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tallomesogens composed of
achiral spin crossover molecules†

Ryohei Akiyoshi, a Yuma Hirota,b Daisuke Kosumi, bc Mayu Tsutsumi,a

Masaaki Nakamura,a Leonard F. Lindoy d and Shinya Hayami *ac

Ferroelectric liquid crystals (FLCs) are fascinating functional materials that have a remnant and electrically

invertible polarization. To date, typical FLCs have been mainly realized by molecular design such as the

incorporation of chirality into a given molecular structure. Here, we report for the first time

ferroelectricity induced by spin transition associated with a crystal – liquid crystal phase transition in

achiral molecules. Iron(II) metallomesogens incorporating alkyl chains of type [Fe(3Cn-bzimpy)2](BF4)2 (n

¼ 8 (1), 10 (2), 12 (3), 14 (4), 16 (5) and 18 (6); bzimpy ¼ 2,6-bis(benzimidazol-20-yl)pyridine) that exhibit
spin crossover (SCO) phenomena have been synthesized. Compounds 5 and 6 were each demonstrated

to show SCO behaviour along with the occurrence of a phase transition between the crystalline (Cr)

state and corresponding chiral smectic C (SmC*) state. The distortion of the coordination sphere in the

high spin state is seen to trigger the generation of the SmC* state. The liquid crystalline compounds do

not display ferroelectric behaviour in their Cr state but do exhibit ferroelectric hysteresis loops in their

SmC* state. Ferroelectric switching was clearly confirmed by second harmonic generation (SHG)

experiments involving the respective phases. These findings will undoubtedly lead to new strategies for

the design of new FLCs based on metal-centred spin transitions.
Introduction

Ferroelectric liquid crystals (FLCs)1,2 have attracted consider-
able attention due to their potential application for use in fast
switching devices, rewritable memories and nonlinear optics.3–6

In general, such FLCs have involved chiral molecules and, in
particular, the introduction of chirality has been thought to be
crucially important in the case of rod-like or disk-like FLC
molecules.2,7–11 However, FLCs based on banana-shaped mole-
cules, free of molecular chirality, were reported in 1996.12

Subsequently, considerable effort has been applied to the
investigation of bent molecules as achiral alternatives to chiral-
(or racemic mixture-) based FLCs.13–18
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Recently, metal-containing LCs, the metallomesogens,19,20

have been widely investigated because they oen exhibit inter-
esting physical properties, including magnetic, electrical and
optical properties, that are associated with the metal ion species
in the anisotropic phases.21–23 Largely directed by metal ion
complexation, various structural types of ferroelectric metal-
lomesogens, including banana,24,25 open-book,26 K or H
shape,27–30 brick-like31,32 and square pyramidal24,33 geometries
have been constructed. In addition, we have reported [M(X-4C18-
salmmen)] (M ¼ Zn and Pt, X ¼ R, S and rac; salmmen ¼ N,N0-
monomethylene-bis-salicylideneimine) complexes that dis-
played both ferroelectricity and luminescence properties even
though racemic forms were present.24 In prior studies, most of
the reported ferroelectric metallomesogens incorporated
organic ligands containing chiral substituents and the role of
their structural features in inuencing their ferroelectricity and
associated physical properties has in general been readily
rationalized. On the other hand, reports of ferroelectric metal-
lomesogens (and associated properties) whose ferroelectricity is
based on the geometry of a central metal ion are limited up to
now. In particular, the prospect of a correlation occurring
between magnetic and ferroelectric properties in FLCs remains
largely unexplored, despite the possibility that such magneto-
electric effects might be anticipated to occur.

SCO metallomesogens are a new category of functional
materials which have been found to synchronize SCO and LC
properties.34–40 In this context it is noted that SCO phenomena
Chem. Sci., 2019, 10, 5843–5848 | 5843
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Fig. 2 Structure of [Fe(3Cn-bzimpy)2](BF4)2 (n ¼ 8 (1), 10 (2), 12 (3), 14
(4), 16 (5), 18 (6)).
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may occur in transition metal complexes with dn (n ¼ 4–7)
electronic congurations on switching between their low spin
(LS) and high spin (HS) states reversibly; such SCO can be
induced by an external perturbation (such as a change in
temperature, pressure, magnetic eld or light irradiation).41–44

SCO behaviour gives rise to signicant structural changes,
primarily involving metal–ligand bond lengths and angles that,
in turn, lead to distortion of the coordination sphere (Fig. 1).45–49

Thus, the dipole moments necessary for inducing ferroelec-
tricity can in principle be generated via the LS 4 HS transition
associated with the corresponding structural perturbation.

Herein, we report examples of SCO-triggered FLCs of type
[Fe(3Cn-bzimpy)2](BF4)2 in the absence of molecular chirality
(see Fig. 2 for an explanation of the abbreviations; n ¼ 8 (1), 10
(2), 12 (3), 14 (4), 16 (5) and 18 (6)). Compounds 5 and 6 have
been demonstrated to exhibit SCO behaviour involving a crys-
talline (Cr) – chiral smectic C (SmC*) transformation, with
ferroelectric switching being observed in the SmC* phase.
Results and discussion
Synthesis and crystal structure

The iron(II) metallomesogens, [Fe(3Cn-bzimpy)2](BF4)2 (n ¼ 8
(1), 10 (2), 12 (3), 14 (4), 16 (5) and 18 (6)), each incorporating six
alkyl chains, were synthesized by reaction between Fe(BF4)2-
$4H2O and 3Cn-bzimpy according to the previously reported
procedure.50 The structure of 5$2H2O was determined at 93 K by
a single crystal X-ray structural analysis. This compound crys-
tallized in the triclinic P�1 space group. Crystal data are shown in
Table S1.† The Fe–N bond lengths are 1.969(6) Å, 1.912(6) Å,
1.972(6) Å, 1.967(4) Å, 1.892(6) Å and 1.949(5), demonstrating
that 5$2H2O is in its LS state at 93 K. This compound has an
asymmetric structure in which two alkyl chains are located on
one side of the complex “core” while the other four alkyl chains
are positioned on the opposite side as shown in Fig. S1a.† The
packing structure shows hydrophilic areas incorporating metal
complex centres and two BF4

� of counter anions together with
two water molecules (Fig. S1c†). Hydrophobic areas in which p–

p interactions occur between bzimpy ligands as well as
Fig. 1 Schematic illustration of the generation of a diple moment via
SCO.

5844 | Chem. Sci., 2019, 10, 5843–5848
hydrophobic interactions between alkyl chains in neighbouring
molecules, are present. In order to investigate the “undiluted”
LC, magnetic properties and ferroelectricity, we carried out
thermal treatments for 1–6 at their melting points for 1 hour to
remove their water molecules before undertaking the LC and
magnetic characterizations discussed below.
LC behaviours

The multiple phase and LC properties were investigated using
differential scanning calorimetry (DSC), temperature-
dependent powder X-ray diffraction (PXRD) measurements
and polarized optical microscopy (POM) observation. Phase
transition temperatures obtained from the DSC experiments in
the 2nd heating mode are summarized in Fig. 3. Compounds 1
and 2 showed two DSC peaks (exo and endothermic), and
arising from isotropic liquid (IL) – Cr and Cr – IL by super-
cooling (Fig. S2†). In contrast, 3–6 have multiphase natures.
Upon heating from room temperature, 3 and 4 exhibited SmC*–
Cr, Cr–SmC*, SmC*–SmA, SmA–IL phase transitions in turn
(one exo and three endothermic peaks). DSC curves for 5 and 6
also show four phase transitions corresponding to Cr1–Cr2, Cr2–
SmC*, SmC*–SmA, and SmA–IL transitions with four DSC
endothermic peaks. The different phase transformation and
Fig. 3 Phase transition temperatures of 1–6 determined by DSC
measurement (5 K min�1) in the 2nd heating mode.

This journal is © The Royal Society of Chemistry 2019
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transition temperatures arise from the different strengths of
inter-chain interaction present (that in turn reect the respec-
tive carbon numbers in the incorporated alkyl chains).

Polarized optical microscopy (POM) determined textures of 5
are presented in Fig. 4a and b. The SmA mesophases yielded
fan-shape textures while ngerprint textures were obtained for
the SmC* phases, with chirality being demonstrated by active
circular dichroism (CD) spectra for the textures obtained for
SmC* (Fig. 4c). POM textures for 3, 4 and 6 are shown in Fig. S3†
which also shows ngerprint textures for the SmC* state and
fan-shape textures for the SmA phase. The LC natures are
corroborated by the results of PXRD analyses in which diffrac-
tion patterns for the mesophases have sharp peaks in the small
angle region and broad scattering halos in the wide angle
region. The d spacing values calculated from the (001) peaks,
are 25.1 Å for 3, 29.0 Å for 4, 33.5 Å for 5 and 36.3 Å for 6 in the
SmC* states, smaller than 25.8 Å for 3, 31.9 Å for 4, 35.4 Å for 5
and 39.0 Å for 6 in the SmA states, respectively. However, in the
case of 1 and 2, LC properties were not observed, as shown by
the variable temperature PXRD patterns, in which sharp peaks
were maintained in the wide-angle region.

Ferroelectric properties

The SmC* mesophase is potentially capable of showing ferro-
electric properties. The temperature dependences of the
dielectric constants for 3–6 in the frequency range of 100 Hz to 1
kHz were measured using an impedance analyser in the heating
mode to investigate the electric eld responses to the phase
transitions (Fig. S6†). The dielectric constants for 3 and 4
Fig. 4 (a) POM textures for the SmC* state at 384 K and (b) the SmA
state at 449 K in 5. (c) CD spectra for 5 at 298 K (blue line: Cr state, red
line: SmC* state). The spectrum for SmC* was obtained using the
sample cooled to room temperature after melting. The observed
fingerprint-shape texture in the SmC* state was maintained at room
temperature. (d) Temperature-dependent PXRD patterns for 5. The
inset shows the PXRD patterns for SmC* (red line) and SmA (black line)
states.

This journal is © The Royal Society of Chemistry 2019
remained unchanged between 200 and 350 K. On further
heating above 350 K, the elevation of the dielectric constants
was observed. As for 5 and 6, the dielectric constants are almost
constant at the temperatures of the Cr states but are abruptly
increased on accomplishing the Cr–SmC* transition. A dielec-
tric constant determined at 1 kHz is signicantly smaller than
one obtained at 100 Hz because the metal complex dipole
moments become less sensitive to the electric eld at this
higher frequency.

The ferroelectric behaviour of each of the phases observed
for 3–6 were analysed using polarization vs. electric eld (P–E)
curves with the aid of a TF Analyzer1000. The temperature rising
for P–E measurements was performed at 5 K min�1. For 5, no
ferroelectric hysteresis loop resulting in ferroelectricity was
observed for the Cr state (Fig. 5a blue line). On the other hand,
the ferroelectric hysteresis loop was clearly evident for the SmC*
state, with the remnant polarization being 19.4 nC (Fig. 5a red
line). Compounds 3, 4 and 6 also gave ferroelectric hysteresis
curves with obvious remnant polarizations in the SmC* state
that were similar to that of 5 (see Fig. S7†).

The presence of ferroelectricity was supported by second
harmonic generation (SHG) experiments for the respective
phases using an excitation wavelength of 1080 nm. A strong
SHG intensity was evident for 5 at ca. 540 nm for the SmC*
phase (Fig. 5b), while no SHG occurred for the Cr state, with
respectively 3, 4, and 6 showing similar behaviour to this
(Fig. S8†). Accordingly, these results are in keeping with the
resultant polarization leading to the expression of ferroelec-
tricity in the above systems.
Magnetic properties

The magnetic behaviours of 1–6 were determined using
a SQUID magnetometer before and aer melting the respective
samples. For the solvated compounds 1–6, the cmT values were
closed to zero and corresponded to iron(II) LS diamagnetism
before melting and below 300 K. On heating over 300 K, the cmT
values increased because of removing solvent water molecules
(Fig. S9†). Thermal treatments for solvated 1–6 were carried out
Fig. 5 (a) Temperature-dependent P–E hysteresis curves for 5 at
100 Hz (blue line: 298 K (Cr state), red line: 350 K (SmC* state)). (b)
Results of SHG experiments on 5 at 298 K. The SmC* sample for SHG
experiments was prepared by cooling it to room temperature after
melting. The observed fingerprint-shape texture in the SmC* state was
maintained at room temperature (blue plot: Cr state, red plot: SmC*
state).

Chem. Sci., 2019, 10, 5843–5848 | 5845
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Fig. 6 cmT vs. T plots for (a) 1, (b) 2, (c) 3, (d) 4, (e) 5 and (f) 6 (red plot:
heating, blue plot: cooling).
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in order to remove the effects of solvent on the magnetism
(Fig. 6). For 1, gradual SCO was observed, and the cmT value
increased from 0.966 cm3 Kmol�1 at 100 K to 1.906 cm3 Kmol�1

at 400 K. For 2 and 3, two step SCO was observed, and the cmT
value was unchanged between 100 and 200 K. Upon further
heating above 200 K, the cmT value increased to 0.517 cm3 K
mol�1 for 2 and 0.626 cm3 Kmol�1 for 3 and then again to 1.717
cm3 K mol�1 (for 2) and 1.979 cm3 K mol�1 (for 3) at 400 K. In
DSC measurements for 2 and 3, there is no peak in the two step
SCO temperatures. The origin of two step may be complicate
structural changes in alkyl chains. The compounds 4–6 also
exhibit gradual SCO behaviours with “cmT jump”. In the case of
4, upon heating, the cmT value at 100 K is 1.120 cm3 K mol�1

and remains close to this value (1.050 cm3 K mol�1) at 301 K,
demonstrating that the spin state of the metal centre remains
unaltered at 301 K. From 301 K to 311 K, the cmT value
decreases to 1.038 cm3 K mol�1. Subsequently, the cmT value
increases gradually and reaches 2.088 cm3 Kmol�1 at 400 K. For
5, the cmT value at 101 K is 1.022 cm3 K mol�1 and rises slightly
to 1.050 cm3 K mol�1 at 321 K but then decreases slightly to
1.026 cm3 Kmol�1 at 327 K, followed by a large increase to 1.861
cm3 K mol�1 at 400 K. A “jump” in the observed cmT value for 5
is assigned to result from the Cr–SmC* phase transition. The
cmT value for 6 at 100 K is 0.981 cm3 K mol�1 and this value
5846 | Chem. Sci., 2019, 10, 5843–5848
gradually increases to 1.141 cm3 K mol�1 at 321 K. The cmT
value then shows a decrease to 1.094 cm3 K mol�1 which is
similar behaviour to that observed for 5. The value for 6 then
starts to increase at 344 K to reach 1.858 cm3 K mol�1 at 400 K.

The observed “cmT jump” clearly reect the corresponding
Cr–SmC* phase transitions observed in the respective DSC
analyses. The temperatures at which the cmT values start to
slightly decrease, namely 321 K for 5 and 323 K for 6, are in very
good agreement with the phase transition temperatures for the
Cr state transforming to the corresponding SmC* state
observed in the 2nd heating processes (Fig. S10†). These occur
at 320 and 334 respectively (Fig. 3), indicating that these Cr–
SmC* phase transitions are directly related to the SCO behav-
iour. Although negligible thermal hysteresis was observed for 2
over the heating and cooling process, for 1–6 the behaviours in
the cooling processes retrace almost the same paths observed
for their respective heating processes. The high cmT values (cmT
z 1.0) of 1, 4, 5 and 6 were observed below 300 K. In order to
conrm the induction of the magnetic behaviours, Mössbauer
spectra for 5 were measured at 100 K before and aer melting
(Fig. S11 and Table S2†). Before melting, a narrow doublet with
Q.S. (quadrupole splitting)¼ 0.58 mm s�1 and I.S. (isomer shi)
¼ 0.34 mm s�1 was observed, which corresponded to the LS
state of iron(II) compounds. Aer melting, a wide doublet with
Q.S. ¼ 2.79 mm s�1 and I.S. ¼ 0.96 mm s�1 was appeared,
showing that the iron(II) takes the HS state. The ratio of HS and
LS at 100 K was 3 : 7 aer melting. It is thought that the high
cmT values were caused by trapping the iron(II) HS state below
the freezing point.
SCO behaviours associated with crystal – liquid crystal phase
transitions

As mentioned above, compounds represented by 5 and 6 exhibit
SCO that is synchronized with a phase transition from their Cr
state to their corresponding SmC* state. In order to generate
such SCO metallomesogens, both the number and the lengths
of the alkyl chains that are appended to themetal complex cores
are important. Thus, we have reported previously that [Fe(1C16-
bzimpy)2](BF4)2 (Fig. S12a†) incorporating only two alkyl chains
undergoes its SCO from LS to HS below the LC transition
temperature of 547 K because inter-chain interaction involving
just two alkyl chains is not sufficient to maintain the LS state
while [Fe(2C16-bzimpy)2](BF4)2 (Fig. S12b†) incorporating four
alkyl chains showed no SCO behaviour.51 The presence of six
alkyl chains in each of 5 and 6 is clearly important for main-
taining the LS state below the phase transition, leading to the
respective observed synchronized behaviour between SCO and
LC transitions. Moreover, our results demonstrated that the LC
transition temperature can be tuned by varying the carbon
numbers of the incorporated alkyl chains. Thus, on increasing
the carbon numbers, the LC transition temperature is increased
in accord with stronger inter-chain interactions occurring
(Fig. 3). On the other hand, no LC properties were evident for
the compounds incorporating alkyl chains with n ¼ 8 or 10
because of weak inter-chain interaction.
This journal is © The Royal Society of Chemistry 2019
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SCO-induced ferroelectricity

In order to further discuss the SCO-induced ferroelectricity,
zinc(II) metallomesogen of type [Zn(3C16-bzimpy)2](BF4)2 (7) was
synthesized and investigated about the liquid crystal property
and ferroelectric behaviour. The crystal structure of 7 are
determined at 200 K, which is an isostructure with the
compound 5 (Fig. S13†). In the compound 7, the two alkyl chains
are located on one side of metal complex core while the other
four alkyl chains are positioned on the opposite side to the two
alkyl chains. From the results of DSC experiment, the compound
7 also shows phase transition including Cr1–Cr2, Cr2–SmC*,
SmC*–SmA and SmA–IL in the 2nd heating process as same as
that of 5 (Fig. S14†). Although the SmA phase were not deter-
mined in the temperature-dependent PXRD patterns because of
very short temperature region, the POM textures are clearly
indicative of fan-shape texture typically observed in the SmA
state (Fig. S15b†). The dielectric constant for 7 remained
unchanged between 200 and 350 K. On further heating above
350 K, the elevation of the dielectric constant was observed
(Fig. S16†). As presented in Fig. S17a,† the P–E curves for the
compound 7 displayed a ferroelectric hysteresis loop with the
remnant polarization of 1.16 nC in the SmC* state. The remnant
polarization observed in compound 7 is signicantly smaller
than that for 5 (19.4 nC). Moreover, no SHG intensity was evident
in the compound 7 owing to its small remnant polarization
(Fig. S17b†). Therefore, it is clear that the compound 7 shows no
ferroelectricity or has at least so small ferroelectric component.
Collectively, these results demonstrated that the SCO behaviour
(LS to HS transition) in the iron(II) metallomesogens leads to
largemolecular distortion, and arises the dipole inmolecules. As
a result, the SCO behaviour associated with a Cr–LC phase
transition plays a crucial role in enhancing ferroelectricity.
Conclusions

In summary, we have developed a new strategy for fabricating
FLCs using the iron(II) metallomesogens 1–6 incorporating pairs
of bzimpy ligands each bearing three long alkyl chains. From
this series, compounds 5 and 6 were demonstrated to exhibit
SCO behaviour associated with a phase transition from crystal-
line to SmC* state. The distortion of the coordination sphere in
the HS state is seen to promote the formation of the SmC*
phase, resulting in ferroelectric hysteresis loop formation and
spontaneous polarization. In past studies a range of ferroelectric
metallomesogens have been generated by employing molecules
incorporating chiral centres. In contrast, in the present study we
demonstrate for the rst time that a spin transition accompa-
nied by a crystal – LC phase transition can result in the gener-
ation of ferroelectricity. Clearly, our study points the way to the
future development of new ferroelectric materials generated in
the absence of chirality. We plan further work towards obtaining
a range of a new FLC compounds of this type.
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