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alters the optical properties. In addition, the LC phase transition can induce a SCO in the embedded

compounds by inducing mechanical strain, which can perturb the coordination geometry of the central

metal ions thus giving rise to a change in the electronic and magnetic properties. So far, this concept
- has only been implemented in a few material combinations. Here, we review the magnetic properties in
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polymers metallo-supramolecular coordination polyelectrolyte-amphiphile complexes (PACs).
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1. Introduction

In the recent years there has been great interest in the study
of the magnetic properties of molecular compounds [1,2]. As a
result, the research field of molecular magnetism represents a
very lively scientific area where both physicists and chemists join
their efforts to design molecular architectures containing mag-
netic metal centers with novel magnetic properties [3-5]. Many
molecular magnetic compounds developed to date offer inter-
esting scientific and technological perspectives for information
storage and processing [6], signal transduction [7] or novel quan-
tum mechanical effects at nanometer length scale [8]. The first
room-temperature organo-metallic magnets were reported in 1991
[9] and 1995 [10]. In the same period, molecular magnets consist-
ing of pure organic radicals were first published [11]. Also, new
types of magnets with unusual properties have been reported,
for example, single-molecule magnets and single-chain magnets
exhibiting a hysteresis loop in 0- or 1-dimension [12-15]. Recently
it has been theoretically shown that in purely isotropic spin sys-
tems, e.g. symmetric spin icosahedrons, magnetic switching can be
induced despite the absence of structural or magnetic anisotropy
effects due to geometrical frustration [16]. In symmetric spin
icosahedrons spins are mounted on the vertices of edge sharing tri-
angles and coupled through nearest-neighbor, antiferromagnetic
isotropic Heisenberg exchange interactions and switch when an
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Fig. 1. Top: self-assembly of the ditopic bis(terpyridine) ligand and iron acetate in
aqueous solution results in the formation of a metallo-supramolecular polyelec-
trolyte (MEPE). The subsequent self-assembly of MEPE and dihexadecyl phosphate
(DHP) affords the polyelectrolyte-amphiphile complex (PAC). Bottom: melting of the
alkyl chains in the amphiphilic mesophase induces a spin transition from a diamag-
netic LS state (left) to a paramagnetic HS state (right). For simplicity an octahedral
symmetry of the metal ion is assumed. Reprinted with permission from Ref. [21].

external magnetic field equals a critical value. Another important
contribution to the research field of molecular magnetism was
provided by supramolecular chemistry: self-assembly of molec-
ular building blocks like transition metal ions, tailored ligands
and amphiphiles allows the development of complex functional
supramolecular architectures with unique electronic and magnetic
properties in a rational way. A central objective is the structure
tuning of these molecular magnetic compounds with (at least)
two different stable electronic or magnetic states within a spe-
cific temperature range. External perturbations can be used to
cause a specific structure variation which is strong enough to affect
magnetic properties. For example, thermal spin transition (spin-
crossover (SCO)) is one of the most fascinating and most extensively
explored dynamic electronic structure phenomena in coordination
chemistry. Self-assembly has therefore become a central concept
for the preparation of tunable spin-crossover compounds and rep-
resents an expanding area of today’s chemical research [17-19].
Given its versatility, power, and potentially facile applicability,
self-assembly has gained remarkable attention as a viable tech-
nique to design complex, metallo-supramolecular architectures
based on non-covalent interactions [20]. These materials, build by
metal-ligand complexation, are especially intriguing for the imple-
mentation of novel structures and magnetic properties.

This article focuses on the properties and magneto-structure
correlations of systems composed of transition metal ions and
terpyridine (tpy) based or related ligands. At the beginning, we
describe the main concept of a structure-induced spin-crossover in
polyelectrolyte-amphiphile complex (PAC). Next we highlight some
of the neighboring research areas: e.g. spin-crossover in liquid crys-
tals, alternative concepts of structure controlled spin-crossover,
tpy-based metallo-supramolecular grid structures or the control of
spin-crossover by ligand design. At the end of this article an outlook
and perspectives are given.

2. Basic concepts
2.1. Main concept of structure-induced spin-crossover

The concept of structure-induced spin-crossover was first
demonstrated in Langmuir-Blodgett (LB) multilayers of a PAC self-
assembled from 1,4-bis(2,2’:6',2”-terpyridine-4'-yl)benzene, Fe(II)
and the amphiphile dihexadecyl phosphate (DHP) (for a detailed
description of the complex please refer to Section 3) [21]. The
stoichiometry of metal ions to DHP was 1:6 in this case. The
PAC architecture consists of DHP double layers, where the inter-
stitial space is occupied by the rod-like metallo-supramolecular
polyelectrolyte (MEPE) [22]. A phase transition in an amphiphilic
mesophase is explored to deliberately induce sufficient mechanical
strain in the embedded metallo-supramolecular assembly of tightly
coupled metal ion coordination centers. Melting of the alkyl chains
causes distortion of the coordination geometry around the central
metal ion. As a result, the crystal field splitting of the d-orbital sub-
sets decreases resulting in a spin transition from a low-spin (LS)
to a high-spin (HS) state. The LB-film shows a reversible, partial
spin-crossover slightly above room temperature. The change in the
spin state of the transition metal ions causes a transition from dia-
magnetic to paramagnetic. An overview of the general concept is
outlined in Fig. 1.

Later on, the concept of structure-induced spin-crossover was
adopted by Hayami et al. to achieve a reverse (HS — LS) spin transi-
tion in Fe(Il) complexes with terpyridine ligands modified by long
alkyl chains [23]. Independently, Ruben et al. recently reported a
spin transition in linear Fe(Il) terpyridyl-based metallo-polymers
(Section 6) [24].
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The extensive control of structure and function provided by self-
assembly of molecular building blocks like Fe(II) ions and tpy-based
ligands gives access to a wide range of new molecular magnetic
architectures such as nanostructures, thin films, and liquid crystals.
Abrief overview of selected spin transition materials and the mech-
anisms involved in structure-controlled spin-crossover are given in
the following sections.

2.2. Liquid crystals and spin-crossover

Liquid crystals (LCs) were discovered more than a century ago
and since then gained remarkable interest with the discovery of
the twisted nematic effect, which launched the era of liquid crystal
applications [25]. The simultaneous occurrence of crystal like order
and liquid like mobility in LCs allows the reorientation of polar, rod
like molecules through an external electric field, which alters the
optical properties of the material. This effect is the foundation of lig-
uid crystal displays technology (LCD). In recent years, the design of
metal-containing liquid crystals (metallomesogens) has attracted
much attention because of the possibility to align paramagnetic
liquid crystals by weak magnetic fields. The particular features of
liquid crystalline phases and spin-crossover compounds have stim-
ulated the idea of combining both properties in a single material as
for example the design of thin films containing SCO materials.

As a first example for the coexistence of SCO and LC proper-
ties, pseudooctahedral Fe(Ill) complexes with N4O, coordination
were investigated, whereby Schiff-base ligands with elongated sub-
stituents provided a rod-like geometry and the liquid crystalline
properties of the complex [26]. The spin-crossover and the LC phase
transitions do not occur in the same temperature region and they
are not coupled. In general, one can distinguish three types of syn-
ergy between SCO and LC phase transitions in metallomesogenes.
First, systems where both phase transitions are interrelated and
occur at the same temperature, second, systems where both tran-
sitions are not interrelated but inadvertently occur in the same
temperature region and, third, systems with independent phase
transitions at different temperatures [27]. This classification was
derived from investigations of Fe(Il) metallomesogenes based on
the ligand tris[3-aza-4-((5-C,)(6-R)(2-pyridyl))but-3-enyl]amine.
Depended on the alkyl chain length (C, with n=6, 12, 16, 18 and
20) and R=hydrogen or methyl (Cg 161820-trenH or Cg 12 13-trenMe)
the complexes belong to one of the above mentioned types.

A first example where the LC phase transition in an amphiphilic
matrix induces a SCO is realized in metallo-supramolecular PACs. In
these systems, the spin-state transition is induced by the mechani-
cal strain associated with the LC phase transition of an amphiphilic
mesophase, which embeds the otherwise magnetically inactive
metallo-supramolecular coordination polyelectrolyte as described
in the following.

2.3. Examples of spin-crossover induced by structure phase
transitions

Hayami et al. described a way to control the spin-crossover in
tpy-based transition metal ion complexes with covalently bonded
alkyl chains whereby the spin transition temperature depends on
the alkyl chain length [23]. The Co(II) complex [Co(C16-tpy)2 |(BF4)2
(Clg-tpy =4'-hexadecyloxy-2,2':6',2”-terpyridine) shows a reverse
(HS— LS) spin transition with large thermal hysteresis. Thereby,
the Co(Il) ion changes between S=3/2 and S=1/2 spin states. Usu-
ally, the HS state emerges in the high temperature phase and the
LS state is usually observed in the low temperature phase. In this
case, the opposite transition is observed, that is the LS-to-HS tran-
sition is induced by cooling and the reverse transition is induced by
warming. The spin-crossover is thermally induced just below room

temperature with a hysteresis width of 43 K. [Co(Cy4-tpy)2[(BF4)
(Cy4-tpy =4'-tetradecyloxy-2,2’:6’,2"-terpyridine) also exhibited a
reverse spin transition at room temperature with a very large hys-
teresis width (AT=56K). The authors postulated, supported by
XRD measurements, that the reverse spin transition is induced by a
structural phase transition, e.g. through packing effects in the solid
state through strong intermolecular forces. However, the melting
of the alkyl chains occurs approximately 100 K above the SCO tem-
perature and is, therefore, considered an independent LC phase
transition.

Later on, Hayami et al. reported a simultaneous SCO-LC
phase transition around room temperature in the compound
[Co(C5Cq2C10-tpy)21(BF4)2 [C5Ci2Cio-tpy =4',5""-decyl-1"'-
(heptadecyloxy)-2,2’:6’,2"”-terpyridine] (Fig. 2) [28]. The employed
ligand is based on a terpyridine frame with attached branched
alkyl chains providing a pseudo-octahedral environment of the
coordinated Co(lIl) ion. The spin-crossover and liquid crystalline
phase transition were investigated by measurements of the molar
magnetic susceptibility xm, powder X-ray diffraction, and differ-
ential scanning calorimetry. An abruptly increasing susceptibility
at around ~88K signals the spin-crossover from the LS to the
HS state. The spin transition is directly related to a mesophase
transition found by X-ray diffraction. On cooling, the magnetic
susceptibility decreased abruptly at around ~284 K, showing that
the HS moieties were restored to the LS state with a small hysteresis
loop (AT~ 4K). Additional thermal cycles did not alter the thermal
hysteresis loop. Below the phase transition, the branched alkyl
chains do not melt, and the Co-N bond distance in the LS state is
short. Upon heating, the branched alkyl chains melt and the spin
transition from the LS to HS states occurs permitting elongation of
the Co-N bonds.

Another example of a spin transition triggered by a phase
transition in a Fe(Il) based metallo-supramolecular complex has
been reported by Fujigaya et al. [29]. A rigid coordination poly-
mer was made from triazole ligands with two long alkyl chains
(Cptrz) bridging the iron(II) centers. In the solid-state, polynuclear
species are formed by interdigitation of the long alkyl chains. At
low temperatures, the crystalline alkyl chains of (C,trz)Fe(Il), upon
interdigitation, most likely lock the Fe-N bond distance of the low-
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Fig. 2. xmT vs. T plot (standing triangles, heating mode; hanging triangles, cooling
mode) for [Co(CsC12Cyo-tpy)2 |(BF4)2; a Co(1l) complex based on a terpyridine frame
with attached branched alkyl chains. The inset graph shows the derivative 8 x;, T/0T
plot and the corresponding DSC curve as a function of temperature. Reprinted with
permission from Ref. [28].
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spin Fe(Il) complex. On heating, the lock can be released by melting
of the alkyl chains, thereby permitting elongation of the Fe-N bond,
necessary for the transition to the HS state.

2.4. Metallo-supramolecular grid nanostructures

In the last decade, it was realized that the interplay between
spin-crossover and magnetic coupling could be exploited to govern
the magnetic properties of molecular compounds. It was expected
that the intramolecular ferromagnetic or antiferromagnetic cou-
pling could be suppressed or enhanced alternating the spin state
of the metal centers. Extension of this approach to 2D and 3D
supramolecular assemblies would enable one to combine two
phenomena in the same solid, namely magnetic ordering and spin-
crossover. The goal is to investigate how the magnetic ordering can
influence the spin-crossover process. The development of molec-
ular clusters in which more than one metal ion is incorporated is
therefore an interesting subject. A particularly interesting class of
compounds is that of the supramolecular [N x N] grid structures
(Fig. 3) [30]. In these complexes, the ligand includes two tpy-units.
The assembly of four ligands with four transition metal ions results
in an essentially flat, square, grid-like arrangement of metal ions
realizing a pseudo-octahedral coordination environment for each
ion. The strength of the ligand field can be variably adjusted by
either steric strain or steric repulsion. From the magnetic perspec-
tive, the grids may be regarded as molecular model systems for
magnets with extended magnetic interactions like intramolecular
antiferromagnetic coupling. Numerous grids containing the transi-
tion metal ions Cu(Il), Co(II), Mn(II), Ni(Il) have been created, and
studies have shown a remarkable variety of their magnetic prop-
erties [31-34]. In the context of spin-crossover, the tetranuclear
Fe(Il) complex [Fesl4]-(ClO4)g (L=4,6-bis(2’,2”-bipyrid-6'-yl)-2-
phenylpyrimidine) is most intriguing [35]. It presents a threefold
switchable system, which shows three successive spin transitions
of the form HS-HS-HS-LS <> HS-HS-LS-LS <« HS-LS-LS-LS. These
transitions could be induced by changing temperature or by appli-
cation of pressure. Switching the spin state from LS to HS by light

R

Fig. 3. (a) Representative example of a supramolecular [N x N] grid structure with
Co(II) as metal ion. (b) Bis(bipyridyl)-pyrimidine ligand with R; - H and R, - CH3.
Figure reprinted from Ref. [32].

Fig. 4. Left: the numbering scheme for substituents in 2,2":6',2"-terpyridines. The
nitrogen atoms are arranged in the cis,cis conformation to form this M(tpy), motif.
Right: the idealized D,q4 structure of a M(tpy), motif. Reprinted from Ref. [43].

(LIESST effect) [36] is possible with green light at 514 nm and tem-
peratures below 5 K. Recorded Mdéssbauer spectra of the Fe(II) grid
at different temperatures and permanent irradiation with green
light revealed a light-induced thermal hysteresis (LITH) [37]. This
implies the presence of intramolecular cooperativity between the
Fe(Il) metal centers.

2.5. Control of spin-crossover by ligand design in
2,2':6',2"-terpyridines

As mentioned in the last section, the spin-crossover of metallo-
supramolecular complexes can be controlled by design of the
tpy-based ligands. In the following, different examples are given
in order to achieve designated spin states of the central metal ion
by different substituents on different positions at the tpy-ligand.
2,2/:6',2"-terpyridines without any substituents form low-spin
[Fe(tpy)2]X, complexes irrespective of the counterion X [38]. The
appropriate numbering of 2,2:6',2”-terpyridine ligands is pre-
sented in Fig. 4. The introduction of substituents at the 4’-position
has no effect on the spin state [39]. Minor effects on the spin
state were observed for substituents in the 5,5” position. In par-
ticular, the investigated Fe-N distances in Fe(tpy), complexes with
electron releasing and electron withdrawing groups (5,5”-dinitro,
5,5”-alkoxy) shows the central metal ion to be situated in the low-
spin state [40].

In order to modify 2,2":6',2”-terpyridine ligands to be capable
to form spin-crossover complexes the introduction of steric strain
or steric bulk close to the donor atoms is possible. The introduc-
tion of phenyl substituents at both the 6- and 6”-positions leads
exclusively to the formation of orange high-spin Fe(Il) complexes
whilst the presence of a single 6-phenyl substituent results in
spin-crossover systems [41]. An interesting exception from this
picture demonstrates the substitution of 2,2:6’,2”-terpyridines
with phenyl groups at the 4,4” position. In this case, the coor-
dination geometry is highly distorted and lies between a highly
distorted sixfold coordinated complex and a fourfold coordinated
compound with two additional weak interactions. The phenyl
rings are m-stacked (approximately coplanar, interplanar distances
3.2-3.6 A) with one central and one terminal ring of the other ligand
[41].

3. Metallo-supramolecular polyelectrolyte-amphiphile
complexes

In this section we are going to introduce in more detail
the metallo-supramolecular amphiphile complex (PAC) already
mentioned above. The self-organization of PAC is schematically
shown in Fig. 1. Metal ion induced self-assembly of the ditopic
terpyridine ligand 1,4-bis(2,2":6,2”-terpyridine-4’-yl)benzene 1
with Fe(OAc), results in formation of the blue colored Fe(II)
metallo-supramolecular polyelectrolyte (MEPE) [42]. With Fe(II)
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ions terpyridine (tpy) forms stereochemically defined pseudo-
octahedral complexes with D4 symmetry [43]. Treating an aqueous
solution of MEPE with a chloroform solution containing dihex-
adecylphosphate (DHP) results in instant transfer of Fe(Il)-PAC
into the organic phase [44]. After drying and evaporating the
organic phase, PAC is isolated as dark blue powder, which is
soluble in common organic solvents. The formation of PAC is con-
firmed by UV-vis, NMR, and IR spectroscopy. The IR and NMR
spectra show that the acetate counter ions of MEPE qualita-
tively are replaced by amphiphiles. The stoichiometry between
the amphiphiles and the metallo-supramolecular repeat unit (and
therewith Fe(Il) ion) is readily adjusted through the self-assembly
conditions.

4. Thin films

4.1. Magnetic and structural properties of thin
metallo-supramolecular films

The metallo-supramolecular PACs form a stable monolayer at
the air-water interface that are readily transferred and oriented
on a solid support [44]. The measured m-A isotherm was found to
be reproducible with a slight hysteresis. It shows no distinct phase
transitions and a remarkably high collapse pressure (>60 mN/m).
The PAC rearranges such that the amphiphiles form a compact
monolayer located at the top, whereas the Fe(II)-MEPE is in con-
tact with the water interface. It is assumed that this composite
structure enhances the stability of the Langmuir monolayer. The
monolayer can be transferred onto solid supports by means of the
Langmuir-Blodgett technique resulting in thin anisotropic films of
PAC [22].

A detailed structure analysis of a LB multilayer was per-
formed by X-ray reflectometry (XRR), extended X-ray absorption
fine structure measurements (EXAFS) and temperature dependent
energy-dispersive X-ray scattering [22,45]. Fig. 5 shows the mea-
sured and the calculated X-ray reflectivity as a function of the
vertical momentum transfer g,. The inset in Fig. 5 shows the cal-
culated electron density profile, which is used to fit the reflectivity
data. The obtained electron density profile matches the proposed
structure of PAC (see Fig. 1). The multilayer has a periodicity of 57 A,
which corresponds to an architecture of upright-standing closely
packed amphiphilic layers embedding the metallo-supramolecular

air
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Fig. 5. Experimentally determined and calculated reflectivity vs. g, of a LB film con-
sisting of 11 PAC monolayers. The Bragg peaks correspond to a periodicity of 57 A
and the Kiessig fringes to a total film thickness of 311 A, respectively. The inset shows
the resulting electron density profile. The zero-position marks the film-air interface.
Figure according Ref. [22].
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Fig. 6. Temperature dependent magnetic moments for two PAC LB films consisting
of 11 and 15 layers. The material is diamagnetic at low temperatures and becomes
paramagnetic above room temperature. Inset: measurement of the molar suscepti-
bility as xmT vs. T. Figure reprinted with permission from Ref. [21].

coordination polyelectrolyte (MEPE) rods. The total film thickness
is found to be ~311A.

The in-plane structure of the film was investigated by grazing
incidence diffraction (GID). At this technique the incident X-ray
beam strikes the sample surface at a grazing angle of «; ~0.2°.
The beam is diffracted at the in-plane lattice planes created by
the lateral arrangement of DHP molecules. The diffraction pattern
corresponds to a hexagonal arrangement with a lattice spacing of
din =4.2 A, which is in agreement with values found in PAC films
at the air-water interface [46] and in other LB-films e.g. of fatty
acid salts [47]. Temperature induced changes in structure of these
films were investigated simultaneously by energy-dispersive X-
ray reflectivity and in-plane diffraction. The multilayer shows a
reversible phase transition in the temperature range from room
temperature up to 328 K. With increasing temperature the lateral
ordering of the alkyl chains is lost and the vertical layering and
smoothening of the multilayer is reduced upon heating. Cooling
restores the initial film structure. Using extended X-ray absorption
fine structure (EXAFS) experiments at the iron K-absorption edge
the next-neighbor coordination geometry around the central Fe(II)
ions was determined to be pseudo-octahedral. The fit of the exper-
imental data reveal a deformed octahedral geometry with the iron
in the central position in the low-spin state. Temperature resolved
EXAFS measurements indicate a reversible lengthening of the Fe-N
distances in a temperature range up to 328 K. Magnetic proper-
ties of the films were investigated with SQUID magnetometer, spin
resolved neutron reflectivity and X-ray magnetic circular dichroism
(XMCD) [21,48]. The measurements revealed a magnetic moment of
0.5 pg/Fe(Il) carried by the iron ions within the films above temper-
atures of 350 K. Fig. 6 shows the temperature dependent magnetic
moment for two films consisting of 11 and 15 layers. Whereas
the material behaves diamagnetic at low temperatures, an increas-
ing paramagnetic signal above room temperature is observed. The
curves for heating and cooling are indistinguishable indicating that
there is no thermal hysteresis.

In thin LB films of PACs, melting of the alkyl chains in the
amphiphilic mesophase causes distortion of the coordination
geometry around the central transition metal ion. As a result, the
effective crystal field splitting of the d-orbital subsets decreases
resulting in a spin transition from a diamagnetic low-spin to a
paramagnetic high-spin state.
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4.2. Other examples of spin-crossover in thin films

An early example of spin-crossover in a Langmuir-Blodgett
film is reported for amphiphilic Fe(Il) complexes bearing semi-
fluorinated chains [49,50]. The authors observed slightly less
condensed packed alkyl chains compared to the bulk structure. As
a consequence, the observed spin-crossover in the bulk is absent
in the film until the alkyl chains melt. After melting the properties
of the warmed LB films are similar to those of the complex in the
bulk. The observed differences in magnetic behavior between films
and bulk material are directly caused by the lamellar organization
within LB multilayer.

Examples of thin films of spin-crossover compounds produced
by alternative methods are reported for the layer-by-layer method
[51] and spin-coating [52]. Referring the latter one, thin films of
[Fe(dpp)21(BF4), (dpp = 2,6-di(pyrazol-1-yl)pyridine) could be pro-
duced. The film shows a reversible spin-crossover of the Fe(II) ions
at around T=260K [52] This material is particular interesting in
the context of this article because it is based on 2,6-di(pyrazol-
1-yl)pyridine ligands. With these ligands, similar supramolecular
architectures could be achieved as they are found for tpy-based
ligand systems (see also Section 6).

5. Volume material
5.1. Structural and magnetic properties of bulk PAC

The structure of bulk PAC was determined by a combination
of molecular modelling and X-ray scattering [53]. Molecular mod-
elling was used to compose and refine the PAC architecture until
the calculated scattering curves match the experimental data [54].
Fig. 7 shows a representative model of the obtained PAC architec-
ture.

The final PAC model shows a MEPE stratum between two
close-packed amphiphile strata with interdigitated DHP molecules.
Interestingly, this particular complex has six DHP molecules per
metallo-polymer repeat unit, rather than the minimum of two
needed for charge neutralization. The excess surfactants are asso-
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Fig. 7. PAC model showing two DHP strata and the interstitial MEPE layer derived
from SAXS, WAXS and molecular modelling. Note the hierarchy of the architecture
involving molecular, mesoscopic, and macroscopic length scales. Figure reproduced
from Ref. [53].
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Fig. 8. Magnetic moment jt.(T) of two PACs containing two (triangles) or six (cir-
cles) amphiphile molecules per Fe(II). The increase of the moment with temperature
indicates a transition from diamagnetic low-spin state to a paramagnetic high-spin
state of the Fe(Il) ions. Both PAC show different spin-transition temperatures. The
high-spin state persists upon cooling in all systems. Figure reproduced according
Ref. [55].

ciated via hydrogen bonding (note that partially charged DHP
contains both H-bond donor and acceptor sites). The number of
DHP molecules per polymer repeat unit could be precisely adjusted
by the assembly conditions. Solid-state structures of PAC confirmed
by SAXS and WAXS measurements showed lamellar ordering with
a repeat distance of 33 A, (Bragg position g~ 0.2 A~1) implying full
interdigitation of DHP alkyl chains. By the use of energy-dispersive
small angle X-ray scattering and magnetic measurements, a spin-
crossover of the Fe(Il) ions into a stable high-spin state above room
temperature driven and stabilized by a structural phase transition
is observed [55]. The temperature of spin-crossover scales with
the number of amphiphilic molecules attached to the metallo-
polymer backbone. In Fig. 8, the effective magnetic moment piq(T)
measured by a Faraday-Balance for two PACs with a 1:2 and 1:6
ratio of metallo-polymer repeat unit to amphiphiles is shown. An
increase of the magnetic moment indicates the spin-crossover. The
low temperature magnetic behavior was proven with a SQUID
magnetometer. While cooling, the magnetic moment decreases
continuously. Fitting the data to the Curie-Weiss law reveals inde-
pendently the same magnetic moment of jtef~ 4.8 £ 0.2 g /Fe(ll)
as found with the Faraday-Balance. These measurements confirm
the persistence of the stable high-spin state of the Fe(Il) ions down
to low temperatures and we therefore rule out the presence of an
uncompleted large thermal hysteresis as it is observed in other
spin-crossover compounds [56,57]. The results further suggest a
possible antiferromagnetic coupling between Fe(Il) ions at very
low temperatures as it was found for assemblies based on 4f met-
als and ditopic terpyridine ligands. The use of Yb(III) ions lead to
antiferromagnetic coupling between the metal centers at ~13K
[58].

Temperature resolved energy-dispersive small angle X-ray scat-
tering experiments revealed the high-spin state to be stabilized by
a structural phase transition. Fig. 9 shows the collected SAXS pat-
tern as function of temperature for the PAC with two amphiphiles
per polymer repeat unit. The peak at ¢=0.16 A-! is associated with
the K-fluorescence of the Fe(Il) ions. The two signals at g=0.22 A~!
and q=0.44 A~ represent scattering peaks corresponding to the
lamellar ordering mentioned above with a repeat distance of
d=29A for this particular PAC. At increasing temperature the
two scattering peaks shift towards lower q reflecting the melting
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Fig. 9. Time resolved energy-dispersive SAXS pattern of PAC (time resolution of
60 s/spectrum). Between 300 and 330K (position A) the peak shift indicates the
melting of the amphiphilic phase. Above 400K (position B) the peak broadens
as a result of structural reorganization. Spin-crossover occurs in the temperature
range indicated by SCO. Cooling to room temperature (position C) the SAXS pattern
remains unchanged indicating a frozen state.

of the amphiphilic molecules. At the spin-crossover temperature
observed with magnetic measurements, a new scattering peak
appears characterizing a structural reorganization of the system.
The resulting structure remains stable during cooling and stabilize
the high-spin state of the Fe(Il) ions. The results suggest that the
spin-crossover is induced and stabilized by the observed structural
reorganization of the material.

In order to confirm our hypothesis that the spin transition
is induced by the structural phase transition of the amphiphilic
matrix, the PAC is prepared with Ni2* as central ion. The Ni(Il)-
PAC is isostructural to the Fe(II)-PAC but is characterized by the
absence of a spin transition. The magnetic moment of Ni(Il)-PAC
was measured for the same heating and cooling cycle described
above. The observed magnetic moment of Ni(II)-PAC is estimated
to be ptegr=3.14 wp/Ni(Il) in agreement with literature values [59].
X-ray characterization reveals the same structural reorganization at

the same temperatures as found for the Fe(II)-PACs. The structural
phase transition of the amphiphilic matrix embedding the metal
center in PAC is not affected by the transition metal ion.

6. Rigid metallo-polymers and alternative ligand concepts

The PACs described so far are build by assembling metallo-
supramolecular polymers (MEPEs) with amphiphilic molecules.
These metallo-polymers based on ditopic terpyridine ligands pos-
sess a variety of attractive properties that make them interesting in
photophysical, electrochemical, and magnetic studies [60]. In this
section we want to address some basic properties of these metallo-
polymers.

The solid-state structure of MEPE was recently solved using elec-
tron diffraction [61]. The data reveals a primitive monoclinic unit
cell, in which the MEPE forms linear rods, which are organized into
sheets. Mossbauer spectroscopy confirms the pseudo-octahedral
coordination geometry around the Fe(Il) ions and indicates an aver-
age length of approximately 8 repeat units in the solid state. As an
example of a possible future application Co(Il) based MEPEs can
be incorporated as electrochromic active component in thin films
[62].

A further method to modify the magnetic properties of metallo-
polymers could be achieved by using triazine based ligands. Here,
the central pyridine ring is replaced by triazine leading to a tpy-like
ligand with reduced crystal field strength that can be complexed
with different transition metal ions [63]. In this metallo-polymeric
structure different spin states of the central Fe(Il) ion could be
obtained by different counter ions [64].

As already mentioned for thin films a structural alternative
approach to spin-crossover complexes based on ditopic terpyri-
dine ligands is the use of 2,6-di(pyrazol-1-yl)pyridine back-to-back
ligands. Following this route spin-crossover behavior could be
incorporated in rigid rod like metallo-polymers [24]. The linear
iron(Il) metallo-polymer (Fig. 10) shows a reversible spin transition
at 323 K with a ca. 10K wide hysteresis loop.

Fig. 10. The linear iron(Il) coordination chain (1) based on 2,6-di(pyrazol-1-yl)pyridine ligands shows reversible spin transition at 323 K. Figure reproduced from Ref. [24].
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7. Outlook and perspectives

The development of multifunctional spin-crossover materials
reflects a modern trend in molecular materials science. There is
hope that multifunctional SCO systems will find applications as
sensors, molecular separators of gases, in photonic devices, light
modulators and filters, rewritable molecular memory devices and
image processing. To be useful in practice, a demanding set of
material requirements must be met, such as room temperature
operation, non-destructive writing and readout of the informa-
tion. Nowadays, prototypes for functional materials where the
spin-crossover is ligand-driven, induced thermally, by pressure or
light have already been described. In order to extend the given
strategies, structure-induced spin-crossover compounds have been
introduced. In the frame of this article we have concentrated on PAC
and their magneto-structural properties.

This article shows that the magnetic response of PACs can
be controlled by the design of the supramolecular architecture
at all length scales including constituents, composition, and self-
assembly conditions. In LB films melting of the amphiphilic matrix
causes a reversible but partial spin-crossover slightly above room
temperature (320K). In contrast, the bulk PAC undergoes a nearly
complete spin-crossover with respect to the Fe(Il) ions driven
and stabilized by a major structural perturbation of the metallo-
supramolecular coordination polyelectrolyte. The spin-crossover
temperature (400K) is higher than in the LB-film suggesting coop-
erative motion involving the amphiphilic matrix as well as the
polymeric backbone, such as disassembly into discrete units with
coordinatively unsaturated, high-spin metal centers. The high-spin
state in the bulk material is permanent.

The differences in the magnetic response are attributed to
the distinctive structure of thin films compared to bulk samples.
Whereas in thin films the PACs are organized in preferentially
oriented two-dimensional planes, the bulk phase is most likely
composed of randomly oriented domains, which inhibit relaxation
upon cooling.

The irreversible thermochromism, which is associated with the
spin-crossover, could be employed as tag to indicate a tempera-
ture threshold e.g. in food safety. In the future it will be of interest
to study how one can design the magnetic response function,
including the temperature range of SCO and thermal hysteresis,
through the choice of ligands, amphiphiles, metal ions stoichiom-
etry and assembly conditions in these linear one-dimensional
spin-crossover polymers.
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