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a b s t r a c t

In this review article are illustrated the strategies developed in order to achieve interplay/synergy between
spin transition and liquid crystal transition. The synthesised Fe(II) metallomesogens exhibit different
types of interplay between both phase transitions. A classification according to the analysis of the mag-
netic and structural data has led to the separation of three types of interplay, namely: type i systems
with coupled phase transitions, subdivided into three groups a, b and c (in a the structural changes asso-
ciated with the Cr ↔ LC drive the spin transition while in b these structural changes influence the spin
eywords:
pin crossover
iquid crystal
hase transitions
hermochromism

state of the metallic centers but they are not the driving force of the spin state transition; and c con-
cerns the systems where the vitrification of the material inhibits the SCO properties); type ii: systems
where both transitions coexist in the same temperature region but are not coupled due to competition
with the dehydration; type iii: systems where both transitions occur in different temperature regions
and therefore are uncoupled. The synthesised Fe(II) metallomesogens present thermochromism in the
room temperature region. By exploiting the fluid nature of these bi-functional materials it is possible to

hin fi
esomorphism prepare thermochromic t

. Introduction
Metallomesogens are metal-containing-liquid crystals [1]. The
rst account broadly accepted of these materials dates back to 1910,
hen the thermotropic properties of alkali metal carboxylates were

eported [2]. However, until the late 1970s covalent liquid crys-
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∗∗ Co-corresponding author.
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na.b.gaspar@uv.es (A.B. Gaspar).

010-8545/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2008.11.016
lms of a few �m.
© 2008 Elsevier B.V. All rights reserved.

talline coordination complexes were unknown [3]. The study of
metallomesogens developed into a very active research field during
the last thirty years. The driving force of this research explosion has
its origin in the interest to obtain materials combining properties
of liquid crystals (fluidity, easy processability, order) with proper-
ties associated with metal atoms (magnetism, optics, conductivity,
colour) [1]. Future technological demands will require multifunc-

tional materials where several properties of different physical or
chemical nature are met in a single material.

The major numbers of metallomesogens reported recently are
lanthanidomesogens showing interesting magnetic [4] (paramag-
netic liquid crystals, control of molecular orientation in a magnetic

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:guetlich@uni-mainz.de
mailto:ana.b.gaspar@uv.es
dx.doi.org/10.1016/j.ccr.2008.11.016
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Fig. 1. Schematic structure of complex cations [Fe(Cn-trenH)]2+ in Cn-1 and C
eld) and occasionally luminescent properties [5]. In fact, met-
llomesogens exhibiting electrical properties [6] (conductivity),
ptical [7] (strong birefringence, dichroism, non-linear optical
esponses) and electro-optical properties (photoelectric behaviour,

ig. 2. (a) Projection of the two independent complex molecules of opposite chirality o
onds (1.963(2) Å) and the distortion parameter ˙ (67.56(8)◦) at 150 K denotes that C6-2
isplacement ellipsoids are shown at 50% probability level. Hydrogen atoms and perchlor
), [Fe(Cn-tameMe)]2+ in Cn-3 and Cn-4 (b) and [Fe(Cn-trenMe)]2+ in Cn-7 (c).
ferroelectric behaviour) [8], or colour [9] (thermochromism, pho-
tochromism) or even redox-active metallomesogens [10] are scarce.

Spin crossover (SCO) materials [11–13] display labile electronic
configurations switchable between the high spin (HS) and low spin

f [Fe(C6-trenH)]2+ contained in the unit cell at 150 K in C6-2. The average Fe(II)–N
is in the LS state. (b) Projection of the molecular packing of C6-2 along the c axis.
ate anions are omitted for clarity.
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(Fig. 3a). For derivatives with n = 16, 18 and 20 the melting was found
at 287, 301 and 330 K, respectively (Table 1). The temperature of
melting was further confirmed by differential scanning calorime-
try (DSC) and polarizing optical microscopy (POM). On the basis
of these observations for these compounds at high temperatures a
A.B. Gaspar et al. / Coordination Ch

LS) states leading to distinctive changes in magnetism, colour and
tructure, which may be driven by variation of temperature and/or
ressure and by light irradiation (light-induced excited spin state
rapping (LIESST) effect) [14]. Their magnetic, optical and structural
roperties may be altered drastically in a narrow range of tempera-
ure and/or pressure for cooperative spin transitions. Cooperativity

ay be accompanied by hysteresis (memory effect) when the cohe-
ive forces, communicating between the SCO centers in the solid
tate, propagate the structural changes cooperatively throughout
he whole lattice.

A single material combining spin crossover and liquid crys-
alline behaviour may lead to a number of advantages in practical
pplications, for example, processing spin crossover materials in
he form of thin films, enhancement of spin transition signals,
witching and sensing in different temperature regimes, or achieve-
ent of photo- and thermochromism in metal-containing-liquid

rystals. The change of colour is certainly a phenomenon which
s of interest in the field of liquid crystals. The interest lies in
he necessity of colour change in a number of applications in
iquid crystals such as passive blocking filters, laser addressed
evices, polarizers based on dichroic effects, or the utility of ther-
ochromism.

A first step aiming to achieve a material gathering SCO and LC
roperties has led to an iron(III) metallomesogen where both prop-
rties are not synchronous but they appear in different temperature
ntervals [15]. Later Co(II) and Fe(II) metallomesogens exhibiting
imilar properties have been synthesised [16,17]. Recently, we have
hown that synchronization of spin state and liquid crystal tran-
itions in Fe(II) metallomesogens is achieved by the search for a
arent SCO system suitable, after attaching the liquid crystal moi-
ty, to possess LS state or SCO properties at the temperature where
he solid–liquid crystal transition is foreseen (275–400 K). Although
ew examples of Fe(II) metallomesogens have been reported, a very
ich interplay/synergy between spin transition and liquid crys-
al phase transition has been observed: (i) systems with coupled
hase transitions, subdivided in three groups a, b and c (in a the
tructural changes associated with the Cr ↔ LC drive the spin tran-
ition while in b these structural changes influence the spin state
f the metallic centers but they are not the driving force of the
pin state transition; and c concerns the systems where the vit-
ification of the material inhibits the SCO properties) [18–22], (ii)
ystems where both transitions coexist in the same temperature
egion but are not coupled due to competition with the dehydra-
ion [18,21–23] and (iii) systems with uncoupled phase transitions
18].

We shall proceed to illustrate the interplay/synergy between
pin crossover and liquid crystalline properties in mononuclear and
ne-dimensional Fe(II) metallomesogens.

. Fe(II) metallomesogens with coupled spin state and
iquid crystal phase transition (type i)

.1. Type ia: structural changes associated with the Cr ↔ LC drive
he spin state transition

Reaction of the ligand tris[3-aza-4-((5-Cn)(6-H)(2-pyridyl))but-
-enyl]amine (Cn-trenH) with FeCl2·sH2O salts have afforded

family of complexes with general formula [Fe(Cn-trenH)]-
l2·0.5H2O (Cn-1·0.5H2O) where n = 16, 18 and 20 [18] (Fig. 1a).
he analysis of the XPRD patterns at 293 K point out a sim-

lar structure as that found for the derivative [Fe(C6-trenH)]

ClO4)2 (C6-2). Fig. 2a illustrates the molecular structure of this ana-
ogue. The iron atoms adopt a pseudo-octahedral symmetry and
re surrounded by six nitrogen atoms belonging to imino groups
nd pyridines of the trifurcated ligand Cn-trenH. The amphiphilic
ature of the alkylated molecules results in the self-assembly to
ry Reviews 253 (2009) 2399–2413 2401

bilayered composite with one layer being made up of polar head
groups together with perchlorate anions (Fig. 2b). The non-polar
chains from oppositely directed molecules meet together leading
to a hydrocarbon layer. Almost fully stretched alkyl chains are only
distorted by the gauche conformation of some of the methylene
groups and tilted toward the ac plane but do not intertwine with
those of adjacent layers.

The temperature dependent XPRD patterns were recorded
following the sequence 310–410–230–410 K and the interlayer dis-
tances (d) were derived for derivatives with n = 16, 18 and 20. The
temperature variation of d presents an abrupt increase as a con-
sequence of the melting between 340 and 350 K for C16-1·0.5H2O
Fig. 3. (a) �MT vs. T for C16-1·0.5H2O and variation of the distance d with temperature
(�) deduced from XPRD profiles after following the sequence 310–410–230–410 K.
(b) Mössbauer spectrum of C16-1·0.5H2O measured at 80 K (LS doublet: dark grey).
(c) �MT vs. T for Cn-1·0.5H2O (n = 16, 18 and 20), arrows indicate the temperatures at
which the heating and cooling curves diverge. The black areas indicate the hysteresis
loops.
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Table 1
Interlayer distances d at different temperatures, thermal transitions and mesomorphism determined by XPRD, DSC, TGA and POM for compounds Cn-1–Cn-7.

Code Compound d [Å] Thermal transitions [K]b

300 K 410 K

C16-1·3.5H2O [Fe(C16-trenH)]Cl2 3.5H2O 34.7 Cr
335
�SA

C16-1·0.5H2O [Fe(C16-trenH)]Cl2 0.5H2O 38.7 39.1 Cr
287
�
270

SA 456 i(d)

C18-1·3.5H2O [Fe(C18-trenH)]Cl2 3.5H2O 36.0 Cr
325
�SA

C18-1·0.5H2O [Fe(C18-trenH)]Cl2 0.5H2O 40.1 42.3 Cr
301
�
287

SA 463 i(d)

C20-1·3.5H2O [Fe(C20-trenH)]Cl2 3.5H2O 37.7 Cr
352
�SA

C20-1·0.5H2O [Fe(C20-trenH)]Cl2 0.5H2O 44.1 45.0 Cr
330
�
320

SA 449 i

C6-2 [Fe(C6-trenH)](ClO4)2 16.592(5)a – –

C18-2 [Fe(C18-trenH)](ClO4)2 29.1 31.05 Cr
380
�
355

SX 473 d

C12-3 [Fe(C12-tameMe)](BF4)2 26.6 29.4 Cr
361
�
349

SX 500 d

C14-3 [Fe(C14-tameMe)](BF4)2 27.1 30.3 Cr
369
�
360

SX 490 d

C16-3 [Fe(C16-tameMe)](BF4)2 28.1 32.1 Cr
377
�
365

SX 510 d

C6-4 [Fe(C6-tameMe)](ClO4)2 18.087(7)a – –

C18-4 [Fe(C18-tameMe)](ClO4)2 33.3 35.7 Cr
397
�
383

SX 506 d

C8-5 [Fe(C8-tba)3](4-MeC6H4SO3)2 25.9 –c

C10-5 [Fe(C10-tba)3](4-MeC6H4SO3)2 27.1 –c

C12-5 [Fe(C12-tba)3](4-MeC6H4SO3)2 29.0 –c

C10-6 [Fe(C10-tba)3](CF3SO3)2 29.1 –c

C12-6 [Fe(C12-tba)3](CF3SO3)2 29.8 –c

C6-7 [Fe(C6-trenMe)](ClO4)2 17.461(6) (90 K) 17.870(9) (298 K)a – –

C12-7 [Fe(C12-trenMe)](ClO4)2 24.0 24.8 Cr
370
�
367

SX 500 d

C18-7 [Fe(C18-trenMe)](ClO4)2 29.6 31.3 Cr
382
�
367

SX 470 d

a From the monocrystal X-ray data.
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b Measured by DSC on the second heating–cooling cycle. The identification of the
c No variation of the interlayer distance d is observed.

mectic mesophase SA has been identified with layered structures
imilar to C6-2 (Fig. 2b). Table 1 gathers the critical temperatures
f melting, isotropization and decomposition deduced from DSC,
OM and thermogravimetric analysis.

Fig. 3c displays the �MT vs. T plots for Cn-1·0.5H2O (n = 16, 18
nd 20), where �M stands for the magnetic susceptibility and T
he temperature. The Mössbauer spectrum recorded for the deriva-
ive with n = 16 at 80 K is also shown (Fig. 3b). The compounds
dopt the LS state in the temperature interval of 4.2–290 K where
he Mössbauer spectra indicate the presence of small residual HS
raction. For all these derivatives the �MT vs. T between 400 and
96 K presents a variation accompanied by a narrow hysteresis
Fig. 3c). Below 296 K �MT remains almost constant until 10 K where
t sharply decreases as a consequence of the zero field splitting of
he Fe(II) ions remaining in the HS state [18]. The thermally induced
pin transition in Cn-1·0.5H2O starts right after the onset of the
rst order phase transition (Cr ↔ SA). Since the spin transition is
locked below the temperature at which the compounds solidify
ne can conclude that the melting process drives the spin tran-
ition in these metallomesogens. The fact that the spin transition
nside the SA mesophase is accompanied by hysteresis is due to
he structural reorganization of the metallomesogen upon Cr ↔ SA

ransition. It is worth mentioning that the spin transition temper-
ture is determined by the melting temperature which is higher
or the derivatives with longer alkyl chains (Fig. 3c, Table 1). These
ompounds are dark purple in the LS state and become light purple-
rown in the HS state [18].
phase was done on the basis of POM and XPRD data.

2.2. Type ib: structural changes associated with the Cr ↔ LC
influence the spin state of the metallic centers but they are not the
driving force of the spin transition

Complexation of the ligand Cn-tameMe (2,2,2-tris(2-aza-
3-((5-akloxy)(6-methyl)(2-pyridyl))prop-2-enyl)ethane) with
Fe(BF4)2·6H2O salts have afforded a family of complexes with
general formula [Fe(Cn-tameMe)](BF4)2 (Cn-3) with n = 12, 14,
16 [19] (Fig. 1b). Single crystal X-ray measurements have been
performed on the analogue [Fe(C6-tameMe)](ClO4)2 (C6-4) at
100 K. The complex crystallizes in the triclinic system and adopts
the Pbca space group. The iron(II) ion is in a distorted octahedral
environment shaped by three imine and three pyridine nitrogen
atoms of the Cn-tameMe ligand (Fig. 4a). The average Fe–Nim

and Fe–Npy bond distance is 1.918(2) and 2.084(2) Å, respectively,
which are characteristic for the Fe(II) ion in the LS state. The
distance between methyl groups and adjacent nitrogen atoms of
pyridine rings is 3.040(3) Å. Neighbouring molecules are packed
in a head-to-head fashion forming a layered microsegregated
structure (Fig. 4b). The ionic layer is composed of cationic SCO head
groups and perchlorate anions, whereas alkyl tails are arranged
into a non-polar hydrocarbon layer. Within the ionic layers short

CH· · ·O(Cl) contacts are present (2.444(2)–2.711(2) Å). Each alkyl
chain introduces a single gauche kink in the bonds next to the
oxygen atom to allow for the tilt alignment, whereas the remaining
carbon bonds remain in the trans configuration. Poorly aligned
short alkyl chains of adjacent layers interpenetrate defining a
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ig. 4. (a) Projection of the cation [Fe(C6-tameMe)]2+ in C6-4 at 100 K; hydrogen
toms are omitted for clarity. Displacement ellipsoids are shown at 50% probability
evel. (b) Projection of the molecular packing of C6-4 along the a axis. Hydrogen
toms and perchlorate anions are omitted for clarity.

ind of paraffin sublattice with distorted hexagonal ordering. The
istance between neighbouring layers is 18.087(7) Å.

The variable temperature XRPD patterns have been recorded fol-
owing the sequence 310–410–310–410 K for compounds Cn-3 with
= 12, 14, 16. The compounds exhibit a lamellar structure, indi-

ated by the powder XRPD patterns displaying intense low angle
eflections together with the second and higher reflections, all cor-
esponding to the stacking periodicity of the layers [19]. The other
bserved reflections are much smaller in intensity, which is charac-

eristic of long alkyl-chain materials because of the extremely high
egree of preferred orientation [24]. Upon heating the change of
he high-angle alkyl peak with concomitant increase of the inter-
ayer distance is seen in the variable temperature XRPD profiles
19]. This behaviour can be assigned to the melting of alkyl chains.
ry Reviews 253 (2009) 2399–2413 2403

In accordance with the detected increase of the layer thickness with
melting and absence of further variation of it with temperature
the observed mesophases might be assigned to the smectic type
[25].

The interlayer distance d at different temperatures calculated
from the Bragg’s equation is shown together with the magnetic data
in Fig. 5a–c. As is seen, the anomalous change of the magnetic sus-
ceptibility is synchronous with the abrupt change of the interlayer
distance d (Fig. 5a–c, right scale). The d vs. T plot presents a hystere-
sis loop due to supercooling during transition from the mesophase
to the crystal state for all compounds. This observation indicates
that the mesophase possesses some degree of crystalline order [26].
The structural transition from the low-temperature phase (Cr) to
the high-temperature phase (SX) coincides with the observed mag-
netic hysteresis loop.

The three homologues in the series with n = 12, 14, 16 are in the
LS state at 275 K (Fig. 5a–c) as indicated by the �MT values. The
Mössbauer spectra measured at 80 K (shown as inserts in Fig. 5a–c)
confirm that practically all Fe(II) ions are in the LS state. As the
temperature increases, �MT continuously adopts higher values as a
consequence of the thermal spin transition of more than 75% of the
Fe(II) ions (inferred from the �MT value at 350 K). Above 350 K, the
�MT values show a discontinuity in the heating and cooling curves,
which do not coincide in the temperature range but in shape of the
hysteresis loop. The center of the magnetic discontinuity is located
at 356, 368 and 375 K, for derivatives with n = 12, 14 and 16, respec-
tively. The hysteresis loop of the homologue with n = 16 has a width
of 10 K and is rate dependent. Increasing the heating/cooling rates
from 0.1 up to 10 K min−1 almost doubles the width of the loop [19].
Successive thermal cycles did not modify the shape of it. It was also
checked that the loop does not depend on the magnitude of the field
applied up to 7 T [19]. The decrease of the magnetic susceptibility
upon heating as observed for these complexes is in contrast to the
normally observed behaviour of spin crossover compounds [12,27]
suggesting to be a direct influence of the Cr ↔ SX phase transition.
In fact, the d vs. T plots demonstrate that the discontinuity in d takes
place in the same temperature interval where the magnetic change
occurs.

At 293 K, the distance d for pristine compounds displays the val-
ues of 26.6 Å (n = 12), 27.1 Å (n = 14) and 28.5 Å (n = 16) (Table 1). They
remain constant up to approximately 350 K where they abruptly
increase adopting values of 29.4 Å (n = 12), 30.3 Å (n = 14) and 32.1 Å
(n = 16) at 400 K as a consequence of the melting process. The
structural intramolecular and intermolecular reorganization of the
[Fe(Cn-tameMe)]2+ cations on going to the mesophase is notably
reflected in their magnetic properties. It provokes a decrease in
the �MT value of ca. 0.5 cm3 K mol−1 between 350 and 370 K. It
can be inferred from these �MT values that 14% of the HS [Fe(Cn-
tameMe)]2+ cations have changed to the LS state. In the first cooling
solidification takes place around 356 K (n = 12), 369 K (n = 14) and
377 K (n = 16) and the d vs. T plot presents a 6–10 K hysteresis width
due to the supercooling of the mesophase (Fig. 5a–c). The hys-
teresis cycle is also noticeable in the �MT vs. T plot in the same
temperature interval. After solidification the compounds adopt the
original spin state with the fraction of molecules in the HS state
restored. The reversibility and reproducibility of the Cr ↔ SX transi-
tion has been proved after several cycles of heating and cooling. A
small fraction of molecules of ca. 14% undergo spin state change
as a consequence of the structural reorganization of the metal-
lomesogen upon Cr ↔ SX transition. It notably affects the thermally
driven SCO process in Cn-3 with n = 12, 14, 16. The cooperativ-

ity of the SCO process seems not to be strongly influenced by
the change of aggregate of matter. The spin crossover process
is continuous both in the crystal and liquid state although less
cooperative in the liquid state. The simulation of the spin tran-
sition curve for these compounds before and after melting was
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ig. 5. Left: Magnetic susceptibility curves for Cn-3 n = 12 (a), 14 (b), 16 (c) in the
össbauer spectra measured at 80 K. Right: Temperature dependence of the interl

rst cooling and the second heating runs (symbol �).

erformed using the equation derived from the regular solution
odel [28]. The least squares fitting leads to similar thermody-

amical parameters �H = 22.3 and 21.9 kJ mol−1, and �S = 63.5 and
9.3 J K−1 mol−1 before and after melting, respectively. This corre-
ponds to T1/2

solid = 351 K and T1/2
mesophase = 369 K. The interaction

arameters � is 2.2 kJ mol−1 in solid state and 1.9 kJ mol−1 in the
esophase. According to the structural and DSC analysis, on melt-

ng a modification of intermolecular contacts takes place, which is
esponsible for the change of the thermodynamical parameters T1/2
nd � in two phases (Fig. 6, top). As is seen, in the solid-state inter-
ctions between molecules are more cooperative and become less
ooperative after melting of the alkyl chains (Fig. 6, bottom). How-
ver, the transition is still rather cooperative that means retaining in
art the crystal ordering within the ionic bilayers. According to the
lassification given by comparison with 2RT1/2, the spin transition
n both phases can be considered as being moderately cooperative
27,28].

Summarizing, these zero-dimensional Fe(II) spin crossover
etallomesogens exhibit coupled spin state and Cr ↔ SX phase

ransitions around room temperature. However, at variance with
recedent systems of type (a) [18], these metallomesogens undergo

hermally driven spin transition and the solidification ↔ melting
rocess only affects the spin transition process by modifying
lightly its completeness and cooperativity. Compounds Cn-3 show
hermochromic properties, they are dark violet in the LS state
T < 275 K, Cr) and become red in the HS state (T > 275 K, Cr, SX).
MT vs. T (symbol ©, first heating–cooling run; symbol �, subsequent cycles) and
istance d. Symbol � corresponds to the interlayer distance d measured during the

2.3. Type ic: g ↔ LC pseudo-second order phase transition
influence the thermally driven spin transition of the metallic
centers

Interplay between spin state transition and g ↔ Colh
pseudo-second order phase transition has been observed in
the one-dimensional Fe(II) metallomesogens with formula
[Fe(Cn-tba)3](X)2 [Cn-tba = 3,5-bis(alkoxy)-N-(4H-1,2,4-triazol-4-
yl)benzamide, X = 4-MeC6H4SO3

− (Cn-5), CF3SO3
− (Cn-6) and n = 8,

10, 12] [20,21].
The polymeric structure of these compounds has been proven

by an EXAFS study, which shows a similar linear local structure
(changing the triazole ligand and the counterions) as that observed
in the precedent triazole coordination compounds (Fig. 7) [29,30].

The XPRD profiles of the complexes Cn-5 with n = 8, 10, 12 have
been measured in the 170–375 K temperature range [21]. A discotic
columnar mesophase Colh has been identified for all homologues,
which has also been confirmed by POM. Realization of the crys-
talline state in these compounds is difficult; only for the homologue
with longer alkyl chains was observed an endothermic peak in
the DSC profiles at 270 K with high energy, which originates from

the transition glass → columnar hexagonal. The XPRD data did not
unravel any structural change on going from 230 K up to 300 K.
Since this broad peak in the DSC profiles is observed in the first
heating run of all these derivatives which are completely low spin,
we accepted the possibility of the glass transition (vitrification). In
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Fig. 6. Proposed organization of the ionic bilayers of C6-3 in crystalline state (Cr)
and smectic mesophase (SX) with intermolecular contacts represented by dashed
lines. On the bottom are schematized the plots of the transition corresponding to
the crystalline and smectic phases near the temperature of the phase transition.
Dashed lines show the hypothetical shape of the curves in absence of the phase
transition.

Fig. 7. Illustration of the polymeric structure of
ry Reviews 253 (2009) 2399–2413 2405

Table 1 are gathered the thermal transitions deduced from DSC,
POM and TGA experiments.

The magnetic investigation revealed for these compounds an
incomplete spin transition accompanied by hysteresis and colour
change in the temperature region of 250–300 K (Fig. 8a–c). Around
50% of iron(II) ions change the electronic configuration as can be
inferred from the value of �MT at 200 K. In fact, the Mössbauer spec-
trum recorded for the compound with n = 10 at 4.2 K demonstrates
that 50% of the iron(II) ions are in the low spin state (Fig. 8b). Further
decrease of the �MT value below 100 K is due to zero-field split-
ting and possibly antiferromagnetic coupling of the iron(II) atoms
remaining in the high spin state [29]. The temperature and abrupt-
ness of the spin transition and the hysteresis width increase upon
increasing n, despite non-linearly. The hysteresis of the magnetic
properties is a feature resulting from the operation of the liquid
crystallinity alone. Another remarkable fact is that the spin transi-
tion in these compounds became frozen below ca. 250 K. A residual
high spin fraction of ca. 50% is unusual and is due to the vitrification
of the compounds, which provokes an inhibition of the spin transi-
tion process. The temperature of vitrification in these compounds
changes non-linearly with the alkyl chain length with the highest
temperature being observed for the homologue with n = 10.

The compounds Cn-6 with n = 10, 12 present similar meso-
morphic behaviour as that observed for MeC6H4SO3

− derivatives;
however, they undergo complete thermal spin transition above
300 K accompanied by small hysteresis loops (Fig. 9a and b) [20].
The magnetic hysteresis loop can by no means be attributed to the
increase of the interchain cooperativity. The explanation should be
looked for in the fact that those compounds down to 295 K (n = 10)
and 275 K (n = 12) are in the liquid crystalline state as was deter-
mined by XRPD, DSC and POM measurements (Table 1). The width
of the loop is quite small (∼2 K) which points out that upon spin
transition the liquid crystalline compounds exhibit relatively small
structural reorganization. Additionally, the complicate form of the

loop for the derivative with n = 12 points at a direct influence of the
glass transition on the magnetic properties. The feature detected at
the low temperature edge near 275 K coincides with the anomaly
detected by the XRPD and DSC techniques.

compounds Cn-5 and Cn-6 (n = 8, 10, 12).
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Fig. 8. Magnetic susceptibility curves for Cn-5 with n = 8 (a), 10 (b) and 12 (c) in
the form �MT vs. T. The black areas indicate the hysteresis loops. The dashed lines
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as well as by the Mössbauer spectrum. Upon heating �MT increases
abruptly, attaining the value of 1.75 cm3 K mol−1 at 400 K, where
around 50% of the Fe(II) ions have converted to the HS state. The
TGA have shown that dehydration takes place in the same temper-
ature region where the spin state change occurs. Additionally, DSC
ndicate the temperature of the vitrification (Tg). The Mössbauer spectrum measured
t 4.2 K is shown for the derivative with n = 10 (HS: light grey doublet, LS: dark grey
oublet).

As discussed in literature [31] the interchain interactions in
riazole-based spin crossover polymers are important for the
ppearance of the abruptness and hysteresis of the spin transition.
ut as we have shown [20] in the alkylated system upon passing
ome threshold of the chain length a new effect comes into play
hich modifies the characteristics of the spin transition. This effect

s liquid crystallinity. The semi-fluid nature of the liquid crystalline
aterials is responsible for the delay effect in the restoring of the
agnetic properties upon subsequent heating/cooling.

An interesting and important feature is the possibility to obtain
hese materials in the form of thin films. In a separate experiment,
a. 10 mg of complexes were dissolved in CHCl3 (1 mL) and sub-

equently the solution layered onto a glass plate and allowed the
olvent to evaporate. Thin films of a few �m thick form after solvent
vaporation. Reversible change between violet (LS state) and white
HS state) colouration of the films by heating or cooling around
00 K was observed without fatigue (Fig. 10).
Fig. 9. Magnetic susceptibility curves for Cn-6 with n = 10 (a) and 12 (b) in the form
�MT vs. T. The black areas indicate the hysteresis loops. The dashed lines indicate
the temperature of the vitrification (Tg). The Mössbauer spectra were measured at
80 K (HS: light grey doublet, LS: dark grey doublet).

3. Fe(II) metallomesogens with coexisting but uncoupled
spin state and liquid crystal phase transition due to
competition with the dehydration in the same temperature
interval (type ii)

The compounds Cn-1·3.5H2O, n = 16, 18, 20 show a very partic-
ular spin state change [18]. Fig. 11a illustrates the �MT vs. T plot
for the compound C16-1·3.5H2O together with the corresponding
Mössbauer spectrum recorded at 80 K. This compound is in the LS
state at 300 K as confirmed by the �MT value of 0.02 cm3 K mol−1
Fig. 10. Change of colouration in the films of compounds Cn-5 and Cn-6 (n = 8, 10,
12) upon spin transition.
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Fig. 11. (a) Magnetic susceptibility curve for C16-1·3.5H2O in the form �MT vs. T
together with the Mössbauer spectrum measured at 80 K (LS: dark grey doublet).
The dashed line indicates the temperature of Cr ↔ SA. (b) Variation of the distance d
with temperature (�) in C16-1·3.5H2O deduced from XPRD profiles after following
the sequence 310–410–230–410 K together with dehydration experiments moni-
tored by the temperature dependence of the magnetic susceptibility. The hydrated
samples were placed in open containers in the SQUID sample holder and their
magnetism measured. The first part of the experiment comprised several cycles of
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The compounds Cn-7 n = 6, 12 and 18 exhibit spin crossover
behaviour at T1/2 centered around 140 K, the temperature at which
the number of molecules in the HS and LS states is equal (Fig. 14a).
The spin transition is complete and relatively continuous with
T1/2 = 146, 120 and 133 K, for analogues with n = 6, 12 and 18,
eating–cooling from 280 until 350 K (empty squares). Then, the samples were left
or 2 h at the reported temperatures (indicated by arrows) and the magnetic moment

as measured (open circles). Dehydration taking place under these conditions is
onfirmed by the thermogravimetric analysis.

rofiles, POM analysis and XPRD patterns show that the melting
ccurs at 340 K (first heating scan) (Table 1). At this point the fol-

owing question has emerged: does the solid ↔ liquid crystal phase
ransition during the first heating drive the spin transition in C16-
·3.5H2O or is it caused by the loss of water?

In order to answer this question we have performed dehy-
ration experiments monitoring the temperature dependence
f the magnetic susceptibility (Fig. 11b) and have recorded
emperature dependent XPRD patterns following the sequence
10–410–230–410 K. The sample was heated and subsequently
ooled during several cycles between 280 K (LS state) and 350 K.
he �MT value after three cycles of melting ↔ solidification (287 K
econd heating scan) does not show any noticeable variation. In
ddition, the temperature variation of d derived from XPRD pat-
erns (Fig. 11b) presents an abrupt increase as a consequence of
he melting between 340 and 350 K, but the increase in the �MT
alue begins at 360 K. Consequently, the hypothesis that the phase
ransition to the mesophase drives the spin state change can be
uled out, at least in the present compound. On the contrary, it
s clearly seen in the dehydration experiments that the magnetic
usceptibility increases upon losing water, which matches with

eported TGA data, and is completely accomplished at 400 K. For
his compound 50% of the Fe(II) ions undergo spin state change
t T1/2 = 375 K induced by releasing water. Synergy between de-
olvation and spin state change as observed in this compound
as been reported in several cases [27]. One remarkable fact is
ry Reviews 253 (2009) 2399–2413 2407

that the analogues with longer alkyl chains as well as the com-
pound [Fe(C18-tren)]F2·3.5H2O behave similarly as C16-1·3.5H2O
[18].

Other examples of spin state change due to dehydration have
been found in one-dimensional Fe(II) metallomesogens [21]. The
compounds Cn-5·H2O (n = 8, 10 and 12) are in the LS state at
293 K where they present the Colh mesophase. Upon heating �MT
increases abruptly within a few Kelvin clearly indicating the change
of spin state, which additionally is accompanied by a pronounced
change of colour [from purple (LS state) to white (HS state)]. TGA
and magnetic measurements have shown that the spin state change
takes place concomitantly with the dehydration of the compounds.

4. Fe(II) metallomesogens with uncoupled spin state and
liquid crystal phase transition (type iii)

The compound C18-2 adopts the LS state in the temperature
region between 10 and 400 K, where the temperature depen-
dence of the magnetic susceptibility has a constant value of
0.10 cm3 K mol−1. The Mössbauer spectrum recorded at 80 K indi-
cates only one LS doublet (Fig. 12) [18].

Introduction of the methyl group in the Cn-trenR ligand has
resulted in a noticeable modification of the crystal field strength
at the iron(II) center. The coordination of the ligand Cn-trenMe
(tris[3-aza-4-((5-Cn)(6-methyl)(2-pyridyl))but-3-enyl]amine) has
afforded a series of compounds with general formula [Fe(Cn-
trenMe)](ClO4)2 (Cn-7) with n = 6, 12 and 18 [18] (Fig. 1c). For
[Fe(C6-trenMe)](ClO4)2 (Fig. 13a) the average Fe(II)–N bonds
(2.007(1) Å) and the distortion parameter ˙ (85.54(7)◦) at 90 K
are characteristic of the LS state while at 298 K they are typi-
cal for the HS state (2.234(3) Å, 116.59(11)◦). Modifications of the
coordination sphere of C6-7 due to spin transition are directly
reflected on the metal-to-ligand bond length, which is illustrated
by the distinguishable divergence of the overlapped HS and LS
structures (Fig. 13b). In the HS form the distances Fe-N(ligand)
are longer, consequently, the volume of the [FeN6] chromophore
increases. The compound C6-7 displays similar crystal packing like
that observed in C6-2 [18] despite both compounds crystallize in
different space groups. The crystal packing in the LS and HS struc-
tures for C6-7 is almost identical, with CH· · ·O(Cl) contacts being
2.308(5)–2.781(5) Å (HS) and 2.301(5)–2.718(5) Å (LS).
Fig. 12. Magnetic susceptibility curve for C18-2 in the form �MT vs. T together with
the Mössbauer spectrum measured at 80 K (LS: dark grey doublet). The dashed line
indicates the temperature of Cr ↔ SX.
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Fig. 14. (a) Magnetic properties in the form of �MT vs. T for Cn-7 with n = 6, 12
and 18 and LIESST experiments with irradiation and subsequently moving up in
temperature (open symbols). The sample was irradiated at 4 K (LS state) with light
of � = 514 nm (25 mW cm−2) until saturation of the magnetic moment was reached.
Then irradiation was switched off and �MT vs. T was recorded in the warming mode
ig. 13. (a) Projection of the cations [Fe(C6-trenMe)]2+ in C6-7 at 90 K. Displacement
llipsoids are shown at 50% probability level. (b) Projection along Fe· · ·N7 axis of the
inimized overlay of the cation [Fe(C6-trenMe)]2+ in the LS state at 90 K (dark grey)

nd in the HS state at 298 K (light grey).

espectively. Mössbauer spectra recorded below and above T1/2
or all analogues are consistent with the reported magnetic and
tructural data (Fig. 14b). The thermal spin transition is accom-
anied by a pronounced change of colour from dark red (LS) to
range (HS). The LIESST effect [14] has been investigated in these
ompounds. The LS ground state was photo-converted at 4 K to
metastable HS state after irradiation of the samples with light

f � = 514 nm (25 mW cm−2) (Fig. 14a). The highest percentage of
olecules that was photo-converted to the HS state inferred from

MT values at 42, 25 and 42 K for analogues with n = 6, 12 and 18 is
0%, 54%, 50%, respectively. The critical temperature of relaxation
f the metastable HS state known as TLIESST [14] is 56 K (n = 6), 48 K
n = 12) and 56 K (n = 18).

XPRD profiles of the complexes C18-2 and Cn-7 (n = 12 and 18)
ave been recorded at 300 and 410 K. The X-ray diffraction patterns
f the mesophase of these complexes gave a single sharp low angle
10) reflection and weak high-order reflection(s) all correspond-
ng to the layer spacing. An additional diffuse reflection observed
t larger angles refers to the average lateral spacing between alkyl
hains. On the basis of these observations at high temperature a
mectic mesophase SX has been identified for all derivatives with
ayered structures similar to C6-2 and C6-7. Table 1 gathers the
ritical temperatures of melting, isotropization and decomposition
educed from DSC, POM and TGA measurements.

The lengthening of alkyl chains in Cn-7 provokes a decrease of
1/2, however, not in a linear way. In fact, these compounds are
btained in the HS form at ambient temperature, and they adopt

acking of molecular parts favoring bulkier HS polar heads. This
ould play a role in the shift of SCO in higher homologues to lower
emperatures compared to the one observed in C6-7. Packing long
lkyl chains to some extent may prevent contraction of the cavity
ithin the trifurcated ligand with an encapsulated iron(II) ion. The
at a rate of 2 K min−1 up to 300 K. At temperatures higher than 70 K, �MT increases
following the spin transition curve observed for each compound. The dashed line
corresponds to the transition Cr ↔ SX of C18-7; (b) Mössbauer spectra of derivative
with n = 18 measured below and above the transition temperature.

effect is rather weak causing the shift to lower temperature by ∼15 K
for the analogue with n = 18.

5. Discussion

According to Sorai, phase transitions taking place in condensed
matter manifest themselves as concerted effects of molecular
structure, intermolecular interactions, and molecular motions [32].
Well-known phase transitions include the order–disorder, dis-
placive and reconstructive types. The order–disorder type phase
transition involves a change in the positional and orientational
alignment of molecular or spin axes [33]. The displacive-type

phase transition concerns the displacement of atomic or molecu-
lar positions preserving the existing bonds [33]. The reconstructive
transition is the most drastic and involves considerable atomic
movements [33]. Since intramolecular electronic energy is much
greater than intermolecular potential energy, the change in the
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tructure of a molecule is negligibly small when phase transitions
ake place [32]. However, in some molecule-based materials, the
hange in the electronic state is strongly coupled with a change
n the lattice. One such type occurs in transition-metal complexes

ith thermally driven transition between high- and low spin states,
hich is always accompanied by pronounced structural modifi-

ations originating from the different volume of the coordination
olyhedron in the two states.

One of the main questions that emerged during the develop-
ent of materials combining SCO and liquid crystalline properties
as the reverse problem, i.e. can a structural phase transition of

ype Cr ↔ LC govern the spin crossover in a metallomesogen? It
s possible to answer this question in part on the basis of the
eported data dealing with the solid-state spin crossover materials.
mong the nearly 200 reports on the spin crossover phenomenon
ited in the ISI Web of Knowledge Data Base [34] over the last
orty years nearly 40 describe synchronously occurring spin tran-
ition and phase transition with change of space group or disorder
f the lattice components. As is now widely accepted, the occur-
ence of an independent or induced structural phase transition of
he reconstructive type is not a prerequisite for the observation
f the spin transition [27,35]. The structural transformation that
ompounds undergo during the spin transition by itself is a dis-
lacive phase transition which in favorable cases is efficient enough

or the propagation of the cooperative interactions through the
attice and observation of all kinds of spin crossover transitions
abrupt, gradual, with hysteresis, etc.) [27]. In some cases, how-
ver, it can trigger the change of the space-group, but in general for
ystems where simultaneously spin- and structural transitions are
bserved the question about the primary effect arises, i.e. the struc-
ural phase transition induces the spin transition or vice versa leads
o a “hen and egg” like problem. At least in some of the systems like
hose described in Refs. [36,37] the structural phase transition was
etermined not to be the driving force, but only the factor which
odulates the character of the transition making it more steep up

o the appearance of hysteresis which follows the structural trans-
ormation. Similarly, in the case of a very large hysteresis like in
he systems [Fe(PM-Pea)2(NCS)2], [Fe(2-pic)3]Cl2·H2O a crystallo-
raphically significant phase transitions is held responsible for the
pin transition [38,39]. For the rest of the systems the problem is
eemingly unsolvable [37,38].

Another type of phase transition, namely the order–disorder
henomenon was discussed in the spin crossover literature since
he report of Mikami et al. about the disorder of the solvent

olecules in the spin transition complex [Fe(2-pic)3]Cl2·EtOH (2-
ic = 2-(aminomethyl)pyridine) [40]. The structurally determined
isorder of the ethanol molecule was suggested to trigger the two-
tep spin transition which later was confirmed in more precise
tudies [40,41]. Other types of disorder involve anions [42,43] and
igand moieties [43]. It was suggested that in these cases, the mod-
fication of the ligand field strength upon cooperative ordering of
he lattice components provides an intrinsic impulse for the initi-
tion of the spin crossover and observation of hysteresis loops or
brupt spin state change.

The phenomenon of polymorphism in spin crossover com-
ounds also serves as convincing evidence of how important the
haracter of the crystal packing, in particular the intermolecular
ontacts, for the spin crossover in the solid state is [39,44]. Changes
f lattice vibrations as direct consequence of structural divergence
re seemingly responsible factors governing different spin transi-
ion behaviour in different polymorphs. According to the variable

emperature IR and Raman data supported by DFT calculation the
istribution of the entropy gain in spin crossover iron(II) com-
ounds is approximately as follows: nearly 27% is the share of
he spin entropy, 40% is the contribution of the vibration-related
ntropy change mainly due to the metal-ligand skeletal vibrational
ry Reviews 253 (2009) 2399–2413 2409

modes and the rest of 33% is attributed to changes in lattice vibra-
tions perturbed by intermolecular interactions [45]. The variation
of the lattice indispensably changes the latter which leads to the
change of the spin crossover properties.

Close interconnectivity of the phase transitions and the related
macroscopic properties can also be found in molecular organic and
metalorganic magnets where the change in the magnetic response
is a measure of the inter- or intra-molecular interaction between
paramagnetic centers. It intimately correlates with the adopted
structure, therefore if the phase transition takes place, the magnetic
properties follow the structural changes. Numerous examples also
confirm that the reason for the observed anomalies in the mag-
netic susceptibility (or another property) of compounds possessing
phase transitions is the modification of the relative disposition of
the lattice components and therefore the degree of their interac-
tions [46].

Also, examples of Co(II) coordination complexes incorporat-
ing alkyl chains where the valence-tautomerism [47] equilibrium
is influenced by a solid–solid phase transition [48] and others
exhibiting synchronicity between valence-tautomeric bistability
and solid–melt phase transition have recently been reported [49].

Even knowing much about the paramount role of the inter-
molecular contacts in influencing properties of the bulk materials
and the ability to modify them through phase transitions, does not
help much the researchers to create new materials with required
properties, in particular with the defined temperature of the tran-
sitions. All reported solid-state systems are more or less unique
since they were mostly obtained sporadically. Thus the available
experimental data have singular importance because they cannot
be usually extended to create new even slightly modified systems.
In this sense the use of the solid ↔ mesophase transitions instead
of solid ↔ solid transitions is a more promising approach for the
control of the structure-coupled properties in a new generation of
the thermo-responsive molecular systems. The switching between
the two states in such materials might be controlled by the melting
temperature of the compound which in turn is defined by the easily
controllable chemical structure. In the case of the metallomesogens
the melting point depends on the length of the alkyl substituents. In
the odd/even series of the homologous compounds, the tempera-
ture of the transition changes in a predictable way with lengthening
of the alkyl chains [50].

Several examples of new iron(II)-based mononuclear and poly-
meric metallomesogens have been described in this review. Each
compound was firstly examined in the non-alkylated form with
the goal to determine the spin crossover properties excluding the
influence of the alkoxy substituents [29,51]. Alkylation of the parent
compounds caused appearance of the relatively low-temperature
melting and mesomorphic properties [18–22]. In the following the
reasons responsible for the observed influence of the phase tran-
sition on the magnetic properties of the alkylated compounds will
be discussed.

In the solid state the ligand field strength of the spin crossover
compounds is governed by a number of factors [12,13,27]. They can
be divided into two groups. The first group includes those inherent
variables which are defined by the chemical nature of the com-
pound: type of the ligand, its substituents, type of the anion, crystal
solvent and dimensionality. These are “inherent parameters” which
cannot be changed by the external perturbation without degrada-
tion or irreversible chemical modification of the material. To the
second group belong “structure-determined parameters”. These are
readily identifiable hydrogen bonds and �–� interactions which

shape the pattern of the strong intermolecular contacts between
the complex molecules. Other kinds of structure-dependent inter-
actions include electrostatic and van der Waals types taken together
as weak interactions. The structure-determined parameters can
change in the course of a phase transition. The intermolecular
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ig. 15. Two subsets of parameters influencing the transition properties in spin cro

ontacts modify the electronic structure of the ligand and transmit
nformation about the spin state through the lattice. Any modifica-
ion of these contacts, e.g. due to loss of solvent or phase transitions
ill lead to changes in the structure-dependent properties of the

ompound. One more source of the different behaviour in different
hases is the structure-induced deformation of the complex
olecule or of the ligand [51c]. The cumulative scheme of the

arameters is depicted in Fig. 15.
Any kind of phase transition changing the patterns of the inter-

olecular contacts must be accompanied by the change in the
haracter of the structure-related properties in spin crossover com-
ounds. For example, the melting admittedly is accompanied by the
ecrease of the cooperativity. It is easy to imagine an increase of the
olume during melting which means increase of distances between
olecules and the following decrease of the contacts which medi-

te interactions between spin crossover centers. Therefore one can
xpect stabilization of the non-cooperative spin transition in the
olten state and of the cooperative spin transition in the solid

tate. A change of the parameter � alone, corresponds to differ-
nt cooperativity in two phases, whereas a concomitant change of
he enthalpy �H and entropy �S would cause a difference in the
ritical temperature T1/2 in the two phases, too.

Three types of interplay between spin crossover and solid →
esophase phase transitions have been indicated. The first one is

ype ia with coupled transitions. Members belonging to this group
re the compounds Cn-1·0.5H2O where n = 16, 18 and 20 [18]. In
hese compounds before the phase transition Cr → SA takes place,
he magnetic susceptibility is insensitive to the variation of temper-
ture, which means that the structure is of the type that blocks the
pin transition below the melting point. This implies that the hypo-
hetical temperature of the spin transition in the solid state T1/2

solid

s much higher than the melting temperature (curve 1, Fig. 16a).
evertheless, melting of the alkyl chains in these compounds mod-

fies the structure in a way, that the molten samples show spin
ransition above the melting point. The reason for this is the pro-
ounced change of the intermolecular contacts which is evident
rom the difference in thickness of the ionic bilayers of the liquid
rystalline and solid samples determined from the XPRD data (the
stimated value is ca. 6 Å). The amplitude of the structural transfor-
ation implies a change of all thermodynamical parameters, the

ooperativity � , the entropy and enthalpy of the spin transition.
compounds. Phase transitions can modify only structure-determined parameters.

In the molten state the cooperativity can approximate liquid-like
behaviour which is typical for spin-equilibrium compounds (curve
2, Fig. 16a).

In the case of the compounds Cn-3 with n = 12, 14, 16 [19] the
fitting of the magnetic curves before and after the phase transi-
tion sheds light on the changes which the systems undergo. As
follows from the data, the melting decreases the parameter �
that correlates with the moderate variation of the ionic bilayers
due to the phase transition (the difference in the thickness is ca.
1 Å). Also the enthalpy and entropy are somewhat changed, which
define inequality T1/2

solid < T1/2
mesophase. The spin-state change in

Cn-3 induced by melting corresponds to the change from the more
cooperative curve 3 to the less cooperative curve 4 (Fig. 16b).
The superheating and supercooling on melting and solidification,
respectively, cause the appearance of hysteresis of the structural
transformation which is followed by the magnetic response.

The one-dimensional metallomesogens Cn-5 with n = 8, 10, 12
exhibit an incomplete thermally driven spin transition. A residual
high spin fraction of ca. 50% is unusual and is due to the vitrifica-
tion of the compounds, which provokes an inhibition of the spin
transition process. This interplay between vitrification and SCO is
analogous to the type ia) (curve 2, Fig. 16a), however, as expected
in glass state there are no associated structural transformations.

The compounds Cn-6 with n = 10, 12 present similar mesomor-
phic behaviour as that observed for MeC6H4SO3

− derivatives, but
they undergo complete thermal spin transition above 300 K accom-
panied by small hysteresis loops (Fig. 9a and b). In the compound
C12-6 the vitrification process was also found to modify the hystere-
sis loop making it asymmetric in comparison with the homologues
with shorter alkyl chains. The change is less pronounced because of
the small variation of the structure as is indicated by the variation
of the interlayer distance d.

Conclusions can be drawn about the importance of the structural
transformation due to the phase transition. The larger the variation
of the structure, the more significant is the difference in the inter-
molecular contacts in the two phases and the more pronounced are

differences in the properties of the molten system compared to the
crystalline one. In the mononuclear systems the amplitude of the
variation of the ionic bilayers is a measure of the structural trans-
formation which leads to the modification of the spin crossover
properties.
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ig. 16. Plots (a)–(f) illustrate transitions from solid-like behaviour (odd numbers) to
copic responses with the abrupt change of the behaviour at the point of the phase tr
odel with different parameters of the enthalpy and entropy, which define the valu

or the mesophase curves 2, 4, 6, 8, 10, 12 obey the inequality � solid > � mesophase, i.e.

In systems of the type ii both the spin state change and the
olid → mesophase transition coexist in the same temperature
egion but are not coupled. To these belong the compounds Cn-
·3.5H2O, n = 16, 18, 20 and Cn-5·H2O (n = 8, 10 and 12), which
re insensitive to the melting, but not to the release of crystal
ater.

Worth to mention, that also two other possible types of the
ehaviour illustrated in Fig. 16c and d can be expected in spin
rossover metallomesogens. The one which is characterized by
nequality T1/2

solid > T1/2
mesophase will lead to the behaviour simi-

ar to that of cooperative solid spin crossover compounds with the
brupt increase of the susceptibility in the melting point. A sys-
em where the phase transition causes a pronounced change of the
ooperativity � and retains the parameter T1/2 unchanged would
anifest two different behaviours depending on the temperature

t which the melting occurs.

The type iii is comprised by the systems where the two tran-

itions are too far separated in temperature and therefore are
ot coupled. The spin transition can be located at relatively high
emperatures resulting in low spin behaviour of the compound

uch above the melting temperature C18-2: Tphase transition ∼ 380 K,
esophase-like behaviour (even numbers). The bold curves show the resultant macro-
n (black bold arrow). The curves 1–12 were simulated using the Slichter–Drickamer
= �H/�S. The cooperativity parameters for the solid-state curves 1, 3, 5, 7, 9, 11 and
mesophase spin transition is always less cooperative and therefore more gradual.

T1/2
mesophase 	 400 K) or can be located much lower in temper-

ature (for example, Cn-7 (n = 12 and 18): Tphase transition ∼ 380 K,
T1/2

solid = 133 K). The first case is exemplified by curves 9 and 10
shown in Fig. 16e. Despite some possible modification of the inter-
molecular contacts and change of the curve from the solid-like
curve 9 to the less cooperative mesophase-like curve 10, the transi-
tion temperature T1/2 is still too high to cause any feasible changes
in the magnetic response around the melting point. Similarly, the
case of the low temperature spin crossover metallomesogens being
insensitive to high-temperature phase transition is explained in
Fig. 16f. The mononuclear iron(III) system reported by Galyametdi-
nov et al. [15] and iron(II) systems reported by Hayami et al. [16,52]
and [53], as well as polymeric one-dimensional systems investi-
gated by Bodenthin et al. [54] also match type iii (Fig. 16e and f) since
the independent spin transition and phase transition take place in
different temperature regions.
We can conclude from the four archetypal transitions shown
in Fig. 16a–d, that in order to observe the interplay of the phe-
nomena it is necessary for the system to exhibit spin transition at
least in one of the phases with the parameter T1/2 located not far
from the temperature of the solid → mesophase transition (Fig. 16a)
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r inside the “loop” defined by the solid-like and mesophase-like
urves (Fig. 16b–d).

. Conclusion and perspectives

In this review article we have illustrated the strategies devel-
ped in order to achieve interplay/synergy between spin transition
nd liquid crystal transition. The synthesised Fe(II) metallome-
ogens exhibit different types of interplay between both phase
ransitions. A classification according to the analysis of the mag-
etic and structural data has led to the distinction of three types of

nterplay, namely:

Type i: systems with coupling between the electronic structure of
the iron(II) ions and the mesomorphic behaviour of the substance.
Type ii: systems where both transitions coexist in the same tem-
perature region but are not coupled due to competition with the
dehydration.
Type iii: systems where both transitions occur in different temper-
ature regions and therefore are uncoupled.

The future activity in the area of the spin crossover metal-
omesogens can be developed towards creation of new systems
n the basis of the present results. Apart from the rich physi-
al phenomenology observed in these materials the fact that spin
rossover is accompanied by a pronounced change of colour, at
east in Fe(II) metallomesogens, bears the promise for further tech-
ological applications in the liquid crystal field. In fact, we have
emonstrated the possibility to prepare thermochomic liquid crys-
als operating in the room temperature region.

In our opinion, a promising next step in this research line is
he development of photochromic liquid crystals by exploiting the
ossibility to induce spin state switching by ligand driven isomer-

zation in analogy to the work of Zarembowitch and Boillot [55].
n the other hand, the ultimate goal in the area of spin crossover
etallomesogens is the switching of the spin state utilizing the sen-

itivity of liquid crystalline phases to external electric and magnetic
elds.
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