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 Abstract: The complex containing iron(II), 2,6-bis(pyrazol-3-yl)pyridine (3-bpp) as 
ligand, and tetracyanonickelate as counter anion has been synthesized and characterized. 
The characterization data suggest the corresponding formula of [Fe(3-
bpp)2][Ni(CN)4]·4H2O. Meanwhile, the SEM–EDX analysis image confirms the existence 
of all elements contained in the complex except the hydrogen atom. The infrared spectra 
exhibit vibration bands of the functional groups of 3-bpp ligand and [Ni(CN)4]−1 anion. 
From magnetic property measurement, the complex's molar magnetic susceptibility 
(XMT) value is 2.65 emu mol−1 K at 300 K, which contains about 75% high-spin state of 
the Fe(II) complex. Upon lowering the temperature, the XMT value gradually decreases 
around 1.37 emu mol−1 K at 13 K. It decreases sharply to about 0.73 emu mol−1 K at 2 K. 
These values reveal that Fe(II) complex is in the low-spin (LS) state. As a result, the 
complex exhibited spin-crossover characteristics of gradual transition without thermal 
hysteresis, and the transition temperature occurred below room temperature with a 
transition temperature (T1/2) close to 140 K. The spin crossover property of the complex is 
supported by a thermochromic reversible color change from red-brown at room 
temperature to dark brown on cooling in liquid nitrogen associated with the high-spin to 
low-spin transition. 

Keywords: iron(II); spin crossover; tetracyanonickelate; 2,6-bis(pyrazol-3-yl)pyridine 

 
■ INTRODUCTION 

The spin-crossover (SCO) or spin transition 
phenomenon exhibits the interchange of two spin states 
from the paramagnetic high-spin (HS) to the diamagnetic 
low-spin (LS) and vice versa under the external 
stimulation effect of temperature changes [1], pressure 
[2], and irradiation of light [3]. Cambi and coworkers 
discovered the first SCO phenomenon in a Fe(III) 

dithiocarbamate mononuclear complex in 1931 [4]. 
Since then, many SCO materials containing the metal 
ions of 3dn with n = 4–7 have been synthesized and 
extensively investigated [5]. 

Materials exhibiting the SCO phenomenon continue 
to be intensively studied because of the numerous 
potential applications for information storage [6], 
sensors [7], molecular switches [8], etc. Among the SCO 
materials, many research groups have widely investigated  
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Fig 1. The mononuclear complex of [Fe(3-bpp)2]2+ 

the mononuclear complex of [Fe(3-bpp)2]2+ (Fig. 1) 
formed by the tridentate of 3-bpp ligand [9]. These 
complexes are particularly interesting because they can be 
modified by various counter anions where the difference 
of counter anions determines the type of spin transition 
and transition temperature (T1/2). Quite recently, the 
presence of Fe(II) complex in the HS and LS states has 
been demonstrated by a single crystal of [Fe(3-
bpp)2](CF3COO)2 complex in the SCO system [10]. There 
are several types of spin transition commonly observed in 
SCO materials such as: gradual, abrupt, hysteretic, 
stepwise, and incomplete [11], where the T1/2 is described 
as transition temperature which reveals the ratio of HS 
and LS states in the compound is 50:50. 

The spin transition and the transition temperature 
in SCO materials are affected by the coordination number 
of metal ions and the nature of ligands and the counter 
anions type or even solvent molecules [12]. In the 
complex of [Fe(3-bpp)2]2+, the 3-bpp ligand is one of the 
intermediate ligands with the pyrazolyl ring with one 
nitrogen linked to an H atom free to form hydrogen bonds 
with the anions. While many oxides and halogenate anions 
have been investigated, complex anions containing 
transition metal ions have also been reported in many 
Fe(II) SCO systems. For example, the [Fe(3-
bpp)2][Fe(CN)5(NO)] complex has been synthesized from 
[Fe(3-bpp)2]2+ complex with nitroprusside 
[Fe(CN)5(NO)]2+ anion containing Fe(III) metal ion. The 
complex showed abrupt transition, and the transition 
temperature occurred below room temperature with small 
hysteresis (T1/2  = 181 K; T1/2  = 184 K) [13]. Moreover, the 
complex of [Fe(3-bpp)2]2+ is also conducted using  
 

complex cyanide anion [Au(CN)2]− containing Au(I) 
metal ion. The complex of [Fe(3-
bpp)2][Au(CN)2]2·2H2O showed incomplete and very 
gradual transitions without hysteresis where the T1/2 
value of the complex can be estimated at 291 K [14]. 
Meanwhile, the [Fe(3-bpp)2][Au(CN)2]2 complex 
showed two steps of thermal hysteresis, and the abrupt 
transition occurred above room temperature, showing 
T1/2  = 370 K and T1/2  = 415 K for the large hysteresis, 
while the T1/2  = 420 K and T1/2  = 430 K for the small 
one [15]. In this case, the difference in SCO properties 
from those complexes may be affected by the absence or 
existence of solvent molecules in the structure of the 
complex. The existence of solvent molecules in the 
complex is due to the interaction of hydrogen bonds 
between the hydrogen atom in the 3-bpp ligand and the 
oxygen atom in water molecules, with a high 
electronegative atom. In general, the solvent should be 
avoided to ensure the short contacts between the 3-bpp 
ligand and the anions to enhance more cooperative 
transitions. 

The use of metal cyanide complexes as a counter 
anion, [M(CN)2]− with M is Ag or Au, has been reported 
in the [Fe(3-bpp)2]2+ complex with various SCO 
properties [14]. Therefore, in the present study, we 
describe here the synthesis of [Fe(3-bpp)2][M(CN)4] 
complex. Since the nitrogen atom of the cyanide (CN−) 
ligand has the potential to form hydrogen bonds with a 
hydrogen atom of the 3-bpp ligand, the strategy 
synthesis of the complex needs to be elaborated. In 
addition to that, it is also necessary to study the magnetic 
property of this complex as an SCO material. In this 
study, the resulting complex of [Fe(3-
bpp)2][Ni(CN)4]·4H2O was characterized by the CHN 
elemental analysis, thermogravimetric analysis, and 
AAS measurement to determine its chemical formula. 
The data of SEM–EDX was evaluated to identify the 
surface morphology and the composition of elements in 
the complex. Meanwhile, coordination bonds in the 
complex were also analyzed from the infrared spectra. 
The SCO property was studied by measuring the 
magnetic susceptibility at various temperatures. 
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■ EXPERIMENTAL SECTION 

Materials 

The main chemicals of 2,6-(diacethyl)pyridine 
(C9H9NO2), N,N-dimethylformamide dimethylacetal 
(C5H13NO2), hydrazine hydrate (N2H4), activated charcoal, 
iron(II) sulfate heptahydrate (Fe(SO4)2·7H2O), barium 
chloride dihydrate (BaCl2·2H2O), and potassium tetracyano 
nickelate(II) (K2[Ni(CN)4]). The solvents consist of n-
hexane (C6H14), chloroform (CHCl3), ethanol (C2H5OH), 
and methanol (CH3OH). All chemicals and solvents were 
used with no further purifications, and they were 
respectively purchased from Sigma Aldrich and Merck. 

Instrumentation 

The CHN elemental analysis was measured using 
the ThermoFisher Scientific FlashSmart CHNS Elemental 
Analyzer. The metal content of the complex was 
estimated based on the data recorded using an Atomic 
Absorption Spectrophotometer (AAS) model of GBC 
Avanta V2. Thermal decomposition of the [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex was performed up to 
600 °C under nitrogen and used to confirm the amount of 
hydrate and the decomposition products of the complex. 
This analysis was obtained using TG/DTA Hitachi 
STA7300 thermal analyzer model with a heating rate of 
10 °C/min. The infrared spectra of the ligand and the 
complex were collected using KBr pellets on a 
ThermoFisher Scientific Model of Nicolet IS5 in the range 
of 4000–400 cm−1. The SEM image of the complex was 
recorded in SEM-EDX (Scanning Electron Microscopy 
with Energy Dispersive X-ray) JEOL JSM 6510 LA model 
to confirm the mass percentages and the content of the 
main elements in the sample. The temperature variation 
from magnetic susceptibility measurement was 
conducted using a Quantum Design MPMS-XL7A 
SQUID (Superconducting Quantum Interference Device) 
magnetometer in the temperature range of 2–300 K under 
an external 5000 Oe magnetic field. 

Procedure 

The synthesis procedures of 3-bpp ligand and [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex 

The 3-bpp ligand or 2,6-bis(pyrazol-3-yl)pyridine was  

prepared according to the previously published method 
by Lin and Lang [16]. A mixture containing 2,6-diacetyl-
pyridine (5 g, 30.64 mmol) and N,N'-dimethylformamide 
dimethyl acetal (10 mL, 75.28 mmol) was refluxed under 
an atmosphere of nitrogen for 3–4 h. The reaction 
mixture was cooled and removed until an orange 
precipitate formed. Then it was dissolved in chloroform, 
and the solution was treated with activated charcoal, 
filtered off, and then concentrated. The yellow 
precipitate as starting material was crystallized on 
dilution with n-hexane. A suspension of the appropriate 
starting material (2.5 g) in ethanol (12.5 mL) and 
hydrazine hydrate (2.5 mL) was stirred for 3–4 h at room 
temperature. Dilution of the saturated solution with 
water until a white precipitate formed (3-bpp ligand). 
Then it was filtered, and the synthesis product was dried 
in a desiccator over silica gel. The yield was 48–50%. 
(m.p. 258–260 °C, literature 257–259 °C). 

Meanwhile, the [Fe(3-bpp)2][Ni(CN)4]·4H2O 
complex was synthesized using the following procedure. 
In 3 mL H2O containing FeSO4·7H2O (0.28 g; 1 mmol) 
with a little addition of ascorbic acid to prevent 
oxidation of the Fe(II) ion, it was added in 2 mL H2O 
solution of BaCl2·2H2O (0.27 g; 1.1 mmol). The reaction 
mixture was stirred in a centrifuge for about 45 min. A 
clear solution containing FeCl2 was separated from the 
white precipitate of BaSO4 with a syringe. The FeCl2 
solution was added dropwise to the solution of 3-bpp 
ligand (0.5 g; 2.4 mmol) in 30 mL methanol. While the 
mixture was stirred under an atmosphere of nitrogen, 
the saturated aqueous solution of K2[Ni(CN)4] in excess 
(4.2 mmol, 3 mL) was then added to the mixture. The 
red-brown precipitate formed upon the addition. After 
the reaction mixture was vigorously stirred for about 1–
2 h, it was filtered and washed with a small amount of 
water. The synthesis product was dried over silica gel in 
a desiccator (Yield: 58–60% w/w). 

■ RESULTS AND DISCUSSION 

Synthesis and Characterization of [Fe(3-
bpp)2][Ni(CN)4]·4H2O 

The preparation of [Fe(3-bpp)2][Ni(CN)4]·4H2O 
complex was adopted by a modification of the literature 
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procedure [11] using the reaction of FeSO4 with BaCl2 in 
an aqueous solution produced the white precipitate of 
BaSO4 and a clear solution of FeCl2. Then the FeCl2 
solution was added dropwise to the methanolic solution 
of 3-bpp ligand, resulting in a mixture of red-brown color 
solution. The red-brown precipitate was formed when an 
excess of K2[Ni(CN)4] salt was added to the mixture 
solution. Based on the solubility test, the product of red-
brown powder was hardly soluble in various commonly 
known solvents such as water, methanol, ethanol, 
chloroform, acetone, acetonitrile, and diethyl ether. 
Therefore, attempts to produce the single crystal of the 
expected [Fe(3-bpp)2][Ni(CN)4]·4H2O complex could not 
be attained. 

Table 1 shows the result of CHN elemental analysis 
and AAS measurement on the elemental composition 
contained in the synthesized complex. The chemical 
formula of the complex obtained from the analysis results 
is [Fe(C11H9N5)2][Ni(CN)4]·4H2O, in agreement with the 
expected chemical formula. 

Infrared spectra of [Fe(3-bpp)2][Ni(CN)4]·4H2O 
complex and 3-bpp ligand recorded at 291 K are shown in 
Fig. 2. The typical vibration of 3-bpp ligands such as ν(N-H) 

stretching, ν(C=C) stretching, ν(C=C-N) stretching of pyridine, 
ν(N-H) bending, and ν(C-H) stretching bands were observed 
at around 3202, 1595, 1565, 1471, and 806 cm−1, 
respectively, as previously reported by Gamez et al. [17]. 
In the infrared spectrum of the [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex, the ν(C=C-N) band appeared 
at 1575 cm−1, which was higher than in the infrared 
spectrum of 3-bpp ligand (1565 cm−1). The shift of the 
ν(C=C-N) band indicated that the Fe(II) ion is coordinated 
with the nitrogen atom of the pyridine ring of the 3-bpp 
ligand. Moreover, the spectrum of the complex exhibited 
a broad and a medium intense new band at 3435 cm−1 due 
to ν(OH) of water molecules [18]. The presence of H2O 
molecules as a hydrate in the spectrum of the complex was 
also confirmed by thermogravimetric analysis. Meanwhile, 
the ν(C≡N) stretching vibration band belonging to the 
tetracyanonickelate group in the complex was observed at 
2131 cm−1. This vibration band usually appears in the 
2000−2200 cm−1 range with a sharp and strong band. 
Thus it can be easily identified in the vibration spectrum of 

Table 1. The composition of C, H, N, and Fe 

Complex 
% 

C H N Fe 
Found 43.65 3.39 26.95 7.76 
Calculated 43.76 3.65 27.49 7.85 
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Fig 2. Infrared spectra of (a) 3-bpp ligand and (b) [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex at 291 K 

the complex [19]. In addition, the vibration bands of the 
tetracyanonickelate group in the complexes exhibit M–
C stretching and M–C–N bending bands in the range of 
400–600 cm−1 [20]. These bands were observed at 608 
and 424 cm−1 in the complex spectrum and might be 
assigned to the stretching of Ni–C and bending of Ni–
CN vibration bands, respectively. 

Thermogravimetry analysis of the [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex was performed to 
confirm the number of hydrates of the chemical formula 
and decomposition of the complex as well as the 
temperature range of the stability of the complex. As 
shown in Fig. 3, the thermal decomposition in the first 
and the second steps are due to the dehydration process 
of the complex. The thermogram displays weight losses 
at around 8.07 and 2.71% in the temperature range of 
30–85 °C and 85–135 °C, respectively, corresponding to 
the total decomposition of four uncoordinated water 
molecules (calculated as 10.10%, found 10.78%). These 
results show a good agreement with the composition 
determined from the elemental analysis data. The loss of 
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Fig 3. Thermogravimetry (TG) profile of [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex 

uncoordinated water molecules usually occurs below 
200 °C. As reported previously, the [Fe(3-
bpp)2](C6H4NO2)2·4H2O complex started to decompose 
with three water molecules and one water molecule at 
54 °C and 170–220 °C temperature range, respectively 
[21]. While the next weight loss of about 14.26% 
(calculated as 14.59%) in the temperature range of 135–
240 °C could be attributed to the loss of CN groups. 
Cordoba et al. [22] suggested that the loss of CN groups 
in the SrNH4[Fe(CN)6]·3H2O compound occurred at 
150–290 °C. The continuous weight loss appears in the 
temperature range of 240–470 °C and 470–600 °C, which 
could be associated with the loss of 3-bpp ligand and the  
 

residue of the complex, respectively. The final 
decomposition product could be identified as FeO and 
NiO (calculated as 20.62%, found at 19.88%) within 
470–600 °C. Thermal decomposition products have also 
been observed by Karaağaç and Kürkçüoğlu [23] in the 
cyano metal complexes with the loss of metal oxides 
(CuO, ZnO, and NiO) appearing by the thermogram 
below 700 °C. 

The surface morphology and elemental content in 
the [Fe(3-bpp)2][Ni(CN)4]·4H2O complex were also 
determined by SEM–EDX. The selected surface of the 
SEM image of the complex exhibits cubic shapes on the 
scale of 20 μm, as depicted in Fig. 4(a). Meanwhile, the 
existence of the corresponding elemental content in the 
complex, except the hydrogen atom, was displayed in 
Fig. 4(b). This study used the EDX analysis to determine 
the mass percentages of Fe and Ni in the state of a 
complex compound (Table 2). Based on the EDX 
analysis result, the obtained Fe and Ni mass percentages 
were respectively 6.29 and 8.61%. These percentages were 
almost equal to the calculated Fe and Ni mass percentages 

Table 2. The mass percentage of Fe and Ni atoms in the 
[Fe(3-bpp)2][Ni(CN)4]·4H2O complex 

Atom % Mass 
C 47.80 
N 36.67 
O 0.63 
Fe 6.29 
Ni 8.61 

 

 
Fig 4. The image of (a) the selected surface of [Fe(3-bpp)2][Ni(CN)4]·4H2O complex and its (b) EDX analysis result 
showing the content of elements, Fe-C-N-O-Ni 
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of 7.85 and 8.27%, respectively. The results indicate a 
good agreement with the amount of Fe in the metal 
content (AAS). The result was 7.76%, which concluded 
that the chemical formula of the complex being [Fe(3-
bpp)2][Ni(CN)4]·4H2O. 

Magnetic Susceptibility 

Magnetic susceptibility data of [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex was collected in the 
temperature range of 2–300 K at cooling and heating 
modes. Fig. 5 displays the temperature dependence of the 
XMT for [Fe(3-bpp)2][Ni(CN)4]·4H2O complex with the 
molar magnetic susceptibility is XM, and the temperature 
is T. At first, the XMT was measured from 300 K down to 
2 K. After the cooling process, the XMT was measured 
from 2 K up to 300 K within the heating process. At 
300 K, the XMT value is 2.65 emu mol−1 K, suggesting that 
about 75% of Fe(II) complex is in the HS state at this 
temperature since the HS of [Fe(3-bpp)2]2+ shows the 
XMT value is 3.5 ± 0.1 emu mol−1 K [24-25]. On 
decreasing the temperature from 300 K, the XMT value of 
the complex gradually decreases around 
1.37 emu mol−1 K at 13 K. Below 13 K. The XMT value was 
abruptly decreased due to weak anti-ferromagnetic 
exchange interactions between the Fe2+ ion and/or by the 
zero-field splitting (ZFS) effect associated with the Fe2+ 
ion in the HS state. The final XMT value reaches about 
0.73 emu mol−1 K at 2 K, indicative of the complex being 
in the LS state. Compared to the previously described by 

King et al. [14], the [Fe(3-bpp)2][Au(CN)2]2·2H2O 
complex showed a very gradual transition, and the 
partial conversion was incomplete. The XMT value of the 
complex was 1.9 emu mol−1 K at 300 K, implying that 
the Fe(II) complex was 55–60% HS state at room 
temperature. On cooling, the XMT value of the complex 
decreased to 0.6 emu mol−1 K at 150 K. The T1/2 value 
can be estimated at 291 K, where the complex's HS and 
LS fractions equal 50%. 

In this study, the plot of high-spin fraction (γHS) 
versus temperature in Fig. 5(b) for the [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex was measured during 
cooling and heating modes with the estimated of 
transition temperature (T1/2) is halfway, γHS = γLS = 0.5. 
Therefore, this complex shows a gradual spin transition 
with an estimated T1/2 value close to 140 K at γHS = 0.5 
and no evidence of hysteretic behavior upon cooling and 
heating modes. Based on the result, the difference in 
transition temperature occurred from the [Fe(3-bpp)2]2+ 
complex cation with different metal cyanide anions, as 
previously described. Even with the same ligand, the 
nature of metal cyanide anions with varying amounts of 
oxidation and solvent molecules in the complexes 
significantly affects the spin transition and the transition 
temperature based on the magnetic data. 

In addition, the change in magnetism due to the 
temperature change is supported by an apparent and 
reversible color change from red-brown at room 
temperature to dark brown on cooling in liquid nitrogen. 
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Fig 5. Magnetic susceptibility of (a) [Fe(3-bpp)2][Ni(CN)4]·4H2O complex and (b) its variation of high-spin fraction 
(γHS) with temperature during cooling and heating modes 
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Fig 6. Color of [Fe(3-bpp)2][Ni(CN)4]·4H2O complex (a) at 298 K and (b) in liquid nitrogen 

 
Thus, the thermochromic nature of the [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex suggests the occurrence 
of spin crossover property, as shown in Fig. 6. 

■ CONCLUSION 

The complex containing [Fe(3-bpp)2]2+ cation and 
[Ni(CN)4]2− anion has been successfully synthesized and 
characterized. The chemical formula of [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex was estimated by AAS, 
while the existence of water molecules in the complex was 
also determined using thermal analysis. The presence of 
elemental content in the complex, except for the hydrogen 
atom, was confirmed by SEM–EDX analysis. The infrared 
spectra show the typical vibration bands of functional 
groups for the 3-bpp ligand as well as the [Ni(CN)4]2− 
anion. Moreover, the temperature dependence of the 
complex finds that the XMT value at 300 K is 
2.65 emu mol−1 K, where about 75% of the Fe(II) complex 
is in the HS state. Upon cooling, the XMT value gradually 
decreases around 1.37 emu mol−1 K at 13 K. Then it 
decreases abruptly on cooling down to 2 K, where the XMT 
value is 0.73 emu mol−1 K, indicating that Fe(II) complex 
is almost entirely in the LS state. The gradual spin 
transition has a T1/2 value close to 140 K, and hysteretic 
behavior was not observed at cooling and heating modes. 
The SCO property of this complex was also supported by a 
reversible change of color from red-brown (HS) to dark 
brown (LS). 
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