Spin crossover phenomena in Fe(i1) complexest
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The behaviour of spin crossover compounds is among the
most striking and fascinating shown by relatively smple
molecular species. Thisreview aimsto draw attention tothe
various ways in which spin crossover phenomena are
manifested in iron(i1) complexes, to offer some rationalisa-
tion for these, and to highlight their possible applications.
Typical exampleshave been selected along with morerecent
ones in order to give an overall view of the scope and
development of thearea. Thearticleisstructured to provide
the basic material for those who wish to enter the field of
spin crossover.

T Dedicated to Professor F. A. Cotton on occasion of his 70th birthday.

1 Introduction

As aconsequence of the splitting of the energy of the d orbitals
into the t,q and gy setsin aligand field, octahedral complexes of
certain of the transition metal ions, particularly those of thefirst
transition serieswith configurations d* to d7, may exist in either
the high-spin (HS) or low-spin (LS) state, depending on the
nature of the ligand field about the metal ion. In weak fields the
ground state is HS where the spin multiplicity is a maximum,
the d electrons being distributed over the t,g and ey sets whereas
strong fields stabilise the LS state with minimum multiplicity,
the t,4 et being completely occupied before el ectrons are added
tothe g, set. For thed®ion of iron(n), for example, thetwo states
are illustrated by [Fe(H,0)g]2*, which, with the configuration
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tog*eg2, has four unpaired electrons and thus is strongly
paramagnetic (ST,g state in octahedral symmetry), and
[FE(CN)g]*~ (t2g%ey?) Which has no unpaired electrons (*A4
state) (Fig. 1). For intermediate fields the energy difference
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Fig. 1 Electronic configuration for ad® iron(i1) ion, inthe LS state, inthe HS
state and equilibrium between these two states in the case of thermal spin
crossover. A stands for the cubic ligand field parameter and P for the mean

spin-pairing energy.

(AE°H) between the lowest vibronic levels of the potential
wells of the two states may be sufficiently small such that
application of some relatively minor externa perturbation
effects a change in the state. This phenomenon is known as a
spin transition (ST) or spin crossover (SC) and its origin is
illustrated in Fig. 2. A ST will be induced thermaly when
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Fig. 2 Representation of the potential wellsfor the 1A; and ST, states of an
iron(n) SC system, the nuclear coordinate being the metal-donor atom
distance.

AE°y = kgT and when this criterion ismet pressure- and light-
induced transitions may also be observed. Although spin
transitions have been observed for al the configurations listed
abovefor thefirst transition seriesand avery limited number are
known for the second transition series, by far the greatest
number has been reported for iron(n). Since the properties of the
iron(i1) systems span the whole range of behaviour observed for
ST systems, this article will draw principaly on examples
containing thision to illustrate the important features of the ST
phenomenon.

The relatively facile change in ground state exhibited by
iron(i1) inasuitably contrived ligand environment hasimportant
implications for virtually all the properties of the particular
metal derivative. Spin transitions are found in natural systems,
in particular in a number of haem derivatives where they can
play a pivotal role in controlling biological functions® In
naturally occurring systems haemoglobin may be unique in
exploiting the very significant change in the Fe-N bond lengths
accompanying singlet (1:A;) < quintet (5T,) conversions in
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iron(n) for the purpose of efficient oxygen transport. It has been
pointed out? that without application of that changein spin state,
fast-moving animals could not have evolved. Spin transitions
are also observed in certain minerals3 and in geologica
processes the relationship between pressure and spin state is
especialy relevant. In synthetic systems spin transitions have
been recognised since the 1930s when Cambi and co-workers
first observed the phenomenon in iron(in) dithiocarbamate
derivatives. Since then the field has continued to grow and the
past few yearsin particular have seen fundamental advancesin
the understanding of the phenomenon and the properties
associated with it. The earlier developments in iron(n) ST
systems were reviewed by Konig in 1968,4 Goodwin in 19765
and Gitlich in 1981.6 Since then numerous reviews have
appeared on specific aspects of the phenomenon and these are
listed inthe 1994 comprehensive review by Giitlich, Hauser and
Spiering.”

From the measurement of the temperature-dependence of the
properties of a ST system it is possible to evaluate the relative
concentrations of HS and L S states as a function of temperature
and thusto construct aST curve, aplot of the HS molar fraction
s Vs. T, (Fig. 3). For systemsin solution the behaviour follows
acurve similar to that of Fig 3aand may beinterpreted in terms
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Fig. 3 Thenature of ST curvesfor SC systemsin the solid state: (a) gradual;
(b) abrupt; (c) with hysteresis; (d) with steps; (€) incomplete.

of a simple thermal equilibrium involving a Boltzmann
distribution over al vibronic levels of the two spin states. Inthis
instance the transition occurs essentially at the molecular level
without the constraints of |attice interactions. For solid systems
lattice effects assume importance and the full range of
behaviour illustrated by the curves of Fig 3a—e has been
observed. Thetransition may be gradual and continuous over an
extended temperature range, similar to solution behaviour (Fig.
3a), or it may be abrupt and occur within a narrow temperature
range (Fig. 3b). The transition may be associated with athermal
hysteresis loop (Fig. 3c) or be a two-step process (Fig. 3d). In
certain instancesthetransition may beincomplete at one or both
extremes of the ST curve (Fig. 3e). The curves are diagnostic of
the nature of the ST and the steepness of the change, for
example, isindicative of the extent of cooperativity involved in
the propagation of the spin change throughout the solid lattice,
i.e. the extent to which the electronic and structural changesin
amolecule undergoing a ST influence corresponding changesin
neighbouring molecules. This aspect is developed further in
Section 4. When this is low the transition will be a gradual or
continuous process, but as cooperativity increases the transition
becomes more abrupt and may occur within avery narrow range
of temperature or be associated with a phase change and/or
thermal hysteresis. A transition temperature is defined as that
temperature at which the fractions of HS and L S species, which
take part in the transition, are equal. For transitions displaying
hysteresis two transition temperatures Ty, | and Ty» T define
the width of the hysteresis loop.



2 Principal physical techniques

The appearance of athermally induced ST will be manifestedin
a strong temperature-dependence of various properties of the
system, which depend on electronic structure. Perhaps the most
important of these are colour, magnetism and molecular
structure. Since in the HS and LS states there are different
occupancies of the anti-bonding ey orbitals in particular, the
metal—donor atom distanceisremarkably sensitiveto spin-state.
The change amountsto about 0.2 A for the Fe-N bond distances
as a consequence of singlet (*A1) < quintet (5T,) transitionsin
iron(i1) systems, the Fe-N distances being longer inthe HS state
(with appreciable occupancy of the eg* orbitals) and shorter in
the LS state (with empty e;* orbitals). For systemsin the solid
state this change in the molecular dimensions may bring about
fundamental changes in the crystal lattice.

It is possible to monitor atransition and construct a ST curve
by a variety of techniques. The measurement of magnetism is
frequently employed to characterisea ST sincethereisamarked
difference in the magnetic moments8 of HS(ca. 5B.M.) and LS
(ca. 0 B.M.) iron(i1) and thus a strong temperature-dependence
of the magnetic moment is expected. An example is shown in
Fig. 4 for [Fe(ptz)g] (BF4)2 (ptz = 1-propyltetrazole). Magnet-
ism aone is not sufficient to establish the existence of a ST
since it is a property of the bulk material.
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Fig. 4 Temperature-dependence of the magnetic moment for polycrystalline
[Fe(ptz)s] (BF4)2 on slowly cooling (V) and heating (A).

Spectroscopic techniques are frequently applied to identify
and characterise a ST. Iron(n) Mdssbauer spectroscopy is
particularly suitable since the spectral parameters associated
withthe HS and L S states clearly differ and thetime-scale of the
technique (10-7 s) is such as generally to allow the detection
and evaluation of the separate spin states in the course of the
transition. Typically, Mdssbauer spectra of HS iron(n) show
relatively high quadrupole splitting, (AEg = 2-3 mms—1) and
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isomer shift, (6 = 1 mm s-1), while for LS iron(n) these
parameters are generally smaller (AEg < 1mms-1, <05
mm s—1). As an example, the temperature-dependent M dssba
uer spectra of [Fe(ptz)g] (BF4)2 are shown in Fig. 5. For iron(i),
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Fig. 5 Temperature-dependent 57Fe Mdssbauer spectra for polycrystalline
[Fe(ptz)e] (BFa)2.

the electronic spectrum for the HS ion shows one ligand field
band (frequently broad or split) in the near-infrared region and
arising from the 5T, — SE transition, while for LS iron(n) two
ligand field bands occur, A; — 1T, and 1A; — 1T, the former
appearing in the visible and the latter in the ultra-violet region.
Charge-transfer transitions for both spin states often appear in
the visible region and thus mask the ligand field transitions for
the LS state but they are generally displaced to higher frequency
for the HS species. Thus a thermally induced transition will
usualy result in strong, visible thermochromism, and this
frequently provides a simple and rapid means for the ready
detection of the likely occurrence of a spin transition. In certain
cases the charge transfer transition in the LS form does not
occur in the visible region and then the 1A; — 1T, ligand field
transition may determine the colour of the LS state. In this
instancethe LS — HS transition is generally accompanied by a
change from pink-violet to colourless. An example is the
compound [Fe(ptz)e] (BF4)- for which the optical spectra of the
HS and LS states are shown in Fig. 6.7

3 Selected spin crossover compounds
3.1 Generation of the crossover situation

Although the criterion for the occurrence of a ST may appear
very restrictive there is in fact a very large number (> 150) of
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Fig. 6 Single crystal UV-vis absorption spectra for [Fe(ptz)e] (BF4)2 in the LS and HS states.
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systems which have been characterised. By far the majority of
these are Fe(i)Ng systems where all or some of the nitrogen
donors are part of heterocyclic systems. The first synthetic
system, [Fe(phen)o(NCS),] (phen = 1,10-phenanthroline), was
identified in 1966° and since then many other species of similar
composition have been shown to undergo transitions. In
addition, derivatives of simple unidentate ligands such as
isoxazole and substituted tetrazoles, along with multidentate
species and polynuclear systems are now known to show SC
behaviour. While it is not possible to rationalise readily the
great variety of ligand systems known to generate SC behaviour
iniron(in), sufficient isrecognised of the general features of such
systems to enable the fine-tuning of the field strength of model
ligands so as to bring it into the crossover region. Three
strategies in particular are widely effective:

(i) The incorporation of substituents in the ligand. If the
substituent is adjacent to a donor atom this will de-stabilise the
singlet state by hindering the close approach of the metal atom
and is illustrated by [Fe(mephen)s]2+ (mephen = 2-methyl-
1,10-phenanthroline) which is HS at room temperature but
undergoes atransition to LS at low temperatures, in contrast to
the unsubstituted [Fe(phen)z]2* which is LS at al accessible
temperatures.’® In other instances where the substituent is
remote from the donor atom el ectronic effects may be operative
and could be applied to stabilise either state.

(ii) The replacement of six-membered heterocycles by five-
membered. The principal effect here is to reduce both the o-
donor and m-acceptor character of the system and hence to
favour the quintet state, but steric effects are a so expected to be
operative since the geometry of the five-membered ring will
introduce additional strain into the chelate ring. Perhaps
surprisingly, the dimensions of the actual FeNg coordination
core are not usualy markedly different for chelate groups
containing five-membered heterocycles and those containing
six-membered. The effect isillustrated by the SC behaviour of
[Fe(pyim)s]2* (pyim = 2-(pyridin-2-yl)imidazole), in contrast
to the completely LS nature of [Fe(bpy)s]2* (bpy = 2,2’-
bipyridine).11

(iii) The replacement of conjugated, heterocyclic donor sys-
tems by aiphatic. The typical substitution applied here is of a
2-pyridyl group by an amino-methyl group. One of the most
widely studied systems is [Fe(pic)s](anion), (pic = 2-picolyl-
amine) for which avariety of SC behaviour has been observed.6
This approach of incorporation of the picolylamine or related
structural motif has been extended widely by Toftlund2 and
even encompasses the sexadentate system tetrakis(2-pyridylme-
thyl)ethylenediamine for which theiron(i1) complex perchlorate
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isexceptional in showing arate of interconversion of the quintet
and singlet states sufficiently high that resol ution of thetwo spin
states on the Mdsshauer timescale is not achieved.13

The tridentate ligand 2,2’: 6’,6”-terpyridine (L = 1) formsa
LS [FeNg]2+ species and many SC systems have been devised
by modifying this in ways similar to those applied to the
bidentate bipyridine (Fig. 7). Thus the effect of substitution is
illustrated by the HS nature of salts of bis(2,6-bis-(quinolin-
2-ylpyridine)iron(n) (L = 2) in which the benzene rings fused
to the terminal pyridine rings provide a barrier to the close
approach of the metal atom necessary in the LS configuration.14
Introduction of a phenyl substituent adjacent to just one of the
terminal N-donors (L = 3) has been shown to lead to either a
HSor aLScomplex in the solid state and to atemperature- and
pressure-dependent spin equilibrium in solution.1> However,
when phenyl or methy| substitutents are present adjacent to both
terminal donor atoms the [FeNg|2* derivative is entirely HS.15
Replacement of the pyridine rings in terpyridine by five-
membered heterocycles can also be effective in generating SC
behaviour, but the effect is quite different for the terminal rings
on the one hand and the central ring on the other. This arises
primarily because of the steric consequences of tridentate
coordination in an equatorial plane of an octahedron. The
metal—Ncenra  distance is always the shortest and thus the
replacement of the central ring has the more drastic effect. This
is shown, for example, by the SC behaviour of sdts of the
[FeNg]2* derivative of 2,4-bis(pyridin-2-yl)thiazole (L = 4) but
the LS nature of derivatives of the isomeric ligand 2-(pyridin-
2-yl)-6-(thiazol-2-yl)pyridine (L = 5).16 Even when both
terminal rings are replaced by the thiazole ring, salts of the
[FeNg]2* species remain LS but the system can be brought into
the crossover domain by subsequent incorporation of sub-
gtituents in the termina rings (methyl or fused benzo-
substitution). It is noteworthy that because of the geometry of
the five-membered rings, substituents adjacent to the donor
atoms are skewed away from the metal atom and steric effects
are less pronounced than those of substituents adjacent to the
nitrogen atom of pyridine. Thuswhilethe[FeNg]2* derivative of
(2,6-bis-(quinolin-2-yl)pyridine) isHS, that of 2,6-bis(benzimi-
dazol-2-yl)pyridine (L = 6) or 2,6-bis(benzthiazol-2-yl)pyr-
idine (L = 7) shows crossover behaviour.1?

The SC situationisvery critically poised and modificationsto
a system more subtle than ligand substitution can effect
fundamental changes in the electronic properties of the system.
Many iron(n) SC systemsare cationic and the course or even the
actual occurrence of a ST can be affected by variation in the
nature of the accompanying anion or by the formation of

(9

Fig. 7 Tridentate ligand systems related to 2,2': 6’,6”-terpyridine.
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solvates. Both effects have been observed, for example, for salts
of the [Fe(pic)s]?+ system.6 The influence of solvation is
observed in uncharged complexes as well. The operation of
these effectsisfairly widespread but rarely predictable, the one
anion, for example, favouring the HSformin one system but the
LSinanother. Similarly hydration, while favouring the LS state
in most instances, may stabilise either state. Thus while, for
example, [Fe(bpp)2](BF4)2-3H20 (bpp = bis(2,6-bis(pyrazol-
3-yhpyriding)) (L = 8) is LS a room temperature, the
anhydrous compound is HS. On the other hand
[Fe(btp),]Cl2>-4H,0 (btp = bis(2,6-bis(1,2,4-triazol-2-yl)pyr-
idine)) (L = 9) is HS and the anhydrous salt is LS at room
temperature.1®8 These effects are determined by lattice forces
and may result, for example, from outer sphere ligand field
effects, hydrogen bonding interactions or changes in the
‘chemical pressure’ exerted by different lattice anions or solvate
molecules.

3.2 Polymeric compounds

One of themain challengesin SC research isto design materials
suitable for practica applications on the nanotechnological
scale. For this purpose, the mere occurrence of SC itself is not
a guarantee of success. For switching devices, for example,
room temperature bistability conditions are required along with
avery abrupt ST showing abroad hysteresis|oop. For displays,
a colour change is in addition necessary.1® The presence of an
hysteresis loop in a ST curve originates entirely from cooper-
ative effectsif thereis no accompanying crystall ographic phase
change. The loop width is related to the strength of the
cooperative interactions. Their origin is detailed in Section 4.
Allowing SC centres to communicate via covalently bound
chemical bridges, i.e. in a polymeric species, is an important
strategy to enhance cooperativity of agiven system. Inthisway,
molecular distortions accompanying the ST can be efficiently
distributed throughout the whole crystal lattice. For this reason
particular attention has been directed to incorporating ST
centres into polymeric species over the past ten years. Most of
those studied incorporate 1,2,4-triazole as ligands.2° Chains of
linked ST centres, as well as two-dimensional and three-
dimensional networks have been reported.19-24 At the present
time the Fe(i1)-1,2,4-triazole linear chain derivatives represent
the most important class of this family.1921 Their crystal
structure consists of metal centres triply bridged by 1,2,4-tria-
zole ligands through the nitrogen atoms occupying the 1 and 2
positions, as shown recently for a related Cu(i) compound.2s
The non-coordinated anions and any solvent molecules occupy
the space between the chains. The behaviour of these systemsis
illustrated by [Fe(NHtrz)s](NOs)> (NHotrz = 4-amino-
1,2,4-triazole) which undergoes an abrupt ST above room
temperature and associated with an hysteresis loop of width of
35K (Fig. 8) together with a pronounced thermochromic effect:
purple (LS) < white (HS).1® These types of materias are
currently being assessed by industrial organisationsfor possible
practical applications. Compounds of higher dimensionality
incorporate symmetric multifunctional ligands able to coor-
dinate metal ionsin several directions. The judicious use of the
potentially tetradentate 4,4’-bis-1,24-triazole (btr) molecule
resulted in the discovery of the first two-dimensional and three-
dimensional ST compounds.2022 The crystal structure of
[Fe(btr)2(NCS),] -H,0 consists of planesin whichthe Fe(in) ions
are linked by btr ligands.22 The thiocyanate anions are situated
in trans position and the non-coordinated water molecules are
hydrogen bonded to the peripheral nitrogen atoms of thetriazole
units (Fig. 9). The layers are connected by means of van der
Waals forces and weak hydrogen bond bridges involving the
water molecules. This compound undergoes a very abrupt ST
around 134 K with athermal hysteresisof 21 K. Replacement of
the NCS anions by btr ligands in the Fe(i) coordination sphere
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Fig. 8 Temperature-dependence of the HS molar fraction of powdered
[Fe(NH2trz)s] (NOg)..

H,0

Fig. 9 Part of the crystal structure of [Fe(btr),(NCS),]-H,0 (T = 293 K).

results in an increase in the dimensionality. Thus, [Fe(btr)s]-
(ClQy), consists of a three-dimensional network. The crysta
structure reveals the presence of two distinct Fe(in) sites which
in fact separately undergo SC behaviour below room tem-
perature.20 This leads to the observation of a two-step spin
transition. The properties of [Fe(tvp)o(NCS),] (tvp = bis(1,2-
di(4-pyridyl)ethylene) are very relevant here. This compound
represents the first two-dimensional molecular catenane ex-
hibiting SC behaviour. Its crystal structure consists of two
independent fully interlocked orthogona infinite networks.23
[Fe(pyridine),Ni(CN),] isalso atwo-dimensional polymeric ST
compound.24 It shows a discontinuous ST below room tem-
perature with ahysteresiswidth of 12 K. In this system bridging
cyano groups link the metal centres.

4 Spin crossover and the solid state [cooper ative
effects)

Spin transitions are observed for systems in both the solution
and solid states, though the one system will not necessarily
display a transition in both phases. In solution, interactions
between the molecules undergoing spin change are virtualy
negligible and thus the course of the transition can be described
by a Boltzmann approach with a temperature-dependent
distribution over al HS vibronic states and the LS state. The
thermal transition is in this case a molecular process and not
subject to cooperative interactions. The driving force for the

Chem. Soc. Rev., 2000, 29, 419427 423



transition is the considerable entropy gain of ca. 50-80 Jmol—1
K-1 for the LS — HS conversion, made up of a magnetic
component, ASyag = R[IN(2S+ 1)ys — In(2S+ 1), 4], ca. 13J
mol—1 K—1, and amuch greater vibrational entropy contribution
arising from the much higher degeneracies (degrees of freedom)
inthe HS state.” The enthal py change associated with the LS —
HS conversion is typicaly in the range 6-15 kJ mol—1 and is
associated primarily with the rearrangement of the coordination
sphere (metal—-donor atom bond length increase) accompanying
the LS — HS change.

In the solid state there is electron—phonon coupling between
the molecules changing spin state, resulting in cooperative
interactions of varying degrees, as mentioned above. Many
attempts have been made to model quantitatively the different
forms of ST behaviour and the nature of the underlying
cooperative interactions in solid systems. One of the most
successful treatments, developed by Spiering et al.,26 takes as
its basis the large change in the metal-donor atom distance (~
0.2 A) accompanying atransition in iron(ir). It is proposed that
such a significant change at every “point defect” where a ST
occurs, sets up pressure (an ‘image pressure’) which is
communicated to the surroundings via phonon interactions. In
the course of the ST process at many point defects the lattice
expands and accel erates the ST in other metal centres. Thusthe
nature of the cooperative interactionsin asolid iselastic, and in
fact the model of Spiering et al. utilises typical quantities from
elagticity theory to account for the experimental results.

Experimental proof for the existence of cooperative inter-
actions during ST processes in solids has been observed in
studies of the metal dilution effect.2? This involves partia
replacement of iron(in), without change of crystal structure, by a
foreign metal ion, preferably zinc(i1) which has the d° electron
configuration and thusismagnetically silent. Thisaffectsthe ST
curve ys(T) essentialy in two ways: (i) it becomes more
gradual and (ii) it is displaced progressively to lower tem-
peratures with decreasing iron concentration. In fact, at
sufficiently high dilution, the ST curve reflects a simple
Boltzmann distribution of the separate spin states, indicative of
vanishing cooperative interactions, and resembles the curve for
asystem in liquid solution.

Further proof for the existence of cooperative interactions
comes from optical spectroscopy of decaying long-lived HS
states generated by light (LIESST effect; see Section 5).28 It has
been found, for example, that in a single crystal of
[Fe(ptz)e] (BF4)2, the tA; — 1T, absorption peak shifts by ca.
200 cm—1 relative to its original position at ca. 18000 cm—1 as
it growsin intensity during the decay of the metastable HS state.
The reason is a non-linear build-up of ‘chemica pressure
inside the crystal during the HS relaxation process. It isslow in
the beginning, but accelerates with increasing concentration of
iron(i1) LS centres. The normalised 5T, — 1A relaxation curves
of such decay kinetics show sigmoidal behaviour,2® which
further indicates the existence of cooperative interactions.
Similar studies of the decay kinetics in a diluted single crystal
such as [Fep 1Zno.o(ptz)e] (BF4)2 gave entirely different results.
Therecovery curve ¥ s(t) isnow single-exponential ,2° and there
is no observable shifts in energy of the growing *A; — 1T,
absorption peak; both features are indicative of vanishing
cooperative interactions in a diluted crystal, where the average
iron(i)—ron(n) distance has become so large that the spin state
changing centres no longer ‘communicate’ with each other.

Cooperativity of a ST is shown in the solid state and, if
pronounced, may lead to thermal hysteresis. Since this effect is
one of the most significant features of SC systemsin relation to
their possible practical application, considerable effort has been
devoted to understanding the means by which the ST is
propagated throughout the crystal. Strong cooperativity would
be expected to be most likely in polymeric systems and indeed
has been observed in these, most notably in the rigid triazole
systems mentioned above. Hydrogen bonding has long been
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considered to provide a likely mechanism for communication
between metal centres. There are many SC systems where the
ligand incorporates hydrogen bonding sites in addition to the
donor atoms and thus such bonding may link the complex
entities directly or via interaction with solvent molecules or
anions. A further promising means of enhancing cooperativity
would seem to bevia it stacking interactions. These are believed
to be the principal source of the cooperativity in [Fe(dpp)2-
(NCS),]-py (dpp = dipyrido[3,2-a: 2’3'-c]phenazyne).30

5 Effect of light

Inthe mid eightiesit was accidentally observed that an Fe(i) SC
compound in the LS state was converted by light into the
metastable HS state and this had a virtually infinite lifetime at
sufficiently low temperatures.3! This phenomenon became
known as the LIESST effect (Light-Induced-Excited-Spin-
State-Trapping). Later it was found that the reverse process is
also possibles2 The mechanism for these photo-switching
processes, which turned out to be a common feature of most
Fe(n) SC systems, is sketched in Fig. 10. Green light (514 nm of
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Fig. 10 Schematic illustration of LIESST and reverse LIESST of a dé
complex in the SC range. Spin allowed d-d transitions are denoted by
arrows and the radiationless relaxation processes by wavy lines.

an Ar ion laser) is used for the spin allowed excitation 1A; —
1T, with 1T, lifetimes typically of nanoseconds. A fast
relaxation cascading over two successive intersystem crossing
steps, 1T, — 3T; — STy, populates the metastable 5T, state.
Radiative relaxation 5T, — 1A; is forbidden, and decay by
thermal tunnelling to the ground state 1A; is slow at low
temperatures. Reverse LIESST isachieved by application of red
light (ca. 820 nm) whereby the 5T, stateis excited to the SE state
with two subsequent intersystem crossing processes, 5E — 3T,
— 1A, leading back to the LS ground state. As demonstrated
later by Hauser, photoswitching from LSto HSis also possible
via tA; — 3T; — ST, transitions using red light of 980 nm.
Although LIESST was first observed in a single crystal of the
SC compound [Fe(ptz)e] (BF4). it was shown later that it can be
induced in SC molecules embedded in polymer films and in
KBr pellets. It is worth mentioning in this context that LIESST
has also been observed for the conversion of aHS ground state
to the metastable LS state by red light.33



Detailed studies of relaxation of LIESST-generated states
have yielded clear evidence for cooperative interactions in the
neat crystalline compound, but vanishing cooperativity in a
metal-diluted system.29.34 As aready mentioned above, two
important features establish the existence of cooperativity: (i)
the sigmoidal shape of the LIESST state relaxation curve; (ii)
shift of the 1A; — 3T absorption band by ca. 200 cm—1 during
1A; ground state recovery. A build-up of internal pressure,
dependent on the LS fraction, causes self-acceleration of
relaxation of the LIESST state and is responsible for these
typical features.

The effect of light on SC systems is being pursued very
actively and a number of new phenomena have recently been
reported. These include: Light-Induced Thermal-Hysteresis
(LITH), the effect of generating an hysteresis in the ST curve
after LIESST, and subsequent constant irradiation with light;35
Light-Induced Perturbation of a Thermal Hysteresis (LIPTH),
whereby the hysteresis associated with athermal ST isshifted to
either lower or higher temperatures under irradiation with light
of different wavelengths;3¢ Ligand-Driven-Light-Induced Spin
Change (LD-LISC) is another remarkable light effect, whereby
irradiation affords a cis-trans isomerisation of the coordinated
ligand, e.g. of stilbenoid type, with subsequent ST at the Fe(i1)
centre as a consequence of a change in ligand field strength.37
This effect has so far been observed only in liquid solution,
presumably because of the major mechanical forcesinvolvedin
the cis-trans conversion. In this context attention is drawn to a
fascinating photomagnetic switching in an analogue of Prussian
Blue, where light-induced electron transfer between Co'''-NC—
Fel' (S=0,S = 0) and Co''-NC—Fe'' (S = 3/2, S =1/2)
entities causes spontaneous changes of spin states and thus
changes of magnetisation; either the forward or reverse process
isreadily induced by light of different wavelengths.38 It should
be mentioned that it is a so possible to trap spin states using soft
X-rays.39

6 Effect of pressure

The course of a ST is sensitive to the external pressure because
of the difference in volume of the HS and L S species involved
in the transition. The primary effect of an increasein pressureis
a favouring of the LS state in which the metal—donor atom
distances are shorter. Thisgenerally resultsin adisplacement of
the transition temperature to higher values and this impliesin
effect an increase in the zero-point energy separation AE® in
Fig. 2. The study of the effect of pressure on ST systems has
been pursued for many years and has been applied recently to
elucidate subtle effects associated with the transitions and to
gain insight into mechanistic aspects of them. Thefirst study of
this kind related to tris(dithiocarbamato)iron(in) systems and
the pronounced pressure-dependence of the magnetism ob-
served for this system was taken as strong evidence for the
postulate of a spin change deduced from anomalous tem-
perature-dependence of the magnetism together with spectro-
scopic properties.40

The pioneering work of Drickamer and coworkers on the
effect of pressure on the spin state of [Fe(phen)>(NCS),] and
related iron(n) ST systems involved measurement of the
pressure-dependence of Mdssbauer spectra and provided un-
equivocal evidence for the HS — LS conversion with increase
in pressure.4t Aspects of Drickamer’s early work, in particular
the unexpected partial LS — HS transition observed at very
high pressures remain contentious. In a later study, Usha,
Srinivasin and Rao studied the temperature-dependence of the
magnetism of the systems [Fe(phen)x(NCS),] and [Fe(b-
pY)2(NCS),] a varying pressures.42 For the phenanthroline
complex the transition is displaced to higher temperature and

becomes more gradua as the pressure is increased. For the
bipyridine complex somewhat different behaviour is observed.
While an increase in LS fraction is observed at temperatures
above the transition temperature, the actua transition tem-
perature decreases with increasing pressure due, it is proposed,
to an increase in the strength of the coupling of the d electrons
in the quintet state complex. For both systemsthereis a general
increase in the fractions of LS and HS species at the upper and
lower extremities, respectively, of the temperature range, a
result of the overall flattening-out of the transition. These latter
effects have been observed aso in systems in which the
transitions are associated with a distinct thermal hysteresis. An
additional effect noted for these in some instances has been
changes in the width of the hysteresis loop with increasing
pressure. Both a decrease (for [Fe(2-pic-ND,);3] Cl,-EtOD43 and
for [Fe(bt)2(NCS)]44 (bt = 2,2’-bi-2-thiazoline)) and an
increase (for [Fe(phy),] X2 with phy = 1,10-phenanthroline-
2-carbal dehyde-phenylhydrazone)) in the width of these loops
have been observed, the latter being rationalised in terms of a
pressure-dependence of the bulk modulus of the compound.45
For the polymeric chain compound [Fe(hyetrz)s](3-nitrophe-
nylsulfonate), with hyetrz = 4-2’-hydroxyethyl-1,2,4-triazole,
thesituation isdifferent. The steepnessof the ST curvesremains
constant along with the hysteresis width. This lends support to
the assertion that the cooperative interactionsin this system are
confined within the iron(i1) triazole chain.2t

The crystal structure of [Fe(phen)>(NCS),] at high pressure
and ambient temperature, when the complex is completely LS,
has been reported. Significantly, the space group isthe sameand
the overall molecular dimensions are very similar to those of the
structure of the LS form produced at low temperature and
ambient pressure.46 Thus, in thisinstance at | east, the net effects
of an increase in pressure and a decrease in temperature are
essentially the same. In certain instances a pressure-induced
phase transition is believed to be the likely source for the
apparent reversal of the normal HS — LS conversion with
increase in pressure if the transition temperature in the new
phase is lower than that in the original phase.4”

Studies of the effect of pressure of the equilibrium constant
for the LS <> HS system in solution have yielded values of AV
for the process of the order of 25 A3, The pressure-dependence
of the kinetics of HS — LS relaxation processes has been
examined in a number of instances, enabling evaluation of the
activation volume AV#y , and typically values of —10 to —20
A3, for systems in both solution and the solid state have been
obtained.8 At low temperatures where the HS — L Srelaxation
occurs by atunnelling mechanism, the application of an external
pressure of 20 kbar has been found to have the extraordinary
effect of increasing the rate by almost eight orders of magnitude
for the system [Zn;_,Fe(6-mepy)stren](PFg). where (6-me-
py)stren = tris(4-(2-pyridyl)-3-aza-3-butenyl)amine.4®

The effect of pressure on natural oxide and silicate sources of
iron as experienced in the earth’s crust and mantle is predicted
to be related to the pressure-induced changes detected for
synthetic systems such as those described above, and indeed a
ST has been detected in the minera gillespite.5® Even the
relatively simple substance iron(ir) sulfide has recently been
shown to undergo a pressure-induced HS — LS transition,5!
and transitions have been observed in a number of perovskite-
type structures containing cobalt(in).52

7 Effect of nuclear decay
The nuclear decay of radioactive atoms embedded in a

compound is known to lead to various chemical and physical
‘after effects’ such as redox processes, bond rupture, formation
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of metastable states and others.53 One of the most elegant ways
of investigating such after effects in solid compounds exploits
the M Gssbauer effect and has been termed * M 6ssbauer Emission
Spectroscopy’ (MES) or Méssbauer source experiments.>4 For
instance, the electron capture (EC) decay of 57Co into 57Fe,
denoted 57Co(EC)57Fe, in cobalt or iron compounds has been
widely explored. Usually the 57Co |abelled compound isused as
the Mossbauer source versus a single-line absorber material
such asK 4[Fe(CN)g]. Therecorded spectrumyieldsinformation
on the chemical state of the nucleogenic 57Fe at ca. 10-7 s,
which is approximately the lifetime of the 14.4 keV level of
57Fe, after nuclear decay.ss

Using this technique the temperature-dependent M &ssbauer
emission spectra of 57Co labelled cobalt(n) and iron(n)
coordination compounds with strong, intermediate, and weak
ligand fields have been examined. Among the most interesting
results are the formation of metastable HS states of 57Fe(i1) in
strong and intermediate ligand fields as exemplified by the
following two cases: [Fe(phen)s](ClOy,),, a typical LS com-
pound at room temperature and below; [Fe(phen)>(NCS);], a
typical SC system. The main component in the emission spectra
of [57Co/Co(phen)s](ClOy,), refers to [57Fe(phen)s] (ClO4),. At
temperatures down to ca. 200 K the spin state is LS but below
ca. 200 K new signals, clearly indicative of 57Fe(1) in HS state,
appear with increasing intensity at the expense of the 57Fe(i1)-
LS signas. Thus, in the case of a strong ligand field
environment such as (phen)s, where Fe(in)-LS is the thermody-
namically stable state, the metastable state 57Fe(11)-HS can only
be detected in the low temperature regime with lifetimes of the
order of 10—7 s.54 Interestingly, thereisno significant difference
if one uses the paramagnetic [Co(phen)s]2* or the diamagnetic
[Fe(phen)s]2* compound as the Mdssbauer source; the only
important consideration isthe immediate ligand cage of 57Co or
57Fe, respectively, after decay. If the 57Co ion decays in a
somewhat weaker ligand field such as (phen),(NCS),, which is
known to induce thermal spin crossover, LS «— HS, at the
iron(i1) centre, the nucleogenic 57Fe(in) manifestsitself inthe HS
state at all temperatures down to 4 K.53 Similar results have
been observed with other 57Co-labelled iron(i) SC systems.

The essential information from these Mdssbauer source
experiments is that, at a given temperature, the probability of
‘trapping’ the HS state of the nucleogenic 57Fe(n) within the
57Fe Mossbauer time window is significantly greater in a SC
compound with intermediate field strength than in strong field
compounds. The discovery of the LIESST phenomenon (gen-
erating and trapping of metastable HS states by irradiation with
an external light source) enables us to understand the mecha-
nism of the ‘Nuclear Decay Induced Excited Spin State
Trapping (NIESST)’, where the nuclear decay process
57Co(EC)5’Fe may be regarded as an “interna” molecular
excitation source.

The mechanism of NIESST is essentialy the same as for
LIESST (see Fig. 10), except for the initial excitation step. The
electronic structure of the nucleogenic 57Fe(i1) is till highly
excited within the Mossbauer time window (~10-7s after
nuclear decay). There are fast (<< 10-7 s), spin-allowed
transitions to the A4 ground state, as well as fast intersystem
crossing processes (<<10-7s), which are favoured by spin—
orbit coupling as in the LIESST mechanism, feeding the
metastable 5T 4 state. The branching ratio for the two relaxation
paths (to either A4 or 5T,) depends on the ligand field
strength of the system, in analogy to the observed correlation of
the lifetime of the metastable LIESST state and the energy
difference AE°y., which also depends on the ligand field
strength (‘ reduced energy gap law’).

Measurements of the lifetimes of NIESST states by time-
resolved Mdsshauer emission spectrocopy® and of LIESST
states by time-resolved optical spectroscopys? on the very same
system (a single crystal of [FeMn;_.(bpy)s]2*) gave similar
results. This supports the suggestion that the mechanisms for
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LIESST and NIESST relaxation are very similar, at least for the
low energy regime.

8 Applications

The extreme sengitivity of the electronic properties of SC
systemsto relatively minor external perturbations renders them
likely candidates for practical applicationsin various situations.
Two aspects of the SC phenomenon are of particular interest in
this regard. These are the occurrence in certain instances of
thermal hysteresisintheHS — LS — HScycle (Fig. 3c) and the
ability of light irradiation to effect changes in spin state
(LIESST and related effects). The existence of hysteresis is a
prerequisite for molecular bistability, which in turn offers the
potential for technical applicationsin memory and data storage
devices. For exploitation in memory devicesthe bistability must
be associated with a response function. In this respect ST
systems offer considerable scope since they show two dramatic
and readily detectable responses, change in colour and magnet-
ism. The change in colour accompanying a ST is particularly
suited to the development of display devices. Idedly, these
applications require that room temperature should fall approx-
imately in the middle of the hysteresis loop, i.e. 1/2(Ty | +
Tio 1) = 295 K. Systems meeting this criterion are known and
can now be synthesised in a more or less controlled manner.
Other criteria such as chemical stability and reproducibility of
behaviour for new samples and after cycling through the
hysteresis loop must also be met.19

The remarkable changes of ST behaviour under applied
pressure may be exploited in pressure sensors for applications
where remote sensing of pressure could be achieved by
observation of a colour change in a SC material. The light-
induced switching phenomena described above (LIESST and
reverse-LIESST) offer much promise for application in optical
data processing and information storage.” Data storage, al-
though now limited to low temperature regions, may eventually
play a role in holographic devices. Because of the large
difference in the Fe—donor atom distances in the HS and LS
states, the refractive index of aniron(ir) SC system is expected
to be substantially different in the two spin states, which gives
rise to unusual photo-refractive properties which could be
exploited to create phase holograms.34

9 Outlook

The academic interest in, and high pedagogica value of an
understanding of the behaviour of ST systems ensure that
activity inthe field will remain high. After al, they provide one
of the most striking models for illustrating many aspects of
ligand field theory and, uniquely, in an essentially unchanging
ligand environment for a metal ion. But the potential for
practical applications of the kinds mentioned above, which has
driven much of the recent research, will continue to stimulate
the search for new systems and the discovery of new aspects of
the crossover phenomenon.

Present research efforts are directed to the synthesis of new
materials with specific properties and the application of
powerful modern techniques to reveal new facets of spin
transitions. The understanding of the features which lead to
cooperativity in solid systems remains a major goal. Other
specific aspects which are presently the focus of many research
groups include the synergism (coupling) of magnetic exchange
between metal centresand ST at the individual metal atoms. An
example of this fascinating situation has already appeared for a
cobalt(i1) system.58 A further areato be explored is the detailed
structural characterisation of metastable states. Already im-



portant findings on the lattice parameters of a system in a
LIESST-generated metastable state have emerged and detailed
structural studies will allow greater understanding of light-
induced phenomena in general.
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