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Abstract [Fe{N(entz)3}2](ClO4)2 (N(entz)3 = tris(2-(1H-tetrazol-1-yl)ethyl)-amine) is a
2D FeII coordination polymer built from a tris-1-R tetrazole building block. This ther-
mochromic FeII complex which was investigated by variable temperature 57Fe Mossbauer
spectroscopy (78–300 K) displays on cooling a complete, abrupt and hysteretic spin tran-
sition at T

↑
c = 170(1) K and T

↓
c = 149(1) K. The reversibility of the spin transition

over several thermal cycles was deduced from SQUID magnetometry. Differential scan-
ning calorimetry reveals a reversible first order phase transition on cooling below room
temperature, with entropy data consistent with the highly cooperative character of the spin
transition.

Keywords 57Fe Mossbauer spectroscopy · Coordination polymers · Spin transition ·
Tetrazole · Molecular bistability

1 Introduction

There is currently a great scope of investigation on tetrazole coordination polymers (CPs)
mostly for their fluorescence, energetic, porous and magnetic properties. In particular spin
crossover (SCO) phenomena [1] were observed for multidimensional (1D, 2D and 3D) FeII
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tetrazole and triazole CPs, and recently reviewed [2]. Such materials continue to attract
growing interest, e.g. for their potential in pressure sensor devices [3, 4]. 2D CPs are
interesting due to the possibility to offer guest insertion and controlled SCO cooperative
effects. Limited examples of 2D FeII SCO bis-azole CPs have been however described.
This involves: bis-1,2,4-triazole [5–7], bis-1,2,3-triazole [8, 9], bis-1R-tetrazole [10], bis-
2R-tetrazole ligands [11, 12], and even a combination of bis-1,2,3-triazole and 1R-tetrazole
ligand [13]. While the first example of a 2D FeII SCO CP built from a 1R-tetrazole ligand
was reported by Rudolf et al. in 1996 using the spider like ligand, N(entz)3 = tris(2-
(1H-tetrazol-1-yl)ethyl)-amine [14], more recent examples were found with tris-tetrazole
ligands [15, 16]. Indeed, [Fe{N(entz)3}2](BF4)2 (1) was shown to display an abrupt, com-
plete and hysteretic spin transition at T

↑
c = 176 K and T

↓
c = 167 K as concluded from

57Fe Mössbauer spectroscopy [14]. In the present work, we prepared and characterized, a
new CP, namely [Fe{N(entz)3}2](ClO4)2 (2) whose SCO properties were investigated by
magnetometry, 57Fe Mössbauer and differential scanning calorimetry.

2 Experimental

Tris(2-(1H-tetrazol-1-yl)ethyl)-amine ligand (N(entz)3) was synthesized using tris(2-
aminoethyl)-amine following a reported procedure [17]. 2 was synthesized by mixing
acetonitrile solution (6 mL) of N(entz)3 (100 mg, 0.328 mmol) and Fe(ClO4)2· 6H2O
(42 mg, 0.165 mmol) with a pinch of ascorbic acid in a vial, which was further sonicated
for 10 min to afford a white precipitate. Yield: 77% (110 mg, 0.127 mmol). Anal. Calcd for
C18H30Cl2N26O8Fe (%): C, 24.98; H, 3.49; N, 42.08. Found: C, 25.46; H, 3.65; N, 42.52.
Mössbauer spectra were recorded in transmission geometry using a Wissel GmbH spec-
trometer equipped with a Cyclotron Ltd 57Co(Rh) source operating at room temperature,
and fitted to an Oxford Instruments Optistat bath cryostat for variable temperature mea-
surements. Spectra were fitted to a sum of Lorentzians by least-squares refinement using
Recoil 1.05 Mössbauer Analysis Software [18]. All isomer shits and quadrupole splittings
are given with respect to α-iron calibration at room temperature. Magnetic susceptibilities
were measured in the temperature range 4–300 K using a Magnetic Property Measurement
System (MPMS�3) SQUID magnetometer operating at 1000 Oe. Data were corrected for
magnetization of the sample holder and diamagnetic contributions, which were estimated
from the Pascal constants. Differential scanning calorimetry measurements were carried out
in a He(g) atmosphere using a Perkin-Elmer DSC Pyris instrument equipped with a liq-
uid nitrogen cryostat operating down to 108 K and an integration module for specific heat
determination [19].

3 Results and discussion

Upon quench cooling to liquid nitrogen, a dramatic colour change from white to violet was
observed (Fig. 1a) precluding a thermally induced SCO from FeII high-spin (HS) to FeII

low-spin (LS). The SCO behaviour of 2 was confirmed by variable-temperature magnetiza-
tion data recorded over the range 80–250 K, with a scan rate of 2 K min−1 between each
data points in order to avoid significant thermal kinetic effects. At room temperature χMT is
equal to 3.72 cm3 mol−1 K, in agreement with a full fraction of FeII ions in the HS state.
As T is lowered, χMT first decreases very slowly to 188 K and then rapidly down to 100 K.
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Fig. 1 a Thermochromism from white (at room temperature) to violet (at liquid nitrogen temperature) of 2;
b Cp vs. T for 2 on warming and cooling at 10 K· min−1 over the range 108–250 K; c χMT vs. T for 2 for
two thermal cycles, obtained from SQUID data; d γ HS vs. T as deduced from Mössbauer spectroscopy for 2

As the temperature is increased back, χMT does not follow the same pathway, thereby dis-
playing a hysteresis loop of width ∼22 K, centred at 160 K. The transition temperatures
are T

↑
c = 170 K and T

↓
c = 148 K. This hysteresis is retained over successive cooling and

heating thermal cycles (Fig. 1c).
Temperature dependent 57Fe Mössbauer spectra of 2 were recorded over the range 78–

298 K. At 78 K, the spectrum of 2 consists of a single quadrupole doublet corresponding to
a LS FeII ion, with an isomer shift δLS = 0.59(1) mm.s−1 and a low quadrupole splitting
�ELS

Q = 0.21(1) mm.s−1 (Fig. 2). This quadrupole splitting is characteristic for a lattice
contribution to the electric field gradient which indicates a low distortion of the LS octahe-
dron in 2. Upon warming up to 135 K, no change is observed in the spectra but at 140 K,
a new quadrupole doublet characteristics of a HS FeII ion is detected, indicating the onset
of a SCO from LS to HS, which progresses further at 175 K. Indeed, from 250 K and up
to room temperature, no LS fraction is detected in agreement with the white color of the
powder, which is characteristic of the HS state for such materials. Indeed, at 298 K, a single
HS quadrupole doublet is observed, with δHS = 1.07(1) mm/s and �EHS

Q = 1.46(1) mm/s,
indicating a complete and abrupt SCO. On cooling back to 78 K, a hysteretic behaviour is
clearly revealed, by comparing Mössbauer spectra recorded at 160 K (Fig. 1). The observed
hyperfine parameters are in good agreement with the ones observed for 1 [14] (Table 1).

After evaluation of the area fraction, the HS molar fraction, γHS, was calculated assuming
equal Lamb Mössbauer factors for HS and LS ions. This hypothesis is realistic when dealing
with sharp spin transitions as concluded from the plot of the area fraction vs T [20]. As
a result, the SCO curve is shown to reveal an abrupt transition with a hysteresis width
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Fig. 2 Selected 57Fe Mössbauer spectra for 2 showing the hysteretic behaviour of the spin transition. Grey
and dark grey correspond to the HS and LS doublets, respectively

Table 1 Overview of selected 57Fe Mössbauer parameters for 2

T [K] AHS/Atot [%] HS [mm/s] LS [mm/s]

� �EQ �/2 � �EQ �/2

78(1) 0 – – – 0.59(1) 0.21(1) 0.14(1)

160(1)↑ 15 1.12(1) 2.20(1) 0.20(1) 0.55(1) 0.14(1) 0.15(1)

298(1) 100 1.07(1) 1.46(1) 0.16(1) – – –

160(1)↓ 81 1.12(1) 2.23(1) 0.21(1) 0.57(1) 0.13(1) 0.16(1)

δ: isomer shift (with respect to α-Fe at 298 K); �EQ: quadrupole splitting; �/2: half width at half maximum

of 20 K (Fig. 1d). The transition temperatures, on warming and cooling, are T
↑
c = 170(1) K

and T
↓
c = 149(1) K, respectively.

Differential scanning calorimetry (DSC) measurements of 2, recorded at 10 K.min−1,
was also used over the temperature range 108–300 K in cooling and warming modes. As
a result, a first-order phase transition was identified revealing in addition a hysteresis loop
with T

↑
max = 171 K and T

↓
max = 151 K (Fig. 1b). The hysteresis loop width of 20 K exactly

matches the one found by 57Fe Mössbauer spectroscopy and SQUID magnetometry. The
slight temperature shift (2 K) in the hysteresis loop is due to the higher scan rate com-
pared to other measurements. Enthalpy and entropy associated to the SCO were evaluated
as �HSCO = 10.5 kJ.mol−1 and �SSCO = 65.6 J.mol−1 K−1.

The cooperativity strength of 2 has been evaluated in the framework of the widely used
Slichter and Drickamer model, that uses a mean-field interaction parameter � [21].
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Fig. 3 Thermal dependence of
the HS fraction, γHS , measured
(open circles) and simulated (full
circles)
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The best fit to the experimental curve (Fig. 3) was obtained with the following param-
eters: � = 3.3 kJmol−1, �H = 10.54 kJmol−1, �S = 65.54 Jmol−1K−1. An excellent
correspondence was found with the experimental thermodynamical parameters.

4 Conclusions

The spin transition of [Fe{N(entz)3}2](ClO4)2 proceeds in a cooperative and complete fash-
ion. Compared to [Fe{N(entz)3}2](BF4)2, the hysteresis is wider, presumably due to the
presence of an extended H-bonding network, as recently observed by single crystal X-ray
diffraction in our laboratory. Nanostructuration of this material is under consideration for
possible implementation of 2D switchable networks into memory devices [22].
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