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Based on 1-(cyclohexylmethyl)-1H-tetrazole (C6mtz), a series of mononuclear iron(II) spin-cross-
over complexes with the general formula [Fe(C6mtz)6]X2, where X is the non-coordinating anion
BF�4 (1), ClO�

4 (2), or PF�6 (3), have been synthesized and characterized. Temperature-dependent
magnetic susceptibility measurements for 1, 2, and 3 show reversible one-step spin crossover (SCO)
behavior between high-spin (HS, S = 2) and low-spin (LS, S = 0) states without hysteresis. The PF�6
compound shows spin transition at T1/2 = 213 K at a considerably higher temperature than the other
compounds, BF�4 (T1/2 = 126 K) and ClO�

4 (T1/2 = 119 K). Temperature-dependent Far-IR and
Mössbauer spectra of 2 and 3 were compared with the measured magnetic susceptibility and confirm
the one-step SCO behavior of the compounds.
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1. Introduction

New magnetic materials have earned growing interest due to their potential technological
importance, such as applications as memory devices, molecular sensors, or optical switches
[1–3]. Metal ions with electron configuration d4–d7 in octahedral coordination geometry
exhibit attractive properties such as spin transitions between the high-spin (HS) and low-
spin (LS) states, depending on the distribution of the valence d electrons over the t2g and eg
orbitals. One of these states is the ground state, and the other is a metastable state. This
change of the spin state can be initiated by different external perturbations such as changes
in temperature [4–6] or pressure [7–11], irradiation with light [12–14], or application of a
magnetic field [15]. Since the first spin-crossover systems, Fe(III) dithiocarbamates, were
reported by Cambi et al. in 1931 [16] a large number of new spin-crossover (SCO) com-
pounds containing transition metal ions, mostly Fe(II) [17] and Fe(III) [18] and in a few
cases Co(II), Cr(II), Mn(II), Mn(III) and Co(III) [19, 20], have been synthesized and
investigated. In particular, Fe(II) complexes showing SCO behavior are of interest. The nat-
ure of the spin transition behavior between the HS and LS states of the compounds is influ-
enced by type of ligand, the presence of solvent molecules in the crystal structure, or the
nature of the counter-anion [21]. Interesting SCO properties with one or two-steps and wide
hysteresis loops have been found using a limited number of the ligands such as imidazole,
pyridine, pyrazole, triazole, and tetrazole derivatives.

In recent years, iron(II) SCO compounds using 1-substituted cycloalkyl tetrazoles have
been published [22, 23]. [Fe(C3tz)6](BF4)2, with the rigid cyclopropyl substituent on the
tetrazole, shows an abrupt and complete spin transition at T1/2 = 190 K [22], followed by
the cyclohexyl-substituted compound [Fe(C6tz)6](BF4)2 at T1/2 = 210 K, whereas with a
cyclopentyl-substituent, [Fe(C5tz)6](BF4)2 shows only an incomplete and gradual spin
transition behavior [23].

For deeper insight into the factors which influence the spin transition behavior, we syn-
thesized and investigated the more flexible 1-cyclohexylmethyl-1H-tetrazole (C6mtz) and a
series of Fe(II) complexes with general formula [Fe(C6mtz)6]X2, where X is the non-coordi-
nating anion BF�4 (1), ClO�

4 (2), or PF�6 (3). Accordingly, temperature-dependent magnetic
data of the mentioned iron(II) complexes, accompanied by Mid-IR, and temperature-depen-
dent Far-IR spectra of 3 and Mossbauer spectra of 2, are reported.

2. Experimental

2.1. Chemicals and physical characterization

Sodium azide (99%), triethylorthoformate (99%), glacial acetic acid (99%), and cyclohexyl-
methylamine (98%) were obtained from Alfa Aesar. Iron(II) tetrafluoroborate-hexahydrate
(97%), iron(II) perchlorate-hydrate (98%), iron(II) chloride-tetrahydrate (99%), and silver
hexafluorophosphate (98%) were obtained from Aldrich. All other chemicals were standard
reagent grade and used as supplied.

2.2. Physical measurements

Elemental analyses (C, H, and N) were performed on a Perkin Elmer 2400 CHN Elemental
Analyzer. The characterization of the ligand was accomplished by NMR spectroscopy: 1H
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spectra in CDCl3 measured with a Bruker DPX-200 MHz and 13C spectra at 50 MHz. The
chemical shifts are reported in ppm calibrated to the respective solvent. Mid-range IR spec-
tra of the compounds were recorded with the attenuated total reflectance (ATR) technique
from 4000 to 450 cm−1 using a Perkin–Elmer Spectrum Two FTIR spectrometer with a
UATR accessory attached. Variable temperature far-IR spectra have been measured from
700 to 100 cm−1 with a Perkin Elmer Spectrum 400 FIR/MIR FTIR spectrometer using
polyethylene pellets. The polyethylene pellets of the sample holder with silicon windows
were recorded between 100 and 300 K. Pellets were obtained by pressing the powdered
mixture of the samples in polyethylene in vacuo using a Carver 4350.L hydraulic press and
by applying a pressure of approx. 10.000 kg cm−2 for 5 min. To obtain a reasonable signal
to noise ratio, 600 scans were totaled for each spectrum. The sample temperature was
allowed to equilibrate for 10 min before each measurement. Temperature-dependent mag-
netic susceptibility measurements were performed from 2 to 300 K with an applied field of
1 T using a Cryogenic S600 SQUID magnetometer. Raw data were corrected for the con-
tribution of the sample holder, measured in the same field and temperature range, and the
intrinsic diamagnetism of the sample, estimated by Pascal’s constants. The magnetic
susceptibility has been evaluated as χ = M/H and corrected for temperature-independent
paramagnetic contributions (TIP).

Mössbauer measurements were performed using a Wissel™ spectrometer, calibrated by a
standard metal iron foil, and a nitrogen-based Oxford™ flux cryogenic system with a base
temperature of 67 K at 232 mbar. The Mössbauer source was a 25 mCi 57Co/Rh sample
with a Lamb–Mössbauer factor fs = 0.63, which was evaluated by applying the method
described [24]. The prepared sample contained 193 mg cm−2 of active material, correspond-
ing roughly to the ideal quantity for a single-line absorber, as calculated following the
procedure detailed [25]. The absorber thickness ta = naσ0β fa(T) [26], where na is the number
of iron ions per cm2, β is the 57Fe isotopic abundance, σ0 is the maximum resonant cross
section and fa is the absorber Lamb–Mössbauer factor, was expected to be ≈5.1 fa(T) ≈ 3 at
low temperatures, by assuming fa = fs, which represents the Lamb–Mössbauer factor of the
source. Therefore, spectra are expected to be affected by saturation effects. It is not conve-
nient to reduce the amount of active material in the absorber, since strong decreases of fa
occur in organic molecular compounds by increasing T. However, spectra with ta≈ 3 should
be correctly handled by means of the integral transmission method [27]. The fitting proce-
dure requires evaluation of the reduced Mössbauer source factor f rð Þ

s that multiplies the
convolution integral. This parameter is derived, for each Mössbauer spectrum, from the
source recoilless fraction fs throughout the collection of additional pulse height analysis
spectra [24]. The accuracy of the fitting procedure was tested by comparing naσ0β fa(T),
which was evaluated by fitting the Mössbauer spectra, with the value expected on the basis
of the quantity of compound in the target.

Single crystal structure determination of 1-(cyclohexylmethyl)-1H-tetrazole has been per-
formed. A preselected single crystal of C8H14N4 was mounted with a high-viscosity perflu-
orinated polyether on a thin silica glass fiber and cooled on a Bruker AXS APEXII CCD
four-circle diffractometer (Mo Kα radiation with graphite monochromator) in a dry stream
of nitrogen to 100 K. The data collection strategy was optimized with the APEX2 [28]
software using the complete reciprocal sphere up to 29°/2θ, leading to a highly redundant
dataset. Correction of absorption effects after integration of the data with SAINT [28] was
performed with the semi-empirical “multi-scan” approach using SADABS [28]. The crystal
structure of C8H14N4 was solved by direct methods and refined by full covariance matrix
least-squares methods on F2 using the SHELXTL package [29]. The cyclohexylmethyl moi-
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ety is disordered over two sites with an occupancy ratio of 0.725(3) : 0.275(3). The disor-
dered groups were refined with similarity restraints (DELU and SIMU) [29] to achieve
sensible bond lengths and displacement parameters for the minor component. All non-H
atoms were refined with anisotropic displacement parameters. The aromatic hydrogen of the
tetrazole group was clearly discernible from a difference Fourier map, but was finally posi-
tioned geometrically and refined in the riding model approximation with a C–H distance
restraint of 0.95 Å and Uiso(H) = 1.2 Ueq(C) of the parent. Methylene and methine hydro-
gens of the cyclohexylmethyl moiety were also positioned geometrically, with C–H dis-
tances of 0.99 and 1.0 Å, respectively, and with Uiso(H) = 1.2 Ueq(C). Crystallographic data
and details of the X-ray data collection and structure refinement are listed in table 1.

2.3. Synthesis of the ligand

Warning: Tetrazoles and their derivatives are potentially shock-sensitive or explosive com-
pounds and must be handled with care (scheme 1).

Synthesis of the ligand was carried out according to the literature method [30] with some
modifications. Cyclohexylmethylamine (5 g, 44.16 mmol),) triethyl orthoformate (9.81 g,
66.24 mmol and sodium azide (4.3 g, 66.24 mmol) were dissolved in 40 mL of acetic acid

Table 1. Details for the crystal structure determination of
C8H14N4.

Temperature (K) 100
λ (Ǻ) 0.71073
Formula C8H14N4

Formula weight 166.23
Crystal description light-yellow plate
Crystal dimensions 0.50 × 0.25 × 0.02
Crystal system triclinic
Space group Pī
α (Ǻ) 5.5439(3)
b (Ǻ) 5.5779(3)
c (Ǻ) 15.6277(11)
α (°) 93.220(5)
β (°) 97.731(5)
γ (°) 110.646(4)
V (Ǻ3) 445.31(5)
Z 2
F(0 0 0) 180
ρcalc (g cm−3) 1.240
μ (mm−1) (Mo Kα) 0.080
Coefficients of transmission Tmin; Tmax 0.9609; 0.9984
Number of reflections measured 6607
Number of independent reflections 2275
Number of reflections with I > 2σ(I) 174
Rint 0.0273
θmin, θmax 2.65; 29.00
H −7→ 7
K −7→ 7
L −21→ 21
Δρmax (e Ǻ

−3) 0.34
Δρmin (e Ǻ−3) −0.25
R[I > 2σ(I)], all 0.0393, 0.0595
wR2[I > 2σ(I)], all 0.0938, 0.1048
Goof 1.028
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and heated at 75 °C for 45 h. After evaporation of acetic acid and excess orthoformate
under reduced pressure, the residue was dissolved in water and extracted with chloroform.
The combined organic layers were washed with water and saturated aqueous solutions of
NaHCO3 and NaCl. After drying the organic phase over Na2SO4 and evaporation of the sol-
vent under reduced pressure, the crude product, a semi-solid, was formed. The crude pro-
duct was recrystallized in acetone and after storing in the freezer at low temperature
(−24 °C), white crystals precipitated. The product was recovered by filtration and washed
with cold ethanol. Yield 4.06 g (55.3%). Anal. Calcd for C8H14N4 (%): C 57.81; H 8.49; N
33.71. Found: C 58.76; H 8.56; N 32.91. 1H NMR (200 MHz, d1 – CDCl3, 25 °C): δ: 8.54
(s, 1H), 4.25 (d, J = 7.06 Hz, 2H), 1.97 (m, J = 3.67 Hz, 3H), 1.68 (m, J = 7.61, 4H), 1.19
(m, J = 7.46, 4H) ppm. 13C NMR (50 MHz, d1 – CDCl3, 25 °C): δ: 142.94 (CaH-tz), 54.42
(Cb), 38.38 (Cc), 30.37 (2Cd), 25.95 (Cf), 25.43 (2Ce) ppm. IR (ATR): νC–H (tz) =
3115 cm−1.

Single crystals of 1-(cyclohexylmethyl)-1H-tetrazole (C6mtz) were grown by re-crystal-
lization of the product from n-hexane and subsequent slow evaporation of the solvent at
room temperature.

2.4. Synthesis of the complexes

All iron(II) compounds were synthesized under nitrogen and using standard Schlenk tech-
niques.

2.4.1. Synthesis of [Fe(C6mtz)6](X)2, where X = BF�
4 , ClO

�
4 . 1-(Cyclohexylmethyl)-1H-

tetrazole (0.498 g, 3 mmol) was dissolved in 5 mL of ethanol, and Fe(BF4)2·6H2O
(0.169 g, 0.5 mmol) or Fe(ClO4)2·H2O (0.127 g, 0.5 mmol) (respectively) was dissolved in
10 mL ethanol and a small amount of ascorbic acid [to avoid oxidation of iron(II)]. The
iron solution was dropwise added to the ligand solution at room temperature and stirred for
a few hours. The solvent was reduced under a stream of argon at room temperature. After
keeping the solution one day at −24 °C, a white precipitate was formed. The product was
recovered by filtration, washed with cold ethanol and dried. [Fe(C6mtz)6](BF4)2 Yield:
0.187 g (30%). Anal. Calcd for C48H84B2F8FeN24 (%): C 46.99; H 6.90; N 27.40. Found:
C 46.58; H 6.65; N 26.72. IR (ATR): νC–H (tz) = 3136 cm−1. [Fe(C6mtz)6](ClO4)2 Yield:
0.217 g (35%). Anal. Calcd for C48H84Cl2O8FeN24 (%): C 46.04; H 6.76; N 26.85. Found:
C 46.32; H 6.66; N 26.31. IR (ATR): νC–H (tz) = 3129 cm−1.

2.4.2. Syntheses of [Fe(C6mtz)6](PF6)2 complex. 1-(Cyclohexylmethyl)-1H-tetrazole
(0.498 g, 3 mmol) was dissolved in 5 mL ethanol and FeCl2·4H2O (0.099 g, 0.5 mmol)

Scheme 1. Assignments of 13C NMR data of 1-(cyclohexylmethyl)-1H-tetrazole.

Fe(II) tetrazole complexes 3461
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dissolved in 7 mL ethanol and a small amount of ascorbic acid (to avoid oxidation of iron
(II)) was dropwise added to the solution of the ligand. After 10 min. stirring, ethanol solu-
tion of AgPF6 (0.25 g, 1 mmol) was dropwise added, whereupon AgCl immediately pre-
cipitated. After 1 h of stirring at 40 °C, the AgCl was removed by filtration and washed
with ethanol. The filtrate was reduced under a stream of argon at room temperature. After
keeping the solution one day at low temperature (−24 °C), a white precipitate was formed.
The precipitate was recovered by filtration, washed with cold ethanol and dried. Yield:
0.3552 g (53%). Anal. Calcd. for [Fe(C6mtz)6](PF6)2 C48H84P2F12FeN24 (%): C 42.92; H
6.30; N 25.03. Found: C 42.55; H 6.07; N 24.74. IR (ATR): νC–H (tz) = 3159 cm−1.

3. Results and discussion

3.1. Synthesis and crystal structures

1-(Cyclohexylmethyl)-1H tetrazole – C8H14N4 – crystallizes with two formula units in the
triclinic system in space group Pī. The cyclohexyl ring of the cyclohexylmethyl moiety has
a chair conformation; bond length and angles in the cyclohexylmethyl and tetrazole moi-
eties are in the normal ranges (figure 1). The crystal packing (figure 2) is supported by
π…π stacking interactions between parallel tetrazole rings of two adjacent molecules with a
centroid…centroid distance of 3.342 Å (plane-to-plane distance 3.249 Å). Weak C–H…N
hydrogen bonding interactions between two adjacent tetrazole rings (C1…N4 3.236(2) Å)
and between the methyl of the cyclomethyl moiety and a neighboring tetrazole group (C2
… N2 3.517 Å) may also lead to a stabilization of the crystal structure.

Various attempts with different solvents to grow single crystals suitable for X-ray
structure determination of the iron(II) compounds, failed. X-ray powder diffraction
measurements of microcrystalline materials of 1 (BF�4 ), 2 (ClO�

4 ) and 3 (PF�6 ) prepared

Figure 1. The molecular structure and atom labeling of C8H14N4. Only the major part of the disordered
cyclohexylmethyl moiety is shown. Displacement ellipsoids are drawn at the 70% probability level; hydrogens are
displayed as spheres of arbitrary radius.

3462 M. Tafili-Kryeziu et al.

D
ow

nl
oa

de
d 

by
 [

M
iz

or
am

 U
ni

ve
rs

ity
] 

at
 1

4:
41

 2
8 

D
ec

em
be

r 
20

15
 



from ethanol were measured on a Panalytical X’Pert diffractometer in the Bragg–Brentano
geometry using Cu Kα1,2 radiation, a X’Celerator linear detector with a Ni-filter, sample
spinning with backloading sample holders and 2θ = 5–70° at room temperature. Unfortu-
nately, only preliminary data of 3 (PF�6 ) could be refined. The diffractogram is presented in
supplementary material figure S1. [Fe(C6mtz)6](PF6)2 crystallizes in the rhombohedral R-3
space group and provided preliminary unit cell parameters ɑ = 11. 0964, ϲ = 50.1105,
V = 5343, 5083 Å3.

3.2. Spectroscopic characterization of the ligand and the series of complexes

Mid-IR spectra for the free ligand and the series of complexes were performed between
4000 and 450 cm−1. Successful complexation is shown by significant differences of vibra-
tional modes of the free ligand and bonded ligand in the complexes (figure 3). The stretch-
ing vibration (νC–H (tz)) of the tetrazole is shifted to higher wavenumbers in the complex by
about 21 cm−1 for the BF�4 compound to 14 cm−1 for the ClO�

4 and 44 cm−1 for the PF�6
(see table 2). For more details of the mid – IR spectra, see the supplementary material figure
S2–S5.

3.3. Magnetic susceptibility measurements

Temperature-dependent magnetic susceptibility for 1, 2, and 3 are shown in figure 4. The
compounds show thermochromism; in the high-spin state, they are colorless and in the low-
spin state, they are violet. The observed room temperature χT values are 3.17, 3.21,
3.23 emu K mol−1 for ClO�

4 , BF
�
4 , PF

�
6 derivatives, respectively, which indicate an essen-

tially full population of the 5T2g state for all three samples. On lowering temperature, clear
evidence of spin state transition is observed for the three derivatives, leading to a low
temperature χT value of 0.29, 0.10, 0.08 emu K mol−1, suggesting either an incomplete
transition to low-spin state, or traces of iron(III). Both of these situations often occur in
SCO systems. However, Mossbauer spectroscopy (see below) tends to favor the former

Figure 2. The crystal packing of C8H14N4 viewed along the b-axis.
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hypothesis. Repeated cycles of heating/cooling did not evidence any hysteresis, ruling out
appreciable cooperativity among neighboring molecules. Following these considerations,
transition temperatures could be estimated by fitting the χT versus T curves assuming
Boltzmann distribution among the two states, and the presence of a temperature-
independent fraction of HS-Fe(II):

vT ¼ vTHS�FeII qþ 1þ exp
DH � TDS

RT

� �� ��1

1� qð Þ
" #

(1)

where ΔH and ΔS are the enthalpic and entropic contributions to the crossover transition,
and ρ is the percentage of paramagnetic impurity remaining at low temperature. The transi-
tion temperatures were estimated as T1/2 = ΔH/ΔS, which provided the values of 119 ± 1,
126 ± 1, 215 ± 2 K for the three complexes (with ρ = 0.09, 0.04, 0.04, respectively). The
corresponding thermodynamic quantities obtained by best fit of the curves for the three
derivatives were as follows: ΔH = 9.1 ± 0.1, 13.9 ± 0.2, 24.8 ± 0.9 kJ mol−1; ΔS = 76 ± 1,
110 ± 2, 115 ± 4 J K−1 mol−1 for 1, 2, and 3, respectively.

Figure 3. Mid-IR spectra for free ligand and the series of complexes: violet for ligand ( ), dark blue ( ) for
BF�4 complex, blue ( ) for ClO�

4 x and green ( ) for PF�6 complex (see http://dx.doi.org/10.1080/00958972.2015.
1077951 for color version).

Table 2. Comparison of mid – IR spectra of C–H tz (tetrazol) bands between free ligand and the series of com-
plexes.

Complexes νC–H (tz) (cm
−1) Free ligand νC–H (tz) (cm

−1) Δ (cm−1)

[Fe(C6mtz)6](BF4)2 3136 3115 21
[Fe(C6mtz)6](ClO4)2 3129 3115 14
[Fe(C6mtz)6](PF6)2 3159 3115 44

3464 M. Tafili-Kryeziu et al.
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3.4. Temperature-dependent Far-IR spectroscopy of [Fe(C6mtz)6](PF6)2

Variable temperature Far-IR spectroscopy is an ideal tool to observe the change of the N–
Fe–N bond strength due to the spin transition and can be used to verify the SCO behavior
obtained by magnetic measurements. The Far-IR spectra of 3 have been investigated as
polyethylene pellets of the sample in the spectral range 700–100 cm−1 and the temperature
range between 100 and 300 K at intervals of 10 K. At low temperature, the prominent
vibration bands for the LS compound appear at 422, 384, and 360 cm−1 (see figure 5),
while at room temperature, the vibration bands at 316 and 260 cm−1 correspond to bonding
between the coordinating nitrogen of the tetrazole ligands and the iron(II) in the high-spin
state. The band at 558 cm−1 corresponds to PF6¯ anion vibrations; the intensity increases
with increasing temperature. The band at 220 cm−1 at room temperature shifts to 216 cm−1

at low temperature and does not disappear completely at 100 K [21a]. The high-spin molar
fraction was calculated from the vibration bands at 220 and 260 cm−1 and found to be in
agreement with the high-spin molar fraction obtained from magnetic measurements (see fig-
ure 6).

3.5. 57Fe-Mössbauer spectroscopy of [Fe(C6mtz)6](ClO4)2

Twelve standard transmission spectra (see figure 7) were collected on 1024 channels with
vmax = 3 mm s−1 between 70 and 294 K, starting from a liquid nitrogen bath at 232 mbar.
Since the experimental line shapes are clearly wider than the theoretical expected values
and show a thermal evolution, inhomogeneous effects and/or small line shape distortions
due to dynamical processes should be taken into account. Consequently, the Mössbauer

Figure 4. Temperature-dependent magnetic susceptibility of [Fe(C6mtz)6](BF4)2 (red squares ), [Fe(C6mtz)6]
(ClO4)2 (blue circles ), [Fe(C6mtz)6](PF6)2 (black squares ) in the form of χMT vs. T plots. Continuous line
represents the best fit to equation (1) for the three derivatives using the parameters reported in the text (see http://
dx.doi.org/10.1080/00958972.2015.1077951 for color version).
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cross section, which is due to the HS and LS components and which appears in the trans-
mission integral function, was expressed by a sum of Voigt doublets [33] and not by simple
Lorentzian doublets. Each Voigt component was identified by four parameters: the contribu-
tion ti to the absorber thickness number ta, the center shift δi, the quadrupolar splitting Δi

and, finally, the Gaussian component σi of the Voigt profile. In turn, the Lorentzian
component of each doublet of the cross section was fixed at the natural value ≈0.1 mms−1.
Therefore, σi does not denote the FWHM of a single line, which is approximately given
by2Cn þ 2ri

ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p þ 0:27Cnti, where the last term is due to saturation [31]. Moreover, the

Figure 5. Variable temperature Far-IR spectra of [Fe(C6mtz)6](PF6)2 from 100 to 300 K. The insert shows the
graph of Far-IR spectra of the LS state at 100 K and HS state at 300 K.

Figure 6. Comparison of the temperature-dependent high-spin molar fractions calculated from the magnetic mea-
surements ( ), variable temperature Far-IR ( , ) spectra of [Fe(C6mtz)6](PF6)2.
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source line shape was described by a Voigt profile, the Gaussian component of which was
determined by starting from the source FWHM indicated by the manufacturer.

The line shape of the spectra consists of a main component, which shows the typical
SCO behavior from HS to LS states, and of a secondary HS-Fe(II) component (≈5%),
which is almost independent on T. Due to its spectral feature, we attribute the latter
contribution to an impurity of a species with a different coordination environment, most
probably due to an incomplete coordination of Fe(II) by C6mtz.

We fitted the secondary component by means of a Voigt doublet and the SCO component
by means of three Voigt doublets. Two of them are connected with the component of the
main spin state (HS-Fe(II) over 120 K and LS-Fe(II) under 120 K), and the third one is
related to the minor spin state (LS-Fe(II) over 120 K and HS-Fe(II) under 120 K).

The fit of the spectra reveals that the Gaussian broadenings of the Voigt doublets, belong-
ing to the SCO component, depends on T. These broadenings do not practically contribute
to the cross section line widths for those temperatures which lie at the extremes of the
investigated range, and this result indicates that the saturation effects on the shape of the
collected spectra have been accurately handled. At intermediate temperatures, we observe
the FWHM of the Mossbauer cross section to increase to values on the order of 2Γn (see
table 3 and cross sections reported in figure 8). Moreover, the HS contribution is repro-
duced by an asymmetrically broadened doublet. This feature suggests that the SCO-time
window lies on the top of the Mössbauer time window (10−7 s) [32].

For T > 120 K an anomalous decrease of ta is observed, also, although full analysis of
this result goes far beyond the scope of the present article. By fitting the absorber thickness
ta = Σiti by means of the Debye model (figure 9) for T ≤ 120 K, we obtained θD = 168(8) K
and naσ0β = 5.3 (2) in agreement with the value ≈5.1, expected on the basis of the amount
of active material used in preparation of the sample. This result confirms again that the
saturation effects have been properly treated.

Assuming that the Mössbauer fa factor does not depend on the spin state, the relative
percentage cHS�Fe IIð Þ ¼ FeIIHS

FeII
tot

, which represents the main scope of the present article, was

Figure 7. Experimental 57Fe-Mössbauer spectra of [Fe(C6mtz)6](ClO4)2 collected at 70, 140, and 294 K plotted
together with the corresponding curve fits. Due to the presence of not negligible saturation effects, Mossbauer spec-
tra and cross section contributions are plotted separately in figure 8.
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derived from the ratio between the sums of the corresponding thicknesses, apart from the
contribution due to the impurity (see above). The thermal dependence of γHS-Fe(II) is illus-
trated in figure 10, and it is well represented by the sigmoid function:

Table 3. Mossbauer parameters related to the spectra illustrated in figure 7. For all the spectra χ2≈ 1 was
obtained.

Phase Component Mossbauer parameters (mm s−1) T = 294 K T = 140 K T = 70 K

HS-Fe(II) 1 δ 0.95(1) 0.97(2) 0.98(5)
Δ 1.44(4) 1.79(3) 2.0(1)
σ 0.29(3) 0.10(1) 0.27(6)
t 0.089(8) 0.3(1) 0.10(2)

2 δ 0.946(1) 1.1(2)
Δ 1.396(1) 1.5(4)
σ 0.046(1) 0.154(6)
t 0.520(9) 0.8(1)

LS-Fe(II) 1 δ 0.32(3) 0.4(1) 0.442(1)
Δ 0.88(5) 0. 0.
σ 0.001 0.16(4) 0.07(1)
t 0.008(2) 1.08(1) 2.7(7)

2 δ 0.442(5)
Δ 0.3(3)
σ 0.14(7)
t 0.6

HS-Fe(II) imp 1 δ 0.99(1) 1.09(1) 1.09(1)
Δ 2.75(2) 3.15(3) 3.3(1)
σ 0.06(2) 0.20(2) 0.09(1)
t 0.027(4) 0.14(1) 0.17(1)

Figure 8. HS and LS contributions to the SCO Mössbauer cross section at 70, 140, and 294 K from top to bot-
tom. Red and blue plots belong to HS-Fe(II) and LS-Fe(II) components, respectively. In the intermediate tempera-
ture range, the HS contribution is given by an asymmetrically broadened doublet, as expected on the basis of HS-
LS transition times of the order of Γn (see http://dx.doi.org/10.1080/00958972.2015.1077951 for color version).
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cHS�Fe IIð Þ ¼ 1þ exp
DS
R

T1=2
T

� 1

� �� �� ��1

(2)

where ΔS/R = 7.0(7) and T1/2 = 133(2) K, in agreement with magnetic susceptibility mea-
surements, also shown in figure 10. Finally, the quadrupolar splitting values and their
increase upon lowering T (see table 3), indicate that the coordination environment of the

Figure 9. Evolution of the total absorber thickness ta with T. The experimental points were fitted by means of the
Debye model below 120 K (see the text). The dotted line for T > 120 K indicates a sharper decrease with respect
to the Debye model.

Figure 10. Thermal trend of γHS-Fe(II) for [Fe(C6mtz)6](ClO4)2 derived from Mossbauer (full circles) and
SQUID (open triangles) measurements. The dotted line represents the best fit of Mossbauer results by equation (2).
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impurity is characterized by an axially compressed octahedral symmetry, as expected
according to the Boltzmann population of the Fe(II) 5d orbitals as split by the crystal field
[33].

4. Conclusion

A new series of Fe(II) SCO complexes [Fe(C6mtz)6](X)2, where C6mtz is 1-(cyclohexyl-
methyl)-1H-tetrazole ligand and X is non-coordinating anion (BF�4 , ClO

�
4 , or PF

�
6 ), have

been synthesized and investigated. The SCO behavior of the small counter-anions BF�4 ,
ClO�

4 was compared with that of the compound with larger counter-anion PF�6 , and they
were found to be considerably different. The PF�6 compound shows a spin transition at T1/
2 = 213 K, a considerably higher spin transition temperature (~90 K) than the compounds
with the smaller counter-anion BF�4 (T1/2 = 126 K) and ClO�

4 (T1/2 = 119 K).

Supplementary material

Supplementary powder diffraction data of 3 and IR spectra of the free ligand and the com-
plexes. CCDC number 1039415 contains the supplementary crystallographic data for this
article. These data can be obtained free of charge from The Cambridge Crystallographic
Data Center via www.ccdc.cam.ac.uk/data_request/cif.
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