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Arno F. Stassen,[a] Matthias Grunert,[b] Eva Dova,[c] Martin Müller,[d] Peter Weinberger,[d]

Günter Wiesinger,[d] Henk Schenk,[c] Wolfgang Linert,[b] Jaap G. Haasnoot,*[a] and
Jan Reedijk[a]

Keywords: Spin crossover / Iron / Tetrazole ligand / Mössbauer spectroscopy / Variable-temperature IR spectroscopy

A new family of iron(II) tetrafluoroborate and perchlorate
spin-crossover compounds has been synthesised and is dis-
cussed. The iron(II) ion is surrounded by six 1-ethyltetrazole
ligands, which are halogen-substituted on the C2 atom of the
ethyl group. The spin-crossover temperatures T1/2 are high
compared to the unsubstituted (1-alkyltetrazole)iron(II) com-
plexes. The shape of the spin-transition curve (i.e. γHS vs. T)
varies largely over the different complexes and appears to be
influenced neither by the crystal packing, nor by the elec-

Introduction

Among compounds featuring temperature-dependent
spin transitions, the [Fe(1-alkyltetrazole)6](anion)2 com-
pounds are probably the most studied complexes.[1�4]

Methyl-, ethyl-, propyl- and isopropyltetrazole (mtz, etz, ptz
and iptz) were used as ligands for iron() spin-crossover
complexes[2] as early as 1982 by Franke et al. These com-
plexes are special for several reasons, they were the first
reported members of a family of spin-crossover complexes
with monodentate ligands showing a strong cooperativity,[5]

which led to the development of the model of the elastic
interactions.[6] The synthesis of both the ligands and the
complexes is straightforward and these iron() complexes
are very stable compared to other iron() spin-crossover
complexes. Finally, the spin-crossover behaviour among
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tronic effects. The temperature-dependent spin-transition
behaviour has been studied by magnetic susceptibility and
by 57Fe-Mössbauer spectroscopy. These data have been sup-
ported by temperature-dependent mid-range infrared spec-
troscopy: the thermally induced spin transition has been ob-
served by direct monitoring of the aromatic C−H stretching
frequency.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

these four almost identical complexes differs strongly: the
spin transition depends both on the ligand,[2] and the
anion.[1,2,7]

Recently, the spin-crossover behaviour of a series of
iron() complexes containing the new ligand 1-(2-chloro-
ethyl)tetrazole (teec) was published.[8] These complexes
show, depending on the anion and applied synthetic
method, a wide variety of magnetic behaviour including
transitions in two steps, residues of high-spin species at low
temperature and a thermal hysteresis effect.

In order to study the influence of the size of the halogen
atom in the 1-(2-haloethyl)tetrazole spin-crossover com-
plexes, now also the fluorine- (teef), bromine- (teeb) and
iodine-substituted (teei) ligands have also been synthesised.
From donor-number calculations[9] and NMR spec-
troscopy[10] it is known that the electronic influence of the
halogen atom on the electron density of the tetrazole ring
is negligible. Therefore, the changes in ligand-field strength
(and subsequently differences in spin-transition temperature
T1/2) should almost completely be caused by the crystal
packing and not by electronic effects.

The ligands teef, teeb and teei have been used to syn-
thesise iron() tetrafluoroborate and perchlorate complexes.
The magnetic and spectral properties of these complexes
have been studied to observe the influence of the ligand
size on the thermal spin transition. Because of the potential
explosive nature of perchlorate compounds, no Mössbauer
or infrared measurements have been performed on the per-
chlorate complexes.
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Results and Discussion

IR Spectroscopy of the Ligands

Mid-range FT-IR spectra of the undiluted complexes,
and the ligands as KBr pellets have been recorded within
the range of 4400�450 cm�1 at room temperature. For the
interpretation of the spectra the observed data were com-
pared with general tables in the compilation of Hesse et
al.,[11] several publications of analogous tetrazole
compounds,[12�20] as well as with the spectra of the starting
products. One of the most prominent absorption features
for the tetrazole ring is detected around 3140 cm�1 (stretch-
ing vibration νC�H at the tetrazole ring[12�14]). At about
1485 cm�1 the νN2�N3 stretching vibration[15,16] appears,
which also influences the νN1�C5 as well as the νN1�Calkyl

stretching vibration. The shifts of most of the bands of the
tetrazole ring, caused by substitution of different halogen
atoms, are not significant. An exception is the band which
shifts due to a heavier halogen substituent from 1107 to
1096 cm�1 and belongs to the νC5�N1 stretching vi-
bration,[14] as well as the in-plane deformation of the
C5�H1 bond (δC5�H1). An in-plane ring vibration[13,14]

(δring2) shifts in the same manner from 963 to 900 cm�1. In
the aliphatic part this trend can only be observed for the
νN1�Calkyl

[11] stretching band (shift between 1363 and
1353 cm�1) and for the deformation of the C�H2 bonds[11]

(δC�H2). Table 1 gives an overview of the changes upon co-
ordination, and lists other important IR bands.

Table 1. Prominent mid IR bands of the (haloethyl)tetrazole ligands investigated; wavenumbers in cm�1; ν � stretching, δ � deformation
or in-plane vibration of the ring, γ out-of-plane

Compound teef teec teeb teei

ν(C�H)[12�14] 3138 s 3142 s 3136 s 3142 s
ν(C�H2)[11] 3003 w 3031 m 3040 m 3027 m

2972 m 3009 w 3005 m 2999 w
2909 w 2974 m 2976 m 2961 w

2908 m 2952 w
Aromatic overtone band 1750 w 1743 m 1739 m 1757 m

1723 w
ν(N2�N3)[13�16] {�ν(C5�N1) � ν(Calkyl�N1)} 1487 s 1486 s 1481 s 1485 s
δ(C�H2)[11] 1429 m 1435 m 1432 m 1443 m

1434 m 1423 m 1419 m 1425 m
ν(N1-Calkyl)[11] 1363 m 1358 m 1355 m 1353 m
ν(C�F)[11,17,18] 1263 m
δ(ring1)[12�14] 1246 m 1255 m 1265 s 1263 m
ν(C�N4), ν(N1�N2)[14] 1174 vs 1176 vs 1174 vs 1172 vs
ν(C5�N1), δ(C5�H)[14] 1107 s 1101 s 1098 s 1096 s
ν(N3�N4)[12�14] 1041 s 1041 m 1033 m 1042 w
ν(N1�N2)[14] 973 sh 971 s 968 s 970 s
δ(ring2)[13,14] in-plane bending {δ(NCN)} 963 m 947 m 930 m 900 m
γ(H2C�CH2) 878 sh 914 s 892 s 887 sh

858 s 875 s 872 s 881 s
γ(ring3)[13,14] out-of-plane 722 m 721 m 720 m 717 w
γ(ring4)[13,14] out-of-plane 679 s 677 s 673 vs 660 vs

667 vs
ν(C�Cl)[18] 461 s
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IR Spectroscopy of the Complexes

In the iron() tetrafluoroborate complexes, two defor-
mation vibrations[21] (δB�F) belonging to the tetrafluorobo-
rate are identified. The only clearly visible, non-overlapping,
deformation vibrations are at 533 and 522 cm�1 in the case
of teef, teec and teeb, whereas in the compound with teei as
ligand, a band at 515 cm�1 with a shoulder at 522 cm�1

appears. The B�F stretching vibration (νB�F) is responsible
for the broad background between 1600 and 800 cm�1. The
maximum is located at about 1060 cm�1.

Vibrations in the spectra measured at room temperature
for the pure ligands and the iron() tetrafluoroborate com-
plexes show differences of about �3 and �70 cm�1, respec-
tively. Interestingly, these shifts show different sensitivity:
shifts of the aromatic and aliphatic C�H stretching differ
between pure ligand and complex, e.g. νC5�H (between �1
and �9 cm�1), δC�H2 (between 0 and �19 cm�1) and the
broad aromatic overtone band (�33 to �67cm�1). No
strong influence is observed on these bands due to the
variation of the halogen substituent. However, the bands
associated with the tetrazole ring vibrations are influenced
by the halogen substituent. With increasing halogen mass,
the difference in frequency between the bands observed in
the pure ligand and the iron() complex containing this li-
gand increases. The stretching vibration νN2�N3 shifts upon
coordination by �16 cm�1 for the fluorine-substituted
compound, �17 cm�1 for the chlorine-, �26 cm�1 for
the bromine- and �27 cm�1 for the iodine-substituted com-
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Figure 1. Comparison of the ligand (teec) top, with its iron() tetrafluoroborate complex, measured at different temperatures between
301 and 100 K (centre); the arrows mark changes of bands in the HS (solid) to a mixed HS�LS state (dashed)

Figure 2. Temperature-dependent infrared spectroscopy of [Fe(teef)6](BF4)2; the arrows mark changes of bands in the HS (solid) to a
mixed HS�LS state (dashed)

Eur. J. Inorg. Chem. 2003, 2273�2282 www.eurjic.org  2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2275
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pound. The asymmetric out-of-plane ring vibrations
around 650 cm�1 are not significantly influenced at all. Fig-
ure 1 provides an illustration of the changes in the mid-
range IR spectrum of the teec ligand compared to its
iron() tetrafluoroborate complex at room temperature in
the high-spin state and at 100 K in the low-spin state.

Due to the change of the spin state of iron() from LS
to HS, the anti-bonding eg-orbitals are populated, thus
weakening the Fe�N4 bond. This weakening results in a
bond-length expansion[20] of about 5�10%. The expansion
can be detected as a shift in the far-infrared region, as has
been shown in a similar case.[19] The structural changes
around the iron centre also influence bond strengths in
the ligand. The stretching vibrations in the tetrazole ring
(νN2�N3) and the C5�H stretching vibration of the tetraz-
ole hydrogen atom (which is located close to the metal
centre) are mostly influenced, but the stretching vibrations
of the alkyl chain are also slightly affected. The asymmetric
ring vibration (γring2, γring3) and the C�H2 deformation of
the chain (δC�H2) are not significantly influenced.

Figure 2 shows that upon cooling, a thermal iron() spin
transition takes place yielding new small bands. These new

Table 2. Mid IR bands of iron() [Fe(L)6](BF4)2 with L � teef, teec, teeb, teei at room temperature and at about 100 K; frequencies in
cm�1; ν � stretching, δ � deformation or in-plane of the ring, γ � out-of-plane, italic numbers � significant changes during the spin
conversion, bold � bands which are only observed in HS or LS state

Compound Fe�teef (HS) Fe�teef (LS) Fe�teec (HS) Fe�teec (LS) Fe�teeb (HS) Fe�teeb (LS) Fe�teei (HS) Fe�teei (LS)

ν(C�H)[12�14] 3145 s/3134 sh 3141 s 3147 s 3172 sh/3148 s 3145 s 3175 sh/3149 s 3143s 3176 m/3146 s
3101 m/3092

ν(C�H)[11] 2999 m 3008 m/2998 m 3974 m 3089 s 3038 m 3093 s/3075 sh 3026 m/3004 m 3021 m/3008 m
2975 m 2974 m/2966 m 3028 w 3036 sh/3020 w 3036 w 3035 w 2967 m 2971 m/2963 sh

2972 m 2989 m/2970 m 2975 m 2984 m
2927 sh 2927 w

Aromatic overtone band 1789 w 1794 w 1800 w 1786 m 1793 w 1794 w/1781 w 1790 m 1796 m/1774 w
ν(N2�N3)[13�16] 1503 s 1505 s/1495 s 1503 s 1512 s/1510 s 1507 s/1503 s 1511 s/1508 s 1508 s 1514 s
{� ν(C5�N1) � ν(Calkyl�N1)}
δ(C�H2)[11] 1445 w 1434 w 1453 m 1458 m 1451 m 1455 m 1455 m 1461 m/1455 m

1434w 1426vw 1437m 1437m 1429m 1431 m/1427 m 1428 m/1419 m 1443 m
1427 m/1419 m

1394 w 1394 w/1385 vw
ν(N1�Calkyl)[11] 1364 w 1368 w/1363 w 1367 w 1389 vw/1364 w 1363 w 1363 w 1364 m 1368 m/1359 m

1300 vw 1307 w 1299 m 1299 m 1285 m 1307 w/1288 m 1312 w 1313 w/1304 w
1287 m/1276 m 1293 m/1281 m

ν(C�F)[11,17,18] 1265 vw 1273 w
δ(ring1)[12�14] 1245 w 1248 w 1229 w 1235 w 1243 w 1247 w 1227 m 1235 m
ν(C�N4), ν(N1�N2)[14] 1174 vs/1164 sh 1176 m/1163 w 1172 vs 1170 vs 1170 vs 1170 vs 1194 s/1175 s 1198 s/1177 s

1132 s 1135 s
ν(C5�N1) � δ(C5�H)[14] in-plane 1106 s 1108 vs 1101 vs 1102 vs 1097 vs 1097 vs 1094 s 1108 s/1095 s
ν(B�F)[21] 1051 vs 1052 vs 1062 vs 1062 vs 1059 vs 1061 vs 1056 vs 1055 vs
ν(N3�N4)[12�14] 1039 vs 1039 vs 1039 vs 1039vs 1040 vs 1038 vs 1040 sh 1046 vs/1040 sh
ν(N1�N2)[14] 994 w 997 w 1001 s 999 m 1019 s/1003 m 998 m
δ(ring2)[13,14] in-plane-banding 970 vw 970 vw 959 w 961w 967 vw/946 w 970 w 939 m/930 m 932 m
{δ(NCN)}
γ(H2C�CH2) 886 w 884 w 910 m 913 m 880 m 887 m 893 w 897 w/869 w
δ(C�H2)[11] 861m 971 w/861 m 878 w 874 w 880 m 887 m 840 m 837 m
γ(ring3)[13�14] out-of-plane 721w 722 w 721 w 726 vw 720 w 725 vw 724 w 719 w
γ(ring4)[13�14] out-of-plane 679 s 681 s 666 s 668 vs 670 m 675 m/670 m 670 m/664 m 663 m

648 s 645 s 645 m 653 m 650 m 654 m/648 m 653 m 647 m
571 m 570 m

δ(B�F)[21] 522 m 521 m 533 w 534 w 533 w 534 w 522 sh/515 m 524 m
500 m 502 m 522 w 521 w 521 w 521 w 516 m

ν(C�Cl)[18] 473 m 480 w
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bands are associated with the low-spin state. The new
stretching vibration νC5�H, due to the LS species, shifts
with larger substituents (F, Cl, Br and I) to higher energies
(3101, 3172, 3175 and 3176 cm�1). Bands known from the
high-spin spectra are also shifted, mainly to higher energies
(e.g. νC5�H and δC�H2). A splitting of one of the bands
(νN2�N3) is also observed. This effect has also been detected
in the complexes of teeb and teei.

The vibrational spectrum of [Fe(teef)6](BF4)2 shows the
shoulder of the νC�H(HS) band vanishing upon cooling.
The newly arising νC�H(LS) shows a band splitting, which
is observed at about 3100 cm�1 (see Figure 2). Further-
more, strong band splittings in the low-spin case are ob-
served for the νN2�N3 vibration, whereas for most of the
other stretching vibrations this splitting is not very well pro-
nounced.

Table 2 lists the vibrational frequencies of the iron()
tetrafluoroborate complexes with teef, teec, teeb and teei at
room temperature in the high-spin state and at about
100 K. At this temperature, in all four complexes, the ma-
jority of the iron() ions that undergo a thermal spin tran-
sition will be in the low-spin state (Figure 9, A).
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Mössbauer Spectroscopy

teef

Representative spectra recorded at ambient and liquid he-
lium temperatures and at a temperature within the spin
transition regime are displayed in Figure 3. The substantial
reduction of the absorption area due to the decreasing
Lamb-Mössbauer factor upon increasing the temperature is
obvious from this figure. This reduction indicates a signifi-
cant weakening of the bond strength at higher temperatures
and quite a low Debye temperature. On taking a closer look
at the high-spin pattern (see Figure 4), a single doublet is
insufficient to fit the data to a reasonable extent. This can
only be performed successfully if the presence of two dou-
blets with equal intensity is assumed. Due to the lack of
resolution, however, a certain ambiguity remains concern-
ing the exact absorption area, the error being estimated to
lie around 10%. On cooling below ambient temperature the
onset of the high-spin to low-spin transition can be detected
at 160 K by the occurrence of a further subpattern exhibit-
ing a significantly lower isomer shift and an almost col-
lapsed quadrupole splitting (Table 3). Thus, the resolution
of the low-spin state pattern is too poor to resolve the two
species as observed in the high-spin case. The transition is
found to be centred at about 140 K (Figure 5), which is in
close agreement with the magnetic susceptibility results
(vide infra). It is, however, an incomplete one, as at 4.2 K
approximately 44% still remains in the high-spin state. The
temperature dependence of the isomer shift (decreasing val-
ues on increasing the temperature) is mainly due to the se-
cond-order Doppler effect, with only a small contribution
remaining from the change of the lattice dimensions de-
pending on the temperature.

teeb
In the 57Fe Mössbauer spectra of [Fe(teeb)6](BF4)2 (see

Figure 6 and Table 4), only one doublet is observed for the
high-spin state. The transition to the low-spin state is grad-
ual and complete, starting at about 210 K and being com-
pleted at about 110 K. The transition is centred at approxi-
mately 160 K, in agreement with the bulk magnetic data.

Table 3. Isomer shift (δ) and quadrupole splitting (∆) obtained for [Fe(teef)6](BF4)2

ALS [%] δLS [mm·s�1] ∆LS [mm·s�1] AHS1 [%] δHS1 [mm·s�1] ∆HS1 [mm·s�1] AHS2 [%] δHS2 [mm·s�1] ∆HS2 [mm·s�1]T [K]

4.2 56 0.43 0.13 21 1.03 1.54 21 1.06 0.98
100 49 0.41 0.14 26 1.02 1.06 26 1.01 0.75
110 46 0.41 0.14 27 1.01 1.07 27 1.01 0.75
120 45 0.41 0.15 27 1.00 1.10 27 1.01 0.74
130 41 0.41 0.12 29 1.02 1.14 29 1.01 0.78
140 21 0.33 0.15 39 1.06 1.29 39 1.01 0.91
150 7 0.32 0.18 47 1.00 1.38 47 0.98 0.94
160 2 0.32 0.20 49 1.00 1.35 49 0.98 0.92
170 0 � � 50 0.99 1.31 50 0.99 0.86
180 0 � � 50 0.99 1.25 50 0.99 0.84
190 0 � � 50 0.98 1.22 50 0.99 0.80
200 0 � � 50 0.97 1.17 50 0.97 0.78
295 0 � � 50 0.92 0.86 50 0.92 0.68
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Figure 3. 57Fe Mössbauer spectra recorded from [Fe(teef)6](BF4)2
at different temperatures; triangles and circles are experimental
points, solid (broken) lines computer fit described in the text

Figure 4. 57Fe Mössbauer spectra recorded from [Fe(teef)6](BF4)2
at room temperature; circles depict experimental points, solid
(broken) lines are computer fits as described in the text
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Figure 5. Relative absorption area vs. temperature derived from the
57Fe Mössbauer spectra recorded from [Fe(teef)6](BF4)2 with the
low-spin component (squares) and the two high-spin components
(circles and triangles); the lines are merely a guide to the eye

Figure 6. 57Fe Mössbauer spectra recorded from [Fe(teeb)6](BF4)2
at different temperatures; triangles and circles are experimental
points, solid (broken) lines are computer fits as described in the text

teei
The spin transition observed from a 57Fe Mössbauer

spectrum of the compound [Fe(teei)6](BF4)2 (see Figure 7,
Table 5) is similar to the transition in [Fe(teeb)6](BF4)2. The
transition is gradual and complete and occurs between 160
and approximately 250 K. Again, only one doublet, associ-
ated with iron() high-spin species, is detected. The tran-
sition temperature as determined by Mössbauer spec-
troscopy is slightly below 200 K.

Figure 8 shows the spin-transition behaviour of all three
compounds as obtained from 57Fe Mössbauer spec-

 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2003, 2273�22822278

troscopy; γHS can be directly calculated from the peak areas
of the high-spin species (AHS) and in the case of
[Fe(teef)6](BF4)2 from the combination of the peak areas
AHS� and AHS��.

The isomer shift reflects the electron density at the
Mössbauer nucleus. In the case of the high-spin state no
significant influence of the individual ligand is observed.
This is, however, not the case for the spectra arising from
the low-spin state (Tables 3�5). The values obtained for
[Fe(teei)6](BF4)2 are considerably smaller than the others,
indicating a larger (predominantly s-) electron density for
this particular compound. For all three compounds under
investigation the line width observed for both the high-spin
and the low-spin pattern lies significantly beyond the value
of the source (� 0.3 mm·s�1 compared to 0.22 mm·s�1).
This might be caused by slight inhomogeneities or defects
in the sample disturbing the lattice periodicity.

Magnetic Susceptibility Measurements

In Figure 9, the fractions of the high-spin species vs. tem-
perature (i.e. γHS vs. T) of all iron() spin-crossover com-
plexes studied are shown. The compounds with tetrafluoro-
borate as the anion are plotted in graph A, the compounds
with perchlorate as the anion are plotted in graph B.

teef
A significant difference is observed between the two mag-

netic susceptibility curves associated with the two com-
plexes with teef as the ligand. The curve of the BF4 complex
shows a spin transition between 123 and 190 K with
T1/2(1) � 137 K and a second more gradual spin transition
between 65 and 123 K with T1/2(2) � 108 K. Each of these
steps represent approximately one third of the iron() ions.
One third of the ions do not undergo a temperature depen-
dent spin transition, but remain in the high-spin state at
all temperatures.

The curve of the magnetic susceptibility versus tempera-
ture for the perchlorate complex differs from the tetra-
fluoroborate complex, showing a one-step transition be-
tween 65 and 200 K with T1/2 � 130 K, thus featuring a
higher spin-transition temperature than in the BF4 com-
plex. When the sample is cooled rapidly (cooling rate �
50 K/min) a fraction of the iron() ions is trapped in the
high-spin state. At approximately 55 K, this fraction trans-
fers to the low-spin state, as depicted in Figure 9, B by a
small decline of γHS between 55 and 65 K.

teeb
From magnetic susceptibility measurements of both the

tetrafluoroborate and the perchlorate complexes the pres-
ence of only one magnetic site is concluded. Both com-
pounds undergo an almost complete and gradual spin tran-
sition (over 90%) with transition temperatures of T1/2 �
166 K for the tetrafluoroborate complex and T1/2 � 150 K
for the perchlorate complex. In contrast to the teec com-
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Table 4. Isomer shift (δ) and quadrupole splitting (∆) obtained for [Fe(teeb)6](BF4)2

ALS [%] δLS [mm·s�1] ∆LS [mm·s�1] AHS [%] δHS [mm·s�1] ∆HS [mm·s�1]T [K]

4.2 100 0.43 0.14 0
50 100 0.44 0.13 0

100 100 0.43 0.13 0
120 71.6 0.43 0.13 20.1 1.09 1.46
130 77.8 0.44 0.13 22.2 1.03 1.60
140 79 0.43 0.22 21.0 1.01 1.53
150 60.5 0.42 0.14 39.5 1.04 1.43
160 45.6 0.40 0.14 54.4 1.03 1.45
170 47.1 0.41 0.15 52.9 0.97 1.43
180 32 0.40 0.13 68 1.00 1.33
190 12.9 0.37 0.13 87.1 1.02 1.34
200 15 0.35 0.13 85 0.98 1.30
210 9.5 0.35 0.13 90.5 0.97 1.29
220 0 100 0.98 1.29
295 0 100 0.92 1.11

Figure 7. 57Fe Mössbauer spectra recorded from [Fe(teei)6](BF4)2
at different temperatures; triangles and circles are experimental
points, solid (broken) lines are computer fits as described in the text

plexes[8] and to [Fe(teef)6](BF4)2 the shape of the transition
curves indicates that only one Fe site is present.

teei
In the magnetic susceptibility data of the teei compounds

the transition curves of both the tetrafluoroborate and the
perchlorate complex show a gradual transition. The tran-
sitions are 100% complete. The curves are steeper than
those of the teeb complexes. It is also possible that in the
[Fe(teei)6](ClO4)2 compound two different magnetic sites
are present, with an ‘‘inflection point’’ at 167.5 K. In the
first derivative of the transition curve two maxima are vis-
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ible at 150 and 195 K. The overall curve appears more grad-
ual than the curve of the tetrafluoroborate compound.

Conclusion

In order to draw conclusions on the influence of the li-
gand, the results described in this paper are also compared
with the equivalent teec complexes described previously.[8]

The magnetic data of the crystallised teec compounds have
been used for this purpose.

On summarising the two series of [(haloethyl)tetrazole]-
iron() complexes, with BF4

� and ClO4
� as counterions

several observations can be made (see Figure 9).
In both parts of Figure 9 (A and B) the sequence of the

transition temperature of complexes with teef, teeb and teei
as ligands corresponds with the size of the halogen atom.
An increase in size correlates with an increase of the tran-
sition temperature. Because of the two-step transition in
[Fe(teec)6](BF4)2 and the partial transition in [Fe(teec)6]-
(ClO4)2 it is difficult to include these two in this order. What
can be concluded is that the temperature range of the
[Fe(teec)6](anion)2 samples is in the same range as that of
the [Fe(teeb)6](anion)2 compounds, and between those of
the teef and teei complexes.

In [Fe(teef)6](BF4)2 a difference is observed between the
spin transition obtained by Mössbauer spectroscopy and by
magnetic susceptibility measurements. Both show a tran-
sition in approximately the same temperature range, but the
fraction of iron() ions in the high-spin state at low tem-
perature differs, with 44% high spin found by Mössbauer
spectroscopy, and 35% by magnetic susceptibility. Ongoing
structural measurements at low temperature will conclude
whether a 1:2, or a 1:1, or no precise ratio at all, is found.[22]

Moreover, a splitting of the aromatic C�H bands in the
[Fe(teef)6](BF4)2 indicated the presence of different aro-
matic C�H vibrations, in other words in the same spin
state, different tetrazole rings are present. Powder X-ray
structure determination will have to be used to confirm
whether the difference is caused by the presence of two
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Table 5. Isomer shift (δ) and quadrupole splitting (∆) obtained for [Fe(teei)6](BF4)2

ALS [%] δLS [mm·s�1] ∆LS [mm·s�1] AHS [%] δHS [mm·s�1] ∆HS [mm·s�1]T [K]

4.2 100 0.43 0.14 0
50 100 0.43 0.25 0

100 100 0.43 0.13 0
150 100 0.42 0.17 0
160 100 0.40 0.18 0
170 92.5 0.40 0.28 7.5 0.87 1.57
180 87.7 0.41 0.40 12.3 0.86 1.67
190 61.2 0.37 0.31 38.8 0.88 1.30
200 48.6 0.42 0.21 51.4 0.89 1.35
210 38.4 0.41 0.14 61.6 0.87 1.26
220 38.0 0.34 0.21 62.0 0.92 1.13
230 25.6 0.31 0.20 74.4 0.97 1.14
240 9.7 0.33 0.21 90.3 0.95 1.13
295 0 100 1.05 1.20

Figure 8. γHS (directly calculated from the relative absorption area
of the high-spin species) vs. temperature derived from the 57Fe
Mössbauer spectra recorded from [Fe(teef)6](BF4) (dots),
[Fe(teeb)6](BF4) (circles) and [Fe(teei)6](BF4)2 (triangles); the sig-
moidal lines are merely a guide to the eye

symmetrically non-equivalent tetrazole rings coordinated to
the same iron() ion, or by two symmetrically non-equiva-
lent iron() species. The last option is supported by the
magnetic data and is proved independently by 57Fe
Mössbauer spectroscopy. In either case, the vibrational
spectrum not only gives qualitative information about the

Figure 9. Transition curves of [Fe(teex)6](anion)2 with teex � teef (—), teec (�), teeb (squares), teei (dots); A) anion � BF4
�, B) anion �

ClO4
� (for teex � teec, curves of the crystallised samples[8] are depicted); the arrows indicate the ‘‘bend’’ between two possible different

transition curves, the * indicates the small step caused by thermal trapping in [Fe(teef)6](ClO4)2

 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2003, 2273�22822280

spin-transition temperature T1/2, but also about structural
properties. This opens additional possibilities for the use
of variable-temperature IR spectroscopy as a tool in the
investigation of spin-crossover compounds.

The complexes with teec as ligand, [Fe(teef)6](BF4)2 and
[Fe(teei)6](ClO4)2 all show a complicated spin-crossover be-
haviour, perhaps with the presence of two (or in the case of
teef possibly even three) different sites. This spin-crossover
behaviour is simpler in both the teeb compounds, perchlor-
ate complex with teef ligands and the tetrafluoroborate
complex with teei ligands, which all show gradual tran-
sitions without any steps.

Only in the complexes with teeb as the ligand is the influ-
ence of the counterion small (only a difference in transition
temperature). In all other compounds the magnetic behav-
iour varies strongly from the tetrafluoroborate to the per-
chlorate complex. In the teeb complexes alone the transition
curves shift to a slightly lower temperature when tetra-
fluoroborate is replaced by perchlorate. This behaviour has
been observed before in mononuclear spin-crossover com-
plexes.[23]

Structural analyses indicate that all compounds crystal-
lise as iron() complexes with six (haloethyl)tetrazole li-
gands octahedrally surrounding each iron() centre.[22] At
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room temperature, all compounds studied by powder XRD
appear to be isostructural to [Fe(teec)6](BF4)2, with space
group P21/c,[22] except for [Fe(teef)6](BF4)2, which is tri-
clinic in structure instead of monoclinic. Further studies
will indicate whether or not the complex spin transition is
caused by structural or thermodynamic properties.[22]

Variable-temperature mid-range infrared spectroscopy
has been applied to supplement data obtained by magnetic
susceptibility measurements and Mössbauer spectroscopy.
As shown by a comparison of the spectra of the free li-
gands and the respective complexes, band shifts are indeed
seen to originate from the different substituents used. But
the thermally induced spin transition of the iron() coordi-
nation centres definitely has the strongest impact on the
vibrational spectra. The direct observation of the bond-
strength changes of the Fe�N bonds upon spin transition
in the far IR region turns out to be difficult, mainly be-
cause of the coupling of intra-ligand vibrational modes
with the Fe�N stretching vibration. Nevertheless, an in-
direct monitoring of the Fe�N bond strength changes can
be achieved by variable-temperature mid-range IR spec-
troscopy. The focus of interest is the stretching vibration of
the single hydrogen atom on the tetrazole ring. This aro-
matic C�H vibration can easily be distinguished from the
aliphatic C�H vibrations of the alkyl substituents. It does
not couple with other vibrations and is reasonably sensitive
to the bond-strength change of the neighbouring Fe�N
bond. Thus, with variable-temperature IR as a tool, it is
possible to monitor the spin transition (in this case quali-
tative, but in other cases quantitative). In the case of a
reasonably large band shift of this C�H band, which de-
pends on the packing of the complex, a quantification of
the respective peak intensities allows an independent deter-
mination of T1/2.[23]

The influence of the substituent of the ethyl tail on the
electron density of the tetrazole is virtually nonexistent.
Therefore, the differences in the spin-transition behaviour
should be caused entirely by the crystal packing. The
iron�iron distance, and thereby the strength of the elastic
interaction (larger when the relative volume change is
larger), as well as the relative size of the anion compared to
the cationic centre, seem to be the most important causes
for the differences in the spin-transition behaviour. But no
correlation has been observed between spin transition (i.e.
γHS vs. T) on the one hand, and space group, anion and
ligand size on the other. Therefore, it is not yet possible
to predict the magnetic properties of a new spin-crossover
compound with 1-alkyltetrazoles as ligands.

Experimental Section

General Remarks: Vibrational spectra were recorded with a
Perkin�Elmer 16 PC mid-range FT-IR spectrometer using a Gra-
seby-Specac thermostattable sample holder with a Graseby-Specac
automatic temperature controller within the temperature range of
100�300 K. To accomplish a reasonable signal-to-noise ratio 64
scans have been summed. Magnetic susceptibility measurements
(5�300 K) were carried out using a Quantum Design MPMS-5 5T
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SQUID magnetometer (measurements carried out at 0.1 T). The
data were corrected for the magnetisation of the sample holder and
for diamagnetic contributions, which were estimated from the Pas-
cal constants.[25] C,H,N determinations were performed with a
Perkin�Elmer 2400 Series II analyser. The 57Fe Mössbauer spectra
were recorded between 4.2 and 295 K using a conventional con-
stant acceleration drive system. The source used was 57Co in an Rh
matrix with an activity of about 50 mCi. The data were analysed
using a least-squares fitting program package under the assumption
of a discrete superposition of Lorentzian lines. Since the high-spin
and the low-spin pattern overlap to a certain extent, the errors of
the hyperfine parameters, determined from the computer fit, i.e.
isomer shift and quadrupole splitting, increase with decreasing ab-
sorption area of the given sub-spectrum from � 0.01 mm·s�1 above
20% area to 0.05 mm·s�1 for an area of the order of a few percent.
The isomer-shift values displayed in the tables are given relative to
the source. If the values are to be compared with shifts relative to
α-Fe, 0.12 mm·s�1 have to be added.

2-(1-Fluoroethyl)tetrazole (teef): This compound was obtained by
refluxing a mixture of (1-fluoroethyl)amine hydrochloride (0.05
mol, 5.0 g) and sodium azide (0.01 mol, 6.5 g) in acetic acid
(30 mL) and triethyl orthoformate (60 mL) for 8 h. The excess sol-
vents were removed by evaporation. The product was extracted by
treating the residue with 2-propanol and removing the insoluble
salts (sodium chloride and unchanged sodium azide) by filtration.
After further evaporation of the solvent, a yellow oil remained. The
pure ligand was obtained by placing the [Cu(teef)2Br2]n complex in
ethanol, dissolving this complex in water and extracting the teef
ligand with dichloromethane. The yield is approximately 1.2 g
(20%). 1H NMR (300 MHz, [D6]DMSO): δ � 9.39 (s, CH), 4.88
(t, CH2), 3.77 (t, CH2) ppm. 13C NMR (75 MHz, [D6]DMSO): δ �

144.5 (CH), 48.7 (CH2), 48.4 (CH2) ppm.

2-(1-Bromoethyl)tetrazole (teeb): This compound was obtained by
refluxing a mixture of (1-bromoethyl)amine hydrobromide (0.25
mol, 51 g) and sodium azide (0.3 mol, 22 g) in acetic acid (100 mL)
and triethyl orthoformate (200 mL) for 6 h. After evaporation of
the excess solvents and removal of the salts formed by filtration,
the yellow oil obtained was dissolved in 2-propanol. After another
subsequent filtration to remove the insoluble salts, teeb crystallised
as a white solid after several weeks. The yield was approximately
0.9 g (20%). C3H5BrN4 (177.0): calcd. C 20.4, H 3.0, N 31.7; found
C 21.4, H 2.9, N 33.7. 1H NMR (300 MHz, [D6]DMSO): δ � 9.47
(s, CH), 4.92 (t, CH2), 3.98 (t, CH2) ppm. 13C NMR (75 MHz,
[D6]DMSO): δ � 144.4 (CH), 49.2 (CH2), 42.8 (CH2) ppm.

2-(1-Iodoethyl)tetrazole (teei): This compound was synthesised ac-
cording to the Finkelstein reaction,[26,27] which involves substi-
tution, starting from 2-(1-bromoethyl)tetrazole (teeb) and sodium
iodide (1.5 equiv.). A 10% solution of teeb and sodium iodide in
acetone was stirred under reflux conditions for over 2 h. At this
stage, the bromide was substituted for iodide and the insoluble so-
dium bromide precipitated. After cooling, the solution was filtered
to remove the insoluble sodium bromide and after removal of the
solvent, the remaining oil was dissolved in water; teei was obtained
by extraction with chloroform after removal of the solvent. The oil
obtained slowly crystallised from 2-propanol. The yield was ap-
proximately 1 g (60%). 1H NMR (250 MHz, [D6]DMSO): δ � 9.45
(s, CH), 4.82 (t, CH2), 3.66 (t, CH2) ppm. 13C NMR (68 MHz,
[D6]DMSO): δ � 144.4 (CH), 49.9 (CH2), 3.26 (CH2) ppm.

WARNING: Perchlorate salts are potentially explosive and when
used should be treated as such!

[Fe(teef)6](BF4)2: This complex was prepared by dissolving
Fe(BF4)2·6H2O (1.0 mmol, 0.30 g) and teef (6.0 mmol, 0.70 g) in
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ethanol (20 mL). The complex formed as white hexagonal-shaped
crystallites, yield 90 mg (10%). C18H30B2F14FeN24 (926.0): calcd. C
23.3, H 3.3, N 36.3; found: C 23.1, H 2.6, N 36.7.

[Fe(teef)6](ClO4)2: This complex was formed by dissolving
Fe(ClO4)·6H2O (1.0 mmol, 0.36 g) and teef (6.0 mmol, 0.70 g) in
ethanol (20 mL). The complex formed as white hexagonal-shaped
crystallites, yield 140 mg (15%). C18H30Cl2F6FeN24O8 (951.3):
calcd. C 22.7, H 3.2, N 35.3; found C 22.5, H 2.8, N 35.6.

[Fe(teeb)6](BF4)2: This complex was formed by dissolving
Fe(BF4)2·6H2O (1.0 mmol, 0.30 g) and teeb (0.6 mmol, 1.06 g) in
ethanol (40 mL). The complex formed as white hexagonal-shaped
crystallites, yield 240 mg (20%). C18H30B2Br6F8FeN24 (1291.5):
calcd. C 16.7, H 2.3, N 26.0; found C 18.0, H 2.6, N 25.6.

[Fe(teeb)6](ClO4)2: This complex was formed by dissolving
Fe(BF4)2·6H2O (1.0 mmol, 0.30 g) and teeb (6.0 mmol, 1.06 g) in
ethanol (40 mL). The complex formed as white hexagonal-shaped
crystallites, yield 250 mg (20%). C18H30Br6Cl2FeN24O8 (1316.8):
calcd. C 16.4, H 2.3, N 25.5; found C 17.5, H 2.7, N 24.9.

[Fe(teei)6](BF4)2: This complex was formed by dissolving
Fe(BF4)2·6H2O (1.0 mmol, 0.30 g) and teei (6.0 mmol, 1.34 g) in
ethanol (40 mL). The complex formed as white hexagonal-shaped
crystallites, yield 0.7 g (45%). C18H30B2F8FeI6N24 (1573.5): calcd.
C 13.7, H 1.9, N 21.4; found C 13.8, H 1.9, N 21.5.

[Fe(teei)6](ClO4)2: This complex was formed by dissolving
Fe(ClO4)·6H2O (1.0 mmol, 0.36 g) and teei (6.0 mmol, 1.34 g) in
ethanol (40 mL). The complex formed as white hexagonal-shaped
crystallites, yield 0.8 g (50%). C18H30Cl2FeI6N24O8 (1598.8): calcd.
C 13.5, H 1.9, N 21.0; found for C 13.7, H 1.5, N 20.7.
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