

and an attractive operating temperature range. This features, along with a simplicity of the 

synthesis from commercially available ligands and the stability in the temperature range where 

switching occurs, make this new complex an attractive material for switchable components of 

diverse applications, particularly for a fabrication of thermochromic sensors or markers. Notably, 

a discovery of this complex supports an idea that new practically interesting materials still can be 

obtained from simple and readily available precursors. 
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Rodríguez-Jiménez, S.; Yang, M.; Stewart, I.; Garden, A. L.; Brooker, S. A Simple Method 

of Predicting Spin State in Solution. J. Am. Chem. Soc. 2017, 139 (50), 18392–18396. 

https://doi.org/10.1021/jacs.7b11069. 

(14)  (a) Ross, T. M.; Moubaraki, B.; Wallwork, K. S.; Batten, S. R.; Murray, K. S. A 

Temperature-Dependent Order-Disorder and Crystallographic Phase Transition in a 0D 

Fe(II) Spin Crossover Compound and Its Non-Spin Crossover Co(II) Isomorph. Dalton 

Trans. 2011, 40 (39), 10147. https://doi.org/10.1039/c1dt10961h. (b) Scott, H. S.; Ross, T. 

M.; Batten, S. R.; Gass, I. A.; Moubaraki, B.; Neville, S. M.; Murray, K. S. Iron(II) 

Mononuclear Materials Containing Functionalised Dipyridylamino-Substituted Triazine 

Ligands: Structure, Magnetism and Spin Crossover. Aust. J. Chem. 2012, 65 (7), 874. 

https://doi.org/10.1071/CH12052. (c) Scott, H. S.; Ross, T. M.; Phonsri, W.; Moubaraki, 

B.; Chastanet, G.; Létard, J.; Batten, S. R.; Murray, K. S. Discrete FeII Spin‐Crossover 

Complexes of 2,2′‐Dipyridylamino‐Substituted s-Triazine Ligands with Phenoxo, 

Cyanophenoxo and Dibenzylamino Functionalities. Eur. J. Inorg. Chem. 2015, 2015 (5), 

763–777. https://doi.org/10.1002/ejic.201402972. 

(15)  (a) Ye, Y. S.; Chen, X. Q.; De Cai, Y.; Fei, B.; Dechambenoit, P.; Rouzières, M.; 
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Here we describe a self-assembly of pyrazine and Fe(BH3CN)2 that afforded a new spin-crossover 

2D coordination polymer [Fe(pyrazine)2(BH3CN)2]∞. It undergoes a complete, abrupt, hysteretic 

spin transition with T1/2 of 338 K (heating) and 326 K (cooling). This transition is accompanied by 

an increase of the unit cell volume by 10.6%. Simplicity of the synthesis, mild temperatures of 

transition and other spin transition properties of the new complex make it an attractive material for 

diverse applications. 

 


