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Abstract

Photoswitchable compounds represent an attractive class of materials in coordination
chemistry. Recent progress dealing with transition metal compounds involving photo-in-
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duced changes of the magnetic and/or optical properties to long-lived metastable states are
covered in the present review article. The basic photophysical phenomena together with
representative examples such as nitroprusside derivatives, relevant spin crossover complexes,
stilbenoid complexes and finally Prussian blue analogues are discussed. Some possible
applications regarding energy and information storage are suggested at the end. © 2001
Elsevier Science B.V. All rights reserved.

Keywords: Spin crossover; LIESST; Photomagnetism; Photo-isomerization; Sodium nitroprusside; Prus-
sian blue analogues

1. Introduction

Photoreactivity is a widespread phenomenon in organic and in inorganic chem-
istry. A compound may change its structural and electronic properties under light
irradiation. Light-induced charge separation or cis– trans isomerization processes
under light are well-known examples. As a consequence, a phase transformation
may occur, with or without hysteresis. If the light-induced new phase possesses
sufficiently long lifetime and differs in optical and/or magnetic properties such that
it can be detected easily by optical or magnetic means, the material bears the
potential for possible technical applications in switching or display devices.

The present account deals with light-induced changes of the magnetic and/or
optical properties of transition metal compounds to long-lived metastable states.
Fig. 1 sketches the general situation: a complex compound with ground state spin
S and orbital momentum � converts under light of wavelength �, to a more or less
metastable state with spin and orbital momentum S � and � �. The metastable state
lies higher in energy and usually has weaker metal–ligand (M�L) bonds and
accordingly longer bond lengths r(M�L) than the ground state, this being the
consequence of an increasing population of antibonding molecular orbitals and
simultaneously decreasing population of weakly �-backbonding molecular orbitals.
The energy barrier between the potential wells governs the lifetime of the

Fig. 1. Schematic representation of the potential wells for the ground state with quantum numbers S and
� and metastable state (S � and � �) for a transition metal compound. The switching process between
these states may be provoked by irradiation with light of wavelength �, or � � for the reverse process.
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metastable state, which in turn depends on the horizontal and vertical displace-
ments relative to each other. Switching back from the metastable state to the
ground state may be possible by using light of different wavelength � �. The
two-potential-well scheme of Fig. 1 refers to transition metal complexes with strong
and intermediate field strength ligands. In weak-field complexes the potential with
the longer M�L bond length would be the ground state, but light-induced switching
is still possible.

There are various classes of transition metal compounds all of which show light
sensitive electronic structural changes accompanied by drastic changes of their
magnetic and/or optical properties. Among the best known and extensively studied
systems are those exhibiting:
� metal-centered thermal spin transition, e.g. spin crossover (SC) complexes of

FeII;
� metal-to-ligand charge transfer, e.g. nitroprusside complexes;
� metal-to-metal charge transfer, e.g. Prussian blue analogues;
� ligand isomerization with change of spin state, e.g. stilbenoid complexes;
� valence tautomerism, e.g. catecholate complexes of CoII;
� open/close switching of ligands with change of spin state, e.g. diarylethene type

ligands.
These classes of switchable molecular systems are currently subject to extensive

research activities in many laboratories with the ultimate goal of arriving at suitable
materials for technical applications such as displays, information and energy
storage, and sensors [1–4]. Of utmost importance thereby is, of course, the deepest
possible insight into the fundamental photophysical processes taking place locally
in the individual complex molecules as the primary events as well as the short and
long-range cooperative interactions, which finally are responsible for setting up
hysteresis phenomena as a prerequisite for molecular bistability to occur in such
materials.

The basic photophysical phenomena together with some representative transition
metal compounds out of the above mentioned classes will be described in the
following sections.

2. Light-induced metastable states in Na2[Fe(CN)5NO] · 2H2O and related
complexes

Hauser et al. reported in 1977 on the surprising observation that the well known
sodium nitroprusside complex, Na2[Fe(CN)5NO] · 2H2O (SNP), can be partially
converted by irradiation with blue–green light to a long-lived metastable state,
which they detected by Mössbauer spectroscopy as a new quadruple doublet of an
FeIII-LS species [5]. This was the starting point of extensive research activities on
this complex compound employing a great variety of physical techniques, which by
now has yielded a vast amount of information on the electronic and molecular
structure, thermodynamic and kinetic properties of the light-induced metastable
states. Furthermore, one has found that this kind of photophysical effect occurs not
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only in the classical nitroprusside complex, but also in closely related complexes
with the general composition of Xn [MLmNO] · YH2O containing the nitrosyl ligand
NO. Xn are the cations or anions depending on the charge of the complex, M is the
central atom (e.g. Fe, Ru, Os, Mo, Ni), Lm are the ligands (e.g. F, Cl, Br, I, CN,
NH3, NO2, OH) and Y denotes the water content, including zero. The best
analyzed system at present, however, is the complex Na2[Fe(CN)5NO] · 2H2O, in
which two metastable states SI and SII can be excited by irradiation with light in
the spectral range of about 350–590 nm. The completely reversible deexcitation
into the ground state (GS) can be obtained by illumination in the red and near
infrared spectral region of about 600–900 nm or by heating over the decay
temperatures of about 150 K (SII) and 200 K (SI). Illumination with near infrared
light of about 900–1200 nm partly transfers SI into SII [6]. The different spectral
regions for the population and depopulation, the transfers and a potential scheme
are summarized in Fig. 2.

Fig. 2. (a) The spectral regions for the population and depopulation of SI and SII and the transfers
between SI, SII and GS. (b) Potential scheme of the ground and metastable states with the �*(NO)
orbital as the intermediate state for the relaxation into SI, SII or back into GS.
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The metastable states are located in the region of the Fe�N�O bonds [7]. Of
decisive importance is the energetically low lying empty �*(NO) orbital, which is
positioned between the completely filled mainly Fe(3dxz,yz,3dxy) and the empty
Fe(3dx 2−y2,3dz

2) orbitals. As depicted in Fig. 2b, the population of SI and SII is a
two-step-process with an intermediate metal-to-ligand charge transfer:
Fe(3dxz,yz,3dxy)��*(NO) � SI, SII. Thereby the formally 3d4

xz,yz, 3d2
xy diamagnetic

ground state configuration [8,9] is also realized in SI and SII, however, with an
energetic shift of the 3dxy orbital and probably also of the 3dxz,yz orbitals to higher
energies of altogether about 1 eV. The lifetime of the excited �*(NO) state is in the
range of 20–80 �s at 80 K, which is long enough for the rearrangement of the
rest-electron density on the iron central atom. Consequently, the hyperspace is
changed and the radiationless decay from the �*(NO) orbital occurs into the new
potential minima of SI and SII. This excitation process is valid for each of the
transition metals mentioned above. As a general conclusion, it can be stated that
every excited antibonding state with sufficient lifetime is the starting point of a
rearrangement of the hyperspace with possible electronic or structural
consequences.

SNP crystallizes in the centrosymmetric orthorhombic space group Pnnm with
Z=4 [10–13]. As shown in Fig. 3a the central iron atom is surrounded in the first
coordination sphere by five carbon atoms and one nitrogen atom. The symmetry of
the fourfold axis is broken by the C�Fe�N4 angle (176.7°) and the Fe�N�O angle
(175.7°). The anions lie with their quasi-fourfold axis N�C�Fe�N�O, symbolized by
arrows in Fig. 3b, in antiparallel couples in the a–b mirror plane. The �C angle is
formed by the C�Fe axis and the �N angle by the Fe�N axis with respect to the
crystallographic a-axis. Large single crystals can be grown from saturated aqueous
solution at about 315 K.

In the following sections, the basic experiments and their interpretations in order
to understand the metastable states are presented. Their physical background is still
an open question and is controversially discussed.

2.1. Mössbauer spectroscopy

As mentioned above, Hauser et al. discovered the metastable state SI in SNP by
Mössbauer spectroscopy [5]. During the irradiation of a single crystal with the light
of an Ar+-laser (454.5–528.7 nm) and a polarization E�c-axis at 80 K they
detected besides the well-known quadrupole doublet of SNP a new one, showing a
larger quadrupole splitting (�EQ) and a more positive isomer shift (�). The number
of transferred anions from GS into SI, called population, depends on the product
of incoming intensity IL and irradiation time t and saturates at a population of
about 50%, using the laser lines 454.5 or 457.9 nm. Later, it could be shown that
SII has also a larger quadrupole splitting and a more positive isomer shift. The line
widths of the ground state and SI are the same, but that of SII is somewhat larger
[14–16]. Angle dependent Mössbauer spectra were also recorded at 80 K [15]. With
this method structural as well as electronic changes can be detected.
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Fig. 3. (a) Structure of the [Fe(CN)5NO]2− anion. (b) Schematic representation of the anions in the unit
cell. The arrows indicate the direction of the N�C�Fe�N�O quasi-fourfold axis of the anion.

From the measured quadruple splitting �EQ, the electric field gradient (EFG),
q=Vzz/e, can be calculated using the recently calculated nuclear quadrupole
moment Q [17], and the asymmetry parameter � : �EQ=1/2e2Qq(1+1/3�2)1/2 [18].
As shown in Ref. [15], the positive sign of the electric field gradient is determined
by the axial symmetry of the anion, formed by the first coordination sphere of the
axial carbon and nitrogen atoms C�Fe�N, so that this axial symmetry is unaffected
after the excitation to the new states, and �EQ is positive in all states. The
orientation parameter � is given by the relation �=1/2(�C+�N), which describes
the composition of the direction of the EFG by the C�Fe�N bonds. Using the
constant angle �C=37° in agreement with published structure data [19–21] the
variation of �N can be determined as �N(GS)=33.8°, �N(SI)=34.6° and
�N(SII)=37.6°. This increasing deviation from the fourfold symmetry is also seen
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in the asymmetry parameter, especially in SII, in which the asymmetry of the x–y
plane is about eight times larger compared to the ground state. Furthermore, the
product q� is proportional to the population of the 3dxz, 3dyz and 4px, 4py orbitals
of the central iron atom. This product increases in SII by a factor of 13 with respect
to GS, so that the very small degeneration of the Fe(3dxz,yz) orbitals in GS should
be significantly split in SII. The more positive isomer shifts measured for the
metastable states SI and SII as compared to the ground state GS reflects a lower
electron density at the nucleus. This is a consequence of the electron transfer from
the iron center to the �*(NO) molecular orbital, whereby after electron rearrange-
ment at the iron center more s- than d-charge density is lost which finally results in
a stronger decrease of s-electron density at the nucleus than the increase due to the
weaker shielding effect of the decreased d-electron density [14]. The reason of the
larger line-width (FWHM) �1, �2 of both Mössbauer lines in SII, which depends
strongly on the temperature, is possibly produced by an oscillation of the EFG, due
to the dynamic behavior of the N�O ligand. The principal axis of the mean-square
displacement tensor �, lying in the a–b plane and defined with respect to the
crystallographic a-axis, rotates nearer to the a-axis, whereby the Debye–Waller
factor fb decreases and fc increases. This change of the lattice dynamics is in good
accordance with the detected shift of all elastic constants in SI and SII [22].

2.2. Raman and infrared spectroscopy

Mössbauer spectroscopy presents a first view inside the metastable states and
restricts these states to be localized on the [Fe(CN)5NO]2− anion. But the location,
at which the significant changes occur, cannot be found by Mössbauer spec-
troscopy. Using vibrational spectroscopy, however, the most affected part of the
anion can be detected. The most dramatic shift of the internal vibration bands of
the anion occurs in the range of the Fe�N�O bonds. As shown in Table 1, all
internal vibrations are shifted to lower energies.

Table 1
Internal vibrations of the [Fe(CN)5NO]2− anion in GS, SI and SII

SI SII(cm−1) GS

2174�(C�N) 2166 2162
21522164�(C�N) 2156

2158 2150 2146�(C�N)
�(C�N) 21362144 2132

1950�(N�O) 1832 1664

583668 597�(Fe�N�O)
�(Fe�N) 658 566 546

414 –�(Fe�C) 405
399410�(Fe�C) –
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All �(C�N) stretching vibrations decrease by 8 cm−1 in SI and by 12 cm−1 in SII
and the same is valid for the �(Fe�C) stretching vibrations. Only two of them are
tentatively assigned to GS and SI. Unfortunately, no data of SII are available in the
range below 500 cm−1 due to the strong absorption of the crystal. But the �(N�O)
stretching vibrations are reduced by 118 cm−1 (SI) and 286 cm−1 (SII) and the
�(Fe�N) stretching vibrations decrease by 92 cm−1 (SI) and by 112 cm−1 (SII). The
degenerate �(Fe�N�O) deformation mode shifts to lower energies by 85 cm−1 (SI)
and by 71 cm−1 (SII). These data are determined by the combination of Raman
and infrared spectroscopy after the excitation of SI or SII as described above. They
are in good agreement with published results [7,23–28]. In Ref. [28] the angle 	

between the derivative of the transition dipole moment vector �
/�Q and the
crystallographic a-axis is determined for the �(N�O) stretching vibration in GS, SI
and SII, by angle dependent measurements. Within the error limits only a small
increase of 	 from 35° (GS) to 40° (SI) and to 42° (SII) could be found, so that the
angle between the N�O ligand and the a-axis is a little bit larger in SI and SII, in
accordance with the orientation parameter � of the Mössbauer results.

2.3. Differential scanning calorimetry (DSC)

One of the most interesting questions concerning these metastable states is their
stability at sufficiently low temperatures. Since no luminescence could be found in
the spectral range of 200–3300 nm, the whole stored energy is given up to the
lattice and can be detected by DSC. The apparatus used (Mettler DSC 30, TA
3000) is equipped with two quartz windows and recalibrated by well-known phase
transitions. The corresponding spectrum of the unirradiated crystal is subtracted
from every measurement. As shown in Fig. 4 all thermal decays are exponential in
time, analyzed by isothermal measurements, so that the excited anions are indepen-
dent from each other and the thermal decay has to be described by an Arrhenius
behavior. At 195 and 140 K the time derivative of the enthalpy H (heat flow) in
dependence of time is detected. From the fitted exponential function, dH/dt=dH0/
dt exp(− t/�), we obtain the parameters dH0/dt=2.43 mW (SI), dH0/dt=3.24 mW
(SII) as the starting values and �=178.5 s (SI), �=253.0 s (SII) as the lifetimes.
From the Arrhenius plot in the temperature range 182–207 K for SI and 135–147
K for SII, we derive the activation energies EA and frequency factors Z of both
states as EA (SI)=0.68(3) eV, EA (SII)=0.53(3) eV and Z (SI)=3(30)×1015 s−1,
Z (SII)=2(40)×1017 s−1. These high potential barriers are the reason for the
stability.

It is a great advantage of the DSC method that the thermal decay can also be
analyzed in the dynamic mode, using a constant heat velocity q=dT/dt. In this
case the whole temperature range can be detected. In Fig. 5 the decay of SI and SII
is presented for a heat velocity of q=5 K min−1 after the population of SI and SII.
The integrated peak area yields 57 kJ mol−1 for SI and 36.3 kJ mol−1 for SII. This
enthalpy Htot of SI is produced by a population of ca. 50% of all anions in the
crystal, determined by Mössbauer spectroscopy, so that the energetic position of SI
or SII is given by the relation:
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Fig. 4. Isothermal decay of: (a) SI at 195 K and (b) SII at 140 K.

Htot (kJ mol−1)=PE (eV)×96.497 (1)

But the whole decay cannot be fitted with only one Arrhenius ansatz, shown in Fig.
5. As evaluated in Ref. [29] two functions with the three parameters in each, viz.
EA, Z and Htot has to be fitted:

dH/dT=HtotZ exp[−{Z/q
�

exp(−EA/kBT)dT+EA/kBT}] (2)

The calculated parameter values are given in the figures.
It is possible that the thermal decay of SI and SII requires two steps or two

different kinds of metastable states are excited. To clarify these questions further
spectroscopic results are needed. Assuming the enthalpy Htot depend linearly on the
population P, the SI and SII states are estimated to lie about 1 eV above the
ground state.
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Fig. 5. Thermal decay of: (a) SI and (b) SII measured with a heat velocity of 5 K min−1 and fitted with
the sum of two independent Arrhenius functions.

2.4. Polarized absorption spectroscopy

The drastic change of the electronic configuration after excitation to the
metastable states can be detected by absorption spectroscopic measurements. The
shift of the energetic positions of the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) in SI and SII with respect to
GS can be determined, keeping in mind that SI and SII lie about 1 eV above the
ground state. The first experimental and theoretical determination of the energetic
positions and the order of the orbitals in the ground state of the [Fe(CN)5NO]2−

anion was reported by Manoharan and Gray [30] and later confirmed by MSX�-
calculations [31].

In Fig. 6a the ground state spectrum and the GS+SI spectra are shown after the
population of 25% of the anions in SI with a light-polarization of E�c-axis for the
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Fig. 6. (a) Absorption spectra of the ground (dotted) and metastable state SI (solid lines), irradiated and
measured with E�c-axis, populated with �=476.5 nm, and with increasing exposure time. (b) Absorp-
tion spectra of the ground and metastable state SII, irradiated and measured with E�c-axis, transferred
form SI into SII with �=1064 nm.

excitation and detection. After the population the absorption bands of GS at about
20.000 cm−1 (2.5 eV) and 25.000 cm−1 (3.1 eV) diminish and new bands in the
range of about 13.000 cm−1 (1.6 eV) and about 29.000 cm−1 (3.6 eV) arise. At
18.040 and 26.700 cm−1, there are two isosbestic points, from which the decreased
number of the absorbing [Fe(CN)5NO]2− anions in GS and the population of SI
can be determined precisely, using �=N�. The cross-section � is unaffected by the
irradiation, so that the population of SI or SII is given by P=NSI,SII/N= (�−�GS)/
�, where N is the total number of the anions in the unirradiated GS with the
corresponding absorption coefficient � and �GS is the absorption coefficient of the
irradiated sample, measured in the spectral range of the decreasing GS. An
independent value of � is obtained by fitting a Gaussian profile to the absorption
band of GS at about 20.000 cm−1, which decreases by the population of SI. For
SII, the decreasing band at about 13.000 cm−1 can be fitted during the transfer
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SI�SII. According to Refs. [30,31] and assuming 4m symmetry in GS, SI and SII
the HOMO�LUMO transition is assigned to the 2b2�7e transition from the
mainly Fe(3dxy) orbital into the antibonding �*(NO) orbital. In GS the following
transitions are found: 2b2�7e (2.5 eV), 6e (3dxz,yz)�7e (3.1 eV), 2b2�3b1

(3dx 2−y 2) (3.9 eV). In SI a clear assignment can only be given for the band at 1.6
eV as the new 2b2�7e transition. In Fig. 6b the ground state and GS+SII spectra
are shown, whereby SII is generated by the transfer SI�SII, irradiating with
�=1064 nm, E�c-axis and an exposure of Q=400 W s cm−2. The transition
2b2�7e occurs at about 18.750 cm−1 (2.3 eV). In order to assign all significant
transitions and especially to determine the energetic positions of the orbitals in SI
or SII the absorption bands in the UV region must be known. Further, the
absorption behavior along the other polarization directions (E�a-, b-axis) for such
an assignment and the verification of the selection rules are needed. However,
irradiation with light parallel to the a- or b-axis produces very strong holographic
light scattering as explained below, which is detected as a further extinction, so that
no isosbestic points can be seen and especially the absorption of SII is much higher
than that of GS and SI. These problems will be solved in the near future, using very
thin crystals and a much higher light intensity.

2.5. Structural details and density functional calculations

The extremely long lifetime at sufficiently low temperatures opens the possibility
to study the relation between the electron density, the molecular bonds and the
structure of the anion in GS, SI, SII. Using thermal neutrons with energies in the
range of some meV, the potential barriers are too high and possible excitations are
too small to depopulate the metastable states. No significant changes were found in
the structure [19,32]. The orthorhombic space group Pnnm of the crystal and the
quasi-4m symmetry of the anion is conserved and the Fe�N and N�O bonds are
increased by about 2%. These changes are very small in comparison with the strong
rearrangement of the electronic configuration. These results were confirmed by
X-ray diffraction [20]. Here the energy is much higher and it is known that a small
part of the crystal water is destroyed by the radiation. Recently, in a new
measurement at 50 K Carducci et al. [21] have found an increase of the lattice
constants in SI and SII and they interpreted the formation of the metastable states
by the structural changes of the Fe�N�O bonds in the anion as presented in Fig. 7.

The ground state has the well-known Fe�N�O configuration, in SI the N�O
ligand presumably is rotated by 180° to Fe�O�N and in SII this ligand is rotated
by 90°. The reason to refine the X-ray data with the Fe�O�N configuration in SI is
based on the difference Fourier maps, on the charge density analysis and on the
decreasing thermal parameters of the nitrogen and oxygen atoms, compared with
the Fe�N�O structure. In SII they have found electron density perpendicular to the
Fe�N�O axis in the region of the nitrogen atom. Therefore, the metastable states
are attributed to structural changes. Unfortunately, these results could not yet be
confirmed by neutron diffraction till now.
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Fig. 7. The three possible structural configurations for GS, SI and SII.

However, density functional calculations for the free anion as well as for the solid
have found local minima in the ground state Born–Oppenheimer surface for
inverted NO (SI) and sidewards bonded NO (SII) [33]. The reaction coordinate for
isomerization is identified with the Fe�N�O angle. As the local minima found in the
ground state surface do not move after changing the coordinates of the Fe�N�O
fragment, the excited states must be diamagnetic. The N�O, Fe�N stretching
vibrations decrease and the Mössbauer quadrupole splitting increases. Further, the
asymmetry parameter and isomer shift changes show the same direction as the
calculated data, so that the predicted structural configurations of SI and SII [21] are
supported by the density functional calculations.

2.6. Holographic measurements

The metastable states are of considerable significance for holographic informa-
tion storage. Phase gratings can be written in the visible and near infrared spectral
range by excitation to SI or SII [34]. The refractive index is modulated by about
�n=4×10−2, which exceeds the well-known doped oxide materials, e.g. LiNbO3,
LiTaO3, BaTiO3, etc. by at least two orders of magnitude. No special dopants or
defects are needed and no charge transport has to be considered. Consequently,
there exists no phase shift between the written phase grating and the light
modulation of the incoming writing beams [35]. The local excitation in the anions
results in a local, unshifted refractive index modulation. Considering the Lorenz–
Lorentz relation a modulation of the polarizability is written into the crystal, which
results from the new dipole moment in the excited anions. The dipole moments
calculated with DFT are 7.67 debye for the Fe�N�O ground state configuration,
6.85 debye for the N�O inversion (Fe�O�N) in SI and 5.35 debye for the 90°
configuration in SII. Such a strong decrease explains the high change in the
refractive index, which is important for holographic data storage. A very high data
capacity can be reached, writing digital pattern in the crystal, produced by a liquid
crystal. Using the bit-map of a liquid crystal with about 1 Mbit of pixels and
rotating the crystal in the range from −40 to +40° in steps of 0.01°, about 8000
holograms can be written (1 Gbyte) at one position. If each hologram is written
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with a laser spot of 1×1 mm, a crystal with an area of about 10×10 cm is needed
to store about 1Tbyte. Besides this two beam holography, gratings can also be
written by only one coherent beam, which is known as light-induced holographic
scattering [36]. It originates from the interference pattern of the pump and scattered
waves and increases by the small signal amplification via the two-beam coupling,
which occurs only in non-centrosymmetric crystals. This amplification process is
bound to the presence of a polar axis. Consequently, scattered waves cannot be
amplified by two-beam coupling in centrosymmetric crystals because the photore-
fractive response is local, so that holographic light scattering is symmetry
forbidden.

However, very strong holographic light scattering could be established in cen-
trosymmetric SNP and related compounds [37].

As shown in Fig. 8 during the population process by irradiation of the crystal
with �=514 nm the scattered intensity increases. Fig. 8a presents the transmitted
laser beam in the beginning of the irradiation and in Fig. 8b the light corona
around the primary beam is shown in the saturation limit. Thousands of holo-
graphic gratings are written and the incoming light is scattered on them, producing
the light corona. Rotating the crystal in any direction, this corona changes into a
diffraction cone, which means that the scattered light is only seen on a ring. The
Bragg condition is violated for nearly all gratings except the ones, which can be
read out under this angle. This result establishes unambiguously the existence of
holographic light scattering and due to the isotropic corona the centrosymmetry of
SNP (Pnnm) in SI or SII is conserved. The assumption of a phase transition from
the space group Pnnm into P21212, proposed in Ref. [38] due to an assumed optical
activity, can be excluded. The rotation of the incoming laser beam in a (001) cut by
90° is produced by anisotropic holographic light scattering, whereby the diffracted
intensity is orthogonally polarized to the incoming beam [39].

Fig. 8. (a) Transmitted laser beam in a plane behind the SNP b-cut crystal in the beginning of the
irradiation with E�a-axis, thickness d=250 �m. (b) Holographic light scattering after irradiation with
�=514.5 nm and 60 W s cm−2 in a b-cut crystal, E�a-axis, thickness d=250 �m.
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2.7. Related complexes

The light-induced metastable states are detected in numerous compounds con-
taining the NO ligand by changing the cation/anion, the decay temperature can be
shifted in the range of about 30 K. The content of the crystal water has nearly no
influence on the metastable states. Even in cooled liquids SI and SII can be
generated [40]. An important increase of the decay temperature could be realized in
the compounds trans-[Ru(H2O)(en)2NO]Cl3 where decay sets in at about 267 K
[41], [Ru(NH3)5NO]Cl3 at about 273 K [42] and trans-[Ru(Hox)(en)2NO]Cl2 around
277 K [43], so that the stability of SI or SII at room temperature can be reached.
A great variety of further Ru- or Os-compounds as well as the C5H5NiNO
compound was prepared and analyzed [41–52]. In the isomorphous crystals
Na2[M(CN)5NO] · 2H2O with M=Fe, Ru, Os the decay temperature of SII is
significantly shifted from about 150 K to about 230 K, in the given ordering [47,48].
It seems that the ligands are responsible for the decay temperature of SI and the
central atoms determine the stability of SII. An interesting magnetic ordering effect
was found by Hashimoto and coworkers [53] in the Ni[Fe(CN)5NO] · yH2O com-
pound. The randomly aligned neighboring NiII spins are ordered after excitation to
SI via two antiferromagnetically coupled spins, formed by the charge transfer
transition on the NO ligand and the Fe central atom. According to the authors
suggestion, these spins induce a magnetic coupling between the neighboring Ni
cations forming a magnetic cluster with S=5.

The photo-induced metastable states are not restricted to the NO ligand. Re-
cently, Fomitchev et al. [54] have induced a metastable state in [Os(NH3)5(N2)](PF6)
with the N2 ligand. From the structural analysis they received a 90° rotation of the
N2 ligand, which corresponds to the proposed model of SII in SNP. The SI state
with 180° rotation of N�N is identical to the ground state. Related compounds with
other ligands, e.g. O2, CN, CO etc. should also show the metastable states, possibly
with a short lifetime or at much lower decay temperature. It will be important to
know the reaction rate and the reaction paths for possible technological
applications.

Besides the information storage of up to 10 TByte a new kind of accumulator can
be developed. It is possible to incorporate the anions into conducting or semi-con-
ducting polymers [55,56], e.g. (BEDT-TTF)4M[Fe(CN)5NO]2. The metastable state
SI can be induced by light and depopulated by applying external voltage, so that
the stored energy is transformed into current. In future experiments it will be
important to determine the cross-section of the optical excitation and the efficiency
of the current.

3. Light-induced spin state switching in iron(II) coordination compounds: LIESST
and related phenomena

Iron(II) coordination compounds have never attracted much attention by spec-
troscopists due to the fact that, with a few exceptions (ZnS or KMgF3 doped with
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FeII) [57–60], iron(II) compounds do not luminesce. The more surprising was the
discovery that iron(II) compounds exhibiting thermal spin transition between
high-spin (HS, 5T2) and low-spin (LS, 1A1) states can be converted with green light
from the LS ground state to a long-lived metastable HS state, and with red light
back to the LS state. The first observation was made with the SC complex
[Fe(ptz)6](BF4)2 (ptz=1-propyl-tetrazole), an iron(II) coordination compound
[61,62]. The material, as single-crystal, polycrystalline or embedded in a polymer
foil, converts from the LS to the HS state by irradiation with green light into the
1A1�1T1,2 absorption bands, followed by two successive intersystem crossing (ISC)
processes 1T1,2�3T1,2�5T2 to populate the HS state 5T2. Radiative decay 5T2�1A1

is spin and parity forbidden, and due to the considerably larger M�L bond distance
in the HS state as compared to the LS state, which builds up an energy barrier
between the potential wells of the two states (see Fig. 1), the lifetime of the
metastable HS state can be very long, e.g. weeks at 20 K in case of [Fe(ptz)6](BF4)2.
This phenomenon has been termed ‘light-induced excited spin state trapping’,
abbreviated as LIESST. The mechanism is depicted in Fig. 9.

Thermal relaxation of the metastable LIESST state does not occur in a classical
manner by passing over the barrier, but by non-adiabatic tunneling through the
barrier, whereby the observed temperature dependence of the relaxation rate is due
to thermal population of the vibronic levels of the 5T2 manifold [63]. Optical

Fig. 9. Schematic illustration of LIESST and reverse LIESST of a d6 complex in the SC range. Spin
allowed d–d transitions are denoted by arrows and the radiationless relaxation processes by wavy lines
(from Refs. [1a,66]).
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switching back from the 5T2 LIESST state to the 1A1 ground state is also possible
by irradiation with red light for the initial excitation 5T2�5E followed by two ISC
processes 5E�3T1,2�1A1. This has been termed ‘reverse LIESST’. Fig. 9 shows
that irradiation with red light into the spin and parity forbidden 1A1�3T1 band
should also lead to a population of the metastable 5T2 state, provided the excitation
wavelength is sufficiently separated from that affording the back switching of the
LIESST state to the 1A1 ground state [64].

Fig. 10 shows the single crystal absorption spectra of [Fe(ptz)6](BF4)2 recorded at
20 K after irradiation at 514 nm affording the double ISC process 1A1�1T1,2�
3T1,2�5T2 (Fig. 10b), and at 980 nm affording the single ISC process 1A1�3T1,2�
5T2 (Fig. 10d), both populating the long-lived metastable LIESST state and the
reverse-LIESST effect by irradiation at 820 nm (Fig. 10c) [65].

It has been found that LIESST and reverse LIESST may be observed with all
iron(II) compounds exhibiting thermal SC, a major difference, however, being the
lifetime of the light-induced LIESST state at a given temperature, which depends
strongly on the ligand field strength, viz. the weaker the ligand field strength, the
smaller the difference �EHL

0 between the lowest vibronic levels of the HS and the
LS states, the longer the lifetime of the LIESST state. The second quantity which
strongly influences the lifetime of the LIESST state is the difference �rHL in the
metal–ligand bond distance between HS and LS state (see Fig. 9): the larger this
quantity, the longer is the lifetime of the LIESST state. The non-adiabatic multi-
phonon relaxation model developed by Hauser [66] based on the relaxation theory
for radiationless HS�LS decay by Buhks et al. [67] describes the significance of
these quantities for the lifetime of the LIESST state, whereby �EHL

0 is a measure of
the vertical, and �rHL

0 a measure of the horizontal displacement of the HS (5T2) and
the LS (1A1) potentials relative to each other. Hauser’s model [66] reproduces
satisfactorily the measured temperature dependence of LIESST state relaxation rate
constants: ln kHL as a function of 1/T tends to merge into a plateau towards lower
temperatures, which clearly points at quantum mechanical tunneling. At higher
temperatures, ln kHL increases linearly with decreasing 1/T, but the LIESST decay
is still governed by tunneling, however, between thermally populated higher vi-
bronic levels of the HS and LS manifolds.

Hauser et al. studied the effect of an external pressure on the rate constant of
HS�LS relaxation in the thermal SC system [Zn1−xFex(6-mepy)3tren](PF6)2 ((6-
mepy)3tren= tris(4-2-pyridyl-3-aza-3-butenyl)amine) [68]. They observed an eight
order of magnitude increase in the low temperature tunneling rate constant between
ambient pressure and 20 kbar, with an initial increase of one order of magnitude
per kbar. The reason is that the external pressure increases the zero-point energy
difference �EHL

0 , which corresponds to an increase in ligand field strength, which in
turn shortens the lifetime of the HS state. The same physical background holds,
when the LIESST state decays in a neat crystal of, e.g. [Fe(ptz)6](BF4)2 with
sigmoidal decay curves 
LS(t), the recorded LS fraction with time. 
LS(t) starts
slowly, but with increasing LS concentration the decay process accelerates dramat-
ically [63,69] due to the build-up of internal pressure as a consequence of the much
smaller volume of LS as compared to HS complex molecules. Thus the intrinsic
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Fig. 10. Single crystal absorption spectra of [Fe(ptz)6](BF4)2 at 20 K: (a) normal spectrum before irradiation; (b) after irradiation into the spin-allowed
transition of the LS state, 1A1�1T1, at 514.5 nm; (c) after subsequent irradiation into the maximum of the spin-allowed transition of the HS species,
5T2�5E, at 820 nm; and (d) after irradiation into the spin-forbidden transition, 1A1�3T1, at 980 nm (from Refs. [1a,65,66]).
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build-up of internal pressure increases �EHL
0 and shortens the lifetime of the

LIESST state in a sigmoidal fashion. If, however, the LIESST state decays in a
diluted crystal like [Fe0.1Zn0.9(ptz)6](BF4)2 [69], the decay curves 
LS(t) are single-ex-
ponential. This unequivocally proves that cooperative effects are operative in a
concentrated crystal, i.e. spin state changing molecules ‘communicate with each
other’ through cooperative interactions, whereas in a diluted crystal such coopera-
tive interactions are reduced or even vanish, like in liquid solution. This also
appears to be the case for LIESST in polymer matrices [70,71] and in Langmuir–
Blodgett thin films [72].

For negative values of �EHL
0 , i.e. with the HS state as the quantum mechanical

ground state, no thermal spin transition is expected. In analogy to reverse LIESST
it should, however, be possible to induce a HS�LS conversion by irradiation in
the near infrared. For this, the potential for the 5E state has to be above that for
the 3T1 state, otherwise the quantum efficiency for the first ISC step following the
excitation drops to zero. Such a HS�LS conversion was first realized in the methyl
substituted compound [Fe(mtz)6](BF4)2 (mtz=1-methyltetrazole) [73]. In this sys-
tem, the complexes are distributed equally over two non-equivalent lattice sites [74].
Complexes on the one site show both a thermal spin transition as well as the
light-induced processes observed in the propyl derivative. Complexes on the other
site remain in the HS state down to 10 K. Irradiation in the near infrared results in
a steady-state population of the LS state of around 82% for complexes on both
lattice sites [75]. The LS state on the second site is a metastable state only, and at
temperatures above 50 K relaxation to the HS state sets in.

The ethyl derivative [Fe(etz)6](BF4)2 (etz=1-ethyl-tetrazole) shows a complicated
but fascinating light-induced bistability due to the pressure dependence of �EHL

0

[76,77]. In this system, the iron(II) complexes sit on two non-equivalent lattice sites
in a ratio of 2:1. Complexes on site A show a comparatively steep thermal spin
transition with a transition temperature of 105 K, those on the other site (site B)
stay in the HS state down to liquid helium temperatures. Complexes on site A
behave much as [Fe(ptz)6](BF4)2 with respect to LIESST. Those on site B can be
converted almost quantitatively to the LS state at 20 K by irradiating at 820 nm,
into the 5T2�5E transition of the HS species. A partial light-induced, steady-state
type population of the LS state on the two sites results in an interesting relaxation
behavior at temperatures below 80 K. As expected, complexes on site A always
fully relax to the LS state, irrespective of the initial LS fraction, because for them
�EHL

0 is always positive [77]. The relaxation behavior of B site complexes with
�EHL

0 �0 depends on a critical value of the total light-induced population of the LS
state. For initial values of the total LS fraction 
LS of less than 0.3, complexes on
site B relax to the HS state, and the system ends up with the same overall LS
fraction of �2/3, as obtained by recording a straightforward thermal transition
curve. For initial values of 
LS larger than 0.3, however, site B complexes, too, relax
to the LS state, so that the system ends up completely in the LS state. It is clear,
that as light-induced HS�LS conversion proceeds, �EHL

0 becomes positive at the
critical value of 
LS�0.3 by virtue of the increasing internal pressure.
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More recently, one has observed photophysical phenomena in iron(II) SC
systems, which are related to LIESST. If a sample is continuously irradiated with
green light while the temperature is raised and then lowered again, a thermal
hysteresis may develop; this phenomenon has been termed ‘light-induced thermal
hysteresis’ [78–80]. In another case one observed that an existing thermal hysteresis
of an iron(II) SC compound was shifted to lower temperatures under continuous
irradiation with green light, and possibly to higher temperatures with red light
(‘light-perturbed thermal hysteresis’) [81]. Finally, ‘soft X-ray induced excited spin
state trapping’ (SOXIESST) which uses a source of soft X-rays to initiate the
1A1�5T2 transition [82], but the relaxation mechanism should be the same as for
LIESST.

Another astonishing observation was made quite recently by 57Fe Mössbauer
spectroscopy on a polycrystalline sample of [Fe0.02Mn0.98(terpy)2](ClO4)2 (terpy=
2,2�:6�,2�-terpyridine) [83]. In this system [Fe(terpy)2]2+ are accommodated statisti-
cally in the corresponding manganese host lattice and show LS behavior at room
temperature. Thermal SC LS�HS should be expected at a transition temperature
T1/2 far above room temperature. In other words, the ligand field strength and
therefore �EHL

0 in this system is so large that the lifetime of the light-induced HS
state is expected to be extremely short with low temperature tunneling rate
constants which have been estimated on the basis of Hauser’s LIESST state
relaxation model to be many orders of magnitude larger than those of known
thermal SC complexes (see Fig. 11). LIESST should therefore not be observable in
such a strong-field complex. And yet, light-induced LS�HS conversion was in fact
observed in this system with estimated decay rate constants on the order of 105 s at
10 K, which was still sufficiently slow for Mössbauer measurements on the 57Fe
enriched sample at 80 K [83]. Clearly, this unexpected observation escapes the
normal LIESST mechanism. Another surprising observation of the LIESST effect
was obtained recently for an FeIII compound [84]. What kind of processes eventu-
ally lead to such long-lived metastable HS states remains an open question.

All complexes discussed till now are SC systems with FeIIN6 core. However,
other SC compounds with different coordination cores such as FeP4Cl2 were
reported to show the LIESST effect [85].

Fig. 11. Experimental low-temperature tunneling rates ln k°HL plotted against T1/2 for some FeII-SC
complexes (square) including [Fe0.02Mn0.98(terpy)2](ClO4)2 (circle). The dashed line is a guide for the
eyes. (from Refs. [66,84]).
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4. NIESST effects

The acronym NIESST stands for ‘nuclear decay-induced excited spin state
trapping’ observed by Mössbauer emission spectroscopy. This phenomenon is
related closely to LIESST, as it makes use of the nuclear decay and its energy
release as intrinsic molecular excitation source, whereas LIESST is the result of
irradiation with an external visible light source. Thus the initial step of electronic
excitation is different, but the final step of ligand field state relaxations has been
found to be the same for both phenomena.

57Fe Mössbauer emission spectroscopy (MES) is a most elegant tool for the
observation of metastable ligand field states at ca. 100 ns after electron capture
decay of 57Co(EC)57Fe in transition metal compounds [86]. In conventional 57Fe
Mössbauer absorption spectroscopy (MAS) one uses radioactive 57Co (half-life 270
days) fused into a noble metal (Pt, Rh) as the 14.4 keV �-ray source; the emitted
single line is swept over the hyperfine transition lines of the absorber material under
study by normally moving the source relative to the absorber. The recorded
Mössbauer absorption spectrum gives information on the electronic structure (va-
lence and magnetic state) of the 57Fe atoms in the absorber material [18]. In
so-called Mössbauer source experiments, one uses (in case of 57Fe spectroscopy) the
57Co-labeled coordination compound of special interest as the Mössbauer source,
normally fixed in a cryostat for variable temperature measurements, and a single-
line absorber (e.g. K4[Fe(CN)6] · 3H2O), which is mounted on a transducer and
moved relative to the source. In this case, one obtains a so-called Mössbauer
emission spectrum, which bears information on the electronic structure of the
nucleogenic 57Fe atom (ion) during the lifetime of the 14.4 keV nuclear state.

Already some thirty years ago, we have observed anomalous resonance lines in
the Mössbauer emission spectra of 57Co-labeled coordination compounds which
could be assigned to metastable HS states of 57FeII in the corresponding com-
pounds, where FeII possesses a LS ground state at comparable temperatures
[87–92]. Only with the discovery of the LIESST effect, we were able to understand
the occurrence of such nuclear decay-induced metastable spin states. A few exam-
ples will be recalled in the following.

The first observation of anomalous spin states arising from the 57Co(EC)57Fe
decay was made with phen complexes [88]. The system [M(phen)3](ClO4)2 with
M=57Fex/Co1−x, x=0.001 was studied by temperature dependent Mössbauer
absorption spectroscopy, and the one with M=57Cox/Co1−x, x=0.001 by time-in-
tegral Mössbauer emission spectroscopy (TIMES). A selection of spectra for both
series is shown in Fig. 12.

The neat iron complex (M=Fe) is a typical FeII-LS compound with 1A1 ground
state, whereas the CoII analogue is HS with 4T1 ground state. If FeII is doped into
the host lattice of the CoII compound to only 0.1% as in the present case, the
tris-phen ligand field surrounding the FeII ions is still sufficiently strong such that
the FeII exhibits LS behavior at all temperatures under study; Fig. 12(a) shows a
typical FeII-LS quadrupole doublet between 300 and 6 K. If, however, the CoII

compound is doped with radioactive 57CoII and used as a Mössbauer source against



860 P. Gütlich et al. / Coordination Chemistry Re�iews 219–221 (2001) 839–879

Fig. 12. (a) 57Fe Mössbauer absorption spectra of [57Fe/Co(phen)3](ClO4)2 as a function of temperature
vs. 57Co/Rh (295 K) as source. (b) Time-integral 57Fe Mössbauer emission spectra of a [57Co/
Co(phen)3](ClO4)2 source as a function of temperature vs. K4[Fe(CN)6] (295 K). Assignment: A, FeII-LS;
B, FeIII-LS; C, FeII-HS1; D, FeII-HS2. In (a) the source was moved relative to the absorber and in (b)
the absorber was moved relative to the fixed source mounted in the crystal. For direct comparison, the
sign of the velocities must be changed either (a) or (b) (from Ref. [86]).

the single-line absorber K4[Fe(CN)6], emission spectra are obtained as shown in
Fig. 12(b). Down to ca. 250 K the emission spectra are much the same as the
absorption spectra and show essentially only the typical FeII-LS doublet (A) and a
small fraction of FeIII-LS (B), arising from the loss of a valence electron after the
nuclear decay. Toward lower temperatures two typical FeII-HS resonance doublets
(C and D) appear with increasing intensities at the expense of the FeII-LS doublet;
the FeIII-LS doublet (B), however, remains practically unchanged in intensity.
According to the area fractions about half of the nucleogenic 57Fe ions are ‘trapped’
in the metastable FeII-HS state in a strong field surroundings at ca. 10−7 s after the
nuclear decay at 5 K.

If the ligand field strength is somewhat lowered such as in the 57Co-labeled
complex [Fe(phen)2(NCS)2] as the Mössbauer source, in which thermal LS�HS
transition occurs with T1/2�175 K [93], one obtains emission spectra as shown in
Fig. 13 [87].

Clearly, the dominant or even only signal at all temperatures from 296 K down
to 4.2 K is the FeII-HS quadrupole doublet, even at temperatures below T1/2�175
K, where spin transition occurs to the FeII-LS ground state in the FeII complex. A
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Fig. 13. 57Fe Mössbauer emission spectra of a [57Co/Co(phen)2(NCS)2] source as a function of
temperature vs. K4[Fe(CN)6] (298 K) (from Ref. [87]).

similar behavior was observed in the Mössbauer emission spectra of [57Co/Co-
(bipy)2(NCS)2] (bipy=2,2�-bipyridyl) [87,88], [57Co/Co(2-CH3�phen)3](ClO4)2 · 2H2O
[89], [57Co/Co(2-CH2O�phen)3](ClO4)2 · 2H2O [90], [57Co/Co(2-pic)3]Cl2 · EtOH
[91,92] and [57Co/Co(ptz)6](BF4)2 [94], the corresponding iron(II) of which all
exhibit thermal spin crossover. Obviously, in all these FeII-SC systems metastable
FeII-HS states originating from the 57Co nuclear decay are ‘trapped’ and observed,
to nearly 100% of all decay events, in the ‘Mössbauer window’ of ca. 100 ns after
nuclear decay, whereas the ground state of FeII in the same ligand surroundings at
comparable temperatures is LS (1A1). Only with the discovery of the LIESST effect
(see Section 3) are we close to understand these NIESST effect observations. The
mechanism for both phenomena appears to be the same except for the initial step,
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which is by external light irradiation in case of LIESST, but 57Co(EC)57Fe decay in
case of NIESST. From time-differential Mössbauer emission spectroscopy (TD-
MES) we know that metastable FeII-HS states exist already on the nanosecond time
scale [95]. There are fast (�10−7 s) spin-allowed transitions to the 1A1 ground state
as well as fast (�10−7 s) ISC processes, which are favored by spin–orbit coupling
as in the LIESST mechanism, populating the 5E and then the metastable 5T2 state
(see Fig. 9). The branching ratio for the two decay paths (prompt decay to 1A1 and
population of the 5T2, respectively) depends on the ligand field strength and this on
�EHL

0 . The weaker the ligand field strength and therefore the smaller �EHL
0 , the

higher the population of the 5T2 state. This agrees with the experimental results,
where the population of the 5T2 state is found to be much more pronounced in the
Mössbauer emission spectra of SC complexes than in a strong-field system like a
tris-phen complex. This ‘reduced energy gap law’, i.e. the smaller the energy
difference �EHL

0 between the lowest vibronic levels of the HS and LS states, the
longer the lifetime of the trapped 5T2 state, was demonstrated by Hauser [66] to
hold for LIESST state relaxation in FeII-SC complexes.

In order to prove that the LIESST mechanism also holds for the NIESST
phenomenon, at least in its final step of ligand field state relaxations, we have
constructed a coincidence spectrometer for TDMES experiments for lifetime mea-
surements between ca. 5 ns and ca. 500 ns (resolution�3.5 ns) at variable
temperatures down to 4 K [96]. The TDME spectra of 57Co/tris-phen source prove
that the intensity of the metastable FeII-HS state increases the lower the tempera-
ture and the shorter the time interval elapsed after nuclear decay. The lifetimes of
one of the HS states derived from the TDME spectra were similar to that from
time-resolved optical spectroscopy on [Fe(phen)3]2+ embedded in a Nafion foil, e.g.
188 ns at 50 K after LIESST [97] as compared to 205 ns at 47 K for the HS state
after NIESST in a polycrystalline sample [95]. The agreement is very good and is
strong evidence for the validity of the proposed mechanism. Further time-resolved
studies of NIESST and LIESST on the very same system, viz. single crystal of
[57Co/Mn(bpy)3](PF6)2 as Mössbauer source in TDMES and the corresponding
single crystal iron complex for LIESST using optical spectroscopy yielded very
similar results [98].

NIESST experiments have also been carried out with [57Co/M(phen)3](ClO4)2

(M=Fe, Ni, Co, Zn) as Mössbauer sources versus K4[Fe(CN)6] as absorber, in
order to investigate the matrix influence, particularly the effect of different M2+

radii leading to different local pressure, on the relaxation rate of the metastable
NIESST state (5T2). At a given temperature, the intensity of the nucleogenic
57Fe-HS resonances was found to increase with increasing M2+ radius in the series
M2+ =Fe (61 pm in LS state)�Ni (70 pm)�Co (74 pm)�Zn (75 pm) [86]. A
selection of relevant emission spectra recorded at 4.2 K is shown in Fig. 14.

In view of the fact that FeII-HS has the largest M2+ radius of 78 pm of all metal
ions involved in this study, it is expected that the host with the smallest M2+ ion,
which is the FeII-LS with 61 pm, should have the lowest formation probability of
57FeII-HS after NIESST. This is indeed the case. The smallert the r(M2+), the
higher the local pressure, the larger �EHL

0 , the shorter the lifetime (or faster the
decay) of the 57Fe(HS)-HS state after NIESST.
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Fig. 14. 57Fe Mössbauer emission spectra of [57Co/M(phen)3](ClO4)2 vs. K4[Fe(CN)6] · 3H2O recorded at
4.2 K. The spectra show increasing intensities of the nucleogenic 57FeII-HS doublets with increasing
M2+ radius due to decreasing local pressure (from Ref. [82]).

Similar NIESST experiments have recently been performed with [57Co/
Co(bpy)3][MCr(ox)3] (M=Li, Na) and [57Co/Co(bpy)3][MCr(ox)3] (M=Li, Na)
and [57Co/Co(bpy)3][Mn2(ox)3] as Mössbauer sources. These systems possess a cubic
crystal structure, where the 57Co-labeled cationic complex molecules sit in a cavity
of slightly different dimension [99]. The a-axis is the smallest (15.387 A� ) in the
network with Li+ and largest in that with MnII. Thus it is expected that in the
former case the relaxation of the nucleogenic 57FeII-HS state after NIESST is faster
due to the somewhat higher local pressure in the former than in the latter case. This
has indeed been observed: the intensity of the 57FeII-HS resonances at a given
temperature is larger in the system with Na+Cr3+ than in that with Li+Cr3+, but
is largest in the host with (Mn2+)2 [100]. These results are again well in accordance
with the ‘reduced energy gap’ law.
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The NIESST effect was most recently studied for the first time in a CoII SC
compound, viz. [57Co/Co(terpy)2]X2 (X=ClO4

−, Cl−), where terpy is the tridentate
ligand terpyridyl. The perchlorate derivative shows thermal spin transition, whereas
the chloride derivative is still in the LS state at room temperature [101]. The former
apparently possesses a weaker ligand field at the CoII ion than the latter compound.
In view of the ‘reduced energy gap law’, the perchlorate has a smaller �EHL

0 value
than the chloride and should therefore yield a higher population of the FeII-HS
state after NIESST than the chloride. This in fact has been observed; the emission
spectra in Fig. 15, which were recorded at 100 K, show a much larger fraction of
the FeII-HS doublet for the perchlorate than for the chloride [102].

NIESST studies were also performed on [57Co/Co(py)2Ni(CN)4] (py=pyridine)
[103]. The corresponding 2-D cyano coordination FeII–NiII polymer is known to
display an abrupt thermal spin transition 1A1�5T2 around 190 K with a hysteresis
of 12 K [104]. The diamagnetic NiII ions are arranged in square planar configura-

Fig. 15. Mössbauer emission spectra at 100 K for [57Co/Co(terpy)2]A2 (A=ClO4
−, Cl−) (adapted from

Ref. [102]).
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tion whereas FeII ions have octahedral surroundings. An interesting electron
transfer from FeII-HS to FeIII-HS above 210 K has been observed by Mössbauer
spectroscopy [103].

These examples demonstrate that the NIESST effect, which cannot be considered
as a photoswitching phenomenon in the usual sense, can be used to probe local
ligand field or chemical pressure differences in a very sensitive manner.

5. Stilbenoid complexes

In Section 3, we have learnt about the photoswitching of spin states of FeII-SC
compounds (LIESST effect). Another way to induce a spin transition photochemi-
cally can be achieved by an indirect manner following the so-called ligand driven
light-induced spin change (LD-LISC) [105–107]. This process is based on the
well-known cis– trans photo-isomerization of stilbenoid units introduced as ligand
molecules of some transition metal compounds. The 4-styrylpyridine (stpy)
molecule has first been considered (Scheme 1) [106,107]. When photo-induced
isomerization of the ligand proceeds as a primary step, the ligand field at the FeII

ion is modified and consequently the electronic distribution and spin states too.
Accordingly, in the temperature region where the isomers are present in the LS and
in the HS state, the photo-isomerization of the ligand directly result in SC behavior.
The first studies have been carried out on the FeII mononuclear compound
[Fe(stpy)4(NCS)2] for which the crystal structures of its trans and cis isomers have
been solved [107]. The FeII ions are surrounded by six nitrogen atoms belonging to
two thiocyanate groups coordinated in trans position and to the pyridine rings of
the four stpy ligands (Fig. 16).

The trans form exhibits quite an abrupt spin transition at 108 K whereas the cis
form remains permanently HS. Unfortunately, the LD-LISC effect could not be
observed on this system [107]. The first observation was done actually on a related
compound, [Fe(stpy)4(NCBPh3)2], which undergoes a sharp spin transition around
ca. 190 K for the trans derivative, the cis derivative retaining the HS state down to
4.2 K (Fig. 17).

UV light irradiation of a cellulose acetate film of [Fe(trans-stpy)4(NCBPh3)2]
around 140 K, that is in the LS area, resulted in a LS�HS conversion which was
followed by absorption spectroscopy. This transformation was found to be incom-
plete probably due to the rigidity of the matrix at this temperature [108].

Scheme 1. cis– trans photo-isomerization of stpy.
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Fig. 16. Crystal structures of [Fe(trans-stpy)4(NCS)2] (1) and [Fe(cis-stpy)4(NCS)2] (2) at 293 K (from
Ref. [108]).
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Further efforts have been successful to increase the transition temperature of
such potentially photo-isomerizable compounds [109,110]. Finally, the LD-LISC
effect was observed in solution and at room temperature for [Fe(t-msbpy)2(NCS)2]
(t-msbpy=4-methyl-4�-trans-styryl-2,2�-bipyridine), a compound including two
photosensitive ligands (Scheme 2). A strong ligand field has thus been settled by the
bpy so as to shift the transition temperature of the trans form to higher tempera-
tures (around ca. 264 K) [111].

One of the appealing aspects of the LD-LISC effect is that it can be extended to
any transition metal ion. Therefore some FeIII complexes containing photo-isomer-
izable ligands were investigated recently [112–115]. The salten SC complexes
(salten=bis(3-salicylideneaminopropyl)amine) [115] were modified slightly such as
to incorporate one photosensitive stpy molecule. [Fe(salten)(stpy)]BPh4 · xSol un-
dergoes SC behavior for its two isomers, the transition temperatures of the trans
form being the lowest. The crystal structures were also solved for both forms. The
FeIII ion is surrounded by three nitrogen and two oxygen atoms in trans position
coming from the salten unit and one nitrogen atom arising from the stpy molecule
in apical position (Fig. 18).

Unless photo-isomerization proceeds for the trans form in acetonitrile, the spin
state change could not be clearly identified [114]. However, substituting stpy by a
pyrole–pyridine photosensitive ligand on the same system allowed to shift the SC
behavior to above room temperature and a photo-induced spin state change from
HS to LS could be observed for the first time [113].

CoII compounds are also subject to investigations in this context. One of them
incorporating the mstpy (1-(4-methyl-phenyl)-2-(4-pyridyl)ethene) ligand has just
been prepared. This complex undergoes under its trans form quite a gradual

Fig. 17. Temperature dependence of �MT for the trans and cis forms of [Fe(stpy)4(NCBPh3)2] (adapted
from Ref. [108]).

Scheme 2. cis– trans photo-isomerization of t-msbpy.
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Fig. 18. Crystal structure of [Fe(salten)(trans-stpy)](BPh4) · acetone · 0.5H2O (adapted from Ref. [114]).

thermal spin conversion (LS, S=1/2)� (HS, S=3/2) centered around ca. 270 K
[116].

The limiting point of the LD-LISC is that it has for now only been observed in
thin films or in solution, the reason being the enormous space required for the
photo-isomerization of the ligand to proceed, which is not available in the solid
state. This weak point regarding practical applications could be overcome by
implementation of these photosensitive materials in organized media on the meso-
scopic scale, such as Langmuir–Blodgett films [117].

6. Prussian blue analogues

The design of photoswitchable molecular based magnets with a high Curie
temperature (Tc) represents a challenging topic in materials science both from an
academic and a practical viewpoint. There has been a renewed research interest,
these last five years, for one of the oldest coordination complex [118], the Prussian
blue FeIII[FeII(CN)6]3 · xH2O and its derivatives [119]. These materials can show
spontaneous magnetization covering a wide range of higher temperatures (from 90
to 376 K) [119–135]. Soon after the report on V[Cr(CN)6]0.86 · 2.8H2O, the very first
Prussian blue analogue having a Tc above room temperature (315 K) [123], the first
photoswitchable system was communicated by Hashimoto and coworkers in 1996
[136].
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K0.2CoII
1.4[FeIII(CN)6] · 6.9H2O possesses a face-centered cubic structure (Fig. 19)

in which CoII ions are bridged to FeIII ions via cyano groups, a few isolated
CoIII–FeII diamagnetic pairs being also present in the lattice. This compound
exhibits ferrimagnetic ordering below 16 K [136]. Red light irradiation at 5 K
results in a spectacular enhancement of the magnetization together with a rise of Tc

from 16 to 19 K (Fig. 20). This light-induced magnetization remains trapped at 5
K for several days in the dark. Switching back to the ground state is obtained by
increasing the temperature to 150 K or by blue light irradiation [136].

Fig. 19. Face centered cubic structure of K0.2Co1.4[Fe(CN)6] · 6.9H2O deduced from X-ray powder
diffraction. Instertitial K+ ions, water molecules and defects have been omitted for clarity (adapted from
Ref. [136]).

Fig. 20. Photoswitching of the magnetic properties of K0.2Co1.4[Fe(CN)6] · 6.9H2O. The lower magne-
tization curve was measured before irradiation at 660 nm, and the upper one after irradiation (from Ref.
[136]).
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These features may be related to the presence of a charge transfer excited state at
a relatively low energy above the ground state, which can be populated by visible
light irradiation [137]. Actually, red light irradiation provokes an internal redox
reaction induced by a photochemical electron transfer which will be detailed
hereafter. Before the excitation, the CoIII and FeII ions are in their diamagnetic LS
states (S=0 for both) and there is no interaction between them. Excitation with red
light induces an electron transfer from the iron to the cobalt leading to CoII ions in
the HS state (S=3/2) and FeIII ions in the LS state (S=1/2), which couple
antiferromagnetically leading to a ferrimagnetic behavior. This local electron trans-
fer decreases the number of diamagnetic pairs in the solid and as a result both
magnetization and Tc increase [137]. Exciting is that the reverse electron transfer is
accessible by irradiation with another wavelength (Fig. 21).

From an application viewpoint, the slow switching process (a few minutes) as
well as the low temperature range of the observation of the phenomenon are the
weak points of this system in spite of the reversibility of the process. Anyhow, it
represents the first example of fine-tuning of long-range magnetic ordering by light
[137].

Photomagnetic studies on related Co–Fe cyanide materials using different alkali
cations have been carried out [138–144]. One of them, Rb0.66Co1.25[Fe(CN)6] ·
4.3H2O, reveals a photo-induced long-range magnetic ordering from a paramag-
netic state to a ferrimagnetic ordering (Tc=22 K) when irradiated at 5 K by any
wavelength in the visible region [140], due to an intense charge transfer band. The
reverse process in this case is obtained only by thermal treatment. A related
material which is essentially diamagnetic before irradiation (with a small amount
of paramagnetic CoII ions), also was found to exhibit a spectacular photo-excitation
of the same type (Tc=21 K) [142]. A very small effect was, however, observed
on a diamagnetic compound containing cesium cations. It was therefore con-
cluded that the presence of diamagnetic CoIII–FeII pairs is not a sufficient condition
to observe the phenomenon; crystal defects should be present in the cubic
structure so as to render the network flexible and allow the extension of

Fig. 21. Back and forth electron transfer induced by photons of different wavelengths through the cyano
bridge, and the related magnetic changes (from Ref. [137]).
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the light-induced electron transfer [142]. Varret et al. have focused on the shape of
the thermal relaxation curves after photo-excitation. These were found to obey a
self-accelerated kinetics at high temperature, whereas a weak, non-exponential
behavior was observed at low temperature. These features were discussed in terms
of cooperative effects in the frontal process of the photo-excitation [143].

The first thermally induced electron transfer leading to spin state changes around
room temperature was discovered for Na0.4Co1.3[Fe(CN)6] · 5H2O [145]. Variation
of the respective concentration of both cations leads to hysteresis effects also
around room temperature [146]. Photochromic properties were also evidenced [147],
which is appealing in terms of a possible implementation of such kind of materials
in switching devices operating at the molecular level. Photomagnetic studies on
these systems are currently in progress [146].

A new photomagnetic effect was discovered recently on a mixed ferro–ferrimag-
net FeII–CrIII cyanide derivative [148]. The temperature dependence of the magne-
tization of (Fe0.4Mn0.6)1.5[Cr(CN)6] · 7.5H2O shown in Fig. 22 is actually the sum of
the positive magnetization of the MnII sublattice (a ferrimagnet with a Tc of 67 K)
[119a,126] and two negative magnetizations of the FeII and CrIII sublattices which
have different temperature dependencies [149]. Upon blue light irradiation at ca. 16
K with a weak external magnetic field (10 G), the total magnetization becomes
positive, revealing a magnetic pole inversion. The pole is reversed back again by
thermal treatment above 80 K (Fig. 22). Thus, a photo-induced magnetic pole
inversion, which can be induced repeatedly by alternate optical and thermal
stimulations, has been evidenced. This discovery is important in view of the fact
that the same strategy could be applied successfully to high Tc molecule based
magnets, leading to the observation of a room temperature photo-induced magnetic
dipole [148b].

Fig. 22. Temperature dependence of the magnetization of (Fe0.4Mn0.6)1.5[Cr(CN)6] · 7.5H2O before (�)
and after (�) blue light irradiation. The curves recorded after thermal treatment (�) are also shown
(from Ref. [148]).
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Extensive research efforts are currently carried out on Prussian blue analogues
having more diffuse and high energy magnetic orbitals such as 4d or 5d so as to
increase the interaction between the nearest magnetic neighbors and to obtain a
fine-tuning of the magnetic properties [131,150–155]. This project actually initiated
by Larionova et al. has led to the first crystal structures for 3-D analogues of
Prussian blue as well as to the first magnetic phase diagrams [150]. Photomagnetic
effects have also been discovered on this type of compounds [156,157]. For
instance, UV light irradiation at 10 K of the 1-D bimetallic zigzag chain
[MnII

2 L2(H2O)][MoIV(CN)8] · 5H2O (L=2,13-dimethyl-3,6,9,12,18-pentaazabicy-
clo[12.3.1]octadeca-1(18),2,12,14,16-pentaene, leads to a dramatic modification of
the magnetic properties going from an antiferromagnetic to ferrimagnetic behavior
caused by an internal photo-oxidation from diamagnetic MoIV (S=0) to paramag-
netic MoV (S=1/2). This effect is, however, not reversible [156].

More exciting was the discovery of an electron transfer induced thermal spin
transition for Cs0.8Co1.3[W(CN)8](3-cyanopyridine)1.9 · 2.1H2O leading to a hys-
teresis of ca. 50 K around 170 K as shown in Fig. 23 [157]. At low temperatures,
the compound is in its LS state and does not show any spontaneous magnetization
as CoIII and WIV are diamagnetic (S=0 for both). However, visible light irradia-
tion populates the HS state as a consequence of the electron transfer from the
cobalt to the tungsten leading to paramagnetic CoII ions (S=3/2) and WV ions
(S=1/2), which couple antiferromagnetically, leading to a ferrimagnetic behavior
with a Tc above 30 K [157].

7. Conclusions and outlook

The photocontrol of the magnetic and optical properties remains a challenging
topic in materials science in view of the possible implementation in optical
switching and memory devices. Information and energy storage are also to be

Fig. 23. �MT vs. T plot for Cs0.8Co1.3[W(CN)8](3-cyanopyridine)1.9 · 2.1H2O in the cooling and in the
heating modes (from Ref. [157]).
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considered. The increasing demand for available information in science, economy
and culture results in the necessity to store any desired amount of data. By the
worldwide success of the internet a data quantity of some peta-byte can circulate
around the world. Since these data are stored for now on available storage systems
like volatile memories, hard disk, CD-ROM, magnetic tapes, etc., a lot of impor-
tant and irreproducible information get lost. Meanwhile it is impossible to save all
the required data; because the lifetime of all storage media in use is limited and
during the re-recording further data get lost and many more new data are
produced. A principal problem arises from the serial data format. The reading or
writing time of, e.g. 1 TByte increases to hours working with the high speed of
10−9 s per bit. The more information is at our disposal the more time is needed in
the serial data processing. In the field of energy storage the main difficulties arise by
the conversion from one kind of energy into another one and by the losses of
available battery systems, e.g. due to the discharge current. All these difficulties
require a new kind of information and energy storage besides the current working
systems. Long-lived metastable states produced in nitroprusside complexes and
possibly other coordination compounds are very promising candidates in this
regard. Due to the change of the refractive index during the excitation, information
can be stored by writing volume phase holograms. No special doping is needed and
a broad spectral range of excitation and deexcitation is available for the writing
process. Embedding such compounds in organic conductors, the stored energy can
be transferred into current by applying external voltage, in order to overcome the
potential barrier, which is responsible for the metastability. Such a battery system
has no losses by discharge current and can be recharged only by light. Provided,
however, that the transfer rate and transfer velocity is high enough. Besides these
technological applications the study of light-induced metastable states is highly
relevant to chemistry, biology and materials sciences, because of the reaction path
which can be induced and controlled by light.

Various examples belonging to the appealing class of photoswitchable materials
have been covered in this review. There is no doubt that a sizeable number of new
systems as well as new photophysical phenomena will emerge in the near future
from this rapidly evolving field. The frontier of molecular based magnets is also in
true progress [158–161], the addition of light effects and the combination with the
above mentioned photoswitchable processes may lead to spectacular results in the
near future. We can, for instance, mention a novel composite material comprising
Prussian blue intercalated into photoresponsive vesicles based on azobenzene
moieties, whose magnetic properties can be controlled by photo-illumination [162].
Also recently, the photosensitive NO has been introduced in a 4d Prussian blue
analogue, K0.9MnII

1.05[MoI(CN)5(NO)] · 5H2O · 1.9MeOH which is ferromagnetic
with a Tc of 39 K [163].

Extension of the LD-LISC to any other photochemical process like, for instance,
bond forming/breaking rearrangements [164] is in principle possible. Irie et al. have
reported on the reversible photoswitching of the intramolecular magnetism of two
nitronyl nitroxides placed at the extremities of a photochromic diarylethene
molecule [4,165]. Such spin couplers could be replaced by SC molecules yielding the
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possibility to observe light-induced switching of spin states at room temperature
[166]. Photo-isomerization of non-coordinated stilbenoid anions could also result in
SC behavior as it is well known that non-coordinating constitutents (anions, solvent
molecules) of solid coordination compounds can influence dramatically the spin
state behavior of the central ion [167].

Another appealing perspective would be to investigate in depth the possible
photoswitching of coordination compounds exhibiting thermal valence tautomeric
interconversion [3,168,169]. To the best of our knowledge no convincing demon-
stration has been reported yet, but it should not be surprising if success in this
regard would be communicated soon.
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[19] M. Rüdlinger, J. Schefer, G. Chevrier, N. Furer, H.U. Güdel, S. Haussühl, G. Heger, P. Schweiss,
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