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The liquid crystalline chiral nitroxide biradical (S,S,S,S)-3
synthesized has shown much larger ‘positive magneto-LC
effects’ in the chiral nematic (N*) phase than in that of the
monoradical (S,S)-1.

Magnetic liquid crystals (LCs) have attracted great concern as
soft materials to enhance the effect of magnetic fields on the electric
and optical properties of LCs.! For example, they were anticipated to
exhibit unique magnetic interactions and thereby unconventional
magneto-electric or magneto-optical coupling® in the liquid
crystalline (LC) state under external magnetic fields. However, there
had been no prominent study on this interesting topic before 2004,
because the majority of magnetic LCs were highly viscous transition
or lanthanide metal-containing LCs which were not always
appropriate for investigating the swift molecular motion and
reorientation in the LC phases in low applied magnetic fields due to
the high viscosity.! Recently it has been revealed that bent-core
mesogens containing 6-oxoverdazyl radical as the angular central
exhibit photoinduced ambipolar charge transport and
electrooptical effects in the tetragonal phase.* However, they showed
a paramagnetic behaviour in the isotropic phase and a gradual
increase of antiferromagnetic interactions in the LC phase upon
cooling.

unit

In this context, in 2008 we reported that chiral all-organic rod-
like LC compounds 1 with a stable nitroxide radical unit in the
central core position and a negative dielectric anisotropy (Ag < 0)
(Fig. 1)’ exhibited a sort of spin glass-like inhomogeneous
ferromagnetic interactions (the average spin-spin exchange
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interaction constant ; > 0) induced by application of low magnetic
fields in the LC phases at high temperatures (30-150 °C).%’ By
electron paramagnetic resonance (EPR) spectroscopic studies and
DFT calculations, such a unique magnetic phenomenon, which was
referred to as “positive magneto-LC effects’,® was correlated with the
preferential of ferromagnetic spin-spin dipole
interactions in magnetic fields due to the inhomogeneous
intermolecular contacts in the LC phases.”'® Furthermore,
interestingly, larger positive magneto-LC effects were revealed to
occur in the chiral LC phases than in the corresponding achiral
ones.®® Thus far, it is not clear why such large ferromagnetic
interactions were observed in these LC phases, particularly in chiral
ones, at high temperatures.

occurrence

Meanwhile, as another example, in 2014 an achiral hexa-peri-
hexabenzocoronene derivative carrying a conjugated tert-butyl
nitroxide moiety has been reported to show the positive magneto-LC
effects in the columnar hexagonal LC phase,' although all of other
three achiral all-organic radical columnar discotic LC compounds
reported before 2014 did not show the positive magneto-LC
effects.'>

Here we report the preparation of (S,S,S,5)-3 as the first all-
organic biradical LC compound which showed remarkably large
magneto-LC effects in the chiral nematic (N*) phase. The biradical
compound (S,S,S,5)-3 (>99% ee, Fig. S1 and S2, ESI) was prepared
by condensation of p-hydroxybenzyl alcohol and two equiv of the
benzoic acid derivative (S,5)-2 containing a cyclic nitroxide radical
group on the para  position  using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) and a
catalytic amount of 4-dimethylaminopyridine (DMAP) in
dichloromethane (Fig. 1 and for the details, ESI).
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Fig. 1 Molecular structure of monoradical compounds (S,5)-1 and preparation of

2 A0
Me ¢] %
L =y
Me ©, [e]
Cr — (Sm) === N* " Iso
biradical compound (S,S,5.,5)-3 from (S,S)-2. The phase transition temperatures of

[¢)
/@Ao (S,S.S,S)-3 (39% ee)
C1gHa30
40.9 {69) 104.1
(5,S.8.,5)-3 were determined by DSC analysis and POM observation.

The phase transition behavior of (S,S,S,S)-3 was characterized by
differential scanning calorimetry (DSC) (Fig. 2a), polarized optical
microscopy (POM) (Fig. 2b-d), and X-ray diffraction (XRD)
analysis (Fig S3, ESI). (S.S.,S,5)-3 showed an enantiotropic N* phase
and a monotropic smectic (Sm) phase. The fan-like and fingerprint
textures characteristic of an N* phase were observed in the 1%
cooling and 2™ heating runs, respectively (Fig. 2b and d)."* The
metastable Sm phase was detected only at a scanning rate of more
than 10 °C min™'
2¢) and sharp low angle XRD peak at 2.15° (Fig. S3c, ESI) were
observed in the cooling run. The observed N* phase may contain
smectic cybotactic groups,'® because the enthalpy (AH) at the N*-to-
Sm transition was negligible (Fig. 2a) and the small XRD peak at
5.7° may correspond to smectic fluctuations. In this study, we have
focused on the change in magnetic properties at the crystal-to-N*
phase transition of (S.S,S,5)-3, since the metastable Sm phase was
not suited for the time-consuming measurement of magnetic
properties by VT-EPR spectroscopy.
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Fig. 2 Phase transition behavior of (S,5,S,5)-3. (a) DSC curves at a scanning rate of 10
°C min™ in the first heating and cooling runs. The dotted line represents the N*-to-Sm
phase transition temperature determined by POM observation. The enthalpies AH’s (kJ
mol™") were 28.6 and 1.9 at 98.3 °C and 105.1 °C, respectively, in the heating run, and
3.6 at 104.1 °C in the cooling run. Polarized optical microphotographs were taken under
random conditions in the cooling run: (b) the fan-like texture for the short pitch N*
phase at 80 °C in the first cooling run, (c) the pseudo-isotopic texture for the Sm phase at
65 °C in the first cooling run and (d) the fingerprint texture for the N* phase at 100 °C in
the second heating run from the Sm phase. The scale bar at the lower right in each
photograph corresponds to 100 pm.

To confirm whether the stable N* phase of (S,S,S,S5)-3 shows the
positive magneto-LC effects, the temperature dependence of molar
magnetic susceptibility () was measured at a magnetic field of
0.05 T on a SQUID magnetometer using a paramagnetic aluminum
pan to minimize the experimental error at high temperatures (Fig.
3).”8 Here jy is used as the sum of paramagnetic susceptibility
(Xpara) and diamagnetic susceptibility (yg,), as we cannot exactly
determine the .. in the magnetic LC phases due to the
temperature-dependent nature of the yg, in LC phases.l7 With
respect to the crystalline phase, the obtained #,...T-T plots obeyed
the Curie-Weiss law in the temperature range between 100 and 300
K [pm=CHT - 6) + g4 Weiss constant = —-3.0 K, Curie constant
C=0.75 emu K mol ' and yg, = —8.50 x 10~ emu mol '] (Fig. S4,
ESI), exhibiting neither appreciable intramolecular  nor
intermolecular magnetic interactions in this temperature interval and
no contamination of paramagnetic impurities. In fact, the distance
between two nitroxide radicals calculated from the optimized
molecular structure of 3 obtained by the Density Functional Theory
calculation (Gaussian 09)'® was ca. 19 A (Fig. 4), which was too
long to produce appreciable spin-spin exchange interactions between
two paramagnetic centers in the molecule. Actually, EPR spectra
characteristic of independent two nitroxide radicals in a molecule
were observed in the diluted THF solution (5 x 10* mol L) of
(S,5,8,5)-3 at 25 °C and at —150 °C (Fig. S5, ESI). These results
clearly demonstrate the absence of intramolecular exchange
interactions.
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Fig. 3 Temperature dependence of molar magnetic susceptibility (yuv) of (5,S,5,5)-3 at a
field of 0.05 T in the temperature range of (a) =170 to +120 °C and (b) —100 to +120 °C
(magnification) measured by using a paramagnetic aluminium pan. Open and filled
circles represent the first heating and cooling runs, respectively. The solid line shows the
Curie-Weiss fitting curve. The LC phase transition temperatures, which were determined
by DSC analysis at a scanning rate of 10 °C min™' and POM observation in the heating
and cooling runs, are indicated by arrows in the lower and upper sides in panel b,
respectively.

Interestingly, a considerable y increase of as large as 38% was
noted for (S,5,S,5)-3 at the crystal-to-N* phase transition (98°C) in
the heating run (Fig. 3 and Fig. S6, ESI). This y, increase is much
larger than that (30%) of (S,S)-1 (n = 8).” However, the scatter of the
=T plots for (S,S,S,5)-3 at higher temperatures was too large to
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discuss the details of the temperature dependence of the magnetic
interactions. Therefore, we evaluated the paramagnetic susceptibility
by VT-EPR spectroscopy using a quartz sample tube (Fig. S7 ESI),
which allows us to ignore the yy, term and to understand the
magnetic interactions in-depth.”®

The temperature dependence of the paramagnetic susceptibility
indicated in relative units () for (S,S,S,5)-3 is shown in Fig. 5a. In
the heating run, the y, abruptly increased at the crystal-to-N*
transition. In the cooling run,
temperature in the isotropic and N* phases and abruptly decreased at
the N*-to-crystal phase transition (at 66 °C), indicating the
disappearance of the metastable Sm phase owing to the very slow
cooling rate in the quartz tube. The difference in the . value
between the crystalline phases before the heating run and
immediately after the cooling run was ascribed to polymorphism
(Fig. S3a and S3d, ESI). Thus, we could indicate that the behavior of
paramagnetic susceptibility found by EPR spectroscopy correlates
with that of the molar magnetic susceptibility determined by SQUID
measurement.

e increased with decreasing

(b)
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Fig. 4 Molecular structure of (S,S,S,S5)-3 and LC superstructure in the N* phase. (a) The
molecular conformation optimized by the Monte Carlo method using the Merck
Molecular Force Field (MMEFF), followed by Density Functional Theory calculation at
the UB3LYP/6-31G(d) level (Gaussian 09). The unit of distance is A. (b) Schematic
illustration of assumed magnetic interactions in the N* phase
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Fig. 5 Temperature dependence of (a) . and (b) AH,, for (S,5,S,5)-3 by EPR
spectroscopy around a field of 0.33 T. The g is the relative paramagnctlc susceptibility,
which is defined as Y /70 , Where g is the paramagnetic susceptibility at 30 °C in the

This journal is © The Royal Society of Chemistry 20xx

heating run. The spectra which were measured five times at each temperature were
accumulated. The EPR signal intensity obtained by numerical double integration of each
spectrum was used as the .. Open and filled circles represent the first heating and
cooling runs, respectively. The LC phase transition temperatures determined by DSC
analysis at a scanning rate of 10 °C min™' in the heating and cooling runs are shown by
arrows in the lower and upper parts in each panel, respectively.

To gain an insight into the origin of positive magneto-LC effects
(J > 0) operating in the N* phase of (S.S,5,5)-3, the temperature
dependence of EPR peak-to-peak line width (AH,,;) was compared
with that of the y. (Fig. 5b). Generally, the change in AH,, reflects
the following two magnetic interactions: (a) spin-spin dipole
interaction (the stronger the interaction, the more the AH,,, increase)
and (b) spin-spin exchange interaction (the stronger the interaction,
the more the AH,,, decrease). In the present case, a slight increase in
AH,, occurred in concert with the abrupt increase in yy at the
crystal-to-N* transition (98 °C) in the heating run, indicating the
increase of spin-spin dipole interactions in the N* phase. These
results support that strong intermolecular spin-spin dipole as well as
exchange interactions must operate by introducing independent two
nitroxide radical units in a molecule (Fig. 4b).

To visualize the large positive magneto-LC effects of (S,S,S,5)-3,
the N* droplet with a diameter of approximately 2 mm was prepared
by floating the melted LC compound on hot water at 75°C by using a
small plastic spatula and then a rod-like permanent magnet
(maximum 0.5 T, 6 mm ¢ x 20 mm) approached. Consequently, the
N* droplet of (S.S,S,5)-3 responded to the action of the magnet much
more quickly (Movie S1, ESI) than that of (S,S)-1 (n = 8).” This
result indicates that the difference in the response to the magnet
between the two N* droplets of (S,S,S,5)-3 and (S,S)-1 (n = 8) should
depend not only on the interfacial interaction between the N* droplet
and water but also on the magnitude of positive magneto-LC effects.

We described the preparation and outstanding magnetic
properties of the chiral all-organic nitroxide biradical (S,S,S,S)-3
showing a stable N* phase. The hitherto largest positive magneto-LC
effects (38% yv increase) were observed in the biradical N* phase.
The VT-EPR spectroscopic analysis supports that the occurrence of
such large positive magneto-LC effects originates from increased
intermolecular spin-spin exchange and dipole interactions due to
inhomogeneous intermolecular short contacts in the biradical N*
phase.”'® These results imply that if a chiral bent-core ferroelectric'®
biradical compound with large positive magneto-LC effects is
available it is expected to show a larger magneto-electric coupling?
than the rod-like ferroelectric monoradical (S,S)-1 (n = 13) exhibited
at high temperatures.”® Furthermore, these results would provide

useful information to prepare metal-free magnetic soft
nanomaterials, such as magneto-active nanoemulsions and
nanotubes, which are expected to be used for biomedical

applications including the oxidation & reduction-resistant,’'
magnetic resonance imaging (MRI) contrast agents and the magnetic
carrier for a magnetically targeted drug-delivery system in place of
magnetoliposomes containing Fe;0,,%> because stable nitroxide
radicals are known to be nontoxic to cell and animals.”

This work was supported by JSPS KAKENHI Grant Number
26248024. Y.U. is grateful for the support by the Japan Science and
Technology Agency (JST) ‘Precursory Research for Embryonic
Science and Technology (PRESTO)’ for a project of ‘Molecular
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