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Angle dependance Spin Crossover properties in polymorphic Iron(II) 

complexes based on pyridine-triazole derivatives 

Emmelyne Cuza,*a Nicolas Delsuc, b Jerôme Marrot,c William Shepard,d Clotilde Policar,b Christian 

Serrea, Antoine Tissot*a 

Two new Fe(II) compounds based on a pyridine-triazole ligand with NCS- co-ligand were synthesized as thermodynamic (1) 

and kinetic (2) products. Single crystal X-Ray diffraction evidenced that these compounds are polymorphs. Magnetic 

susceptibility of each compound was recorded and showed that (1) undergoes a sharp spin crossover, while (2) remains high 

spin across the temperature range. We discussed here the importance and the impact of the crystalline packing on the 

switching properties of these compounds. 

Introduction 

In the switchable materials field, the design of new coordination 

compounds exhibiting spin crossover (SCO) behavior, i.e. the ability 

to switch their spin state from high-spin (HS) to low-spin (LS), is a 

challenge.[1] Such conversion is possible via external stimuli such as 

temperature, pressure, magnetic field or light irradiation, as well as 

chemical perturbation,[1-2] and occurs principally in the first row of 

transition metals with d4 to d7 electronic configurations. Fe(II) SCO 

complexes, which can go from a paramagnetic HS (S=2) to a 

diamagnetic LS state (S=0) states, are by far the most studied.  

In order to design coordination compounds with iron(II), a large 

panel of ligands have already been explored, mainly based on N-

donor atoms (Figure.1).[3-16] For example in the case of the tzpy (3-

(2-pyridyl)-[1,2,3]triazolo[1,5-a]pyridine)[4-7] ligand, thermal spin 

crossover has been observed when associated with a NCX- anion as 

ligand for charge balancing, leading to the neutral 

compound [Fe(tzpy)2(NCX)2] (X = S or Se) that presents a ligand field 

strength compatible with a thermal spin state switching. However, 

surprisingly, bidentate ligands combining a pyridine and a simple 

triazole ring have not been used to the same extent to design spin 

crossover compounds compared to the abpt (abpt = 4-amino-3,5-

bis(pyridin-2-yl)-1,2,4-triazole) ligand type (Figure.1).  

Around 16 mononuclear Fe(II) complexes structures have been 

reported with (2-pyridyl)-1H-1,2,3-triazol-1-R linkers including tzpy 

ones,[5-12] and 11 polynuclear Fe(II) compounds.[11-16] On all of 

these, only 10 have had their magnetic properties discussed and 6 of 

them show SCO properties. For mononuclear Fe(II) compounds with 

other groups than tzpy, only 2 show SCO properties[5]: 

[Fe(FTP)2(NCX)2]·CHCl3 with (X = S or Se) respectively showing an 

incomplete thermal transition for [Fe(Fc-tzpy)2(NCS)2]·CHCl3 (T½ = 85 

K with TLIESST of 47 K) and a quantitative conversion for 

[Fe(FTP)2(NCSe)2]·CHCl3 (T½ = 168 K and a TLIESST= 39 K). On the 

opposite, the other compounds were stuck in HS or LS states at any 

temperature.[6-7, 11-12]  

Figure.1 Examples of N-donor common ligands used to build Fe(II) SCO 

compounds, and bidentate ligand based on 1,2,3-triazole. 

The use of 1,2,3-triazole rings have been a key point for 

developing new ligands.[4] In the past, 1,2,4-triazole rings and 

derivatives ligands have been mostly used, and led to a wide range 

of SCO compounds, such as monuclear[17], trinuclear complexes 

[19-20] as well as coordination polymers.[17] Thus, considering the 

interesting SCO properties of some of these compounds including 

abrupt transition close to room temperature, photoswitching, etc. 

we decided to look into the design of a functional pyridine-1,2,3-

triazole ligand previously developed by some of us for applications in 

imaging.[18-21] In this study, a O-Methyl group was added on the 

ligand to enhance the probability of getting weak intermolecular 

interactions between mononuclear complexes, which may have a 

huge impact on the switching properties and possibly induce 

cooperative transitions. 

Scheme.1 Synthesis scheme of [Fe(PytaCOOMe)2(NCS)2] complexes. 

We report here the synthesis and characterization of 

[FeL2(NCS)2] (L = PytaCOOMe) (Scheme.1), a new Fe(II) complex that 



  

 

crystallizes in the form of two polymorphs noted (1) and (2). The 

different synthetic conditions used to prepare each compound vary 

substantially, allowing us to identify that (2) is the kinetic product 

and (1) the thermodynamic one. Polymorphism arises from a 

difference in conformation/arrangements of the molecules in the 

packing/unit-cells when crystallization occurs. Even though they are 

chemically identical, their physical properties can be highly 

impacted. Polymorphism is not that common in SCO compounds and 

when polymorphism is observed, the SCO behavior can be severely 

altered. [22-28] Since the first SCO polymorphs were discovered,[22] 

the subject has been studied over the years and enabled a better 

understanding on the link between packing and SCO behavior.[28-

29] However, the number of polymorphs presenting huge difference 

in SCO properties are still limited, and are yet to be explored 

thoroughly. Here, (1) and (2) present a huge difference in their 

magnetic properties, with (1) undergoing a sharp thermal spin-

crossover upon cooling contrary to (2) that stays in HS state down to 

10 K. These differences are discussed to evidence the key structural 

factor at their origin. 

 

Results and discussion 

Synthetic procedures 

The compound PytaCOOMe (L) was prepared according to the 

previously published procedure [30] (See Experimental). The 

complex [FeL2(NCS)2] was prepared by slow diffusion in fine glass 

tube as yellow single-crystals (1) and was obtained by fast 

evaporation of a methanol/water solution of the complex (2). The 

infrared spectra are identical as the two compounds are polymorphs 

(slight shifting due to equipment precision), with a strong absorption 

band at 2049 cm-1 for (1) and (2), which can be assigned to the 

asymmetric stretching vibration modes (ν(C≡N)) of the thiocyanato 

group coordinated to a HS Fe(II) cation (see Figures.S1, S3 and S5). 

Some particular vibrations can be pointed to such as bands at 3331 

and 1665 cm-1 corresponding to the amide group, a band at 1733 cm-

1 corresponding to the ester group and bands at 1610-920 cm-1 

corresponding to the aromatic rings.  

 

Magnetic measurements 

The magnetic measurements were recorded on polycrystalline 

samples for which powder X-ray diffraction patterns were recorded 

to ensure the high purity of the compounds (See Figure.S2 and S4). 

Figure.2 presents the variable temperature magnetic susceptibility 

measured between 50 and 300 K for (1) and between 10 and 300 K 

for (2). Both compounds are HS at 300 K, with corresponding χmT 

products of 3.38 cm3 K mol-1 for (1) and 3.37 cm3 K mol-1 for (2), as 

expected for an isolated Fe(II) ion. Upon cooling, the χmT value of (1) 

remains constant until 200 K and then undergoes an abrupt 

transition centered around T½ = 150 K that is perfectly reversible 

upon warming. At 50 K, a χmT of 0.09 cm3 K mol-1 is obtained, 

indicating that the compound is almost fully LS. 

 

 

 
 

Figure.2 Evolution of the product of the molar magnetic susceptibility by the 

temperature as function of the temperature ((χmT)vs(T)) for compounds (1) 

and (2). 

In comparison, compound (2) remains HS throughout the 

temperature range explored, with only a slight decrease of the χmT 

product below 20 K than can be attributed to the zero field splitting 

(ZFS) of the HS Fe(II) ions. 

 

Structural analysis of (1) and (2)  

The crystal structure of both compounds was determined at 110 

K and 200 K for (1) and at 180 K for (2). For (1), the data were 

recorded using a microfocused synchrotron beam (PROXIMA2 at 

SOLEIL Synchrotron) due to the small size of the crystal. The unit cell 

parameters, crystal refinement data, and the pertinent bond 

distances and angles of both structures are summarized in Table.1 

and 2. 

Compound (1) (1) (2) 

Temperature / K 110 200 180 

Color red yellow Yellow 

Formulae C28H30FeN12O6S2 C28H30FeN12O6S2 C28H30FeN12O6S2 

Space group P21/c P21/c P21/c 

System Monoclinic Monoclinic Monoclinic 

a /Å 13.4990(3) 13.5277(8) 13.271(3) 

b /Å 14.2794(4) 14.6210(7) 13.139(3) 

c  /Å 9.1679(3) 9.2130(6) 9.619(2) 

β / ° 103.635(3) 103.732(5) 99.910(7) 

V / Å3 1717.38(11) 1770.14(18) 1652.3(6) 

Z 2 2 2 

Tot reflexion 17135 16974 31560 

Unique reflexion / Rint 3006/0.0652 2920/0.1076 2930/0.1771 

GooFc sur F2 1.015 0.862 1.170 

R1
a on I > 2σ(I) / wR2

b (all) 0.0714/ 0.2356 0.0740/0.2036 0.0937/0.1812 
a R1 = Σ|Fo-Fc|/Fo); b wR2= [Σ((ω(Fo2-Fc2))2/(ωFo2)2)]1/2; c GooF = [(Σ(ω(Fo2-Fc2))2/(Nobs-Nvar)]1/2. 

Table.1 Crystal data and structure refinement of the compounds (1) and (2). 

 



 

 

Figure.3 Representation of asymmetric unit of the complex a) in (1) at 200 K 

and b) in (2) at 180 K. 

Compounds (1) and (2) crystallize in the P21/c monoclinic space 

group, which was confirmed using powder X-ray diffraction (PXRD). 

PXRD also show unambiguously that both compounds are different, 

confirming that they are polymorphs (Figure.S6), even though their 

lattice are similar. Both asymmetric units are composed of 

Fe(PytaCOOMe)2(NCS)2] centred on a crystallographic inversion 

centre (localized on the Fe centre). Both compounds are composed 

of two bidentate ligand PytaCOOMe and two thiocyanate ligands 

coordinated in a µ-NCS fashion in axial position. Such arrangement 

led to the general crystallographic formula of two 

[Fe(PytaCOOMe)2(NCS)2] complexes per unit-cell (Figure.3). 

The Fe(II) ions are hexa-coordinated by six nitrogen atoms giving a 

distorted FeN6 octahedron, coming from terminal thiocyanato 

ligands nitrogen atoms (N1 and N1’) and from nitrogen atoms (N2, 

N2’, N3, N3’) of the two PytaCOOMe chelating ligands.  

Close examination of the average Fe-N bond distances and N-Fe-

N angle and distortion parameter (Table.2) give in-dept information 

about the metal environment around the distorted octahedra in both 

compounds. For compound (1) at 110 K, the average <dFe1-N> = 

2.0165 Å and the values of distortion parameters of Σ = 52.29° and 𝜃 

= 201.20° demonstrate that the compound is in the LS state. On the 

contrary at 200 K, the same compound (1) shows higher deformation 

of the octahedron, with <dFe1-N> = 2.1489 Å and of Σ = 67.41° and 𝜃 = 

262.01°, value which are similar to those found for compound (2) 

(<dFe1-N> = 2.1489 Å, Σ = 70.86° and 𝜃 = 260.06°), indicating that both 

complexes are in the HS state. To understand the difference in the 

magnetic properties between both compounds, their structures 

were carefully compared, starting with a full description of 

compound (1) in HS and LS state. 

 

Bond lengths (Å) (1)-110 K (1)-200 K (2) 

d<Fe-N> (Å) 2.0165 2.1480 2.1720 

Angle <N-Fe-N>    

Σ <N-Fe-N> 

𝜃 <N-Fe-N> 

52.29 

201.20 

67.41 

262.01 

70.86 

260.06 

Table.2: Crystal data and structure refinements of the compounds (1) and 

(2).(𝛴 & 𝜃)[31] 

Comparison of the compound (1) in HS and LS state is depicted 

in Figure.4. The overlaid structures shows that the structures are 

similar and the main difference arises from the deformation of the 

octahedron (Table S.23), principally due to the N2-Fe1-N3 angle 

which tend to get closer to 90° at LT.  

 
Figure.4 a) Overlay of compound (1) at 110K in red and (1) at 200 K in orange. 

b) Packing representation of (1) at 110 K and 200 K in the 011 plane (𝛂), in the 

101 plane (𝛃) and in the 110 plane (𝛾) 

 

By analyzing the packing, similarities can be found between 

polymorphs (1) and (2). The ac plane (101) and ab plane (110) are 

quite similar in both structures (See Figure.S7), with the ac planes 

being equivalent by a rotation of 180° on [001] axis and the ab planes 

equivalents by a rotation of 180° on the [010] axis (Figure.S8). For the 

bc plane (011) no translation or rotation can lead to any equivalence 

between the structure, as seen in Figure.5. 



  

 

 

Figure.5 a) Packing representation of (1) at 200 K in the (011) plane, b) Packing 

representation of (2) in the (011) plane, c) overlay of both structures in (011) 

plane (Orange HS (1), blue (2)). 

The short intermolecular interactions are also quite similar in both 

structures: (1) at 110 and 200 K and (2) depict the same shortest 

interaction O1∙∙∙N6 at ≃ 2.9 Å.  No other weak interactions are 

present in (1), while for (2), an extra intermolecular interaction 

between O2A∙∙∙O2A’ around 2.94 Å and an intramolecular interaction 

between N6∙∙∙O3 at 3.06 Å can be found (Figure.6) (the search limit 

was 3.10 Å, 90° in order to list only relevant weak interactions). The 

Fe-Fe distances between the two compounds are also comparable 

with 8.48 Å and 8.64 Å for (1) at 110 K and 200K respectively, and 

8.14 Å for (2) (Figure.S6). Thus, the analysis of the crystal packing and 

the weak intermolecular interactions do not evidence any significant 

differences that could explain the switching behaviors of (1) and the 

fact that (2) remains HS. 

 

Figure.6 Inter- (∙∙∙∙) and intra- (∙∙∙∙) molecular interactions in a) (1)-HS and b) 

(2). 

From the examination of both products, the major distinction 

between the two compounds resides in the deformation/bending of 

the Fe-N≡C bond angle of the thiocyanate linker as shown in Figure.6 

(172.8°, 170.12° and 160.8° for (1) and (2) respectively). As already 

reported, it is known that the thiocyanate ligand binding angle 

impacts on the SCO properties[27,32]: if the angle varies significantly 

enough from 180°, the ligand field is decreasing significantly which 

causes and the compound remains HS. Thus, for compound (2), the 

ligand deviation of around 20° is likely to be responsible for the 

crystal field strength decrease, which explains why the compound 

remains HS at low temperature. Upon inspection of all Fe-N≡C 

binding of similar compounds (See table.S23),[5-12] compound (2) is 

one of the compounds with the highest angle deviation from 180°, as 

well as having highly distorted octahedron (large 𝛉 and 𝛴). More 

precisely, among the 11 structures reported on 5 different 

compounds,[5,8,9,10,29] all the compounds which present SCO 

behavior have an Fe-N≡C angle above 166°. On the opposite, for the 

only compound ([FeII(FTP)2(NCS)2]) that remains in HS state at every 

temperature, this angle is 145.70°. All of this highly suggest that the 

ligand field strength is reduced in (2), which therefore hinders any 

thermal SCO properties.  

 

Figure.7 a) Illustration of the Fe-N-C binding angle in 𝛂) (1) at 110 K, 𝛃) (1) at 

200 K and 𝛾) (2) at 180 K; b) Overlays of 𝛂) (1) at 110 K and (2) at 180 K, 𝛃) (1) 

at 200 K and (2) at 180 K. 

Additionally, when overlaying both structures, compound (2) 

shows a distinct deformation not only on the octahedron, but also on 

the functionalized side group which could have a steric impact 

hindering any movement of the ligand around the iron center. 

Indeed, the functionalized group is more open (pulled away from the 

SCN-Fe-NCS axis) in (1) compared to (2) in both HS and LS states, and 

the COOMe group is more curled in on itself leading to more 

constraints around the molecule (Figure.7). 

 

Experimental 



 

 

Generalities 

Metal salts, starting reagent and solvents were purchased from 

Sigma-Aldrich, Acros Organic and Fisher scientific. Deuterated 

solvents were purchased from Eurisotop (Cambridge Isotope 

Laboratories). Distilled water was obtained from MilliQ water, 

Millipore system. 

Powder X-ray Diffraction (PXRD) data were recorded on a high-

throughput Bruker D8 Advance diffractometer working on 

transmission mode and equipped with a focusing Göbel mirror 

producing CuKα radiation (λ = 1.5418 Å) and a LynxEye detector. (See 

ESI Figure.S2 and S4) 

Single X-ray diffraction. For (1), the data were recorded at 110 K at 

Synchrotron SOLEIL on the PROXIMA-2 beamline (CCDC 2403577, 

2403573). For (2), Single-crystal X-Ray intensity data collection was 

carried out at 180 K with a four-circle kappa-axis Bruker D8 Venture 

diffractometer equipped with Mo wavelength X-ray microsource and 

photon III C14 detector (CCDC 2345551). 

Infrared spectra were measured on a Nicolet iS5 FTIR ThermoFisher 

spectrometer at room temperature, with a resolution of 2 cm-1, 

averaging 16 scans at 1.0 cm-1∙min-1.  

Magnetic susceptibility was recorded with a Quantum Design SQUID 

magnetometer between 10 and 300 K at a sweep rate of 2 K/min 

under an applied field of 5 kOe. Samples of ca. 10 mg were enclosed 

in a diamagnetic sample holder. The data were normalized to get the 

magnetic susceptibility by mole of iron complex. 

NMR 1H and 13C were measured with Bruker 300 Ultrashield 

spectrometer. 

 

Synthesis 

Compound (1) was synthesized in thin slow diffusion tubes 

(length 25 cm, diameter of 5 mm), where 2/3 of the tube was 

filled with 6 mL of a solution of iron(II) tetrafluoroborate 

hexahydrate salt (70 mg, 0.21 mmol) with potassium 

thiocyanate (36 mg, 0.42 mmol) in water. The top layer of the 

tube was covered with 4 mL of a methanolic solution of 

PytaCOOMe (97.9 mg, 0.42 mmol). After 7 days, little yellow 

crystals plate appeared as a polycrystalline powder (Yield: 28%). 

Elemental Analysis Theoretical: C 44.81%, H 4.03%, N 22.39%, S 

8.54%, Found C 44.72%, H 3.97%, N 21.99%, S 8.27%. 
 

Compound (2) was synthesized using the same solution/ 

concentration as compound (1). However, both solutions were 

mixed at room temperature for 10 minutes before being placed 

in a large beaker, crystals were recovered in less than 30 

minutes as yellow needle like crystals (Yield: 49%). Elemental 

Analysis Theoretical: C 44.81%, H 4.03%, N 22.39%, S 8.54%, 

Found C 44.32%, H 3.44%, N 22.27%, S 8.56%. 

 

Conclusions 

Two new SCO Fe(II) polymorphic compounds based on a 

bidentate ligand and two ancillary NCS- co-ligands have been 

prepared and structurally characterized. These compounds 

show quite similar structures through the packing as well as the 

intermolecular interactions. Even though they are polymorphs, 

they show two highly different thermal SCO behaviours: 

compound (1) showed a sharp and complete spin crossover 

with a T ½ = 150 K while compound (2) stayed HS down to 10 K. 

This study highlights that, in this case, the packing is not 

determinant to rationalize the SCO properties of the 

compounds, but that the deformation and the angle binding 

around the FeN6 octahedron, in particular the Fe-N≡CS bond 

angle, have a huge impact on the observed switching 

behaviours. To have in the future a better understanding of this 

binding and angle dependence properties, new series of 

compounds having polymorphic equivalent should be studied 

thoroughly and especially ones with other functional groups. 
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