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High temperature spin crossover behaviour of mononuclear bis-

(thiocyanato)iron(II) complexes with judiciously designed bidentate N-

donor Schiff bases with varying substituent  
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Presented herein a family of molecular cis-[Fe
II
(X-PPMA)2(NCS)2]•H2O [4-X-N-

(phenyl(pyridin-2-yl)methylene)aniline; X-PPMA; X = -Cl (1), -Br (2), -CH3 (3)] complexes 

that exhibit spin crossover behaviour above room temperature. Judiciously designed bidentate 

N-donor Schiff bases of 2-benzoylpyridine and para-substituted anilines in combination with 

Fe(NCS)2 were used for the synthesis of complexes 1-3. The relatively strong ligand field of 

the Schiff bases stabilises the low spin state of ion(II) upto 300 K which is evident from 

magnetic measurements, room temperature Mössbauer spectra and crystallographic 

bond/angle distortion parameters. Interestingly, complexes 1-3 crystallize in a tetragonal 

system with a chiral space group either P43212 or P41212 from achiral building units due to 

supramolecular helical arrangements of molecules through intermolecular (pyridine)C-

H···C(NCS) interactions in crystalline state. Complexes 1 and 2 exhibit complete, gradual 

and slightly irreversibile spin crossover behaviour over the temperature range 300-500 K with 

equilibrium temperatures (T1/2) 375 K (1) and 380 K (2). Spin state evolution of iron(II) in 

complexes 1 and 2 is monitored between 150 K and 450 K through variable temperature 

crystallographic studies on warming mode. The structural data are in good agreement with 

the 94% (1) and 87% (2) high spin conversion of iron(II) at 450 K. At high temperature (450 

K), some minor irreversible ligand motion is noticed in complexes 1 and 2, in addition to a 

complete solvent loss, that may induce the slight irreversibility of the spin crossover. On the 

other hand, complex 3 shows a complete and gradual spin crossover in the temperature range 

10-475 K with strong irreversible features. The equilibrium temperatures obtained upon first 

warming (T1/2↑) and second cooling (T1/2↓) are 375 K and 200 K, respectively. In complex 3, 

the loss of water molecule triggers the strong deviations in spin crossover behaviour.  
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Introduction 

Spin state switching [Low Spin (LS) ↔ High Spin (HS)] triggered by external 

perturbations (T, P, hυ) in spin crossover (SCO)
1-3

 molecules leads to changes in 

magnetic moment, conductivity, dielectric constant and even colour of the material. 

This makes SCO materials suitable for applications as molecular switches or 

memories in information and sensor devices.
1, 4-8

 In general, transition metal 

complexes with electronic configurations 3d
n
 (n = 4-7) in suitable octahedral 

coordination environments are known to exhibit SCO phenomenon.
1
 Among them, 

iron(II) (3d
6
) SCO complexes are widely studied due to their remarkable change in 

magnetic and optical properties during the electronic transition from the diamagnetic 

(S = 0, t2g
6
, 

1
A1g) LS state to the paramagnetic (S = 2, t2g

4
eg

2
, 

5
T1g) HS state.

1
 In the 

solid state, the SCO behaviour of a molecule is primarily defined by two well-known 

parameters such as its transition temperature (T1/2) and cooperativity. 

The transition temperature (T1/2),
1
 defined as the temperature at which the ratio of HS 

and LS fractions are equal, depends upon coordinated ligand environment around the 

metal centre. It is evident that weak field ligand stabilising the HS state of metal ion 

results in low T1/2 value. On contrary, a strong ligand field stabilises the LS state and 

the T1/2 value shifts towards the higher temperature region.
9
 Thus to achieve spin 

transition near room temperature for SCO molecules, judiciously designed ligands 

frameworks that can stabilise the LS state are required. Properly designed Schiff 

bases
10

 are well-suited for this purpose because of their ease of preparation and 

versatility in ligand framework, where the ligand field can be easily fine-tuned by 

smart variation of the amine and carbonyl components.  
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The cooperativity
11-14

 in SCO systems may be defined as how effectively the local 

change in spin state at the metal site is transmitted among the spin active metal ions 

via non-covalent and/or covalent bonds throughout the crystal lattice, in a multiscale 

description.
15, 16

 The SCO behaviour of molecules is markedly varied from gradual to 

abrupt to hysteretic with the improvement of cooperative elastic interactions between 

the molecules. In literature SCO behaviours of cis-[Fe
II
(L)2(NCS)2] complexes 

containing the bidentate N-donor ligands (L) are well documented.
17-25

 In this regard, 

complexes related to Schiff bases of pyridine-2-carboxaldehyde and para-substituted 

anilines [substituted-N-(2-pyridylmethylene)aniline; PM-L, L = phenyl, biphenyl, 

phenylethyne, phenylazo, naphthylethyne, Scheme 1] are particularly interesting as 

they exhibit a varied range of SCO behaviours (gradual → abrupt → hysteresis) albeit 

below room temperature. In such PM-L based complexes, the para-substituent of 

aniline plays an important role on the nature of the spin crossover. The cooperativity 

in this molecular system arises primarily due to hydrogen bonds (particularly S···H-C 

contact) as well as π-π stacking and difference in the packing arrangements.
16, 18-20

 In 

this endeavour, a new series of bidentate N-donor Schiff bases [4-X-N-

(phenyl(pyridin-2-yl)methylene)-aniline; X-PPMA; X = -Cl, -Br, -CH3; Scheme 1] 

have been synthesised using 2-benzoylpyridine and aniline derivatives (4-

chloroaniline, 4-bromoaniline and 4-methylaniline) for molecular cis-[Fe(L)2(NCS)2] 

system to obtain spin crossover near or above room temperature region. In X-PPMA, a 

phenyl group is introduced in place of imine H of PM-L ligand to enhance the 

electronic conjugation in the ligand framework (Scheme 1) for effective stabilisation 

of LS state of iron(II).
9
 In addition, we have also varied the para-substituent of the 

aniline derivative from ClBrCH3 to explore their effect on SCO behaviour.
26

 

Successfully, three new iron(II) complexes of type cis-[Fe(X-PPMA)2(NCS)2]•H2O 

[4-X-N-(phenyl(pyridin-2-yl)methylene)aniline; X-PPMA; X = -Cl (1), -Br (2), -CH3 

(3); Scheme 1] have been isolated. All the complexes are in LS state at room 

temperature and exhibit gradual spin crossover behaviour above 300 K. Interestingly, 

the spin crossover features of complexes 1-3 varied drastically depending on the 

nature of the substituent (Cl/BrCH3). The details of synthesis, spectroscopic 

characterizations, room temperature structures, temperature induced spin crossover 

behaviour, variable temperature crystal structures, and magneto-structural correlations 

of complexes 1-3 are discussed herein. 



Scheme 1 Structures of the reported PM-L ligands, newly synthesized X-PPMA Schiff 

bases and molecular cis-[Fe(X-PPMA)2(NCS)2].H2O complexes. 

 

 

Results and discussion 

Synthesis and characterization 

Three new bidentate N-donor Schiff bases (Cl-PPMA, Br-PPMA and CH3-PPMA) 

were synthesized by refluxing 1:1 molar ratio of 2-benzoylpyridine and the 

corresponding aniline derivative (4-chloroaniline, 4-bromoaniline and 4-

methylaniline) in methanol for 24 h. All the ligands were characterized by ESI-MS 

and 
1
H-NMR spectroscopy (see experimental section). Complexes (1-3) were isolated 

in dark blue crystalline form by mixing 2:1 molar ratio of the respective Schiff bases 

and Fe(NCS)2 (prepared in-situ see experimental section) in methanol under nitrogen 

atmosphere at room temperature. The composition of complexes (1-3) was ascertained 

by elemental analyses and spectroscopic studies (see experimental section). In the 

FTIR spectra, complexes 1-3 shows the characteristic bands of cis-oriented nitrogen 

bonded thiocyanate ν(C≡N) around 2100 and 2057 cm
-1

 and peaks of Schiff bases 

ν(C=N + C=C) in the range 1625-1470 cm
-1 

(see experimental section).  

 

 



Room temperature characterizations 

The spin state of iron(II) in 1-3 was determined through room temperature Mössbauer 

and crystallographic studies. 

Room temperature Mössbauer studies on 1-3 reveal one doublet with relatively low 

values of quadrupole splitting (∆EQ < 1 mm/s) and isomer shift (δ < 0.5 mm/s) 

parameters (Table S1; Figure S1) which are attributed to the LS state (
1
A1g) of 

iron(II).
27

  

The structural data for 1-3 at 293(2) K (1
RT

, 2
RT

 and 3
RT

) reveals complexes 1-3 

crystallize in tetragonal system with a chiral space group either P43212 (1) or P41212 

(2 and 3) as a mixture of two possible enantiomers (Λ or Δ) in bulk sample.
28-30

 1-3 

contain [Fe(X-PPMA)2(NCS)2] molecular unit (X = Cl for 1, Br for 2 and CH3 for 3) 

(Table S2). Electron density associated with disordered solvent molecules was 

removed by solvent mask. Therefore, the chemical formula and crystal data given in 

Table S2 do not take into account these solvent molecules. In each complex, the 

iron(II) centre is located on the two-fold rotation axis adopting a pseudo-octahedral 

geometry (Figure 1). The iron(II) centre is coordinated by two pyridine N atoms (N1 

and N1
i
), two imine N atoms (N2 and N2

i
) of two bidentate Schiff bases (Cl-PPMA 

for 1, Br-PPMA for 2 and CH3-PPMA for 3) along with two cis-oriented thiocyanato 

N atoms (N3 and N3
i
) (symmetry code: (i) x, y, –z + 1). The equatorial plane is formed 

by two imine N atoms and two thiocyanato N atoms. The axial sites are occupied with 

two pyridine N atoms. The average Fe-N distances are 1.9669 Å for 1, 1.9703 Å for 2 

and 1.9651 Å for 3 (Table S3), strongly suggesting a LS state of iron(II) in 1-3. The 

distortion around the iron(II) centre is calculated in terms of angle distortion 

parameters
15, 16, 31

 [Σ represents the sum of the deviations from 90° of the 12 cis N–Fe–

N angles in the FeN6 coordination sphere,          
  
  : 43.8° for 1, 44.5° for 2 

and 42.8° for 3 and  represents the deviation of the FeN6 geometry from perfectly 

octahedral (Oh) to a trigonal prismatic structure (D3h): 137° for 1, 136° for 2 and 138° 

for 3] and length distortion parameter [ζ represents the sum of the deviations from the 

average value of all the Fe-N bond lengths: 0.041 Å for 1, 0.027 Å for 2 and 0.033 Å 

for 3]. All these parameters are also in line with the LS state of iron(II).  

 

 



Figure 1 View of molecular structures of complexes (a) 1 (b) 2 and (c) 3
 
at room 

temperature.  

 
(a) 

 
(b) 

 
(c) 



In addition, the powder-XRD data of complexes 1-3 at 298 K were collected. The PXRD 

patterns are in good correlation with the SC-XRD data (Figures S2-S4).  

Variable temperature magnetic susceptibility studies of 1-3  

Variable-temperature magnetic susceptibility measurements were carried out on 

crystalline samples between 10-500 K for 1 and 10-475 K for 2 and 3. The 

temperature dependent  
 
  plots ( 

 
 being the molar magnetic susceptibility, 

Figures 2 and 3) show that complexes 1 and 2 undergo complete but non-cooperative 

spin crossover above room temperature. The observed  
 
  value remains close to 0-

0.2 cm
3
.K.mol

-1
 in the temperature range of 10-300 K clearly indicative of LS state of 

iron(II). This is consistent with room temperature Mössbauer spectra and 

crystallographic bond/angle distortion parameters. Upon further warming the samples, 

their  
 
  values gradually increase and reach a maximum of 3.0 cm

3
.K.mol

-1
 at 500 K 

(1) and 475 K (2) expected for an iron(II) ion in its HS state. Upon cooling the 

samples down to 250 K, the  
 
  value decrease again gradually to 0.2-0.3 cm

3
.K.mol

-

1
 with slight deviation for both 1 and 2 (Figures 2 and 3). The average spin crossover 

temperature (    ) is found to be around 375 K for 1 and 380 K for 2. No 

photoswitching effect at 10 K is observed for these two compounds whatever the 

wavelength used between 405 and 980 nm. 

 

Figure 2 Temperature dependence of  
 
  product for 1 recorded on the SQUID 

magnetometer (o) and VSM (green line first cycle and red line second cycle). 



 

Figure 3 Temperature dependence of  
 
  product for 2 recorded on the VSM (green 

line first cycle, red line second cycle, black line fourth cycle and orange line sixth 

cycle). 

 

 

Regarding complex 3, the temperature dependent  
 
  plot (Figure 4 combines 

SQUID and VSM measurements) shows that it exhibits a complete and non-

cooperative spin crossover above room temperature with strong irreversible features. 

The  
 
  value remains close to 0-0.2 cm

3
.K.mol

-1
 between 10-300 K suggesting LS 

state of iron(II) as evident from room temperature Mössbauer spectra and 
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crystallographic bond/angle distortion parameters. Upon first warming of the sample 

from 300-450 K, the  
 
  value gradually increases until it reaches a maximum value 

of 3.0 cm
3
.K.mol

-1
 at 450 K as expected for a HS iron(II) ion. Upon first cooling of the 

sample down to 250 K, the  
 
  product decreases more gradually following a 

different path and reaches a value of 1.8 cm
3
.K.mol

-1
 indicating 60% iron(II) ions in 

HS state. Upon second warming up to 475 K,  
 
  value increases to 3.1 cm

3
.K.mol

-1
 

following the first cooling path and upon second cooling  
 
  value remains same up 

to 300 K indicative of expected HS state of iron(II). With further decrease in 

temperature from 300-10 K,  
 
  value decreases to 0.38 cm

3
.K.mol

-1
 following a 

different path compared to first cooling. This value corresponds to around 10% HS 

state of iron(II) ions. This last curve is reversible upon further warming. The average 

spin crossover temperatures are around      (1
st
 warming) 375 K and      (2

nd
 

cooling) 200 K. Additionally, the original hydrated sample of complex 3 was heated in 

an oven at 480 K outside SQUID and then magnetic measurement was performed by 

cooling the sample from 300 K to 10 K. The cooling path is identical with the second 

cooling curve of the previous measurement. When a 830 nm light irradiation is applied 

at 10 K on a fresh sample, no photoswitching is observed, while after thermal 

treatment at 450 K, around 40% of conversion is recorded, witnessing the occurrence 

of the LIESST effect.
32

 The photo-induced state can be erased upon warming at 0.5 

K/min above 80 K, with a relaxation temperature T(LIESST) = 60 K.
33, 34

 

 Figure 4 Temperature dependence of  
 
  product for 3 recorded on the SQUID 

magnetometer (o first warming, □ after 1h in an oven at 480 K) and VSM (green line 

first cycle, red line second cycle and black line third cycle). Behaviour of 3 after 

thermal treatment at 450 K (1h in an oven) under 830 nm light irradiation (Δ) and after 

().  



 

Mononuclear bis-(thiocyanato)iron(II) spin crossover complexes of formula 

[Fe(L)n(NCS)2] generally exhibit the equilibrium temperature (T1/2) below room 

temperature region.
17-25

 The bidentate Schiff bases, PM-L (Scheme 1) containing 

pyridine-2-carboxyaldehyde and aniline derivatives are widely used in literature 

(Table 1, Sl. No 1-9). In X-PPMA, one phenyl group is introduced instead of the 

imine hydrogen of PM-L Schiff bases (Scheme 1). The presence of phenyl group 

enhances the conjugation in X-PPMA ligand system, strengthening the ligand field as 

compared to the other PM-L ligands, and stabilises the LS state of iron(II) up to 300 

K. As a result, complexes 1-3 show temperature induced gradual spin crossover 

behaviour above 300 K (Table 1, Sl. No 10-12) with some irreversible features. While 

complexes 1 and 2 do not exhibit any photoswitching at low temperature, complex 3 

does after warming at 450 K. According to the linear T(LIESST) vs T1/2 relationship 

reported for the spin crossover complexes (T(LIESST) = T0 – 0.3T1/2),
33, 34

 these 

[Fe(L)n(NCS)2] complexes are often lying on a T0 = 120 K line. Complexes 1 and 2 

are characterized by quite high T1/2 (above 350 K) which supports the absence of 

LIESST effect on these complexes. Complex 3 after thermal treatment has a T1/2 of 

200 K which perfectly supports the observation of a T(LIESST) temperature of 60 K. 

An important feature of these new compounds is that they crystallize with solvent 

molecules, which is not the case for the other complexes and polymorphs. The loss of 

solvent might be at the origin of the irreversible behaviours recorded. Therefore, 

thermo-gravimetric analyses (TGA) and variable temperature X-ray studies were 

performed. 
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Table 1 Spin crossover data for bis-(thiocyanato)iron(II) complexes with reported PM-L 

ligands
17-25

 and complexes 1-3   

Sl. No. Complexes SCO behaviour/T1/2/ΔT 

1. [Fe(PM-PEA)2(NCS)2]
21

 Hysteresis and reversible/T1/2↓=194 K, T1/2↑= 231 

K/ΔT = 42 K 

2. [Fe(PM-PEA)2(NCSe)2]-I
18

 Hysteresis and reversible/T1/2↓= 266 K, T1/2↑= 307 

K/ΔT = 41 K 

3. [Fe(PM-PEA)2(NCSe)2]-II
19

 Gradual and reversible/T1/2 = 245 K 

4. [Fe(PM-BiA)2(NCS)2]-II
22

 Abrupt and reversible/T1/2↓=168 K, T1/2↑= 173 

K/ΔT = 5 K 

5. [Fe(PM-BiA)2(NCS)2]-I
25

 Gradual and reversible/T1/2 = 198 K 

6. [Fe(PM-TeA)2(NCS)2]
23

 Gradual and reversible/ T1/2↓=186 K, T1/2↑= 

192K/ΔT = 6K 

7. [Fe(PM-AzA)2(NCS)2]
23

 Gradual and reversible/ T1/2↓=186 K, T1/2↑= 

192K/ΔT = 6K 

8. [Fe(PM–NEA)2(NCS)2]
24

 Very gradual and reversible/T1/2 = 204 K 

9. [Fe(PM-pBrA)2(NCS)2]-I
20

 Abrupt and reversible/ T1/2↓=170.2 K, T1/2↑= 181.4 

K/ΔT = 11.2 K 

10. [Fe(Cl-PPMA)2(NCS)2].H2O(1) Gradual and slightly irreversible/T1/2 = 375 K 

11. [Fe(Br-PPMA)2(NCS)2].H2O(2) Gradual and slightly irreversible/T1/2 = 380 K 

12. [Fe(CH3-PPMA)2(NCS)2].0.75H2O(3) Gradual and strongly irreversible/ T1/2↑(1st 

warming) = 375 K and T1/2↓(2nd cooling) = 200 K 

PM-PEA = N-(2′-pyridylmethylene)-4-(phenylethynyl)aniline; PM-BiA = N-(2-

pyridylmethylene)aminobiphenyl; PM-TeA = N-(2’-pyridylmethylene)-4-(aminoterphenyl); PM-AzA = N-(2’-

pyridylmethylene)-4-(phenylazo)aniline; PM–NEA = N-(2-pyridylmethylene)-4-(naphthalene-1-ethynyl)aniline; 

PM-pBrA = N-(2’-pyridylmethylene)-4-bromoaniline. 

Thermogravimetric analyses of 1-3 

Thermogravimetric analyses (TGA) of complexes 1-3 were made between 30 and 800 °C in 

the static atmosphere of nitrogen to examine their thermal stabilities. TG curve (Figure S6) 

indicates that complexes 1-3 are stable respectively up to 231 °C, 232 °C and 272 °C, and 

then decompose gradually up to 800 °C. Complexes 1 and 2 show a gradual weight loss 

(observed: 2.1%, calculated: 2.3% for 1; Figure S7; observed: 1.9%, calculated: 2.0% for 2; 

Figure S8) in the temperature range 60-140 °C and 60-122 °C, respectively corresponding to 

a water molecule. However, for complex 3 the water molecule is released in two steps in the 

temperature range 72-177 °C and 177-203 °C (observed: 2.38% and calculated: 2.4%; Figure 

5).  

Figure 5 TGA plot and loss of water in complex 3. 



 

Variable-temperature crystallographic studies of 1-3 

To establish magneto-structural correlations, variable-temperature crystallographic 

data were collected for complexes 1-3. The crystal structures of 1 and 2 were 

determined at 150 K (1/2
150K

), 250 K (1/2
250K

), 300 K (1/2
300K

), 350 K (1/2
350K

), 400 

K (1/2
400K

), 450 K (1/2
450K

) in warming mode. The complexes crystallise in tetragonal 

system with a chiral space group either P43212 (for 1) or P41212 (for 2) (Tables S4 and 

S5). The spin state of iron(II) is determined based on variable-temperature (150-450 

K) structural evidences such as <Fe-N> bond length, bond length distortion () and 

bond angle distortion (, ) parameters (Tables S6 and S7). It is observed that iron(II) 

is in LS state between 150-300 K. A smooth spin conversion from LS to HS state 

occurs in 300-450 K temperature range in complexes 1 and 2. The evolutions of the 

coordination sphere parameters (Fe-N bond, , , ) as a function of temperature (150 

K to 450 K) are plotted for 1 (Figure 6a) and 2 (Figure 6b). At 450 K, the HS 

conversion is 94% (for 1) and 87% (for 2) which is in good agreement with the 

observed magnetic data (2.8 cm
3
.K.mol

-1
 for 1: 93% HS and 2.7 cm

3
.K.mol

-1
 for 2: 

90% HS). Each crystalline water molecule is connected to one coordination complex 

through weak O···H-C hydrogen bonds (Figure 7a). Structural data as well as TG 

analyses clearly indicate that the crystalline water molecule present in the complexes 

is lost above 400 K (1) and 350 K (2). After de-hydration, a slight ligand motion in 1 

and 2 is noticed between structures at 150 K and 450 K (Figures 6a and 6b). Both the 



de-hydration and this ligand motion may explain the slight deviation in spin crossover 

behaviour in 1 and 2 between the first warming and the other thermal cycles, since it 

may alter the intermolecular interactions.  

Figure 6 Thermal evolution of coordination sphere parameters for (a) 1 and (b) 2 

(lines are guides for the eyes).  

 

 

Figure 7 Superposition of the molecular structures at 450 K(red) and 150 K(blue) for 

(a) 1 and (b) 2. 



 

 

 

The crystal structures of 3 were also determined at 150 K (3
150K

), 250 K (3
250K

), 400 K 

(3
400K

), 420 K (3
420K

) in warming mode and again at 250 K (3
250Kcooling

), 90 K 

(3
90Kcooling

) in cooling mode after heating the crystal at 420 K. In all cases, the 

complex crystallises in tetragonal system with a chiral space group P41212 (Table S8). 

At 150 K and 250 K, the observed coordination sphere parameters (Fe-N bond, , , 

) are in line with the LS state (Table 2). The coordination environment around 

iron(II) gradually changes from LS to HS (Table 2) state with increase in temperature 

from 250 K to 420 K. At 400 K and 420 K, the HS conversion is 72% and 81%, 

respectively for iron(II). This is in good agreement with the observed magnetic data 

(2.1 cm
3
.K.mol

-1
 at 400 K: 70% HS and 2.45 cm

3
.K.mol

-1
 at 420 K: 81% HS). When 

the crystal is cooled down to 90 K (3
90Kcooling

) after heating at 420 K, the LS state of 

iron(II) is recovered (Table 2). The crystal deteriorated rapidly above 420 K; it is not 

possible to follow the structural evolution in the temperature range 420-475 K 



compared to magnetic measurements. However, according to thermogravimetric 

analyses the water molecule is released in two steps between (i) 345-450K and (ii) 

450-475K that probably causing the deviation in spin crossover behaviour in 3 at 

450K and 475K.    

Table 2 Evolution of the relevant coordination sphere parameters for 3 

 3
150K

 3
250K

 3
400K

 3
420K

  3
250Kcooling

 3
90Kcooling

 

Fe-N (Å) 1.9595(15) 1.958(3) 2.104(3) 2.116(4) 1.958(3) 1.956(3) 

 1.9487(15) 

1.9488(15) 

1.948(3) 2.146(3) 2.177(4) 1.956(3) 1.949(3) 

 1.9553(17) 

1.9552(17) 

1.958(3) 2.047(5) 2.058(6) 1.956(3) 1.947(3) 

<Fe-N> (Å) 1.954(2) 1.955(3) 2.099(4) 2.117(5) 1.957(3) 1.951(3) 

 (Å) 0.028 0.032 0.210 0.238 0.007 0.020 

 () 39.1 39.9 65.9 68.8 40.4 39.0 

 () 132 132 190 198 136 132 

V(FeN6) Å
3
 9.868 9.892 12.034 12.332 9.889 9.802 

Spin state LS LS HS (72%) HS (81%) LS LS 

 

Crystal packing in 1-3 

In the crystalline state of 1-3, individual molecules are connected to each other 

through weak (pyridine)C-H···C(NCS) contacts involving two NCS moieties and two 

pyridine rings of two neighbouring molecules (Tables 3-5) along crystallographic c-

axis forming an 1D-helical chain (Figure 8). Further, these 1D-helical chains are 

linked through weak (NCS)S···H-C(aniline) and weak intermolecular (aniline)C···H-

C(phenyl) interactions along ab-plane leading to a 3D-network structure (Figure 8). It 

is found that iron(II) centres are in relatively close proximity along c-axis (intra-chain 

Fe-Fe distances) but in ab-plane iron(II) centres (inter-chain Fe-Fe distances) are 

widely separated. Moreover, the inclusion of large phenyl group in PPMA ligands 

leading the complexes to crystallise in tetragonal system with chiral space group either 

P43212 (for 1) or P41212 (for 2 and 3) in contrast to the complexes with PM-L ligands. 

Also, the supramolecular arrangement of 1D-helical chains diminishes the possibilities 

of π-π stacking as well as weakens major intermolecular contacts (NCS)S···C(phenyl 

groups-Schiff base) as compared to the reported complexes of PM-L ligands. This 

crystal packing is primarily responsible for non-cooperative gradual spin crossover in 

complexes 1-3. 



Figure 8 A view of Left: 1D-helical chain formed through (pyridine)C-H···C(NCS) 

and Right: Crystal packing where adjacent 1D-helical chains are connected through 

primarily (NCS)S···H-C(phenyl/aniline) and C-H···C(aniline/phenyl) interactions in 1  

 

Table 3 Reorganisation of inter-molecular contacts in 1 

Contact 1
150K 

1
250K

 1
300K

 1
350K

 1
400K

 1
450K

 

(pyridine)C-H···C(NCS) 2.785 2.774 2.790 2.786 2.797 2.796 

Fe···Fe(Intra-chain) 7.641 7.681 7.685 7.655 7.608 7.590 

(NCS)S···H-C(aniline) 3.012 2.990 3.029 3.022 2.996 3.011 

C-H···C(aniline/phenyl) 2.960 3.016 3.017 3.024 3.011 3.021 

Fe···Fe(Inter-chain) 10.749 10.805 10.833 10.927 11.016 11.097 

Table 4 Reorganisation of inter-molecular contacts in 2 

Contact 2
150K 

2
250K

 2
300K

 2
350K

 2
400K

 2
450K

 

(pyridine)C-H···C(NCS) 2.784 2.795 2.803 2.792 2.940 2.990 

Fe···Fe(Intra-chain) 7.639 7.658 7.669 7.634 7.600 7.603 

(NCS)S···H-C(aniline) 3.026 3.024 3.026 3.000 3.034 3.081 

C-H···C(aniline/phenyl) 3.048 3.091 3.117 3.086 3.127 3.119 

Fe···Fe(Inter-chain) 10.823 10.867 10.910 10.954 11.067 11.140 

 

Table 5 Reorganisation of inter-molecular contacts in 3 

Contact 3
150K 

3
250K

 3
400K

 3
420K

 3
250Kcooling

 3
90Kcooling

 



(pyridine)C-H···C(NCS) 2.730 2.758 2.917 2.935 2.789 2.723 

Fe···Fe(Intra-chain) 7.658 7.670 7.686 7.682 7.700 7.658 

(NCS)S···H-C(aniline) 2.999 3.042 3.137 3.156 2.996 2.966 

C-H···C(aniline/phenyl) 2.977 3.020 3.061 3.066 3.031 2.986 

Fe···Fe(Inter-chain) 10.768 10.820 10.985 11.019 10.760 10.660 

 

Conclusions 

Here, we have synthesised three new molecular bis-(thiocyanato)iron(II) complexes 

with judiciously designed bidentate N-donor Schiff bases of 2-Benzoylpyridine and 4-

chloroaniline/4-bromoaniline/4-methylaniline. A relatively strong ligand field of the 

Schiff bases stabilises the LS state of iron(II) up to 300 K. Complexes 1 and 2 exhibit 

complete but gradual spin crossover behaviour (T1/2 ≈ 375 K and 380 K) between 300 

K and 500 K. On the contrary, complex 3 shows complete and non-cooperative spin 

crossover behaviour with some unusual irreversible features between 300 K and 475 

K. For 3, the spin crossover is reversible and gradual in nature between 90 K (LS) and 

400 K (72% HS) as is evident of crystallographic parameters. First deviation occurs at 

450 K upon cooling. Upon further warming at 475 K the complex exhibits a HS state 

of iron(II) that is stable down to 300 K upon further cooling. Below this temperature, 

it converts gradually to LS state on cooling. The equilibrium temperatures for first 

warming (T1/2↑) and second cooling (T1/2↓) are 375 K and 200 K, respectively. The 

structural modification and reorganisation of intermolecular contacts as well as loss of 

water molecule in complexes 1-3 were monitored through variable-temperature 

crystallographic evidences between 150-450 K (1 and 2) and 90-420 K (3) and 

thermogravimetric analyses. It is worth mentioning that de-hydration at higher 

temperature in complexes 1 and 2 creates some minor irreversible ligand motion 

which may be responsible for slight deviation in spin crossover. On the other hand, the 

de-hydration at high temperature in complex 3 causes strong irreversibility in spin 

crossover behaviour. 

Experimental   

Materials and methods 

2-Benzoylpyridine (Sigma-Aldrich), 4-chloroaniline (Spectrochem, India), 4-

bromoaniline (Spectrochem, India), 4-methylaniline (Spectrochem, India), 



Fe(ClO4)2
.
6H2O (Alfa-Aesar), KSCN (Spectrochem) and ascorbic acid (Spectrochem, 

India), were purchased from respective concerns and used as received. All the solvents 

used in the reactions were distilled and dried following common procedures. All the 

reactions were carried out under nitrogen atmosphere. Elemental analyses were carried 

out using Thermo-Scientific Flash 2000 CHNS/O Elemental Analyzer. Infrared 

spectra were recorded at room temperature using Thermo Nicolet, Avatar 370 FTIR 

spectrometer in 4000-400 cm
-1

 range (STIC, Cochin, India). UV-Vis spectra were 

recorded at room temperature on Agilent Technologies Cary 100 UV-Vis 

spectrophotometer equipped with multiple cell-holders. The 
1
H-NMR spectra were 

recorded in CDCl3 solvent on Bruker-500 MHz spectrometer. Mass spectra were 

recorded using XEVO G2-S-QTof waters corporation, USA, mass spectrometer 

(MNIT, Jaipur, India). Powder-XRD data of complexes 1-3 were collected by 

PANalytical, Empyrean Neatherlands set up using CuKα radiation (λ = 1.54 Å). TGA 

data were recorded between 30-800 C on TGA-DTA Perkin Elmer STA6000, Perkin 

Elmer Diamond instrument (CASE, IIT Jodhpur, India).  

 

Synthesis of Schiff bases 

The Schiff bases were synthesized using the following procedure. To the dry methanol 

solution (25 mL) of 2-benzoylpyridine (0.366 g, 2 mmol), a stoichiometric amount of 

aniline derivatives [4-chloroaniline (0.254 g, 2 mmol) for Cl-PPMA, 4-bromoaniline 

(0.344 g, 2 mmol) for Br-PPMA and 4-methylaniline (0.214 g, 2 mmol) for CH3-

PPMA] were added and refluxed for 24 h under nitrogen atmosphere. The yellowish 

brown solution was concentrated on a steam bath and dried in vacuo over CaCl2 to get 

brown oil-like compound for subsequent use. However, all ligands were used for the 

preparation of iron(II) compound without further purification. 

 

4-Chloro-N-(phenyl(pyridin-2-yl)methylene)aniline (Cl-PPMA) 

Molecular formula C18H13ClN2 (292.0767). Yield: 505 mg (86.35%); ESI-MS (in 

CH3OH): m/z = 293.0847 [Calcd. 293.0840 for (Cl-PPMA +H)
+
]. 

1
H-NMR (δ/ppm, 

CDCl3): 6.60 (2H), 7.10 (2H), 7.50 (3H), 7.60 (1H), 7.92 (1H), 8.06 (3H), 8.74 (1H). 

UV-Vis (λmax/nm in CH3OH; ε/M
-1

cm
-1

): 248 (1.21 × 10
4
), 347 (1.75 × 10

2
). 

 

4-Bromo-N-(phenyl(pyridin-2-yl)methylene)aniline (Br-PPMA)  



Molecular formula C18H13BrN2 (336.0262). Yield: 598 mg (88.77%); ESI-MS (in 

CH3OH): m/z = 337.0334 [Calcd. 337.0335 for (Br-PPMA+H)
+
]. 

1
H-NMR (δ/ppm, 

CDCl3): 6.57 (2H), 7.23 (2H), 7.49 (3H), 7.60 (1H), 7.91 (1H), 8.06 (3H), 8.73 (1H). 

UV-Vis (λmax/nm in CH3OH; ε/M
-1

cm
-1

): 247 (1.54 × 10
4
), 346 (4.49 × 10

2
). 

 

4-Methyl-N-(phenyl(pyridin-2-yl)methylene)aniline (CH3-PPMA) 

Molecular formula C19H16N2 (272.1313). Yield: 491 mg (90.24%); ESI-MS (in 

CH3OH): m/z = 273.1389 [Calcd. 273.1386 for (CH3-PPMA+H)
+
]. 

1
H-NMR (δ/ppm, 

CDCl3): 2.24 (3H), 6.61 (1H), 6.96 (1H), 7.49 (4H), 7.60 (1H), 7.91 (1H), 8.06 (4H), 

8.73 (1H). UV-Vis (λmax/nm in CH3OH; ε/M
-1

cm
-1

): 261 (1.05 × 10
4
), 346 (5.6 × 10

2
). 

 

Synthesis of complexes 1-3 

Complexes 1-3 were prepared following a reported method
21, 22

 with little 

modification. Under nitrogen atmosphere, iron(II) perchlorate hexahydrate, 

Fe(ClO4)2
.
6H2O (0.254 g, 1 mmol) and potassium thiocyanate, KSCN, (0.194 g, 2 

mmol) were dissolved in 15 mL freshly distilled methanol in presence of ascorbic acid 

to prevent the oxidation of iron(II). The colourless solution of Fe(NCS)2 was separated 

from the white precipitate of potassium perchlorate by filtration, and added drop wise 

to a stoichiometric amount of Schiff base [Cl-PPMA (0.584 g, 2 mmol) for 1, Br-

PPMA (0.674 g, 2 mmol) for 2 and CH3-PPMA (0.544 g, 2 mmol) for 3] taken in 10 

mL distilled methanol. The resulting intense blue solution was filtered and kept for 

slow evaporation in inert atmosphere. After 3-4 days needle (for 1-3) shaped dark blue 

crystals were obtained. The crystalline compounds were collected by filtration and 

washed with cold methanol and dried under vacuum. 

 

[Fe(Cl-PPMA)2(NCS)2].H2O (1) 

Yield: 500 mg (64.47%); C38H28N6OS2Cl2Fe (775.54): calcd. C: 58.85, H: 3.64, N: 

10.84, S: 8.27; found: 58.50, H: 3.45, N: 10.76, S: 8.72%. FTIR (KBr disc, cm
-1

): 

3440, 3050, 2890, 2814, 2100, 2060, 1590, 1480, 1445, 1398, 1336, 1256, 1161, 1085, 

1011, 841, 800, 739, 694, 640, 597, 519, 432, 403. UV-Vis (λmax/nm in CH3OH; ε/M
-

1
cm

-1
): Cl-PPMA based π→π* transitions: 258 (2.01 × 10

4
), 340 (4.13 × 10

3
); MLCT 

transitions: 530 (7.26 × 10
2
) (shoulder) and 585 (1.05 × 10

3
) (broad peak). 

 



[Fe(Br-PPMA)2(NCS)2].H2O (2) 

Yield: 480 mg (55.52%); C38H28N6OS2Br2Fe (864.45): calcd. C: 52.80, H: 3.26, N: 

9.72, S: 7.42; found: C: 52.74, H: 3.25, N: 9.71, S: 7.78%. FTIR (KBr disc, cm
-1

): 

3453, 3059, 2878, 2096, 2057, 1625, 1475, 1443, 1389, 1337, 1257, 1160, 1065, 996, 

838, 800, 7.43, 695, 594, 513, 405. UV-Vis (λmax/nm in CH3OH; ε/M
-1

cm
-1

): Br-

PPMA based π→π* transitions = 258 (2.32 × 10
4
), 340 (5.03 × 10

3
); MLCT 

transitions = 530 (7.85 × 10
2
) (shoulder) and 585 (1.42 × 10

3
) (broad peak). 

 

[Fe(CH3-PPMA)2(NCS)2].H2O (3) 

Yield: 300 mg (41.08%); C40H34N6OS2Fe (730.21): calcd. C: 65.39, H: 4.66, N: 11.44, 

S: 8.73; found: C: 65.41, H: 4.54, N: 11.51, S: 9.05%. FTIR (KBr disc, cm
-1

): 3459, 

3025, 2899, 2818, 2097, 2057, 1583, 1498, 1446, 1336, 1255, 1162, 1107, 1068, 1017, 

983, 834, 797, 740, 692, 600, 537, 403. UV-Vis (λmax/nm in CH3OH; ε/M
-1

cm
-1

): 

CH3-PPMA based π→π*/n→π* transitions = 272 (8.17 × 10
3
), 340 (2.52 × 10

3
); 

MLCT transitions = 530 (1.36 × 10
3
) (shoulder) and 585 (2.24 × 10

3
) (broad peak). 

 

Single crystal X-ray data collection and refinements 

Structure determination at room temperature 

Single-crystal X-ray data for 1-3 were collected at 293(2) K using an Agilent 

Technologies SuperNova Dual diffractometer equipped with an Atlas detector using 

     radiation (λ = 0.71073 Å).  The data were processed using CrysAlisPro.
35

 The 

structures were solved by direct methods implemented in SHELXT
36

 and refined by a 

full-matrix least-squares procedure based on F
2
 with SHELXL2017.

37
 All the non-

hydrogen atoms were refined anisotropically. Hydrogen atoms were readily located in 

difference Fourier maps and were subsequently treated as riding atoms in 

geometrically idealized positions with Uiso(H) = kUeq(C), where k = 1.5 for methyl 

groups, which were permitted to rotate but not to tilt, and 1.2 for all other H atoms 

unless otherwise noted. The room temperature structures are denoted as 1
RT

, 2
RT

 and 

3
RT

.   

 

Structure determination at variable temperatures 

For variable temperature structural studies, suitable single crystals for 1-3 were 

selected from magnetic samples. The X-ray diffraction data were collected on Bruker 



APEX-II with graphite monochromated      radiation (λ = 0.7017 Å), equipped with 

CCD detectors and an Oxford instruments nitrogen cryo-stream. Structures were 

solved using a direct methods with Olex2.
38

 Space group was checked by Platon 

software.
39

 For 1 and 2, data were collected on the full sphere at 150 K (1
150K 

and
 

2
150K

) then at 250 K (1
250K 

and
 
2

250K
), 300 K (1

300K 
and

 
2

300K
), 350 K (1

350K 
and

 
2

350K
), 

400 K (1
400K 

and
 
2

400K
) and 450 K (1

450K 
and

 
2

450K
) on a single crystal. Above 450 K 

the stability of crystal was lost. In 1
450K

, there are some ‘B level’ errors, including 

large U(iso) of H (H2, H3, H4, H9), large flack X, low bond precision, small distance 

of C7--C12. For 3, data were first collected on full sphere at 150 K (3
150K

) then at 250 

K (3
250K

), 400 K (3
400K

) and 420 K (3
420K

) on a single crystal. This crystal was then 

save apart. Another crystal was used to find out the stability. Above 420 K, the 

stability of the crystal was lost. So, after warming at 420 K, crystal structures were 

recorded at 250 K (3
250Kcooling

) and 90 K (3
90Kcooling

) using the first crystal. Electron 

density associated with disordered solvent molecules was removed by solvent mask. 

Therefore, the chemical formula and crystal data given in Tables S5 and S8 do not 

take into account these solvent molecules. 

 

Caution! A particular caution had to be taken for these X-ray diffraction data 

collections. All the compounds crystallize in a chiral space group and since both chiral 

forms of the crystals cannot be distinguished by a sole unit-cell check, a full data 

collection and structural determination is always needed to know the space group. 

Consequently, all the temperature dependence should be made on the same crystal. 

After checking the stability of the crystal for each compound a suitable single crystal 

was selected for X-ray diffraction to run the whole set of data collection. It also means 

that if one single-crystal breaks during a measurement the full process of the variable 

temperature study must be re-done on a new crystal. This time-consuming 

experimental protocol is the guarantee for reliable structural data.   

 

Magnetic measurements 

Magnetic measurements were performed using a MPMS 7XL SQUID Magnetometer 

from Quantum design, operating at 20 kOe of applied magnetic field, on 12.40 mg (for 

1), 10.83 mg (for 2) and 11.24 mg (for 3) of samples prepared in a polypropylene bag. 

The temperature was scanned from 10 K to 400 K at a sweeping rate of 3 K/min (for 



1), in a settle mode (for 2) and 4 K/min (for 3). The photoswithcing was recorded 

directly into the SQUID magnetometer through an optical fibre placed close to the 

sample (6 cm). Irradiation is applied on a thin layer of compound and the relaxation 

temperature T(LIESST) is recorded according to the already reported protocol.
33, 34, 40

 

Further, the magnetic data up to 500 K (for 1-3) were recorded using Microsense EZ7 

Vibrating Sample Magnetometer with the 150-1000 K EV1-LNA temperature control 

option. Samples were weighed in aluminium capsules that were wrapped closed, and 

glued to a 3 mm  quartz rod with double-face scotch tape. The measurements were 

performed under 15 kOe magnetic field at a temperature sweeping rate of 5 K/min. 

Nitrogen gas flow was used for temperature control. The diamagnetic corrections were 

made using Pascal’s constants.
41 

Let us note that compound 3 was recorded in the 

SQUID as a fresh sample and after 1h at 450 K in an oven. 
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