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Abstract In this chapter, selected results obtained so far on Fe(III) spin crossover com-
pounds are summarized and discussed. Fe(III) spin transition materials of ligands con-
taining chalcogen donor atoms are considered with emphasis on those of N,N-disubsti-
tuted-dithiocarbamates, N,N-disubstituted-XY-carbamates (XY=SO, SSe, SeSe), X-xan-
thates (X=O, S), monothio-b-diketonates and X-semicarbazones (X=S, Se). In addition,
attention is directed to Fe(III) spin crossover systems of multidentate Schiff base-type
ligands. Examples of spin inter-conversion in Fe(III) compounds induced by light irradi-
ation are given.

Keywords Spin crossover · Fe(III) · Dithiocarbamate · Thiosemicarbazone · Schiff base

List of Abbreviations
H2thsa Salicylaldehyde thiosemicarbazone
H2Phthsa Salicylaldehyde phenylthiosemicarbazone
H2sesa Salicylaldehyde selenosemicarbazone
H2thpu Pyruvic acid thiosemicarbazone
H2sespu Pyruvic acid selenosemicarbazone
H2thpy Pyridoxal 4-R-thiosemicarbazone
H-3-OEt-salAPA Schiff base derived from 3-ethoxysalicylaldehyde

and N-aminopropylaziridine
HsalAEA Schiff base derived from salicylaldehyde

and N-(2-aminoethyl)aziridine
Hsapa N-Salicylidene-2-pyridylmethylamine
Hvapa N-(3-Methoxysalicylidene)-2-pyridylmethylamine
H-3-CH3OSPH Schiff base derived from 3-methoxysalicylaldehyde

and 2-pyridylhydrazine
H-X-salmeen Schiff base derived from X-salicylaldehyde

and N-methylethylenediamine
H-X-saleen Schiff base derived from X-salicylaldehyde

and N-ethylethylenediamine
H-X-salbzen Schiff base derived from N-benzylethylenediamine

and X-substituted salicylaldehyde
Hacea Schiff base derived from 2,4-pentanedione

and 1,2-diaminoethane
Hacpa N-(1-Acetyl-2-propylidene)(2-pyridylmethyl)amine
Hbzpa (1-Benzoylpropen-2-yl)(2-pyridylmethyl)amine
Hqsal N-(8-Quinolyl)-salicylaldimine
Hpap 2-Hydroxyphenyl-(2-pyridyl)-methaneimine
cyclam 1,4,8,11-Tetraazacyclotetradecane
tcyclam 1,4,8,11-Tetramethyl-1,4,8,11-tetraazacyclotetradecane
H2amben Schiff base derived from 2-aminobenzaldehyde

and ethylenediamine
H2salen N,N0-Ethylenebis(salicylideneamine)
H2salphen N,N0-o-Phenylenebis(salicylideneamine)
Him Imidazole
H2-3-OCH3-salpen N,N0-1,2-Propylenebis(3-methoxysalicylideneamine)
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H2-3-OC2H5-sal- N,N0-3,4-Toluenebis(3-ethoxysalicylideneamine)
CH3-phen
H2acen N,N0-Ethylenebis(acetylacetonylideneamine)
H2bzacen N,N0-Ethylenebis(benzoylacetonylideneamine)
H2salacen Ethylene(N-acetylacetonylideneimine)

(N0-a-methylsalicylideneimine)
H2salten N,N0-Bis[(2-hydroxy-phenyl)methylene]-4-azaheptane-

1,7-diamine
H2bpN N,N0-Bis[(2-hydroxy-phenyl)phenylmethylene]-4-

azaheptane-1,7-diamine
H2mbpN N,N0-Bis[(2-hydroxy-5-methyl-phenyl)phenylmethy-

lene]-4-azaheptane-1,7-diamine
H2sal2trien Schiff base obtained from the 1:2 condensation

of triethylenetetramine with salicylaldehyde
H2acac2trien Schiff base obtained from the 1:2 condensation

of triethylenetetramine with acetylacetone
H2bzac2trien Schiff base obtained from the 1:2 condensation

of triethylenetetramine with benzoylacetone
H2tfac2trien Schiff base obtained from the 1:2 condensation

of triethylenetetramine with trifluoroacetylacetone
Mepepy 1-(Pyridin-4-yl)-2-(N-methylpyrrol-2-yl)-ethene

1
Introduction

1.1
The Discovery of the Spin Crossover Phenomenon for Iron(III) Compounds

Iron(III) occupies a unique position in the development of the spin cross-
over area since it was for derivatives of this ion that the phenomenon was
first discovered. In 1931 Cambi and Szeg� reported the unusual temperature
dependence of the magnetic susceptibility of various tris(N,N-dialkyl-dithio-
carbamato)iron(III) compounds [1, 2]. Their initial interpretation of this
was in terms of two different magnetic isomers. At higher temperatures, an
isomer having five electrons arranged in the d-orbitals according to Hund�s
rule (S=5/2) was proposed to account for the relatively high magnetic mo-
ment. The lower magnetic response observed at lower temperatures was at-
tributed to a second isomer in which the d-orbitals are occupied by nine
electrons, five of these originating from the 3d5 iron(III) ion supplemented
with four electrons from the ligands, resulting in a total spin of S=1/2 [2].
This explanation was based on two different dipole moments present in the
isomers, and a thermal equilibrium between these two species with different
dipole moments was proposed. Although their assumption of dipole mo-
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ments being involved in this phenomenon was later shown to be erroneous,
their interesting results certainly attracted the attention of other researchers.
This led to the correct description of the Fe(III) spin crossover phenomenon
in terms of the two arrangements of the five 3d electrons possible for octa-
hedral complexes depending on the strength of the ligand field. The situa-
tion is very similar to that described in Chap. 2 by Hauser for Fe(II) (3d6),
the important difference being in the actual spin multiplicity of the low spin
and high spin states, for iron(III) these being a doublet 2T2 and a sextet 6A1,
respectively [3].

1.2
Scope of the Chapter

In the following sections an overview is given of the progress made in the
Fe(III) spin crossover research field. Section 2 deals with Fe(III) spin transi-
tion materials containing ligands with chalcogen donor atoms, such as the
dithiocarbamates, whereas Sect. 3 focuses on the use of multidentate Schiff
base-type ligands to generate Fe(III) spin crossover. Concluding remarks
may be found in Sect. 4.

2
Iron(III) Spin Crossover Systems with Chalcogen Donor Atoms

2.1
Tris(N,N-Disubstituted-Dithiocarbamato)Iron(III) Compounds

2.1.1
General Considerations

Since the appearance of the first reports by Cambi and Szeg� [1, 2], the
tris(N,N-dialkyl-dithiocarbamato)iron(III) compounds have been extensive-
ly studied and the later work has included detailed structural characterisa-
tion by X-ray diffraction methods. In addition, new dithiocarbamato-based
Fe(III) spin crossover materials have been prepared, those having the alkyl
substituents as part of a ring system being of particular note. A schematic
representation of the structure of tris(N,N-disubstituted-dithiocarbama-
to)iron(III) is given in Fig. 1, and relevant crystallographic and magnetic
data are compiled in Table 1.

These compounds are first characterised by their magnetic behav-
iour. The spin-only high spin value of Fe(III) is 5.92 B.M., while a normal
range for its low spin values in cubic symmetry is 2.0–2.3 B.M. [24–26].
Among the compounds listed in Table 1, these extreme cases are met by the
low spin tris(1-pyrrole-dithiocarbamato)iron(III) hemikis(dichloromethane)
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(meff=2.19 B.M.) [23] and the high spin tris(1-pyrrolidine-dithiocarbama-
to)iron(III) (meff=5.9 B.M.) [16].

If the energy difference between the two possible ground terms 6A1 and
2T2 of Fe(III) (assuming Oh symmetry of the FeS6 core) is of the order of
kBT, a change in temperature results in a change in the relative occupancy of
the sextet and doublet states, and thus a change in the effective magnetic
moment. Generally, for this class of materials the change in the magnetic
moment as a function of temperature proceeds very smoothly and the tran-
sitions are classified as gradual (Chap. 1). Therefore, the magnetic moments
observed at the temperatures at which the crystal structures have been deter-
mined (Table 1) give an indication of the extent to which spin crossover has
proceeded in the material.

2.1.2
Structural Aspects

The structures of these systems consist of an FeS6 core, which is constrained
by the four-membered chelate rings to approximate D3 symmetry, being in-
termediate between octahedral and trigonal prismatic stereochemistries. In-
terestingly, this almost perfect threefold-symmetry only becomes evident
from the structure (300 K) of the mainly high spin (meff=4.72 B.M.) tris(N-
methyl-N-n-butyl-dithiocarbamato)iron(III) [13]. This compound crystallis-
es in the space group P31/c revealing two crystallographically independent
Fe(III) entities, each with C3 symmetry.

The difference between the Fe–S bond lengths in the high spin and low
spin states is about 0.15 �, which is also in line with the Fe–S bond lengths
for the low spin tris(1-pyrrole-dithiocarbamato)iron(III) hemikis(dichloro-

Fig. 1 Schematic drawing showing the structure of tris(N,N-disubstituted-dithiocarbam-
ato)iron(III). Substituents R1 and R2 represent various types of alkyl groups including
those being part of the ring systems morpholine, pyrrolidine or pyrrole (Table 1)
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methane) (Fe–S=2.297 � (298 K)) [23] and the high spin tris(1-pyrrolidine-
dithiocarbamato)iron(III) (Fe–S=2.45 � (295 K)) [16]. The contraction in
the Fe–S distance accompanying the HS!LS change results from the com-
plete transfer of electrons in the antibonding eg orbitals to the (almost) non-
bonding t2g orbitals. For Fe(III) dithiocarbamates, the spin transition ex-
tends over such large temperature intervals that it has not been possible to
determine the Fe–S distances for the purely low spin and purely high spin
state for the same material by X-ray diffraction methods. Thus data confined
within the Fe(III) spin crossover region represent weighted averages for high
spin and low spin sites. Only recently, an Fe K-edge XAFS study enabled the
direct measurement of the separate Fe–S bond lengths for the high spin and
low spin states and the spin state population in spin crossover systems at
various temperatures [27]. These simultaneous measurements revealed iden-
tical results for tris(4-morpholine-dithiocarbamato)iron(III) and tris(N-eth-
yl-N-phenyl-dithiocarbamato)iron(III): in the high spin state the Fe–S dis-
tance is 2.44(2) �, whereas it shortens by 0.14 � to 2.30(2) � in the low spin
form. An examination of the crystallographic data supports a correlation be-
tween an increase in Fe–S distance and a restriction in S–Fe–S ligand bite
angle, a common feature in four-membered chelates. Clearly, the Fe(III) spin
crossover is accompanied by an important change in molecular volume,
which has been confirmed by analyses of the change in the unit-cell vol-
ume within the spin crossover temperature range (125–295 K), carried out
for tris(N,N-dimethyl-dithiocarbamato)iron(III) [5] and tris(N,N-dibenzyl-
dithio carbamato)iron(III) [15].

Within the dithiocarbamate ligands the S2CN system is usually conjugat-
ed. This is reflected in the generally good planarities of the S2CNC2 ligand
fragments [14]. In this respect, it has been proposed that in the complexes,
the partially filled d-orbitals of iron(III) may interact with empty ligand p-
orbitals arising from the d-orbitals of sulfur [28, 29]. This back-donation,
together with the inductive strength of the substituent R attached to the ni-
trogen atom, and the steric constraints involved when the substituent is part
of a ring system, should result in partial double-bond character of the S–C
and C–N bonds to varying extents [15]. Indeed, the S–C and C–N bonds ap-
pear to have partial double-bond character at both low and high values of
the effective magnetic moment in all relevant Fe(III) tris(dithiocarbamate)
systems investigated [5]. This partial double-bond character of the C–N
linkage would normally prevent free rotation about this bond. Although this
feature may be crucial, in that it may lead to the formation of different geo-
metric isomers for the Fe(III) entity, it has not been considered in any of the
investigations. In addition, there is some degree of Fe–S p-bonding depend-
ing on the spin state of Fe(III), for which further confirmation has been ob-
tained from a 13C NMR study indicating that the metal-ligand p-bonding in-
creases as meff decreases [29].
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From the continuous nature of the spin transitions it may be expected
that the crossover is not associated with any type of crystallographic phase
transition. In the light of this, the structural details for tris(N,N-diethyl-
dithiocarbamato)iron(III) appear to be very surprising. The space group of
the compound changes from the monoclinic P21/c at room temperature,
where a significant high spin fraction is present (meff=4.3 B.M.), to C2/n at
79 K, where the compound is mainly in the low spin state (meff=2.2 B.M.) [6].
Later, differential thermal analysis confirmed that a phase transition indeed
takes place at 125 K [30]. It was postulated that this phase transition is not
correlated with the spin crossover, but may be attributed to a minor modifi-
cation of the ligand sphere configuration [30]. It is of note that, although the
space group of the present crystal changes on cooling, the crystallographic
monoclinic system remains essentially unaltered and the change in lattice
constants is very small. The main differences between both structures are
that at room temperature the Fe(III) ions are located on a pseudo-twofold
axis, which becomes a true twofold axis in the low-temperature structure.
Leipoldt and Coppens also proposed that the slight differences in the geome-
try of the ligand at the two temperatures are compatible with a mechanism
by which the effect of the substituent on the crystal field is transmitted
through the conjugated system of the ligand [6]. Although electronic and
steric effects of substituents have frequently been found to affect the spin
crossover behaviour within other classes of materials, their action is not
very clear for this family of Fe(III) dithiocarbamates. Apart from the very
gradual spin crossover behaviour, and the difficulty in obtaining detailed in-
formation on these systems by physical measurement methods (see below),
a further complicating feature involves the occurrence of different poly-
morphs and/or solvates depending on the solvent used in the synthetic pro-
cedure [31]. Fe(III) dithiocarbamates are capable of interacting to varying
degrees with a wide range of solvents. As a result, solvent molecules may ei-
ther be incorporated in the crystal lattice by simple inclusion, or they may
be involved in stronger hydrogen-bonding interactions. These solvates vary
in their stability on exposure to the atmosphere, some persisting for long pe-
riods unchanged while others rapidly lose solvent, often crumbling to a
powder, yielding a different phase [16]. For instance, H2O [18], CH2Cl2 [18–
20] or CHCl3 [18] incorporated into tris(4-morpholine-dithiocarbama-
to)iron(III) favour the high spin state at room temperature [32]. These re-
sults have been interpreted in terms of interaction of the solvent molecules
through hydrogen-bonding with ligand sulfur atoms, which must weaken
the Fe–S bond slightly, and hence reduce the ligand field splitting (10 Dq)
significantly (10Dq/(Fe–S)�5) [22]. Benzene [21] and nitrobenzene [22] do
not appear to be involved in any hydrogen-bonding interactions, and in this
instance, the existing low spin$high spin equilibria have been found to be
markedly shifted towards the low spin side [32]. Although this explanation
appears to be reasonable in this case, the investigation of Albertsson and Os-
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karsson, who compared tris(N,N-di(2-hydroxyethyl)-dithiocarbamato) iro-
n(III) [8] with tris(N,N-dimethyl-dithiocarbamato)iron(III) [5] indicates
that the expected effects may not always be observed. Their study may be
regarded as an attempt to relate the differences in capability for hydrogen-
bonding formation of the two ligands to the magnetic data for these com-
pounds. As expected, the 2-hydroxyethyl-substituted ligand sets up an ex-
tensive hydrogen-bonding network [8], whereas the dimethyl-substituted
derivative does not. However, the magnetic data recorded over the tempera-
ture range 80–300 K are about the same for both compounds. It is also noted
that the magnetic behaviour is very similar to that observed for tris(N,N-di-
ethyl-dithiocarbamato)iron(III) [7].

The situation may be further complicated by the presence of different
polymorphs: for tris(1-pyrrolidine-dithiocarbamato)iron(III) two solvent-
free modifications could be characterised. The first one has been crystallised
from an ethanol/chloroform solution [14], whereas the second has been iso-
lated from a chloroform/toluene mixture [16]. Both compounds differ in
their structural parameters determined at room temperature, where they are
both high spin. At lower temperatures the ethanol/chloroform product dis-
plays a gradual spin transition [14], whereas the chloroform/toluene form
remains high spin down to very low temperature [33].

It was evident even at an early stage in the investigations on Fe(III)
dithiocarbamate systems that there exists a correlation between the average
Fe–S distance and the magnetic moment of these materials [6]. In their ex-
tended study, St�hl and Ym	n [34] attempted to relate ten different mean ge-
ometric parameters for 25 accurately determined structures to the effective
magnetic moment. However, only the Fe–S distances or S–Fe–S ligand bite
angles—both of course highly correlated—revealed a linear dependence on
meff.

2.1.3
Characterisation by Spectroscopic Techniques

Iron(III) dithiocarbamates have been widely studied by a variety of spectro-
scopic techniques. Unlike the normal situation in iron(II) and also in many
other iron(III) systems, 57Fe M�ssbauer spectroscopy generally fails to give
clear evidence of the simultaneous existence of the two electronic states. The
57Fe M�ssbauer spectra of the dithiocarbamate systems exhibit only a single
quadrupole doublet with broad line widths within the temperature range of
the spin crossover [35–50]. The rapid inter-conversion of spin states—faster
or comparable to the lifetime of the 57Fe nucleus (t=1.4
10�7 s)—in those
materials prevents the observation of separate lines for high spin and low
spin molecules. This feature allowed, on the other hand, the establishment of
a linear correlation between the 57Fe M�ssbauer isomer shifts and the mag-
netic moments of solvated Fe(III) dithiocarbamates [40].
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In addition, these Fe(III) spin crossover materials appear to be EPR ac-
tive. The combined findings of EPR and 57Fe M�ssbauer spectroscopy has
allowed the setting of limits for the relaxation times. Thus the relaxation
time characteristic of a change from one state to the other is much shorter
than the lifetime of the 57Fe state with nuclear spin I=3/2 (t=1.4
10�7 s) but
longer than the Larmor precession time of the electron spin (t�10�10 s).

The EPR spectra demonstrate two kinds of signals associated with the
6A1 and 2T2 states [51–56], albeit some controversy still exists concerning
the reliability of some of these data. This is motivated by the difficulties en-
countered in, for instance, the preparation of a pure sample, the possibility
of sample decomposition and in the definitive assignment of the EPR signals
[51, 55]. Hall and Hendrickson reported that it was only possible to observe
EPR signals for the magnetically concentrated solids at temperatures ap-
proaching 4.2 K. However, the spin crossover could be followed for the com-
plex in a CH3Cl glass [51]. More accurate spectra could be obtained when
doping 1% Fe(III) in tris(N,N-dimethyl-dithiocarbamato)cobalt(III), where
at about 85 K a signal at g=4.71 attributed to high spin Fe(III) could be ob-
served, while cooling to 12 K yielded additional signals at g=3.27 and 1.66,
assigned to low spin Fe(III) [51].

The electronic spectra of these materials recorded in chloroform solution
appear to be dominated by intense bands originating from internal ligand
transitions, metal-ligand and ligand-metal charge-transfer bands, whose in-
tensities change markedly with changes in the population of the two spin
states [7].

Infrared spectroscopy has also been applied to monitor the Fe(III) spin
crossover behaviour [30, 49–51, 57, 58]. For instance, for tris(N,N-diethyl-
dithiocarbamato)iron(III) the temperature dependence (104–300 K) of the
IR spectrum suggested that a band at 552 cm�1 might be assigned to a met-
al-ligand stretching mode in the 2T2 state [30]. The intensity of this band in-
creases with decreasing temperature at the cost of an iron-sulfur band at
355 cm�1 arising from the high spin state. This behaviour has been found to
be in line with the temperature dependence of the magnetic susceptibility.

The effect of an applied external pressure on these Fe(III) spin crossover
materials has not been extensively studied, although early experiments by
Ewald et al. [7] indicated that the spin crossover may be induced when the
pressure on ferric complexes in solution is increased at constant tempera-
ture. Later, the infrared spectrum of tris(N-ethyl-N-phenyl-dithiocarbama-
to)iron(III), a spin crossover system, was studied in the metal-ligand
stretching region as a function of pressure (up to 35 kbar) and compared
with non-spin crossover reference compounds [58]. It appeared that only
the spin crossover system exhibits two metal-sulfur bands. The intensity of
the band assigned to the low spin state increases relative to the high spin
band with increasing pressure. This is in agreement with the normal desta-
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bilisation of the more voluminous high spin form upon the application of
external pressure.

2.2
Tris(N,N-Disubstituted-XY-Carbamato)Iron(III) Compounds (XY=SO, SSe, SeSe)

In the course of the quest for new Fe(III) spin crossover compounds, sys-
tems related to N,N-disubstituted-dithiocarbamates have been explored.
This section deals with oxygen and selenium derivatives of this parent ligand
system, as displayed in Fig. 2.

In 1976 Nakajima et al. reported that tris(N,N-dimethyl-thiocarbama-
to)iron(III) contains high spin Fe(III) down to 2 K [59]. This was soon con-
firmed by an X-ray structure determination carried out at 298 K [60]. The
[Fe(N,N-dimethyl-thiocarbamato)3] entity has the facial conformation. This
isomer possesses an approximate C3 axis, with the plane of the three S atoms
being virtually parallel to that of the three O atoms. The mean Fe–S bond
distances are 2.413(5) �, whereas the Fe–O distances are, as expected, con-
siderably shorter, 2.073(7) �. Shortly afterwards, another study appeared in-
dicating that tris(N,N-disubstituted-monothiocarbamato)iron(III) com-
pounds display, in fact, spin crossover behaviour [61]. Compounds with
R=methyl, ethyl, n-propyl, 1-piperidine exhibit a decrease in magnetic mo-
ment with decreasing temperature, whereas the 1-pyrrolidine derivative re-
mains in the high spin state (meff=5.33 B.M. at 77 K). The room temperature
magnetic moments for all spin crossover derivatives range from 5.73 to
6.04 B.M., thus approximating well the spin-only value for high spin Fe(III).
The magnetic moments for compounds with R=methyl, ethyl, n-propyl de-
termined at 77 K are 4.04 B.M. (corresponding to approximately 60% low
spin Fe(III)), 3.61.B.M. (approximately 70% low spin) and 5.69 B.M. (ap-
proximately 10% low spin), severally [61]. These spin transitions are far
from being complete at 77 K. This is in sharp contrast with the correspond-
ing Fe(III) dithiocarbamates, which are more than 90% low spin at 77 K
[51]. The contradictory findings for tris(N,N-dimethyl-thiocarbama-
to)iron(III) were later clarified by Perry et al. [62], who studied several ma-
terials obtained from different preparations. It appeared that two different
modifications exist, one displaying spin crossover, whereas the other one is
a purely high spin compound.

Fig. 2 Tris(N,N-disubstituted-monothiocarbamato)iron(III) (left), tris(N,N-disubstituted-
thioselenocarbamato)iron(III) (centre) and tris(N,N-disubstituted-diselenocarbamato)
iron(III) (right)
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The increasing quadrupole splitting observed in the 57Fe M�ssbauer spec-
tra for the methyl and ethyl Fe(III) spin crossover derivatives appears to par-
allel an increase in the low spin isomer population upon cooling [61]. In no
case, however, could distinct doublets for the high spin and the low spin
state be observed. Compared with the corresponding dithiocarbamates, the
Fe(III) monothiocarbamates with an S3O3 donor atom set produce a signifi-
cantly more positive isomer shift. A likely explanation for this feature in-
volves increased d-electron shielding in the monothio complex resulting
from reduced Fe-to-ligand back p-bonding.

Interestingly, tris(N,N-disubstituted-monothiocarbamato)iron(III) spin
crossover compounds show visible thermochromism: their colour changes
from red at room temperature to orange at 77 K [61].

The first studies of the magnetism of tris(N,N-disubstituted-diselenocar-
bamato)iron(III) compounds revealed magnetic moments ranging from 1.96
to 2.37 B.M. [63, 64]. Although the close relation with tris(dithiocarbama-
to)iron(III) spin crossover materials was already evident, these diselenium
derivatives were at first wrongly classified as low spin compounds, probably
as a result of the occurrence of diamagnetic non-iron-containing golden-yel-
low oxidation products of the ligands as by-products in the synthesis [65].
In fact, the Fe(III) materials are dark brown and their magnetic and 57Fe
M�ssbauer spectroscopic data resemble those of the Fe(III) dithiocarba-
mates, i.e. both systems exhibit spin crossover [65].

Comparison of the experimental data of the [Fe(S2CNR)3] and [Fe
(Se2CNR)3] series (R=1-piperidine, 1-morpholine, 1-thiomorpholine, dibu-
tyl, diethyl, (PhCH2)2, (C6H13)2 and methylphenyl) revealed similar magnetic
properties, although the spin transition is shifted slightly to higher tempera-
tures in the diselenocarbamates compared to the corresponding dithiocarba-
mates [65]. This statement appears to be correct although the magnetic data
reported for diselenocarbamates may be questionable in some cases, e.g. for
the 1-morpholine derivative, the same authors have published three different
values for the solid complex, ranging from 1.99 to 4.88 B.M. at about room
temperature [65, 66]. The explanation of the usually lower magnetic mo-
ments of the diselenocarbamates has focussed on a greater nephelauxetic ef-
fect for Se compared to S, i.e. greater p-backbonding in the diselenocarba-
mates [66].

In contrast to the extensive literature on Fe(III) dithiocarbamates
(Sect. 2.1) and to a lesser extent Fe(III) diselenocarbamates [62, 65, 67–73],
the Fe(III) thioselenocarbamates [68–73] have not been widely studied. Cer-
tainly, one reason for this is the difficult preparation of the reagent carbon
sulfideselenide (CSSe) [74]. This was later circumvented by an improved
synthetic method for CSSe [75], allowing Dietzsch et al. [68–73] to report a
large range of Fe(III) thioselenocarbamates. Although these studies have
been carried out with care, the authors did not address the possibility of for-
mation of different geometric isomers associated with the asymmetric na-
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ture of the bidentate ligand. In their comparative study Dietzsch et al. re-
ported various tris(diorganodichalcogencarbamato)iron(III) complexes of
formula [Fe(XYCNR2)3] (XY=OS, SS, SSe or SeSe; R=organic substituent)
[71]. It was concluded that the relative population of the high spin and low
spin states depended on the coordinating chalcogen (O, S and/or Se), tem-
perature, pressure, physical state (solution or solid, solvated or unsolvated),
and the nature of the organic substituent. The Fe(III) compounds with
FeS3O3 coordination sphere are high spin at room temperature, whereas the
ones with FeS6, FeS3Se3 or FeSe6 environment display different degrees of
spin crossover at room temperature depending on the ligand substitution.
The substituents, i.e. 1-pyrrolidine, 1-piperidine, 1-morpholine, dicyclo-
hexyl, diethyl and dibenzyl, have been selected such that these cover the
range from high spin to low spin Fe(III) compounds at room temperature.

The presence of selenium has been known to cause difficulties in the
recording of 57Fe M�ssbauer spectra. Diselenocarbamates prepared with
natural iron generally yielded very weak absorption peaks [62, 65, 67]. This
feature is associated with the scattering of a large fraction of the incident g-
rays by the Se atoms. This has been overcome in part by preparing samples
enriched up to 90% in 57Fe [62, 65, 67]. In addition, it also appeared possible
to obtain relatively accurate spectra by using collection times of about seven
days for the Fe(III) diselenocarbamates and about three days for Fe(III)
thioselenocarbamates [71]. The spectra exhibit a single, quadrupole-split ab-
sorption, comparable to these observed for Fe(III) dithiocarbamates. While
a linear correlation between the 57Fe M�ssbauer isomer shifts and the mag-
netic moments of solvated Fe(III) dithiocarbamates could be established
[40], no such correlation is clearly evident in the limited series of thioseleno-
and diselenocarbamates studied by Dietzsch [71]. Although variations are
noted for specific organic substituents, the general trend for the average
isomer shifts is �OSCNR2<�S2CNR2��SSeCNR2��Se2CNR2. On the other
hand, the quadrupole splittings tend to increase with selenium substitution:
the typical order of the quadrupole splittings for a given ligand system
is �OSCNR2<�S2CNR2<�SSeCNR2<�Se2CNR2. For the same organic substitu-
ent, the magnetic moments usually decrease in the order �OSCNR2>
�S2CNR2>�SSeCNR2>�Se2CNR2, confirming that the selenium-containing
ligands generally exert a slightly stronger ligand field towards Fe(III).

There have been conflicting interpretations of the EPR spectra of these
selenium-containing complexes. For example, various X-band EPR spectra
of Fe(III) diselenocarbamates recorded in chloroform solutions at 12 K tend-
ed to be broad and poorly resolved, except for a series of three resonances
centred around g=2 [62]. They also appeared to be very similar to the spec-
tra recorded for Mn(III)-doped Co(III) tris(dithiocarbamate) compounds
[76] or Cu(II) di(diselenocarbamate) systems [77]. In another study of EPR
spectra recorded for powdered Fe(III) thioselenocarbamates and diseleno-
carbamates at room temperature [69] broad, poorly resolved lines at g�4
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and a relatively narrow line around g�2 were observed. It appears that the
relatively narrow signal found in most spectra at g�2 arises from low spin
molecules. On the other hand, the broader lines at g�4 (which narrow with
decreasing temperature) and at g�2 (that in some cases acquire a fine struc-
ture with decreasing temperature) may originate from high spin molecules
[69]. The same authors later used information obtained from EPR spectra to
propose a new resonance structure for the bonding of spin crossover Fe(III)
dichalcogencarbamates. This low spin structure would involve an unpaired
electron on the nitrogen atom of the dichalcogencarbamate and the transfer
of an electron from the nitrogen to the Fe(III) ion [73]. Unfortunately, X-ray
structures have not been reported for these selenium derivatives.

2.3
Tris(Substituted-X-Xanthato)Iron(III) Compounds (X=O, S)

Considerably less research has been directed towards Fe(III) compounds of
substituted X-xanthates (X=O, S), as well as of the related dithiophosphates
(Fig. 3), which can be thought of as being very closely related to the dithio-
carbamates.

Iron(III) dithiophosphates are high spin compounds having magnetic
moments of ca. 5.80 B.M. at room temperature [78, 79]. On the other hand,
the Fe(III) thioxanthates exhibit thermal and pressure induced spin cross-
over, though the low spin form predominates for the O-xanthates and thiox-
anthates [80]. The structure of tris(tert-butyl-thioxanthato)iron(III) has
been determined at room temperature and consists of an approximately oc-
tahedral FeS6 entity with an average Fe–S distance of 2.297(7) � and S–Fe–S
bond angles of 75.2(2)� [81]. It was also concluded from the structural data
that there is a significant amount (10–30%) of double bond character to the
C–X bond for coordinated �S2CX (X=OR, SR) ligands, although appreciably
less than for analogous dithiocarbamate (X=NR2) compounds (40–50%)
[81]. This was also confirmed for the predominantly low spin tris(O-ethyl-
xanthato)iron(III), where the relatively short S2C–O bond length
(1.328(10) �) is indicative of considerable double bond character [82]. Its
structure has been determined at room temperature: the compound crys-

Fig. 3 Tris(O-substituted-xanthato)iron(III) (left; X=O), tris(substituted-thioxanthato)
iron(III) (left; X=S), tris(substituted-dithioacetato)iron(III) (left; X=CH2) and tris(disub-
stituted-dithiophosphato)iron(III) (right)
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tallises in the rhombohedral space group R-3, and relevant bond distances
and angles for the FeS6 core are Fe–S=2.31 � and S–Fe-S=75.5(5)�. Tris(O-
ethyl-xanthato)iron(III) seems to form an exception in the Fe(III) O-xan-
thate series in that it exhibits spin crossover behaviour (meff=2.19 B.M. at
108 K and meff=2.72 B.M. at 296 K), whereas magnetic measurements record-
ed for other tris(O-xanthato) complexes of Fe(III) suggest that the xanthates
are characteristically low spin with magnetic moments of ca. 2.45 B.M. at
room temperature [78, 79].

Tris(dithioacetato)iron(III) compounds are purely low spin over the tem-
perature range 93–293 K [83].

Taking the relative favouring of the low spin state for iron(III) as the cri-
terion, the order of field strengths for this type of S2-ligand follows as:
�S2P(OR)2<�S2CNR2<�S2CSR<�S2COR<�S2CCR (R=alkyl).

2.4
Tris(Monothio-b-Diketonato)Iron(III) Compounds

In 1968 the first reports of spin crossover in iron(III) monothio-b-diketo-
nates appeared [84, 85] and reviews on metal complexes of monothio-b-
diketones were published shortly afterwards [86, 87]. The monothio-b-dike-
tones can be considered as a ligand system intermediate between acetylace-
tone and dithioacetylacetone (Fig. 4).

The X-ray structure of [Fe(acetylacetonato)3] has been known for almost
50 years and consists of an Fe(III) ion in a fairly regular octahedral environ-
ment of oxygen atoms with Fe–O=1.95 � [88]. For the unsubstituted com-
plex and for various complexes in which the ligand is substituted at the 2-
position (X=Cl, Br, I, CH3, C6H5, NO2) 57Fe M�ssbauer spectra and the mag-
netism indicate that they are purely high spin [89–92]. However, for the
complex derived from 4,4,4-trifluoro-1-(3-pyridyl)-1,3-butane-dione the
temperature dependence of the magnetic moment (3.69 B.M. at 293 K and
2.35 B.M. at 87 K) has been taken as evidence for spin crossover. This is the
only system containing an Fe(III)O6 chromophore known to show spin
crossover behaviour [93]. On the other hand, tris(dithioacetylacetona-
to)iron(III) is purely low spin [94] with a mean Fe–S distance of 2.25 �, typ-
ical for low spin Fe(III) [95].

Monothio-b-diketones generate a ligand field strength intermediate be-
tween those exerted by acetylacetone and dithioacetylacetone, and yield

Fig. 4 2-Substituted-acetylacetone (left), 1,3-disubstituted-monothio-b-diketone (middle)
and dithioacetylacetone (right)
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Fe(III) compounds exhibiting spin crossover behaviour, its extent depending
on the nature of the substituents R1 and R2 indicated in Fig. 4.

The structures of two of these mononuclear Fe(III) systems have been de-
termined at room temperature. For the first compound R1=R2=C6H5, and
for the second R1=C6H5 and R2=CF3 [96]. [Fe(C6H5CS=CHCOC6H5)3] is
high spin at room temperature (meff=5.50 B.M.), whereas [Fe(C6H5CS=CH-
COCF3)3] is essentially low spin at this temperature (meff=2.31 B.M.). Both
compounds have a facial, distorted octahedral FeS3O3 geometry. The sulfur
atoms lie at the corners of an almost equilateral triangle, which is parallel to
a similar triangle formed by the oxygen atoms. The mean Fe–S distances are
2.368 and 2.239 �, whereas the Fe–O distances are 1.988 and 1.942 � for the
high spin [Fe(C6H5CS=CHCOC6H5)3] and the low spin [Fe(C6H5CS=CH-
COCF3)3], respectively. Although a comparison of these high spin and low
spin FeS3O3 coordination spheres belonging to different compounds may
not be entirely valid in deriving the effects of the spin change on the metal-
donor atom distances, it does appear that the Fe–S bond lengths are consid-
erably more affected by the spin crossover than the Fe–O distances, the
shortening being approximately 0.13 � for the former and about 0.05 � for
the latter.

The magnetic data indicate that in all tris(monothio-b-diketona-
to)iron(III) systems investigated the spin crossover is gradual [84, 85, 87,
97–99], except for the complex with R1=R2=CH3 which displays a rather
abrupt spin transition at about 150 K [97]. Electron-withdrawing groups
such as CF3, phenyl and 4-substituted phenyl appear to be the most effective
in increasing the population of the low spin configuration [84, 85]. Therefore
a systematic study of the magnetic properties of nine iron(III) chelates of
fluorinated monothio-b-ketones (R1C(SH)=CHCOCF3 (R1=2-thienyl, b-
naphthyl, phenyl, p-MeC6H4, p-FC6H4, p-ClC6H4, m-MeC6H4, m-ClC6H4, m-
BrC6H4)) [99] contributed towards understanding the factors influencing the
spin crossover behaviour. The magnetic moments vary from 5.49 to
2.16 B.M. at room temperature and are temperature dependent, falling as
low as 1.82 B.M. at 83 K. The room temperature magnetic moments indicate
that the order of the effective ligand fields is 2-thienyl<b-naphthyl<p-
XC6H4<phenyl<m-XC6H4 (X=CH3, F, Cl or Br), i.e. the 2-thienyl substituent
yields a predominantly high spin complex at room temperature, whereas the
ligands with phenyl substituents yield essentially low spin materials [99].
The 57Fe M�ssbauer spectra of these Fe(III) compounds containing fluori-
nated monothio-b-ketones show only one doublet. The temperature depen-
dence of the quadrupole splitting reflects the temperature dependence of the
magnetic moment: meff values lower than 2.5 B.M. correspond to quadrupole
splitting values of ca. 1.75 mm s�1, whereas meff values larger than 4.9 B.M.
correspond to quadrupole splittings of ca. 0.7 mm s�1 [99].

It is noteworthy that these iron(III) chelates of fluorinated monothio-b-
ketones are the only ones of this general family which show only a single
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doublet in the 57Fe M�ssbauer spectra. All other studies reported well-re-
solved 57Fe M�ssbauer spectra for these spin crossover tris(monothio-b-
diketonato)iron(III) compounds, in which contributions from both spin-iso-
mers, with distinct quadrupole splittings, could be observed separately. In
these cases, the quadrupole splittings are similar to those generally observed
for low spin and high spin Fe(III) compounds [97, 98].

2.5
Bis(X-Semicarbazone)Iron(III) Compounds (X=S, Se)

In solution thiosemicarbazones or selenocarbazones probably consist of an
equilibrium mixture of thione and thiol tautomers (Fig. 5) [100].

They may be condensed with suitable carbonyl compounds to yield tri-
dentate chelating groups which generally coordinate in the anionic thiolate
form. When the carbonyl compound is salicylaldehyde or a substituted sali-
cylaldehyde, the tridentates coordinate as the di-anionic groups shown in
Fig. 6. The salts of the (anionic) bis(ligand) iron(III) complexes of this class
of Schiff base anion (typically (cation+)[Fe(ligand2�)2]·nH2O) frequently
show spin crossover behaviour. A series of ligand systems of the X-semicar-
bazone type (X=S, Se) have been tested with the objective of determining
the criteria for the occurrence of spin crossover in the Fe(III) derivatives.

The Fe(III) complexes of R-substituted salicylaldehyde thiosemicarbazone
(R-thsa2�; Fig. 6) are among the most studied spin crossover materials of
this family. The crystal structures of several of them have been determined
at various temperatures. The iron-donor atom distances are compiled in Ta-
ble 2. The Fe(III) ion is in a distorted FeS2N2O2 octahedron formed by two
thiosemicarbazone ligands, which are geometrically arranged in such a way
that the S and O atoms are located in cis positions, whereas the N atoms oc-
cupy trans positions, i.e. each tridentate molecule coordinates in an equato-
rial plane [101].

The compound NH4[Fe(5-Br-thsa)2] could be crystallised in two forms,
one existing as mica-like crystals and the other as tabular plates [102]. The

Fig. 6 The dianion of R-salicylaldehyde thiosemicarbazone (R-thsa2�)

Fig. 5 Proposed equilibrium in solution for thiosemicarbazones between the thione (left)
and thiol (right) tautomers
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mica-like crystals show spin crossover in the region around 200 K. The val-
ues for the magnetic moment—meff=5.06 B.M at 300 K and 2.29 B.M. at
77 K—indicate that the spin transition is substantially complete at both tem-
perature extremes. The tabular crystalline form also exhibits spin crossover,
albeit at a much higher temperature: the effective magnetic moment is
2.16 B.M. at 300 K, but at about 400 K it has almost reached the value for
high spin iron(III). The X-ray structure has been determined for this tabular
form at room temperature [102], and has been found to be isostructural
with NH4[Fe(5-Cl-thsa)2] [103]. The main difference observed in the first co-
ordination sphere of the Fe(III) ion in the Cl and Br derivatives is a slight
increase in Fe–N distance and a decrease in Fe–O bond length in the chloro
compound. In addition, the introduction of bromine instead of chlorine at
the salicylaldehyde residue leads to a slight electronic rearrangement in the
ligand.

The structure of NH4[Fe(3,5-Cl-thsa)2]·1.5H2O has been determined at
298 and 103 K [104]. There seems to be an inconsistency in the report. The
authors [104] indicate that the magnetic properties of this material corre-
spond to those reported for a compound without lattice water molecules
[105]. Still, the structural features appear to be in line with the magnetic
data reported for the solvent-free material, having a magnetic moment of
3.90 B.M. at room temperature, which gradually decreases to reach 2.57 B.M.
at 80 K [105]. The asymmetric unit of NH4[Fe(3,5-Cl-thsa)2]·1.5H2O contains
two crystallographically independent Fe(III) entities, denoted as sites FeA
and FeB, respectively [104]. At room temperature, the Fe-ligand bond dis-

Table 2 Fe–donor atom bond lengths for various (cation+)[Fe(ligand2–)2]·nH2O compounds
of R-salicylaldehyde thiosemicarbazone (R-thsa2–) [101]

Compound T (K) Fe–S Fe–N Fe–O (�) Spin stateb

Cs[Fe(thsa)2] 298 2.44 2.12 1.96 HS
103 2.44 2.15 1.96 HS

NH4[Fe(5-Cl-thsa)2] 298 2.24 1.95 1.93 LS
135 2.23 1.96 1.94 LS

NH4[Fe(5-Br-thsa)2]a 298 2.23 1.93 1.95 LS
NH4[Fe(3,5-Cl-thsa)2]·1.5H2O 298 2.26 1.95 1.93 (site FeA) LS

298 2.40 2.06 1.97 (site FeB) HS (sco)
103 2.25 1.95 1.93 (site FeA) LS
103 2.31 1.95 1.94 (site FeB) LS (sco)

K[Fe(3,5-Cl-thsa)2]·1.5H2O 298 2.34 2.00 1.94 (site FeA) LS/HS (sco)
298 2.42 2.05 1.94 (site FeB) HS (sco)
103 2.25 1.88 1.93 (site FeA) LS (sco)
103 2.30 1.92 1.93 (site FeB) LS/HS (sco)

a Determined for crystals of tabular form
b Predominant spin state (HS or LS) or mixture of both spin states (LS/HS) indicated. In
case spin crossover (sco) occurs, this is mentioned in parentheses
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tances for FeA (Table 2) agree closely with these found for NH4[Fe(5-Cl-
thsa)2] [103], and may be considered as the limiting values for the low spin
Fe(III) configuration for systems such as these. At 103 K the configuration
of FeA has not changed significantly. On the other hand, the structure at site
FeB shows considerable temperature dependence. Upon spin crossover
(298 K to 103 K), the FeB–S and FeB–N bond lengths decrease by about
0.1 �, whereas the ligand bite angles S–FeB–O and S–FeB–N increase by
about 6� and 3�, respectively. The geometry of FeB at 298 K is very close to
that found for the iron atom in Cs[Fe(thsa)2] [106], which contains a purely
high spin Fe(III) chromophore.

The analysis of the magnetic and structural data reported by Ryabova re-
vealed a linear correlation between the Fe–S bond distance and the effective
magnetic moment [106].

Further attempts have been made to correlate the structural features of
these systems with the spin state of Fe(III). The low spin NH4[Fe(thsa)2]
complex [107] may be considered as the parent compound of this class of
compounds. It was soon discovered that significant changes in the magnetic
properties of the Fe(III) chelates may arise from (i) the replacement of the
associated cation in the complex, (ii) the introduction of substituents into
the benzene ring of the salicylaldehyde residue or (iii) the incorporation of
substituents into the amido group of the thiosemicarbazide residue. In addi-
tion to these factors, the magnetic properties also appear to depend on heat-
ing of the solid compounds to 400 K prior to the magnetic measurements
[105].

In the following, various Fe(III) compounds of R-substituted salicylalde-
hyde thiosemicarbazones will be discussed according to the criteria men-
tioned above, although it should be pointed out that a comparison of these
materials may be rendered less meaningful due to the possible occurrence of
different polymorphs. Moreover, upon variation of one substitution parame-
ter, several other structural features may also be changed simultaneously.
For instance, a change in outer-sphere cation or the introduction of a sub-
stituent at the salicylaldehyde moiety is frequently associated with increased
hydration of the Fe(III) material.

The variation of the outer-sphere cation in Fe(III) compounds of the un-
substituted ligand yielded the low spin material NH4[Fe(thsa)2] [107], as well
as the high spin compound Cs[Fe(thsa)2] [106]. In addition Li[Fe(thsa)2]·2-
H2O is low spin whereas Na[Fe(thsa)2]·3H2O [108] shows spin crossover, the
magnetic moment decreasing from 5.57 B.M. at 300 K to 5.10 B.M. at 80 K
[108]. It is likely that the selected cation has an indirect influence on the
spin state of Fe(III) by co-determining the crystal packing and/or the degree
of hydration of the material. Moreover, 57Fe M�ssbauer spectroscopy results
for pyridineH[Fe(thsa)2]·H2O have revealed spin crossover behaviour, indi-
cating 100% of low spin Fe(III) at 80 K, which decreases gradually to 19.2%
at 280 K [109]. In addition, the magnetic susceptibility measurements
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recorded on increasing temperature showed a sharp increase of the magnetic
moment in the range 260–280 K.

The variation of the associated cation has also been investigated for 5-
halo-salicylaldehyde thiosemicarbazone compounds [105]. The favouring of
the low spin configuration for both (cation)[Fe(5-Br-thsa)2] and (cat-
ion)[Fe(5-Cl-thsa)2] follows the order of the associated cations: Na+>-
Li+>K+>NH4

+ even though the effect of variation of the monovalent cation
is not very pronounced. Overall the low spin state is favoured to the greater
extent in the salts of the 5-chloro derivative. On the other hand, the Zn2+ salt
of this derivative, which crystallises as a sesqui hydrate, shows a more ex-
tended transition in the range 80–300 K [105].

Spin transitions have also been reported for Al0.33[Fe(5-Cl-thsa)2] [110]
and H[Fe(5-Cl-thsa)2] [109, 110]. For both compounds, a relatively abrupt
and almost complete spin crossover occurs with T1/2=228 K for the Al deriv-
ative, and 226 K for the H derivative. Transition temperatures determined by
variable temperature heat capacity measurements are in agreement with
those obtained from the magnetic susceptibility measurements.

It has been proposed that the introduction of substituents into the ben-
zene ring of salicylaldehyde alters the ligand field strength, since the transfer
of the polar properties of the substituent through the benzene ring is facili-
tated by the p-delocalisation in the ring [108]. Zelentsov et al. concluded that
introduction of an NO2 group into the benzene ring results in an increase in
Dq/B [105]. Thus NH4[Fe(thsa)2] is a purely low spin compound, whereas a
slight increase in magnetic moment for NH4[Fe(5-NO2-thsa)2]·0.5H2O and
NH4[Fe(3-NO2-thsa)2] between 80 and 300 K may indicate Fe(III) spin cross-
over behaviour. A similar effect was observed for a 5-CH3 substituent [105]
but a more significant increase in the magnetic moment has been observed
on replacement of H by 5-Cl or 5-Br. At 300 K the 5-Cl and 5-Br derivatives
have intermediate values for the magnetic moment, i.e. 3.26 B.M. and
4.04 B.M., respectively, but after a heating treatment at 130 �C almost high
spin values, i.e. 5.23 B.M. and 5.54 B.M., respectively, are reached at 300 K
[105]. For the systems H[Fe(5-Cl-thsa)2] [109, 110] and H[Fe(5-Br-
thsa)2]·0.5H2O [109] there seems to be a more distinct favouring of the low
spin state in the chloro than in the bromo derivative. Thus, the substituents
studied have been classified in the following sequence according to the ex-
tent of favouring the low spin state: NO2>H>CH3>Cl>Br.

Zelentsov et al. also observed that the high spin fraction in virtually all
samples increased to varying extents after the samples were heated [105].
The origin of this effect is not clear since the complexes were mostly unsol-
vated and thus loss of solvate molecules, the most common cause of such a
change, was not applicable. Nevertheless, the importance of the inclusion of
lattice water molecules in co-determining the spin crossover properties is
evident in the different magnetic properties of Li[Fe(5-Br-thsa)2] [105] and
Li[Fe(5-Br-thsa)2]·H2O [111]. For the unsolvated compound meff=1.93 B.M.
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at 80 K and 3.97 B.M. at 300 K [105]. On the other hand the hydrate under-
goes a spin transition associated with an asymmetric thermal hysteresis loop
of width of 39 K with T1/2"=333 K and T1/2#=294 K [111]. A powder X-ray
diffraction study at various temperatures demonstrates the occurrence of a
first order crystallographic phase transition in the lattice coupled to the spin
transition. This phase transformation might originate from a modification
of the extended hydrogen-bonding network [111].

Finally, the effect of substitution of a phenyl group at the thioamido
group of the thiosemicarbazide residue has been explored [108]. NH4[Fe(Ph-
thsa)2]·0.5H2O (H2Phthsa=salicylaldehyde phenylthiosemicarbazone) is low
spin [108], like NH4[Fe(thsa)2] [107]. Thus it appears that the ligand field
and hence the spin state of Fe(III) is relatively insensitive to substitution at
the NH2 group, which is assumed to be involved neither in conjugation nor
coordination.

The effect of the replacement of the sulfur atom in the ligand by selenium
has also been briefly examined. 57Fe M�ssbauer spectral and magnetic sus-
ceptibility measurements show that NH4[Fe(sesa)2] (H2sesa = salicylalde-
hyde selenosemicarbazone) displays spin crossover behaviour [108, 112]. In
this salt there is a slight destabilisation of the doublet state for iron(III), rel-
ative to the corresponding derivative of the thiosemicarbazone [107], con-
trary to the trend observed in the dithio- and diseleno-carbamates. A fur-
ther, and more significant, difference in the semicarbazone and carbamate
series of ligands is seen in the M�ssbauer spectra; those of the iron(III) com-
plexes of the thiosemicarbazones and selenosemicarbazones, show separate
doublets characteristic of the low spin and high spin forms [108].

The Fe(III) complexes of the dianion of pyruvic acid thiosemicarbazone
(thpu2�; Fig. 7), (cation+)[Fe(thpu)2]·nH2O, are very similar to those of the
salicylaldehyde derivatives (Fig. 6) discussed above. The spin state proper-
ties are quite sensitive to changes in the counter-cation (typically an alkali-
metal cation or a protonated nitrogenous base) and the lattice water content
of the material. The parent compound, NH4[Fe(thpu)2], is low spin at room
temperature [113]. Li[Fe(thpu)2]·3H2O is also low spin but K[Fe(thpu)2]·2-
H2O shows almost complete spin crossover between 80 and 300 K [108].

In contrast to the salicylaldehyde X-semicarbazone (X=S, Se) Fe(III)
derivatives where replacement of sulfur by selenium results in an apparent
slight de-stabilisation of the low spin state, NH4[Fe(sespu)2] (sespu2�=the
dianion of pyruvic acid selenosemicarbazone) is low spin at room tempera-
ture [114], like the sulfur derivative NH4[Fe(thpu)2] [113].

Fig. 7 The dianion of pyruvic acid thiosemicarbazone (thpu2�)
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Timken et al. have reported the magnetic and spectroscopic characterisa-
tion of the spin crossover complex [Fe(Hthpu)(thpu)], where Hthpu� and
thpu2� are the singly and doubly deprotonated forms of pyruvic acid thio-
semicarbazone, respectively [115]. This compound shows an abrupt transi-
tion with associated thermal hysteresis (T1/2#=225 K and T1/2"=235 K). Sam-
ple grinding leads to a more gradual and less complete spin transition.
Again for this system distinct 57Fe M�ssbauer spectral features are observed
separately for the low spin and high spin states. The structure of [Cr(Hth-
pu)(thpu)]·H2O has been determined, which can be considered as a model
for the low spin [Fe(Hthpu)(thpu)]·H2O (meff=2.48 B.M. at 299 K) [115].
These structural data, as well as those reported for other thiosemicarbazone
Ni(II) [116] and Zn(II) [117] compounds, indicate that intermolecular hy-
drogen-bonding interactions are significant and result in a relatively strong
coupling of the monomeric units in the solid state. It is quite likely, then,
that for [Fe(Hthpu)(thpu)] the highly cooperative nature of the spin transi-
tion is due to the extended interaction of the complex centres through inter-
molecular hydrogen bonds.

The singly deprotonated form of pyridoxal 4-R-thiosemicarbazone (R=
alkyl; H2thpy; Fig. 8) has also been found to generate Fe(III) spin crossover
[118, 119]. It has been proposed that the tridentate ligand coordinates to
Fe(III) through the mercapto group, the azomethine nitrogen atom and the
phenolic oxygen with the loss of a proton. For [Fe(Hthpy)2]Cl [118] an
abrupt and essentially complete spin transition (meff=5.75 B.M. at 299 K;
2.01 B.M. at 78 K) is associated with thermal hysteresis (T1/2"=256 K;
T1/2#=245 K; DT1/2=11 K). It is most likely that the cooperative (first order)
nature of this spin transition is due to an extended intermolecular hydro-
gen-bonding network. In fact, there seems to be an analogy with [Fe
(Hthpu)(thpu)] [115] mentioned above, which also shows an abrupt transi-
tion. In both cases, the monohydrates are purely low spin compounds.

Substitution with R=methyl or ethyl yielded solvent-free compounds,
which appeared to be in the low spin state (meff=ca. 2.12 B.M. over the tem-
perature range 78–320 K) [119]. However, the phenyl derivative shows an
abrupt and almost complete transition, but now centred near room temper-
ature (T1/2"=299 K and T1/2#=290 K) [119].

Fig. 8 Pyridoxal 4-R-thiosemicarbazone (R=alkyl; H2thpy)
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These complexes of thiosemicarbazones and related systems are of obvi-
ous general interest because of the involvement of hydrogen bonding and, in
some instances, the association of the transitions with hysteresis. Since the
pioneering work of the Russian school they have received relatively little at-
tention but interest in them has been re-kindled [111] and can be expected
to grow.

2.6
Other Complexes with Sulfur Donor Atoms

Various other Fe(III) systems containing sulfur atoms in the coordination
sphere have been reported. Selected examples are discussed in this section.

An FeN3S3 chromophore is present in (1,4,7-tris(4-tert-butyl-2-mercapto-
benzyl)-1,4,7-triazacyclononane)iron(III) (Fig. 9 shows the ligand structure)
[120, 121]. The complex displays a gradual transition extending over a very
broad temperature range, meff increasing from 2.4 B.M. at 77 K to 4.36 B.M.
at 500 K [120]. The room temperature structure (where meff is 2.9 B.M.)
showed Fe(III) in a pseudooctahedral environment consisting of three nitro-
gen atoms of the macrocycle and three thiophenolato sulfur atoms in a facial
stereochemistry. The average Fe–S and Fe–N distances are 2.28 � and
2.08 �, respectively [120]. In the 57Fe M�ssbauer spectra (1.2–450 K) only
one quadrupole doublet could be observed, characteristic for compounds
where the relaxation time between the high spin and the low spin configura-
tions is shorter than the quadrupole precession time [121]. Interestingly, the
temperature dependence of the quadrupole splitting indicates a phase tran-
sition at approximately 100 K. This feature has been further investigated by
X-ray structure analysis on single-crystals at room temperature, as well as
by temperature-dependent EXAFS investigations (30–200 K) on powdered

Fig. 9 1,4,7-Tris(4-tert-butyl-2-mercaptobenzyl)-1,4,7-triazacyclononane
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samples, from which it could be concluded that the observed phase transi-
tion induces changes of bond angles only, while the spin crossover would
additionally be expected to result in changes of metal-donor atom distances
[121].

When three 2-mercaptopropyl substituents instead of 4-tert-butyl-2-mer-
captobenzyl are incorporated into the cyclononane ring shown in Fig. 9, a
predominantly high spin material has been obtained [120]. On the other
hand, disubstitution of the cyclononane ring by 2-pyridylmethyl groups re-
sulted in [Fe(1,4-bis(2-pyridylmethyl)-1,4,7-triazacyclononane)Cl] (PF6)2·
MeOH containing an FeN5Cl chromophore [122]. For this material, a gradual
transition with gHS=0.3 at 77 K and gHS=0.5 at 298 K was observed. In this
instance, the 57Fe M�ssbauer spectra show three lines, i.e. a singlet attribut-
ed to high spin Fe(III) superimposed on an asymmetric quadrupole doublet
assigned to low spin Fe(III).

A triply thiolate-bridged dinuclear Fe(III) compound exhibiting spin
crossover behaviour has been reported by Kersting et al. [123]. The material
has been obtained using the deprotonated form of 2,6-di(aminomethyl)-4-
tert-butyl-thiophenol as tridentate ligand, yielding two connected FeN3S3

spin crossover chromophores (Fig. 10). The compound [Fe2L3](ClO4)3 is dia-
magnetic at room temperature due to the presence of an almost equimolar
mixture of low spin-low spin Fe(III) dimers together with strongly antiferro-
magnetically coupled high spin-high spin species. The 57Fe M�ssbauer spec-
tra show distinctly different features at 293, 180 and 77 K involving well re-
solved quadrupole doublets for low spin and high spin Fe(III) ions, indicat-
ing that both high spin Fe(III) ions within a dinuclear entity undergo a tran-
sition to the low spin state with decreasing temperature.

The synergy between magnetic interaction and spin crossover has been
explored in five-coordinate Fe(III) complexes containing two bidentate cis-
1,2-dicyano-1,2-ethylenedithiolates together with a monodentate coordinat-

Fig. 10 Schematic representation of [Fe2(2,6-di(aminomethyl)-4-tert-butyl-thiophe-
nol)3]3+
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ed organic radical [124, 125]. The X-ray structure of bis(cis-1,2-dicyano-1,2-
ethylenedithiolato)[2-(para-N-methylpyridinium)-4,4,5,5-tetramethylimida-
zolin-1-oxyl]iron(III) (Fig. 11) determined at 293 K shows that the two bi-
dentate thiolate ligands form the basal plane of an OS4 square-pyramid
about the Fe(III) ion (mean Fe–S=2.24 �), whereas the radical cation occu-
pies the apical position (Fe–O=2.056(5) �) [124]. The magnetic data could
be interpreted by assuming that the non-exchange-coupled radical spin
(Sradical=1/2) and the quartet spin state of Fe(III) (SFe=3/2) were responsible
for the cT value of 2.33 cm3 K mol�1 determined between 100 and 300 K. Be-
low 100 K, the cT value steadily decreases and tends towards zero at very
low temperature. This behaviour may originate from the antiferromagnetic
interaction between the radical spin (Sradical=1/2) and the doublet state of
Fe(III) (SFe=1/2), resulting in a higher energetic S=1 molecular state, which
is depopulated at decreasing temperature, while the lower lying S=0 molecu-
lar state is simultaneously populated. Obviously, this explanation involves
an intermediate spin to low spin transition centred on the Fe(III) ion. Unfor-
tunately, this phenomenon has not been further investigated by 57Fe M�ss-
bauer spectroscopy.

Changing the radical cation yielded the related material bis(cis-1,2-di-
cyano-1,2-ethylenedithiolato)[2-(p-pyridyl)-4,4,5,5-tetramethyl-imidazolini-
um]iron(III)·2DMF [125]. The crystallographic data collected at 293 K again
reveal two bidentate thiolate ligands in the basal plane (mean Fe–S=2.23 �),
but in this instance, the apical site is occupied by the N-donor radical cation
(Fe–N=2.192(3) �). The Fe(III) ion has an intermediate spin (SFe=3/2), but
below 4 K the 57Fe M�ssbauer spectra show a second doublet with larger
quadrupole splitting and a higher isomer shift, which has been ascribed to
the low spin state (SFe=1/2).

A low spin$intermediate spin transition has also been found for a un-
ique Fe(III) compound having an octahedral FeN4S2 environment [126]. In
this compound the Fe(III) ion is surrounded by the tetradentate N-donating
macrocycle N,N0-dimethyl-2,11-diaza[3.3](2,6)pyridinophane together with

Fig. 11 Schematic representation of bis(cis-1,2-dicyano-1,2-ethylenedithiolato)[2-(para-
N-methylpyridinium)-4,4,5,5-tetramethylimidazolin-1-oxyl]iron(III) [124]
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the bidentate S-donating 1,2-benzenedithiolate, which occupies the cis posi-
tions in the equatorial plane. Magnetic measurements indicate a gradual
spin crossover with gHS=0.4 at 150 K and gHS=0.85 at 298 K. The mean bond
distances determined are (at 293 K, 150 K): Fe–N(pyridine)=2.020 �,
1.979 �, Fe–N(amine)=2.222 �, 2.144 � and Fe–S=2.197 �, 2.206 �. It has
been proposed that the slight increase in Fe–S bond length may be related to
the stronger p-donor interactions that occur in a compound containing an
Fe(III) ion in an intermediate spin state than in one with a low spin Fe(III)
ion. It has also been proposed that the highly distorted cis octahedral N4S2

geometry is responsible for the occurrence of this rather unusual intermedi-
ate spin state for a six-coordinate Fe(III) ion.

3
Iron(III) Spin Crossover Systems of Multidentate Schiff Base-Type Ligands

Schiff base-type systems are the second most widespread class of ligands
which have been used to obtain Fe(III) spin crossover materials. These lig-
ands may be classified according to the number of donor atoms available
for coordination to the Fe(III) ion. In Sects. 3.1 to 3.4 attention is drawn to
tri-, tetra-, penta- and hexadentate Schiff base-type ligands, severally. Sec-
tion 3.5 focuses on spin crossover in iron(III) induced by light irradiation,
whereas Sect. 3.6 is devoted to recent developments in the field of materials
science with the objective of incorporation of Fe(III) spin crossover materi-
als in devices.

Section 2 already demonstrated that 57Fe M�ssbauer spectroscopy pro-
vides a very powerful experimental technique to assess the spin state of
Fe(III). High spin compounds show a quadrupole doublet with isomer shift
d values in the range 0.25–0.37 mm s�1 and quadrupole splitting DEQ values
below 1.3 mm�1. On the other hand, low spin Fe(III) compounds have d val-
ues in the range 0.05–0.20 mm s�1 together with relatively large DEQ values
(1.9–3.0 mm s�1). It became evident that the spin states of compounds of di-
thio-, monothio-, and diselenocarbamates interconvert faster than the recip-
rocal of the lifetime, tN, of the 57Fe M�ssbauer nuclear level (10�7 s). Howev-
er, for the complexes of Schiff base ligands the spin-interconversion rates
have been found to depend on subtle solid-state effects such as variation in
the counter ion and ligand substitution effects. This may give rise to dis-
tinctly different 57Fe M�ssbauer spectra even for systems which are chemi-
cally very similar. When the spin-interconversion is slower than the recipro-
cal of tN, two sets of quadrupole doublets corresponding to the high spin
and low spin states are observed. On the other hand, spin crossover systems
with much faster spin-interconversion than tN

�1 show only one quadrupole
doublet with quadrupole splitting and isomer shift parameters related to the
fraction of each spin state. In the intermediate case, i.e. the spin-interconver-
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sion rate being comparable to tN
�1, the spectra show broadened quadrupole

doublet lines, so-called relaxation spectra or time-averaged spectra. Exam-
ples of each type of behaviour can be found in the present section.

3.1
Complexes of Tridentate N2O-Donating Ligands

Among the Schiff base derivatives, the ones providing a tridentate N2O do-
nor set for Fe(III) have been studied the most extensively. Several ligand sys-
tems have been used; these are shown in Fig. 12. The compounds have the
general molecular formula [Fe(ligand�)2](anion�)·solvent. The anionic na-
ture of the ligand arises from deprotonation of the hydroxy group which is
present in all examples. In addition, incorporation of solvent molecules has
frequently been observed and this can have a decisive effect on the spin
crossover properties. Clearly, a major difference among the ligand systems
depicted in Fig. 12 is that these may form chelate rings of different sizes: the
coordination involving the N and O atoms of the salicylidene moiety leads
in all instances to a six-membered chelate, whereas the N,N coordination
yields a six-membered chelate for 3-OEt-salAPA, and a five-membered che-
late for all other ligand systems. Moreover, structural studies of these Fe(III)
materials containing an FeN4O2 environment (Table 3), have revealed that
the Fe–O distances are always shorter than the Fe–N bond lengths. These
features result in a distortion of the FeN4O2 octahedron. Consequently, the

Fig. 12 Tridentate N2O-donating Schiff base ligands
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rigidity and distortion of the Fe(III) coordination octahedron may be varied
depending on the ligand.

Iron(III) compounds of 3-OEt-salAPA have been widely studied [127, 128,
139–145]. Both the anion and the incorporated solvent molecule influence
the spin crossover behaviour of the complex salts. Thus T1/2 for [Fe(3-OEt-
salAPA)2]ClO4 is 295 K, whereas that for the dichloromethane solvate is
152 K [140]. The transition in [Fe(3-OEt-salAPA)2]ClO4 and [Fe(3-OEt-salA-
PA)2]BPh4 is more gradual and occurs at a somewhat higher temperature
than that for the benzene solvate [Fe(3-OEt-salAPA)2]ClO4·C6H6 [141].

Interestingly, various benzene derivatives may be incorporated in the
crystal lattice yielding [Fe(3-OEt-salAPA)2]ClO4·solvent [128, 141, 142]. Be-
low about 50 K the six complexes studied (no solvent, C6H6, C6H5Cl, C6H5Br,
C6H5I or o-C6H4Cl2) are low spin with a magnetic moment of 2.0 B.M. As the
temperature is increased all six compounds exhibit spin crossover, which is
the most gradual for the non-solvated material. The meff value for this com-
plex increases gradually from 2.24 B.M. at 99 K to 4.60 B.M. at 300 K. The
degree of abruptness varies from one solvate to the other: the transition in
the C6H5I solvate is the least, and that in the C6H5Cl is the most abrupt
[128]. The transition temperature for the various [Fe(3-OEt-salA-
PA)2]ClO4·solvent systems was found to depend linearly on the molecular
volume of the monohalogenated benzene derivative [142]. The only excep-
tion to this relation is the chlorobenzene analogue.

X-ray structures have been determined at various temperatures for [Fe(3-
OEt-salAPA)2]ClO4·solvent containing solvated benzene or its halogenated
derivatives (Table 3). Typically, within the FeN4O2 core the Fe–N(amine)
bonds are longest, the Fe–O bonds shortest, and the Fe–N(imine) bonds in-
termediate. It appears that the Fe–N(amine) distances are most affected by
the spin transition. Additional noteworthy structural features have been ob-
served for some of these compounds. The space group determined for
[Fe(3-OEt-salAPA)2]ClO4·C6H6 is P21/c at 20 K, 128 K and 175 K and C2/c at
room temperature [127]. In the C2/c structures the Fe(III) entity is located
on an inversion centre, whereas the perchlorate anion and the benzene mol-
ecule are situated on a twofold axis. The transformation to P21/c brings
about an inequality of the Fe(III) sites: in this instance, two crystallographi-
cally independent Fe(III) units are present, each located on a crystallograph-
ic inversion centre. However, the gradual, but complete spin crossover at
T1/2=205 K is not related to this change in space group, which can in fact be
considered as an order-disorder transformation taking place at about 180 K
[127]. The thermodynamic parameters associated with the phase and spin
transitions in [Fe(3-OEt-salAPA)2]ClO4·C6H6 have been determined from
heat capacity measurements (see below) [144].

A change in space group has also been observed for [Fe(3-OEt-salA-
PA)2]ClO4·C6H5X (X=Cl, Br) [128]. The space group for the chlorobenzene
derivative is P21/c at 296 K and converts to P21/a at 158 K. A similar trans-
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formation has been observed for the bromobenzene compound: its space
group is P21/c at 296 K, whereas it is P21/a at 163 K. In converting from P21/
c to P21/a the Fe(III) cations and perchlorate anions remain in the same rel-
ative positions, however, half of the C6H5X solvate molecules experience a
re-orientation. These structural phase transitions in [Fe(3-OEt-salA-
PA)2]ClO4·C6H5X (X=Cl, Br) have been investigated in detail [143, 145]. For
the bromobenzene derivative there is little cooperativity between the struc-
tural phase transition at 288.3 K and the spin crossover, since the spin tran-
sition progresses essentially as an equilibrium process in the solid state. In
contrast, for the chlorobenzene solvate, the 188.4 K phase transition cooper-
atively involves both the spin crossover and the structural change [143].

While both chelate rings in the complexes of 3-OEt-salAPA are six-mem-
bered, for salAEA a six-membered chelate ring involving N and O atoms and
a five-membered N,N-chelate ring are formed. Only one compound of this
ligand has been reported, [Fe(salAEA)2]ClO4, which is predominantly high
spin; even at 20 K there is probably no more than 20% population of the low
spin state [139].

Similar six-membered N,O- and five-membered N,N-chelate rings are
formed in Fe(III) compounds of sapa and vapa. [Fe(vapa)2]PF6 appears to be
high spin, whereas [Fe(sapa)2]NO3·1.5H2O exhibits a very gradual and in-
complete (at low temperature) spin transition [146]. The related 3-CH3OSPH
yielded the low spin compounds [Fe(3-CH3OSPH)2]X (X=Cl�, NO3

�), as well
as the spin crossover materials [Fe(3-CH3OSPH)2]X (X=PF6

�, BPh4
�) [147].

Both the latter compounds exhibit gradual spin crossover, with the transi-
tion temperature for the PF6

�salt being higher (45% of low spin Fe(III) ions
at 298 K) than that of the BPh4

� salt (fully high spin at 298 K) [147].
Another family of bis(ligand)Fe(III) spin crossover systems with the do-

nor atom set N4O2 is that derived from Schiff bases obtained from the con-
densation of X-salicylaldehyde and N-R-ethylenediamine (X-salmeen
(R=CH3), X-saleen (R=C2H5), X-salbzen (R=C6H5); Fig. 12). Within the X-
salmeen series crystal structures have been determined at 292 K for high
spin [Fe(5-OCH3-salmeen)2]PF6, as well as for the low spin materials [Fe(3-
OCH3-salmeen)2]PF6 and [Fe(5-NO2-salmeen)2]PF6 [129] (Table 3). Apart
from the observed differences in metal-donor atom bond lengths, the high
spin compound is more distorted from octahedral than the low spin com-
pounds [129]. Variation of the substituent X within [Fe(X-salmeen)2]PF6

yielded compounds showing substantial differences in their magnetic behav-
iour, but a general pattern for the influence of the substituent could not be
established due to the overlying solid state effects involved [148]. The mate-
rial containing unsubstituted salmeen (X=H) is purely high spin. Both the 5-
OCH3-salmeen and 4-OCH3-salmeen complexes are essentially high spin at
room temperature and exhibit gradual and incomplete transitions to low
spin at low temperature [148]. The compounds with X=3-NO2, 3-OCH3 and
5-NO2 show the onset of spin crossover at about 200 K, however, at room
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temperature the magnetic moment is still below 3.0 B.M [148]. In acetone
solutions, compounds that have been observed to be essentially low spin in
the solid state exhibit spin crossover, and moreover, the spin transition be-
comes more pronounced for compounds that also show spin crossover in
the solid state [148]. The percentage of the high spin isomer in acetone solu-
tion decreases according to the salicylaldimine ring substituent series: 3-
OCH3 (88% at 314 K)>5-OCH3 (82% at 314 K)>H (80% at 314 K)>3-NO2

(36% at 299 K)>5-NO2 (19% at 285 K). The variable-temperature studies
confirm this to be the general pattern over the entire 200–300 K temperature
range. The same sequence of field strengths, OCH3>H>NO2, has also been
observed for [Fe(X-sal2trien)]PF6 (X-sal2trien=hexadentate N4O2 Schiff base
obtained from the 1:2 condensation of triethylenetetramine with salicylalde-
hyde derivatives; see below) [149], but the actual values appear to be greater
in the hexadentate systems [148]. The influence of the solvent on the spin
crossover characteristics has been studied for the parent compound [Fe(sal-
meen)2]PF6 [148], with the order of favouring of the high spin state being
acetone >CH3CN>CH3OH>CH2Cl2>Me2SO. There is no obvious correlation
between this sequence and the strength of the [solvent...H–N] hydrogen
bonding interaction as deduced from the position of the nN–H vibration in
the IR spectra [148].

The dependence of the spin state of Fe(III) on the associated anion has
been studied for solid-state [Fe(X-saleen)2]Y (Y=BPh4

�, NO3
�, PF6

�) [150].
The tetraphenylborate salts [Fe(saleen)2]BPh4·0.5H2O [150] and [Fe(3-
OCH3-saleen)2]BPh4 [151, 152] are high spin, whereas [Fe(3-OCH3-saleen)2]
NO3·0.5H2O [150–152] and [Fe(5-OCH3-saleen)2]NO3 are predominantly low
spin [150, 151]. On the other hand, [Fe(saleen)2]NO3 exhibits an incomplete,
gradual spin transition [150–152]. Interestingly, the mixed-anion species
[Fe(5-OCH3-saleen)2](NO3)0.5(BPh4)0.5 exhibits gradual spin crossover, the
transition being complete at low temperature but incomplete at 286 K [150].
The hexafluorophosphate salts give rise to spin crossover in a number of in-
stances [150–154]: [Fe(saleen)2]PF6 undergoes a gradual, but complete spin
transition [151]. However, [Fe(3-OCH3-saleen)2]PF6 exhibits an extremely
abrupt spin crossover at about 159 K, associated with a thermal hysteresis
loop of width 2–4 K [150–152]. The effect of grinding of the sample on the
spin crossover characteristics is to render the transition less abrupt and less
complete as well as to lower the transition temperature [151, 152]. It was
suggested that this results from an increase in defects and stress points in
the crystal [151]. Interestingly, a sample of [Fe(3-OCH3-saleen)2]PF6 that
had been subjected to an external pressure of about 1.4 kbar for a period of
5 min shows similar features [152]. The effect of grinding has been found to
be much greater for a sample doped with Cr(III) ions, [Fe0.5Cr0.5(3-OCH3-
saleen)2]PF6, which shows a gradual, complete transition. After the sample
has been ground in a ball mill, the spin transition has been found to be sup-
pressed [151]. Experiments on [FexM1–x(3-OCH3-saleen)2]PF6 doped with
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M(III)=Cr or Co show that doping leads not only to more gradual spin tran-
sitions but also a displacement of the transition temperature to lower values
for Cr(III) and to higher for Co(III) [152]. These features can be related to
the difference in ionic radius for high spin Fe(III) (0.65 �) compared to
Cr(III) (0.62 �) or low spin Co(III) (0.53 �) [152]. Later the dilution effect
of Co(III) on the spin transition of Fe(III) was described in terms of (i) the
lattice contraction due to the Co(III) ions, which favours the low spin state
of Fe(III) and (ii) the contribution due to the spin transition [154]. The lat-
tice contraction induced by the Co(III) results in the iron centres experienc-
ing an increase in pressure, the so-called "image-pressure" with a concomi-
tant increase in the transition temperature [154]. Since Cr(III) and high spin
Fe(III) have comparable ion radii, this lattice contraction is not operative in
this instance. Using the model of Sasaki and Kambara [154], the spin transi-
tion curves for compounds having varying Co(III) or Cr(III) dopant concen-
trations could be reproduced.

With X-salbzen the essentially high spin compounds [Fe(3-OEt-
salbzen)2]X (X=Cl�, NO3

�) have been obtained [130]. On the other hand,
[Fe(3-OEt-salbzen)2]BPh4·CH3CN shows a gradual, relatively complete spin
crossover with a high spin mole fraction of 0.93 at room temperature, which
decreases to 0.03 at 10 K [130]. The structure of [Fe(3-allyl-salbzen)2]NO3

has been determined at room temperature [130]. The unit cell contains two
centrosymmetric, crystallographically independent cations. The metal-do-
nor atom bond lengths (Table 3) are consistent with Fe2 being in the low
spin state, whereas Fe1 may be considered as an average of 67% low spin
and 33% high spin Fe1 sites, in agreement with the magnetic data. [Fe(3-al-
lyl-salbzen)2]NO3 exhibits a partial, gradual spin transition, reaching the
low spin state (meff=1.88 B.M.) at 4.2 K [130].

The complex [Fe(acea)2]BPh4 exhibits a gradual, almost complete spin
crossover [131]. The Fe-donor atom bond lengths (Table 3) are consistent
with high spin Fe(III) at room temperature.

Complexes of acpa and bzpa have been extensively studied. Crystal struc-
tures have been determined for [Fe(acpa)2]PF6 at 120, 290 [132] and 298 K
[133] and for [Fe(acpa)2]BPh4 at 120, 202, 247 and 311 K [132]. Both com-
pounds exhibit incomplete, gradual spin crossover behaviour. The transition
temperature is higher for the tetraphenylborate salt than for the hexafluo-
rophosphate [132, 133, 155]. The metal-donor atom bond lengths observed
for [Fe(acpa)2]BPh4 (Table 3) correspond with the extent to which the spin
crossover has progressed at 120 K (low spin Fe(III) percentage=96.7%) and
at 311 K (high spin Fe(III) percentage=80.9%). The transition temperature
for [Fe(acpa)2]NO3 is higher than that of both the BPh4

� and PF6
� deriva-

tives [155].
The 57Fe M�ssbauer spectra for [FexCo1–x(acpa)2]BPh4 (x=0.035 and

0.074) show that the transition has been displaced to a higher temperature
than that for the pure Fe(III) compound [156]. This may again be related to
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the difference in ionic radii for low spin Co(III) compared to high spin
Fe(III) (see below). The EPR spectra for these diluted complexes have been
measured at various temperatures. Signals attributed to low spin Fe(III) have
been observed at g=1.965, 2.219 and 2.291. This observation suggests that
the geometry about the Fe(III) ion is more distorted in the diluted complex
than in the neat compound. A signal observed at g=4 is characteristic for a
high spin ferric complex in a rhombically distorted environment [156].

Fast electronic relaxation within [Fe(acpa)2]PF6 has been thought to be
responsible for the observation of a single doublet in the 57Fe M�ssbauer
spectra throughout the transition with strongly temperature dependent val-
ues for the quadrupole splitting and isomer shift [133]. It has been proposed
that the spin-interconversion of [Fe(acpa)2]BPh4 is faster than that of the
PF6

� salt [132]. X-ray crystallographic studies carried out for both com-
pounds at different temperatures revealed smaller changes in metal-donor
atom bond length for the BPh4

� salt. It was therefore concluded that the acti-
vation energy for the spin change in the BPh4

� salt is smaller than that in the
PF6

� salt, which would imply faster spin-interconversion for the former
[132].

The thermodynamic parameters associated with the spin transition in
[Fe(acpa)2]PF6 have been determined by calorimetry [157]. The unusual
heat capacity anomaly observed for this material was typical for neither a
first-order nor a second-order phase transition. It has therefore been as-
sumed that it might originate from a higher order phase transition that is
characterised by weak cooperativity [157]. The entropy associated with the
low spin!high spin transition in [Fe(acpa)2]PF6 (DS=36.19 J K�1 mol�1) has
been found to be comparable with values for other Fe(III) spin transition
materials of tridentate N2O Schiff base ligands, i.e. [Fe(3-OMe-saleen)2]PF6

(DS=36.74 J K�1 mol�1) [157], [Fe(3-OEt-salAPA)2]ClO4·C6H6 (DS=38.4 J K�1

mol�1) [144] and [Fe(3-OEt-salAPA)2]ClO4·C6H5Cl (DS=37.2 J K�1 mol�1)
[145]. It is, however, significantly smaller than the values determined for
Fe(II) spin crossover complexes, e.g. [Fe(1,10-phenanthroline)2(NCS)2]
(DS=48.78 J K�1 mol�1) [158, 159], and [Fe(2-picolylamine)3]Cl2·EtOH
(DS=50.59 J K�1 mol�1) [160]. The observed entropy change associated with
the spin crossover of [Fe(acpa)2]PF6 could be explained by the sum of the
contributions due to the change in the spin manifold (9.13 J K�1 mol�1) and
the skeletal vibrational changes accompanying the spin transition (28.56 J
K�1 mol�1). In fact, the temperature dependence of the IR and Raman spec-
tra revealed drastic changes, which could be assigned to skeletal vibration
modes of the six-coordinate Fe(III) core [157]. The enthalpy change associ-
ated with the low spin!high spin transition in [Fe(acpa)2]PF6 has been esti-
mated to be 7025 J mol�1 [157].

The structure of [Fe(bzpa)2]ClO4 has been determined for the low spin
form at 140 K, as well as for the high spin form at 290 K (Table 3) [134]. The
gradual spin transition is complete as has been confirmed by the time-aver-
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aged 57Fe M�ssbauer spectra [134]. The transition in [Fe(bzpa)2]PF6, on the
other hand, is incomplete over the range 80–300 K [155, 161].

Both [Fe(acpa)2]X and [Fe(bzpa)2]X (X=PF6
�, BPh4

�, NO3
�) show revers-

ible thermochromism in acetone solutions, which is typical for a change in
electronic ground state of the Fe(III) ion. The electronic spectra show a tem-
perature dependence of the intensities of the metal-charge transfer bands as-
cribed to the high spin (550 nm) and low spin state (700 nm) [155].

Early investigations on Fe(III) complexes of qsal provided evidence for
spin crossover behaviour, its extent depending on the associated anion and
the degree of hydration [162, 163]. The slight change in magnetic moment
with change in temperature observed in 1969 for [Fe(qsal)2]Cl·2H2O [162],
was, on the basis of 57Fe M�ssbauer spectral data, later ascribed to a spin
transition [163]. The solvent-free iodide salt is purely low spin, whereas the
bromide monohydrate is high spin. On the other hand, the solvent-free thio-
cyanate salt again showed spin crossover behaviour: the magnetic moment
gradually decreases from 5.63 B.M. at 299 K to 2.37 B.M. at 24 K [163]. The
nature of the transition observed in this instance depends markedly on the
temperature at which the material has been synthesised, i.e. either at 298 K
or below 280 K [164]. For a sample prepared from a methanolic solution at
298 K the transition is associated with an asymmetric hysteresis loop of
width 70 K. There are two steps—at about 220 K and 270 K—in the heating
branch, which may suggest the existence of another phase or another isomer
with a different transition temperature. In contrast, [Fe(qsal)2]NCS freshly
recrystallised from methanol below 280 K is predominantly low spin. How-
ever, the magnetic moment determined at room temperature increases with
time. Ten days after preparation the sample shows spin crossover with a pro-
nounced hysteresis loop (DT1/2=70 K) centred at 286 K. These interesting
spin crossover features prompted the study of the selenocyanate salts [135,
136]. [Fe(qsal)2]NCSe·MeOH [135], [Fe(qsal)2]NCSe·CH2Cl2 [135] and [Fe
(qsal)2]NCSe·2DMSO [136] are low spin at room temperature. However,
these all lose solvent molecules on heating, converting to the non-solvated
high spin analogues which display spin crossover below room temperature.
The non-solvated materials derived from the methanol and dichloromethane
compounds show identical magnetic properties involving a reproducible
two-step spin crossover. The high spin to low spin transition takes place at
T1/2#=212 K, while the low spin to high spin transition exhibits two pro-
nounced steps at 215 K and 282 K, resulting in thermal hysteresis loops of
widths 3 K and 70 K for these successive transitions, respectively. This un-
usual hysteresis loop involving a two-step spin crossover in the warming
mode and a one-step transition in the cooling mode could be simulated the-
oretically [135]. Solvent removal from [Fe(qsal)2]NCSe·2DMSO leads to a
transition with an hysteresis loop of width 76 K (T1/2"=285 K, T1/2#=209 K),
which is one of the broadest hysteresis effects reported so far for spin cross-
over compounds [136]. Structures were determined for low spin [Fe
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(qsal)2]NCSe·MeOH (200 K) [135], [Fe(qsal)2]NCSe·CH2Cl2 (230 K) [135]
and [Fe(qsal)2]NCSe·2DMSO (90 K) [136] (Table 3). These revealed intermo-
lecular p-interactions between quinoline and phenyl rings resulting in a two-
dimensional network. It is very likely that the cooperativity operating in
these selenocyanate systems arises mainly from this structural feature.

Very interesting Fe(III) spin crossover characteristics have been found for
compounds of pap. Solvent-free [Fe(pap)2](anion) compounds have been in-
vestigated: the nitrate and tetraphenylborate materials are high spin, where-
as the hexafluorophosphate derivative is low spin [164]. The freshly pre-
pared perchlorate compound exhibits spin crossover behaviour associated
with an asymmetric thermal hysteresis loop (T1/2"=262 K and T1/2#=242 K)
[164]; however, the transition temperature decreases as the compound ages,
and reaches 150 K one week after preparation [165]. The authors do not in-
dicate whether the hysteresis is retained. A further notable feature of this
"aged" sample is that high spin Fe(III) ions can be frozen in by rapid
quenching to 80 K [165]. The monohydrate, [Fe(pap)2]ClO4·H2O, exhibits
abrupt transitions in the heating (T1/2"=180 K) and cooling mode (T1/2#=
165 K) [137]. [Fe(pap)2]PF6·MeOH also shows a relatively abrupt transition
at T1/2=288 K, albeit without thermal hysteresis [138]. X-ray structures could
be determined for high spin [Fe(pap)2]ClO4·H2O (298 K) [137] and low spin
[Fe(pap)2]PF6·MeOH (90 K) [138] (Table 3). Both compounds crystallise in
the space group P-1 and their structures are similar. It is noteworthy that
the changes in metal-donor atom bond lengths are larger than normally ob-
served in Fe(III) spin crossover compounds. In addition, the changes in the
Fe–N bond lengths are much greater than those for the cis-arranged Fe–O
bonds. Thus the Fe(III) spin crossover is accompanied by an asymmetric
stretching of the Fe-ligand bonds involving a scissor-like opening of the pap
ligands. Strong intermolecular p-stacking occurs between the aromatic rings
of pap ligands originating from different [Fe(pap)2]+ units and resulting in
the formation of wrapped sheets. This structural feature appears to be re-
sponsible for the high cooperativity as well as the occurrence of Light-In-
duced Excited Spin State Trapping (LIESST) for this system (see below)
[137, 138].

3.2
Complexes of Tetradentate Ligands

3.2.1
General Considerations

Spin crossover behaviour generated by Schiff base ligands predominantly
occurs when the Fe(III) ion is coordinated by an N4O2 donor set. This donor
set is also found with N2O2-donating tetradentate Schiff base systems togeth-
er with two appropriate N-donating heterocyclic bases as co-ligands. In ad-
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dition, the N-donating nitrosyl anion may also be incorporated as co-ligand,
in this instance resulting in FeN3O2 spin crossover entities. Interestingly, the
use of N4-donating ligands has also lead to the generation of spin transition
materials, in this case comprising FeN4Br2, FeN5 or FeN4X (X=Cl�, Br�) moi-
eties. These various systems are considered below.

3.2.2
Complexes of Tetradentate N4-Donating Ligands

Spin crossover in iron(III) has been generated using the N4-donating macro-
cyclic ligands 1,4,8,11-tetraazacyclotetradecane (cyclam) and its tetramethy-
lated derivative (tmcyclam), as well as with the Schiff base system H2amben
(Fig. 13).

A series of mononuclear Fe(III) cyclam compounds has been reported in
which monodentate, monovalent anionic groups occupy the axial positions
[166]. The cyclam system acts as a neutral ligand and thus an additional
non-coordinating anion is required for charge compensation. Both the mag-
netism and EPR spectra indicate that [Fe(cyclam)Cl2](ClO4) and [Fe
(cyclam)(NCS)2](NCS) are purely low spin compounds, but a transition is
observed in [Fe(cyclam)Br2](ClO4) for which two sets of EPR signals are ob-
served with relative intensities that are temperature dependent [166].

Using tmcyclam a five-coordinate compound has been obtained [167].
The X-ray structure of [Fe(tmcyclam)(NO)](BF4)2 has been determined at
room temperature, revealing an Fe(III) ion in a distorted tetragonal pyramid
consisting of the four nitrogen atoms of the macrocycle (average Fe–
N=2.165 �) together with a nitrosyl anion in the apical position. The Fe–N–
O bond angle is essentially linear (177.5(5) �) with Fe–NO and FeN–O inter-
atomic distances of 1.737(6) and 1.137(6) �, respectively. The axially orient-
ed N-methyl groups are all on the same side of the Fe(tmcyclam) moiety as
the nitrosyl group. The magnetic moment is 2.66 B.M. at 4.2 K, but gradually
increases with increasing temperature, levelling off at about 150 K and re-
maining virtually constant at 3.62 B.M. to 286 K, characteristic for an S=1/
2$S=3/2 transition, which has also been supported by EPR and 57Fe M�ss-
bauer spectral studies. In addition, the change in the appearance of the NO

Fig. 13 Tetradentate N4-donating ligands
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stretching vibration in the IR spectra with decreasing temperature is consis-
tent with electrons pairing up in a lower lying molecular orbital that con-
tains a contribution from the p* orbitals of the nitrosyl entity [167]. Related
five-coordinate FeN3O2 spin crossover systems involving the nitrosyl anion
and N,N0-ethylenebis(salicylideneiminate) have also been described (see be-
low).

Five-coordinate FeN4X (X=Cl�, Br�) spin transition entities have been ob-
tained using H2amben (Fig. 13) [168]. The magnetic moments of [Fe
(amben)Cl] and [Fe(amben)Br]·H2O are similar (3.85 and 3.62 B.M., respec-
tively at 295 K) and only slightly temperature dependent. However, the oc-
currence of spin crossover in these compounds has been confirmed by vari-
able temperature 57Fe M�ssbauer spectroscopy, as well as by EPR spectros-
copy carried out at 77 K. The 57Fe M�ssbauer spectra recorded at 77 and
295 K for the chloro compound reveal two quadrupole doublets indicating
the existence of two different spin components at both temperatures and
with relative intensities that are temperature dependent. The EPR spectrum
recorded for the bromide material in dilute ethanol solution shows a sharp
three line pattern characteristic of low spin Fe(III) at g=2.10, 2.05 and 1.93,
and a broader band attributed to the high spin component at g=4.9 [168].

3.2.3
Five-Coordinate Complexes of Tetradentate N2O2-Donating Schiff Base Ligands

The use of appropriate tetradentate N2O2-donating Schiff base ligands
(Fig. 14) together with the incorporation of the N-donating nitrosyl anion
has resulted in the formation of a unique series of five-coordinate Fe(III)
spin crossover materials containing FeN3O2 chromophores.

The first and most extensively studied compound of this class is [Fe
(salen)(NO)], which exhibits an abrupt S=1/2$S=3/2 spin transition with
associated hysteresis centred at T=175 K and virtually complete over a tem-
perature interval of a few degrees [169–171]. Such features are relatively un-
common for iron(III). In contrast, [Fe(5-Cl-salen)(NO)] is in the S=3/2 state

Fig. 14 Tetradentate N2O2-donating Schiff base ligands. The use of NO as co-ligand
yields FeN3O2 chromophores
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(meff=3.8 B.M.) at temperatures above 50 K. The magnetic moment decreases
at lower temperatures, reaching a value of only 0.5 B.M. at 4.2 K, indicative
of antiferromagnetic interactions [169].

The structure of [Fe(salen)(NO)] has been determined at 98 and 296 K
[172]. Notwithstanding the abrupt nature of the spin transition and its asso-
ciation with thermal hysteresis, the space group Pna21 is retained at both
temperatures. With decreasing temperature a significant shortening in met-
al-donor atom bond lengths involving the salen ligand has been observed:
the mean Fe–O distance very slightly decreases from 1.908 � at 296 K to
1.899 � at 98 K, whereas more substantial changes are detected in the mean
Fe–N bond length (2.075 � at 296 K and 1.974 � at 98 K). The Fe–N(nitrosyl)
distance is 1.783 � at 296 K, whereas at 98 K, where the NO group is disor-
dered over two sites, an average distance of 1.80 � was determined. The
most important changes occurring with decreasing temperature, i.e. upon
the S=3/2!S=1/2 spin crossover are (i) a decrease of almost 0.1 � in Fe–
N(salen) bond lengths, (ii) a smaller displacement of the Fe(III) ion from the
salen coordination plane (0.47 � at 296 K compared to 0.36 � at 98 K),
which is consistent with the smaller volume for the Fe(III) ion in the doublet
state, and (iii) a closer approach to coplanarity of the salicylideneiminato
moieties of the salen ligand. Interestingly, there are some noteworthy differ-
ences with respect to the structure of [Fe(tmcyclam)(NO)](BF4)2 (see above)
[167]. In the tmcyclam compound the Fe–N–O sequence has been found to
be essentially linear, and the coordination geometry about the Fe(III) centre
can be regarded as distorted toward a trigonal bipyramid. In contrast, the
salen material has a strongly bent Fe–N–O moiety, and the Fe(III) geometry
is essentially tetragonal pyramidal at both temperatures [172].

The spin transition in [Fe(salen)(NO)] has been studied by IR [171, 172],
57Fe M�ssbauer [169, 173] and EPR spectroscopy [169]. IR spectra have also
been recorded at room temperature for various pressures ranging from am-
bient up to 37 kbar. At 37 kbar conversion to the S=1/2 state is complete
[172]. The quartet state is re-populated on relaxation of the pressure.

A spin transition between the S=1/2 and intermediate S=3/2 spin state
has also been observed for [Fe(salphen)(NO)], albeit the spin crossover is
gradual in this instance [174, 175]. This material shows 57Fe M�ssbauer pa-
rameters comparable to those of the salen derivative. However, the relax-
ation between the spin states is fast relative to the 57Fe M�ssbauer time scale
for the salphen compound, whereas it is slow for the salen compound [175].
Interestingly, the quadrupole splittings obtained from the 57Fe M�ssbauer
spectra of [Fe(salphen)(NO)] have been found to decrease linearly with the
magnetic susceptibility determined with increasing temperature [175].
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3.2.4
Six-Coordinate Complexes of Tetradentate N2O2-Donating Schiff Base Ligands

Three main families of N2O2-donating Schiff base ligands have been used to
obtain six-coordinate systems: (i) N,N0-ethylenebis(salicylideneimine) and
its substituted derivatives, (ii) N,N0-ethylenebis(acetylacetonylideneimine)-
type systems and (iii) ligand systems consisting of a salicylideneimine and
an acetylacetonylideneimine moiety (Fig. 15). N-donating heterocyclic bases
in axial positions complete the FeN4O2 coordination environment.

Fig. 15 Tetradentate N2O2-donating Schiff base ligands
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The [Fe(salen)(base)2](anion) systems have been most extensively studied
and several X-ray structures have been determined. Table 4 compiles the Fe-
donor atom bond lengths, as well as the spin state for these materials. [Fe
(salen)(Him)2]ClO4 (Him=imidazole) is the only compound within this se-
ries for which the structure has been determined in both the low spin
(120 K) and high spin states (295 K) [176, 177]. It appears that the average
Fe–O bond distances are rather insensitive to the spin state of the Fe(III) ion
(1.903 � at 120 K and 1.901 � at 295 K), whereas the mean Fe–N(salen)
(1.913 � at 120 K and 2.067 � at 295 K) and Fe–N(Him) (1.992 � at 120 K
and 2.146 � at 295 K) bond distances show a major dependence on the spin
state [176, 177]. On the basis of bonding orbital considerations Nishida et al.
have rationalised the different sensitivities of these bond lengths to changes
in the spin state of the metal atom [178].

The compounds [Fe(salen)(Him)2]ClO4·H2O [178], [Fe(salen)(Him)2]X
(X=PF6

� [176], BPh4
� [176, 185]), [Fe(salen)(4-methyl-imidazole)2]Cl [179],

[Fe(salen)(base)2]ClO4 (base=N-methyl-imidazole [176], 5-Cl-N-methyl-im-
idazole [176]) and [Fe(salen)(pyrazole)2]BPh4·MeOH [176] are purely high
spin, whereas Na[Fe(salen)(CN)2]·CH3OH is purely low spin [185]. On the
other hand, [Fe(salen)(Him)2]X (X=ClO4

�, BF4
�) and [Fe(salen)(pyra-

zole)2]X·H2O (X=ClO4
�, BF4

�) exhibit gradual spin transitions [176]. Both
the magnetism and the 57Fe M�ssbauer spectra indicate that unsolvated
[Fe(salen)(Him)2]ClO4 undergoes an almost complete transition between
90 K and 295 K [176], whereas the transitions for [Fe(salen)(Him)2]BF4 and
[Fe(salen)(pyrazole)2]X·H2O (X=ClO4

�, BF4
�) proceed to varying extents

over the temperature range 80 K to 295 K [176]. Interestingly, although there
are differences in solvation of the materials, the spin crossover behaviour
within both the imidazole and pyrazole series reveals a similar anion depen-
dence [176]. In contrast, there does not appear to be a clear dependence of
the spin state of Fe(III) on the selected N-donating heterocyclic base: neither
their basicity nor position in the spectrochemical series is followed. This
suggests that the spin state of Fe(III) in this series depends on the structural
features of the particular material.

Comparison of the structures of [Fe(salen)(Him)2]X (X=ClO4
�, BF4

�,
PF6

�) revealed subtle structural differences, such as (i) the orientation of the
imidazole ligands, (ii) equatorial ligand-imidazole C-H interactions, and
(iii) conformations of the FeN2C2 chelate ring involving the ethylene back-
bone of salen. It has been proposed that these three parameters contribute
to the spin state differences [176]. In particular, the FeN2C2 conformation
has been thought to be substantially related to the spin state of Fe(III). The
envelope conformation of this entity has been found in the spin crossover
perchlorate and tetrafluoroborate salts, whereas it is in the meso configura-
tion in the high spin hexafluorophosphate salt. It has been suggested that
this meso configuration results in constraints of the planar ligand to the ex-
tent that it may not be able to adapt to incipient spin state change, i.e. the
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complex remains locked in the high spin form [176]. The geometry of the
salen ligand was later compared to the environment created by the heme
system in metalloproteins; both ligand systems are conformationally flexible
and may adopt an overall stepped, umbrella or planar conformation [181].
Analysis of structural data for a large variety of Fe(III) compounds of N2O2-
donating Schiff base ligands—involving most of the materials listed in Ta-
ble 4—leads to the assumption that the molecule is fixed in a high spin-type
umbrella or planar geometry due to crystal packing effects or intermolecular
interactions. It is significant that some of the materials that have been found
to be purely high spin in the solid state exhibit spin crossover in solution
(see below) where the conformational restraints are relaxed [181]. Another
analogy with related porphyrin systems has been considered [178] based on
findings that the relative orientation of the imidazole rings is the controlling
factor for the spin state of those systems [186]. It is proposed that the rela-
tive orientations of the imidazole rings control the metal-to-imidazole p-
back-bonding and consequently the efficiency of stabilisation of the low spin
state of Fe(III). Efficient dp-pp overlap—and stabilisation of the low spin
state of Fe(III)—is achieved when the two planes defined by the imidazole
rings are orthogonal and oriented along the two approximately diagonal N–
Fe–O axes of the equatorial coordination frame [182]. However, since other
small structural changes—for instance the other parameters mentioned
above—may be involved, a dependence of the dihedral angles between the
axially coordinated imidazole groups on the spin state could only be estab-
lished in one comparative study [182].

Spin transitions have also been observed for derivatives of substituted
salen-type ligands. [Fe(dmsalen)(Him)2]BPh4·2CH3OH, in which salen is
substituted at the methane C atoms, undergoes a gradual and incomplete
transition (experimental range 78–298 K) [187]. The effect of substitution at
the 3- or 5-positions of the salicylidene moiety has been more widely inves-
tigated. The structures of the purely high spin (in the solid state) [Fe(5-
OCH3-salen)(Him)2]X (X=ClO4

�, Cl�) have been determined at 295 K [181].
For both compounds, the five-membered FeN2C2 ring of the ligand has the
meso conformation, which further confirms the relation of this constrained
form to the high spin state of the Fe(III) ion. However, spin crossover of
these compounds in methanolic solutions has been observed by variable
temperature EPR spectroscopy [181]. [Fe(3-CH3O-salen)(N-methyl-imidaz-
ole)2]X (X=ClO4

�, BPh4
�) and [Fe(3-CH3O-salen)(5-Cl-N-methyl-imidaz-

ole)2]ClO4 are also purely high spin materials in the solid state [176], where-
as [Fe(3-CH3O-salen)(Him)2]BPh4 displays gradual spin crossover behaviour
[176, 185]. The gradual spin transition in the latter complex involves only
half of the Fe(III) ions [176, 185, 188].

While [Fe(3-OCH3-salpen)(Him)2]BPh4·H2O is purely high spin in the
solid state, the analogous anhydrous perchlorate salt, which was structurally
characterised at 293 K, undergoes gradual spin crossover with T1/2=91 K
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[182]. From an analysis of the magnetic properties according to the model
of Slichter and Drickamer the thermodynamic parameters for the spin tran-
sition of [Fe(3-OCH3-salpen)(Him)2]ClO4 were evaluated as DH=5.46 kJ
mol�1 and DS=60 J mol�1 K�1 [182]. These values are close to those found
for other iron(III) systems.

The synthesis of dinuclear [189] and linear chain [180] materials based
on [Fe(salen)]+ entities has been reported. The structure of dinuclear [Fe2

(salen)2(trans-4,40-vinylenebis(pyridine))(H2O)2](ClO4)2·(trans-4,40-
vinylenebis(pyridine))·H2O has been reported but this compound is purely
high spin [189]. On the other hand, [Fe(salen)(1,10-tetramethylenediimida-
zole)]ClO4 shows incomplete spin crossover, principally in the temperature
range 70–100 K. It is suggested that the large residual high spin fraction
(~0.7) may be related to the presence of two different orientations of the im-
idazole moieties with occupation factors 0.65 and 0.35. The complex has a
zigzag chain structure (Table 4) [180].

Two strategies have been applied in order to obtain hetero-dinuclear
compounds. In the first example, the incorporation of a spin-inactive cation
to modulate the Fe(III) spin crossover has been attempted, exploiting the cy-
clic ligand cr-salen (Fig. 15) which contains a salen-type N2O2 cavity togeth-
er with a polyether cavity [190]. However, both [Fe(cr-salen)(pyri-
dine)2]ClO4 and [BaFe(cr-salen)(pyridine)2](ClO4)3 are purely high spin.

In addition, heterodinuclear Fe(III)Ni(II) compounds have been prepared
starting from high spin [FeCl(salen)] and NiL with L being the di-anion of
the N3O ligand depicted in Fig. 16 [191]. The imidazole-bridged [FeCl
(salen)NiL] [191] and also [FeCl(5-OCH3-salen)NiL] both exhibit Fe(III)
spin crossover [192].

The purely high spin nature of [Fe(salphen)(Him)2]BPh4 [178, 185] and
[Fe(3-OC2H5-sal-CH3-phen)(Him)2]ClO4 [182] has been confirmed by mag-
netic measurements and structure determinations. On the other hand, [Fe
(acen)(Him)2]BPh4 [185] is low spin while [Fe(acen)(3,4-dimethylpyri-
dine)2]BPh4 [193] exhibits gradual spin crossover. The structure of the for-
mer low spin complex [178] as well as that of the latter in both high spin
and low spin states [183] has been determined.

Fig. 16 5-o-[(5-Chloro-2-hydroxyphenyl)phenylmethyleneamino]phenyliminomethylimi-
dazole
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A large variety of heterocyclic bases and anionic groups have been incor-
porated within the [Fe(acen)]+ system. [Fe(acen)(Him)2]BPh4 [185] and
[Fe(acen)(4-aminopyridine)2]ClO4 [185] are low spin, as is the one-dimen-
sional polynuclear [Fe(acen)(1,10-tetramethylenediimidazole)]ClO4 [180].
Different degrees of gradual spin crossover behaviour have been observed
for several members of this family: [Fe(acen)(b-picoline)2]ClO4 (meff=
2.51 B.M. (295 K), meff=1.93 B.M. (80 K)) [185], [Fe(acen)(pyridine)2]BPh4

(meff=3.31 B.M. (295 K), meff=2.30 B.M. (80 K)) [185], [Fe(acen)(g-picol-
ine)2]BPh4 (meff=3.64 B.M. (295 K), meff=2.04 B.M. (80 K)) [185], whereas
[Fe(acen)(base)2]BPh4 (base=N-methyl-imidazole [176], 1,3-di-4-pyridyl-
propane [193], 4-methylpyridine [193], 3,4-dimethylpyridine [193]) exhibit
fairly complete, gradual spin transitions.

Derivatives of bzacen have been studied to a minor extent: [Fe(bzacen)
(N-methyl-imidazole)2]ClO4 [176] and [Fe(bzacen)(Him)(CN)] [185] are
purely low spin, whereas [Fe(bzacen)(Him)2]BPh4 shows gradual spin cross-
over [185].

The di-anionic ligands derived from H2salacen and H2hapacen (Fig. 15)
may be considered as providing a field strength intermediate between that
of salen and acen. The structure of [Fe(salacen)(Him)2]PF6 has been deter-
mined at 293 K, where 83% of the Fe(III) ions are low spin [184]. Both the
Fe–O (1.879(6) �) and the Fe–N (1.912(7) �) bond distances associated with
the salicylideneimine residue are shorter than those associated with the
acetylacetonylideneimine residue (1.911(5) � and 1.936(6) �, respectively)
[184]. [Fe(salacen)(Him)2]PF6 shows the onset of gradual spin crossover at
about 200 K, reaching a magnetic moment of 2.83 B.M. at room temperature.
In contrast, the N-methyl-imidazole derivative is high spin at room tempera-
ture but a gradual transition to the low spin state takes place between 300
and 200 K [184]. Both compounds exhibit striking thermochromism in or-
ganic solvents, being purple at room temperature and green at ca. 200 K.
The absorption spectrum of [Fe(salacen)(Him)2]PF6 recorded at 289 K
shows a strong band at 525 nm assigned to the high spin state, together with
a shoulder at 680 nm attributed to the low spin state. From a study of the
temperature dependence of the spectrum it was concluded that the transi-
tion occurs to a greater extent in solution than in the solid state [184]. Al-
though EPR data indicate that [Fe(salacen)(Him)2]BPh4·CH3OH and [Fe(ha-
pacen)(Him)2]BPh4·2CH3OH are essentially low spin in the solid state they
exhibit thermochromism similar to that described above and indicative of
spin crossover in solution [187].

Solid [Fe(salacen)(1-methyl-imidazole)2]ClO4 displays a relatively com-
plete, gradual spin crossover [180]. Measurements of both 57Fe M�ssbauer
spectra and magnetism indicate that the transition observed in the one-di-
mensional polymeric system [Fe(salacen)(1,10-tetramethylenediimidazole)]
ClO4 is also gradual but incomplete at both 290 K (meff=5.37 B.M.) and 4.2 K
(meff=3.37 B.M.) [180].

304 P.J. van Koningsbruggen et al.



3.3
Complexes of Pentadentate N3O2-Donating Ligands

In the only instances where spin crossover has been observed for a system
involving a pentadentate ligand this has been an N3O2-donating Schiff base
and the sixth coordination site has been occupied by a nitrogen donor, giv-
ing rise to an FeN4O2 coordination core. Most examples involve salten
(Fig. 17).

When the sixth coordination site is occupied by an anionic group the
derivatives are either purely low spin ([Fe(salten)CN]·1.5CH3OH) or purely
high spin ([Fe(salten)Cl]·CH3OH and [Fe(salten)N3]·0.5H2O) [194]. It was
soon discovered that upon using heterocyclic bases as co-ligand solvent-free
spin crossover compounds could be prepared [194]. The mononuclear com-
pounds [Fe(salten)(base)]BPh4 (base=pyridine, 3-methyl-pyridine, 4-meth-
yl-pyridine, 3,4-dimethyl-pyridine, 2-methyl-imidazole) exhibit spin cross-
over behaviour [194, 195], whereas derivatives with base=imidazole and N-
methyl-imidazole are purely high spin [194]. The spin transitions are gradu-
al, and are accompanied by thermochromism both in (dichloromethane) so-
lution and in the solid state, changing from dark violet to blue-green with
decreasing temperature.

The spin state of Fe(III) in this series depends directly on the ligand field
strength exerted by the co-ligand X, as given by the spectrochemical series:
CN�>pyridine or imidazole derivative >N3

�>Cl� [194].
The structure of [Fe(salten)(4-methyl-pyridine)]BPh4 has been deter-

mined at 293 K [194]. The Fe(III) ion is in a pseudo-octahedral environment
in which the basal plane is formed by two salicylideneiminate entities (aver-
age Fe–O=1.885 �, Fe–N=1.987 �) oriented in trans geometry. The two axial
positions are occupied by the secondary amine nitrogen atom of the di(3-
aminopropyl) moiety of the ligand (Fe–N=2.035(7) �) and the nitrogen

Fig. 17 Pentadentate N3O2-donating Schiff base ligands
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atom of 4-methyl-pyridine (Fe–N=2.010(6) �). The bond lengths observed
are consistent with the magnetic data showing about 26% of high spin
Fe(III) ions at 293 K.

More recently, [Fe(salten)(base)]BPh4 compounds containing a potential-
ly photo-isomerisable ligand have been reported [196, 197]. [Fe(salten)
(1-(pyridin-4-yl)-2-(N-methylpyrrol-2-yl)-ethene)]BPh4 having the nitroge-
nous base in the trans conformation exhibits a gradual Fe(III) spin crossover
taking place between 150 and 320 K [196]. In addition, spin transition com-
pounds of both isomers of 4-styrylpyridine could be obtained [197]. The
transitions are gradual for [Fe(salten)(trans-4-styrylpyridine)]BPh4·(CH3)2

CO·0.5H2O and [Fe(salten)(cis-4-styrylpyridine)]BPh4; however, the transi-
tion temperature for the trans derivative is 260 K, whereas it is almost 100 K
higher for the cis compound. These features open interesting perspectives
for testing the possibility of ligand-driven light-induced spin conversion
(LD-LISC) for these materials (see below). This topic is treated in detail in
Chap. 20. Confirmation of the conformation of the co-ligand has been ob-
tained from crystal structures determined for both materials at 296 K [197].

The use of N-(4-picolyl)-aza-15-crown-5-ether as co-ligand enabled the
encapsulation of alkali metal ions and the study of their effect on the Fe(III)
spin transition within the series [Fe(salten)(base)M]ClO4 (base=N-(4-pi-
colyl)-aza-15-crown-5-ether; M=Li+, Na+, K+, Rb+) [198]. The magnetic mo-
ments determined for the non-alkali metal-containing [Fe(salten)(base)]
ClO4 in the solid state are 4.20 B.M. at 80 K and 4.85 B.M. at 300 K. Incorpo-
ration of the monovalent cations resulted in significant changes in the mag-
netic moment for the lithium derivative (2.29 B.M. at 80 K and 4.00 B.M. at
300 K), whereas only moderate changes were observed for sodium
(4.21 B.M. at 80 K and 5.03 B.M. at 300 K), potassium (4.78 B.M. at 80 K and
5.82 B.M. at 300 K) and rubidium (4.52 B.M. at 80 K and 5.68 B.M. at 300 K).
Since these compounds are thermochromic, the spin crossover could be
monitored by recording the electronic spectra in acetonitrile solutions. At-
tempts at triggering the spin crossover in [Fe(salten)(base)]ClO4 (base=N-
(4-picolyl)-aza-15-crown-5-ether) in solution by ion-recognition have met
with some success. On the addition of sodium perchlorate to a solution of
the complex salt a change in the absorption spectrum was observed, sug-
gesting that the high spin to low spin transition may be induced by the en-
capsulation of Na+ ions [198].

Attaching the rather bulky methoxy substituent at the 3-position of the
salicylaldehyde ring of salten does not appear to preclude formation of
Fe(III) spin crossover materials. Using 3-OMe-salten yielded [Fe(3-OMe-
salten)(pyridine)]BPh4, which also displays spin crossover both in solution
and in the solid state [199, 200]. On the other hand, the 5-Cl substituted salt-
en derivative turns out to be a high spin compound [200].

Dinuclear materials of formula [(salten)Fe(base)Fe(salten)](BPh4)2 have
been obtained from N,N0-bridging heterocyclic ligands. The pyrazine deriva-
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tive is low spin, but compounds containing 1,10-tetramethylenebis(imidaz-
ole), 4,40-bipyridine, 4,40-ethylenebis(pyridine) or 4,40-vinylenebis(pyridine)
exhibit gradual and incomplete (at 300 K) transitions [201]. These materials
are the first reported dinuclear Fe(III) spin crossover compounds. For
[(salten)Fe(base)Fe(salten)](BPh4)2 (base=azobis(4-pyridine), 4,40-vinylene-
bis (pyridine)) in which the bridging system is potentially photo-isomeris-
able a gradual spin crossover characterised by meff=ca. 2.2 B.M. at 200 K and
meff=4.3 B.M. at 350 K was observed for both systems [202]. The dinuclear
nature of these complexes, in which both bridging moieties adopt the trans
configuration, was confirmed by X-ray structure determinations carried out
at 100 and 298 K [189, 203]. Magnetic measurements on single crystals un-
der an external pressure of 8 kbar have revealed a suppression of the spin
crossover: under these conditions both compounds are low spin at 350 K
[203].

Dinuclear Fe(III) compounds were also obtained using substituted salten
derivatives together with 4,40-bipyridine as bridging ligand [200]. The 3-
OMe-salten tetraphenylborate compound seems to show the onset of spin
crossover at about 270 K, the 5-OMe-salten material is probably a purely
high spin compound, whereas the 5-Cl-salten derivative exhibits gradual
spin crossover behaviour.

Heterodinuclear Fe(III)Ni(II) imidazole-bridged compounds have been
prepared starting from [Fe(salten)]+ and NiL with L being the N3O ligand
shown in Fig. 16 [191]. Gradual and incomplete spin crossover occurs in the
range 80–295 K for [Fe(salten)NiL]BPh4. For the analogous complex con-
taining a methyl group at the central nitrogen atom of the ligand a spin tran-
sition was also observed but only below 120 K [191].

The related ligands H2bpN [205] and its 5-methyl-substituted derivative
H2mbpN (Fig. 17) [204, 205] have also been investigated. [Fe(bpN)(pyri-
dine)]BPh4 shows gradual and partial spin crossover between 78 and 300 K
[205]. [Fe(mbpN)(imidazole)]BPh4 is high spin (meff=5.85 B.M. at 298 K),
whereas [Fe(mbpN)(3,4-dimethylpyridine)]BPh4 exhibits a gradual spin
transition (meff=2.64 B.M. at 78 K and 5.40 B.M. at 320 K) [205]. The struc-
ture of the latter material determined at 293 K confirmed that it is essentially
high spin at this temperature [204].

3.4
Complexes of Hexadentate N4O2-Donating Ligands

3.4.1
General Considerations

The N4O2 ligand systems depicted in Fig. 18 have been shown to generate
spin crossover in Fe(III). Two families of Schiff base ligands have been ob-
tained from the 1:2 condensation of triethylenetetramine with derivatives of
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either salicylaldehyde or b-diketones. In addition, variation of the tetramine
has been systematically explored within the salicylaldehyde series [206].

Several common structural features have been observed for iron(III) com-
pounds of di-anionic hexadentate ligands containing a triethylenetetramine
(abbreviated as trien) moiety. The stereochemical requirements of these lig-
ands are such that hexadentate coordination towards the Fe(III) ion involves
the formation of two six-membered chelate rings using the adjacent outer O
and imine N donor atoms, together with three five-membered chelate rings
containing the imine and amine N donor atoms of the central ligand moiety.
X-ray structures have been determined for several compounds of this type,
which revealed an identical general structure with the Fe(III) ion in a distort-
ed octahedral N4O2 environment [206–209]. In each case the terminal oxygen
atoms occupy cis positions and the remaining four nitrogen atoms (two cis
amine and two trans imine) complete the coordination sphere.

3.4.2
Hexadentate N4O2-Donating Ligands Derived from Salicylaldehyde Derivatives
and Triethylenetetramine

Within the [Fe(sal2trien)](anion)·x(solvent) family the magnetic moments
determined at room temperature are anion and solvation dependent, span-

Fig. 18 Hexadentate N4O2-donating Schiff base ligands
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ning the range from essentially high spin Fe(III) (meff=5.81 B.M.) for anhy-
drous [Fe(sal2trien)]PF6 to low spin Fe(III) (meff=1.94 B.M.) for [Fe(sal2

trien)]Cl·2H2O [149]. It seems that the greater the extent of hydration the
larger the population of the low spin state at room temperature. This may be
illustrated by the following range of magnetic moments: 5.00 B.M for the an-
hydrous PF6

� and BPh4
� salts, about 2.4 B.M. for the mono- and 1.5 hydrat-

ed I� and NO3
� salts, respectively, and 1.94 B.M. for the dihydrated Cl� salt

[149].
X-Ray structures have been reported for the purely low spin compounds

[Fe(sal2trien)]Cl·2H2O [207], [Fe(sal2trien)]NO3·H2O [207] and [Fe(sal2

trien)]Br·2H2O [208], as well as for the predominantly high spin material
[Fe(sal2trien)]PF6 [208] at room temperature. In addition, structures have
been determined for [Fe(sal2trien)]BPh4 [208] and [Fe(sal2trien)]BPh4·ace-
tone [209] at room temperature where significant fractions of both spin
states are present. As expected, the average metal-donor atom distances ob-
served for the low spin complexes are shorter by about 0.12–0.13 � relative
to those determined for the (predominantly) high spin materials. However,
this difference is not uniform: the Fe–N bonds vary more (Dr(Fe–N(ami-
ne))=Dr(Fe–N(imine))=0.17 �) than the Fe–O bonds (Dr(Fe–O)=0.04 �). In
addition, the 12 angles subtended at the metal ion by adjacent donor atoms
lie in the range 75–105� in the predominantly high spin materials, whereas
these are closer to regular octahedral values (84–95�) in the low spin forms
[208].

The role of the lattice water molecules in stabilising the low spin state for
the Fe(III) ion could be clarified by analysis of the structures of the isomor-
phous low spin [Fe(sal2trien)]X·2H2O (X=Cl� [207], Br� [208]) compounds.
In these materials, the halogen anion is hydrogen bonded to the two water
molecules, one of which is in turn hydrogen bonded to an amine donor
atom. This hydrogen bonding network in the solid state is consistent with
solution state studies on Fe(III) sal2trien materials (see below) where strong
[N–H...solvent] interactions were shown to favour the low spin state. The hy-
drogen bonding links the anions and cations in a polymeric chain. A similar
hydrogen bonding scheme also exists in the low spin compound [Fe(sal2

trien)]NO3·H2O [207].
[Fe(sal2trien)]PF6 and [Fe(sal2trien)]BPh4 exhibit gradual spin crossover

behaviour, that for the latter being the more gradual and shifted to higher
temperature [149, 207, 208]. The structure of [Fe(sal2trien)]BPh4 determined
at 293 K shows that the compound is essentially in the high spin state [208].
Interestingly, the asymmetric unit of [Fe(sal2trien)]PF6 (293 K) contains two
crystallographically independent and predominantly high spin Fe(III) ions,
for which the bond lengths and angles involving the ligand donor atoms dif-
fer slightly [208]. The authors have ascribed the unusual variation of the
magnetic moment with temperature to the occurrence of two separate and
gradual transitions, one occurring at one of these Fe(III) sites between 200
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and 100 K, and the other at the second Fe(III) site below 100 K. This hypoth-
esis has not been confirmed by other experimental techniques, however, and
it may be more likely that the slight decrease in magnetic moment starting
at about 50 K with decreasing temperature is due to zero-field splitting asso-
ciated with the remaining high spin Fe(III) ions.

Crystals of [Fe(sal2trien)]BPh4·acetone could be obtained in two crystal-
line forms, i.e. monoclinic and twinned crystals [209]. Both forms have dis-
tinctly different X-ray powder patterns. The twinned crystals contain high
spin Fe(III) over the temperature range 78–320 K, whereas the monoclinic
form exhibits gradual spin crossover. The average Fe–donor atom bond
lengths determined for a monoclinic crystal at 290 K (Fe–O=1.875 �, Fe–
N(imine)=1.988 �, Fe–N(amine)=2.069 �) are in good agreement with the
extent to which the spin transition has proceeded at this temperature (40%
high spin). The difference between these two modifications also becomes ev-
ident from the EPR spectral data, recorded for the monoclinic compound
with decreasing temperature, which show that the low spin signals (g1=2.20,
g2=2.194, g3=1.944) increase in intensity at the expense of the high spin sig-
nals (g=4 and g=2). These high spin and low spin EPR signals are typical for
ferric centres of this type. For the twinned crystals broad signals at g=2.1,
3.7 and 5.3 were observed at 296 K [209].

The 57Fe M�ssbauer spectra collected for the monoclinic form of
[Fe(sal2trien)]BPh4·acetone comprise a time-average of contributions from
both electronic spin states [209]. The quadrupole splitting values decrease
with increasing temperature, i.e. with increasing population of the high spin
state. These features indicate that the lifetimes of the low spin and high spin
states are as short as or less than the nuclear lifetime tN of 57Fe (10�7 s); this
has also been found in a subsequent and more extended study [210]. In con-
trast, the 57Fe M�ssbauer spectra for [Fe(sal2trien)]BPh4 consist of a super-
position of high spin and low spin signals [207] indicating longer lifetimes
for the spin states in this instance [207]. In addition, the dynamics of the
spin state interconversion of [Fe(sal2trien)](anion)·x(solvent) complexes
have also been studied in detail for solutions by laser Raman temperature-
jump kinetics [149, 211, 212], and the lifetimes estimated are consistent with
the spectral data.

Tweedle and Wilson have carried out extensive studies on Fe(III) com-
pounds of X-substituted sal2trien derivatives in solution [149]. The com-
pounds [Fe(X-sal2trien)]Y (X=H, 3-NO2, 5-NO2, 3-OCH3, 4-OCH3, 5-OCH3;
Y=PF6

�, NO3
�, BPh4

�, I�, Cl�) have been found to exhibit variable tempera-
ture magnetic susceptibility, 1H NMR and electronic spectral properties in-
dicative of spin crossover behaviour. The differences observed in the spin
transition characteristics have been related to the hydrogen bonding capa-
bility of the particular solvent, the anion associated with the complex, and
the nature and position of the substituent in the salten ligand. For the parent
[Fe(sal2trien)]Y series, the spin transition appears to be strongly solvent de-
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pendent but essentially anion independent. The solvent dependency has
been interpreted as arising mainly from a specific [Fe(sal2trien)]+·solvent
hydrogen bonding interaction involving the N–H protons on the trien back-
bone, where the strongest [N–H...solvent] hydrogen bonding produces the
largest population of the low spin isomer. Most elegantly, the N–H stretching
frequency in the infrared spectra for the [Fe(sal2trien)]PF6 parent compound
has been measured in a variety of solvents and correlated with the magnetic
behaviour of this compound in the same solvents at 295 K. Interestingly, the
results indicate a nearly linear relationship between the splitting pattern of
the nN–H vibration and the measured magnetic moment for a rather diverse
series of nitrogen- and oxygen-containing solvents. The effect of substitution
in the salicylaldehyde moiety has been studied [149] and at room tempera-
ture the measurement of the magnetism of [Fe(X-sal2trien)]PF6 in acetone
solution indicated that the percentage of high spin isomer depends on the
salicylaldimine ring substituent and decreases in the order: 4-OCH3

(97%)>5-OCH3 (85%)>3-OCH3 (73%)>H (68%)>3-NO2 (49%)>5-NO2

(19%). Magnetic data recorded down to 180 K confirm that this order is fol-
lowed over a wide temperature range. Obviously, the nature of this substitu-
ent effect must be electronic in origin since the spatial orientation of the two
chelated salicylaldimine rings indicates no specific intramolecular substitu-
ent steric interactions. For this X-sal2trien series the more electronegative
NO2 groups favour the low spin state while OCH3 favours the high spin
form, with the unsubstituted parent compound exhibiting intermediate be-
haviour. It is of note that a similar substituent effect has also been found for
tris(substituted-monothio-b-diketonato)iron(III) compounds in the solid
state, where electronegative CF3 substituents favoured the low spin state rel-
ative to the CH3 groups (see above) [84]. For the [Fe(X-sal2trien)]PF6 mate-
rials the location of the substituent seems to be almost as important as its
nature in influencing the spin crossover in solution. In their analysis of the
magnetic properties Tweedle and Wilson pointed out that for this range of
substituents the different extents to which either spin state is favoured may
be explained by the assumption that p-acceptance by the ligands is more im-
portant than the s-donor capabilities in stabilising the low spin state [149].

The sal2trien system has also been modified by incorporating a sulfonate
group at the 5-position of the salicylaldehyde moiety and spin crossover is
observed in the Fe(III) complex [213]. Substitution by phenyl groups at the
imine carbon atom of the sal2trien ligand has resulted in the purely high
spin [Fe(bpk2tet)]ClO4·EtOH [206].

In a systematic study of the effects of variation of the tetramine involved
in formation of the hexadentate N4O2 donor Schiff base the linear 3,3,3-,
3,2,3-, 2,3,2- or 2,2,2-tetramines, where the numbers refer to the number of
carbon atoms between the amine groups (note 2,2,2-tetramine is synony-
mous with the nomenclature trien used previously) have been condensed
with salicylaldehyde, acetophenone or benzophenone [206]. Crystal struc-
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tures have been determined at room temperature for a number of Fe(III)
compounds of this series. However, none of these displayed spin crossover
behaviour but their spin state seemed to depend on the arrangement of the
N4O2 ligand donor atoms about the Fe(III). When the terminal oxygen atoms
occupy cis positions the complexes have been found to be purely high spin,
whereas when they are in trans positions the complexes are low spin.

3.4.3
Hexadentate N4O2-Donating Ligands Derived from b-Diketones
and Triethylenetetramine

Condensation of triethylenetetramine with two equivalents of acetylacetone
or its substituted derivatives results in the formation of the second class of
hexadentate N4O2 Schiff base-type ligands (Fig. 18) which can generate spin
crossover in iron(III). Only two crystal structures are available for Fe(III)
compounds belonging to this series. Those of [Fe(acac2trien)]PF6 and
[Fe(acacCl2trien)]PF6 have been determined at room temperature where
they are high spin [207]. The general structural features are similar to those
of the Fe(III) sal2trien series, involving a distorted octahedral cis FeN4O2

chromophore. The Fe-donor atom bond lengths are typical for high spin
Fe(III). The average Fe–O distances are by far the shortest (1.930 � for the
acac derivative and 1.908 � for the acacCl compound), the Fe–N(amine) dis-
tances are relatively long (2.174 �), whereas the Fe–N(imine) bonds are in-
termediate (2.097 �). Typically, the 12 angles subtended at the Fe(III) ion by
adjacent donor atoms range from 76.7� to 102.1� implying a significant devi-
ation from perfect octahedral symmetry.

While [Fe(acac2trien)]PF6 is a purely high spin compound, [Fe(acacCl2

trien)]PF6 displays spin crossover to a moderate extent below 200 K [207].
In contrast, [Fe(acac2trien)]BPh4 is essentially low spin at 77 K, but appears
to show the onset of spin crossover above 200 K [207], its magnetic moment
increasing to 3.04 B.M. at room temperature [211]. On the other hand, the
trifluoroacetylacetone analogue, [Fe(tfac2trien)]PF6, is predominantly high
spin at room temperature (meff=4.91 B.M.) [211]. The 57Fe M�ssbauer spectra
of these spin crossover compounds show separate signals attributable to the
high spin and low spin states [207, 211].

Spin crossover for a series of Fe(III) compounds of several b-ketoimine
ligands in solution has been confirmed [211]. The compounds [Fe(acac2

trien)]Y (Y=PF6
�, BPh4

�, Br�, I�) exhibit a striking reversible ther-
mochromism associated with the spin crossover in acetone solutions. The
solutions are red at room temperature and change to blue at �80 �C, which
parallels the thermochromism displayed by the [Fe(sal2trien)]+ complexes
[149]. The measurement of the temperature dependence of the electronic
spectrum, coupled with that of the magnetic moment, has allowed character-
isation of the spin crossover for [Fe(acac2trien)]PF6 in methanol. The higher

312 P.J. van Koningsbruggen et al.



energy bands at 520–540 nm were found to decrease steadily in intensity
with decreasing temperature and magnetic moment, and thus could be as-
signed to the high spin form. Conversely, the intensity of lower energy bands
at 610–640 nm increased steadily with decreasing temperature and magnetic
moment, permitting assignment mainly to the low spin form. Although the
spin crossover for the [Fe(acac2trien)]Y [211] complexes is more gradual
than that for the [Fe(sal2trien)]Y series [149], there are strong similarities in
the way this behaviour is influenced by solvent, anion and ligand substitu-
tion, but the effects are in fact generally more pronounced [149]. Although
the influence of the anion seems to be greater for the [Fe(acac2trien)]Y se-
ries, the same order is found for both series, at least in acetonitrile solution.

The effects of ligand substitution on the Fe(III) spin crossover properties
have been examined for [Fe(Z2trien)]PF6 (Z=acacCl, bzac, bzacCl, tfac;
Fig. 18). Comparisons of the low spin population in the spin crossover sys-
tems at a given temperature indicates a systematic effect of the R1, R2 and
R3 chelate ring substituents on the Fe(III) spin state. Since the low spin iso-
mer population for a given temperature increases according to the ligand se-
ries acacCl2trien>bzac2trien>acac2trien, it appears that electron-withdraw-
ing substituents (assuming C6H5>CH3) produce the strongest ligand fields
and, thus, the largest low spin populations [211]. This general pattern paral-
lels that found for the [Fe(sal2trien)]Y complexes where the low spin form is
favoured according to X=NO2>H>OCH3 [149].

3.5
Iron(III) Spin Crossover Induced by Irradiation

The progress achieved in the detailed understanding of photophysical and
photochemical processes that may be induced by light-irradiation in partic-
ular spin crossover systems has driven research efforts towards the develop-
ment of materials that may be used for various technological applications.
Only relatively recently, reports have appeared exploring this field for Fe(III)
spin crossover materials.

Spin-interconversion by light-irradiation was first observed for Fe(II)
spin crossover materials. In some of these Fe(II) compounds in the solid
state, the thermally stable low spin state could be converted to a metastable
high spin state by light-irradiation (Light-Induced Excited Spin State Trap-
ping (LIESST)) (see Chap. 17). Since thermally-induced spin state relaxation
processes may be operative favouring the reverse spin conversion, the life-
time of this metastable high spin form may be rather short and in most in-
stances it may be observed only at very low temperatures. As a first ap-
proach it may be assumed that the lifetime increases when the structural dif-
ferences relative to the initial low spin form become more pronounced. In
Fe(II) and Fe(III) spin crossover compounds, major differences are observed
between the metal-donor atom bond distances for the low spin and high

Iron(III) Spin Crossover Compounds 313



spin states. The average change in these bond distances is 0.18 � for Fe(II),
while a significantly smaller change (0.12 �) is observed for Fe(III). There-
fore, it may be presumed that the light-induced high spin form of Fe(III) will
have a considerably shorter lifetime than that of the metastable high spin
form of Fe(II), or alternatively, the back conversion from the metastable high
spin to the low spin state requires a much smaller activation energy for
Fe(III) compounds compared to the Fe(II) derivatives. The generation of
metastable high spin species by light irradiation of Fe(III) compounds in so-
lution was first reported by Lawthers and McGarvey [214] and later by
Schenker and Hauser [215, 216]: irradiation into the spin-allowed ligand-to-
metal charge transfer (LMCT) band results in the transient generation of
high spin Fe(III) states. It has been estimated that the low-temperature tun-
nelling rate constant for the high spin to low spin relaxation is about seven
orders of magnitude greater for Fe(III) than for Fe(II) compounds in solu-
tion [216].

Successful LIESST studies on Fe(III) spin crossover compounds in the sol-
id state have been achieved by preventing the rapid relaxation from the
metastable high spin to the low spin state through the introduction of strong
intermolecular interactions [137, 138]. It has been proposed that the cooper-
ativity resulting from the intermolecular interaction enhances the activation
energy for the relaxation processes, enabling the observation of a relatively
long-lived metastable state after irradiation [137]. In fact, strong intermolec-
ular p-stacking interactions are responsible for the observation of the
LIESST effect, as well as for the abrupt transition for [Fe(pap)2]ClO4·H2O
(pap=the deprotonated bis(2-hydroxyphenyl-(2-pyridyl)-methaneimine);
T1/2"=180 K, T1/2#=165 K, DT1/2=15 K) [137] and the somewhat less ab-
rupt spin transition without thermal hysteresis for [Fe(pap)2]PF6·MeOH
(T1/2=288 K) [138]. The formation of high spin Fe(III) ions at 5 K upon irra-
diation (l=400–600 nm) into the spin-allowed ligand-to-metal charge trans-
fer (LMCT) band of [Fe(pap)2]ClO4·H2O has been confirmed by the increase
of the magnetic moment, as well as by the 57Fe M�ssbauer spectra showing
two well-separated quadrupole doublets typical for low spin and high spin
Fe(III) ions [137]. Relaxation of this metastable high spin state sets in above
about 70 K. The LIESST effect has also been observed for [Fe(pap)2]PF6·
MeOH at 5 K [138]. The critical temperature of the photo-induced high spin
species for this complex (Tc(LIESST)=55 K) is lower than that of the per-
chlorate derivative (Tc(LIESST)=105 K), consistent with the lower degree of
cooperativity for the transition in the former.

An alternative strategy towards photo-induced spin crossover behaviour
was proposed several years ago by Roux et al. [217]. This ligand-driven
light-induced spin conversion (LD-LISC) is a very promising process which
could also enable photo-induced spin crossover at room temperature. The
principle is based on ligands containing potentially photo-isomerisable
groups. The first studies have taken advantage of the cis-trans photo-iso-
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merisation of a C=C entity incorporated in a ligand coordinated to an Fe(II)
active spin crossover centre [217–219]. The topic is treated in detail by Boil-
lot, Zarembowitch and Sour in Chap. 20. Recently, this strategy has been ap-
plied to mononuclear Fe(III) compounds [196, 197]. For this purpose the
Fe(III) N4O2 environment was provided by the pentadentate salten ligand
(see above) together with the potentially photo-isomerisable ligand 1-(pyri-
din-4-yl)-2-(N-methylpyrrol-2-yl)-ethene (abbreviated as Mepepy) [196] or
4-styryl-pyridine [197]. Solid state [Fe(salten)(Mepepy)]BPh4 with Mepepy
in trans configuration, exhibits a gradual Fe(III) spin crossover taking place
between 150 and 320 K. Irradiation experiments have been carried out in
acetonitrile solutions with a wavelength of 405€5 nm, at which the trans to
cis isomerisation is expected to take place. The evolution of the magnetic
data under irradiation has been followed by the Evans method. In this way,
the ligand field strength is varied under the effect of electromagnetic radia-
tion. Since the methylpyrrole moiety of Mepepy is a strong p-donor group,
the trans to cis isomerisation results in a decrease of the p-donor character
of the ligand and has been found to induce a partial high spin to low spin
change even at room temperature [196]. Further experiments have been car-
ried out on [Fe(salten)(trans-4-styrylpyridine)]BPh4·(CH3)2CO·0.5H2O and
[Fe(salten)(cis-4-styrylpyridine)]BPh4, which both display gradual spin
crossover behaviour in the solid state with T1/2 being 260 K for the former,
whereas it is almost 100 K higher for the latter [197]. Although irradiation
(l=313 nm) of the materials in acetonitrile solutions, as well as in the solid
state, brought about changes in the UV spectra, conclusive evidence for an
actual change in the spin state of Fe(III) could not be obtained.

The same approach has been applied to dinuclear Fe(III) spin crossover
materials. In [(salten)Fe(azobis(4-pyridine))Fe(salten)](BPh4)2 the Fe(III)
spin crossover centres are connected by the potentially photo-isomerisable
azobis(4-pyridine) entity [202]. The solid compound undergoes a gradual
temperature-induced spin transition (meff=ca. 2.2 B.M. at 200 K and 4.3 B.M.
at 350 K). Since the material is thermochromic in acetonitrile solution, it
has been possible to monitor the spin transition by recording the electronic
spectra. These results could be compared to those obtained from irradiation
measurements. Upon the thermal spin transition the absorption at 430 nm
increases in intensity, whereas the absorption at 480 nm simultaneously de-
creases in intensity. The same changes in electronic spectra have been ob-
served upon irradiation with a wavelength of 300 nm at room temperature.
The experiments are consistent with a reversible photo-induced Fe(III) spin
crossover taking place in solution. Interestingly, irradiation (l=300 nm) of a
KBr disc containing the complex at room temperature revealed that the trans
to cis photo-isomerisation also occurs in the solid state, although the process
is irreversible in this instance [202].
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3.6
Developments in Materials Science

Several approaches to obtaining Fe(III) spin crossover materials in a form
suitable for incorporation in devices for possible practical application have
been reported.

Nakano et al. have demonstrated that Fe(III) spin crossover complexes
adsorbed on the surface of silicon dioxide retain their spin crossover behav-
iour [220]. EPR and 57Fe M�ssbauer spectral data indicated that the spin
transitions observed are similar to those of the neat solid materials used, i.e.
[Fe(acpa)2]PF6, [Fe(acpa)2]BPh4 (Hacpa=N-(1-acetyl-2-propylidene)(2-pyri-
dylmethyl)amine) and [Fe(bzpa)2]PF6 (Hbzpa=(1-benzoylpropen-2-yl)(2-
pyridylmethyl)amine).

[Fe(salten)]+ entities (salten is a pentadentate Schiff base; see above) have
been attached to polymer matrices providing the sixth N-donor atom
through their pyridine or imidazole entities [221]. The polymers used are
polymeric-4-vinylpyridine, the copolymer of octylmethacrylate and 4-
vinylpyridine, and the copolymer of octylmethacrylate and 1-vinylimidazole.
The resultant six-coordinate materials show spin crossover, confirmed by
measurements of magnetic susceptibility, EPR and 57Fe M�ssbauer spectra,
together with thermochromism. An alternative and more direct approach in-
volved modified five-coordinate [Fe(salten)]+ or six-coordinate [Fe(sal2

trien)]+-type entities containing appropriate polymerisable groups attached
to the 5-position of the salicylideneimine moiety. These have been poly-
merised with 4-vinylpyridine to obtain spin crossover polymeric materials
by a more direct synthetic route [221]. Despite the polymeric nature of these
systems, the transitions are not strongly cooperative.

Recently, the preparation of liquid crystals displaying spin crossover has
been achieved [222]. For this purpose the N2O-tridentate Schiff base ligand
obtained from the condensation of 4-(dodecyloxybenzoyloxy)-2-hydroxy-
benzaldehyde and N-ethylethylenediamine (H2L) (analogous to those shown
in Fig. 12) has been selected. Liquid crystal properties were confirmed for
[FeL2]PF6 in the crystal state and meso phase by polarising optical microsco-
py, differential scanning calorimetry and X-ray scattering, from which it
could be concluded that the compound consists of rod-like molecules; it ex-
hibits the fan-shaped texture usually attributed to the smectic A mesophase
in the temperature range 388–419 K [222]. Measurements of magnetism and
57Fe M�ssbauer spectra indicate an almost complete, gradual spin crossover
over the range ca. 75 to 200 K.
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4
Conclusions

The comparison of Fe(III) spin transition systems with those of other metal
ions reveals the greater variety of chromophores for which spin crossover is
observed in iron(III). This is reflected in a generally more diverse coordina-
tion environment as well as a far broader range of donor atom sets. For six-
coordinate systems the spin crossover generally involves an S=1/2$S=5/2
change, whereas for five-coordinate materials an intermediate (quartet) spin
state is involved in S=1/2$S=3/2 transitions. There is just one report of
such a transition in a six-coordinate system and that is considerably dis-
torted [126].

The donor atom sets for six-coordinate systems range from FeS6 in the
dithiocarbamate and X-xanthate (X=O, S) systems to FeS3O3 for monothio-
carbamates and monothio-b-diketones, and FeS3Se3 or FeSe6 for thioseleno-
or diselenocarbamates, respectively. In addition, FeS2N2O2 and FeSe2N2O2

chromophores are formed from the important thiosemicarbazone or se-
lenosemicarbazone-type ligands, respectively. FeN3S3 chromophores are
known but are less common [120, 121, 123]. In addition, spin crossover
FeN5Cl and FeN4Br2 chromophores have been identified [122, 166]. In con-
trast to the FeS6 systems which, particularly in the dithiocarbamates, repres-
ent the most widely studied group, there is only a single example for an
FeO6 spin crossover species [93]. Multidentate Schiff base-type ligands are
widely suited to the generation of spin crossover in iron(III) but the range
of donor atom sets for these is more limited than for the systems above. Two
N2O-donating tridentate ligands or a single hexadentate N4O2 ligand are re-
markably effective in leading to spin transitions in six-coordinate FeN4O2

chromophores. Several N3O2- or N2O2-donating systems are also effective
but require one or two appropriate additional N-donating heterocyclic bases
to complete the pseudo-octahedral N4O2 coordination sphere.

The S=1/2$S=3/2 Fe(III) spin crossover in five-coordinate compounds
is also found for a relatively large number of donor atom sets: FeOS4 [124,
125], FeNS4 [125], FeN3O2 [169–171, 174, 175], FeN5, and FeN4X (X=Cl�,
Br�) [168].

Apart from the wider range of donor atom sets, the transitions in iron(III)
are distinguished from those in iron(II) in a number of other ways. Although
for both metal ions the change in the total spin for the transitions in six-co-
ordinate systems is DS=2, the actual change in bond length (for the same
donor atoms) accompanying the transitions is less for iron(III) than for iro-
n(II). This is the origin of many of the important differences encountered in
the nature of the spin crossover observed for the two metal ions. Perhaps the
two most important characteristics resulting from this are the generally in-
creased rate of inter-conversion of the spin states and the lower degree of co-
operativity associated with the transitions in the solid state for iron(III).
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The inter-conversion of the spin states in many instances is so rapid that
the separate contributions to the 57Fe M�ssbauer spectra are not resolved.
Thus this technique, which has proved so diagnostic in iron(II) systems, is
frequently less suited to the derivation of spin transition curves for iron(III).
A further corollary of the faster spin state inter-conversion is the rarity of
the LIESST effect among iron(III) systems, in contrast to its ubiquitous
occurrence in iron(II).

The great majority of transitions observed for iron(III) are gradual and
the observation of thermal hysteresis associated with them is relatively rare.
In the only instances where features indicative of significant cooperativity
have been reported, extensive hydrogen-bonding networks (formed in some
thiosemicarbazone compounds [111, 115, 118, 119]) or p-p stacking interac-
tions (operative in several compounds of N2O Schiff base systems [135–138,
164, 165]) have been invoked as the origin of the cooperativity.

Despite these differences, the similarities predominate and virtually all
the features noted for spin crossover in iron(II) are also found for iron(III).
Because of the great emphasis on the cooperative aspects of the spin cross-
over phenomenon, iron(II) systems have tended to dominate more recent
research. However, there are very striking examples among the iron(III) sys-
tems which are of strong relevance to these aspects and there is certainly
scope for future work in this area. This is evident in much of the very recent
work where it can be seen that specific strategies to increase the cooperativ-
ity have been successful and have led, for example, to solid iron(III) systems
which display the LIESST effect [137, 138]. The generation of polymeric
species as a means of increasing cooperativity, an approach which has been
widely adopted for iron(II), has received relatively little attention for iro-
n(III) and this is an area which can be expected to be exploited further.

It is clear that spin crossover occurs widely for iron(III). The treatment
given here has been confined in the main to typical synthetic systems but it
needs to be stressed that among iron(III) naturally occurring porphyrin-
type systems spin crossover is widespread and its presence in them is vital
to their roles [223–227].
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