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1. Introduction

Amongst stable organic free radicals such as nitroxides, verdazyls, thioaminyls, a certain
hydrazyl, phenoxyls, and carbon-centered radicals, nitroxide radicals (NRs) show
outstanding thermodynamic stability ascribed to the delocalization of the unpaired electron
over the N—O bond and thereby no dimerization (Aurich, 1989; Hicks, 2010). In fact,
sterically protected NRs have found various practical applications in the field of materials
science. The landmark is the discovery by Kinoshita et al. in 1991 of the first purely organic
ferromagnet (Tc = 0.6 K) with respect to one of several polymorphs of a nitronyl nitroxide,
2-(4-nitrophenyl)-4,4,5,5-tetramethylimidazoline-1-oxy-3-oxide (1) (Figure 1) (Tamura et al.,
1991). Since then, stable NR structures have been used as the spin source and building block
for the elaboration of organic or molecule-based magnetic materials. Up to the late 1990s,
more than 20 NR-based organic ferromagnets were prepared (Amabilino & Veciana, 2001);
the highest Tc value of 1.48 K was recorded for one of polymorphs of 1,3,5,7-tetramethyl-2,6-
diazaadamane-N,N’-dioxyl (2) prepared by Rassat et al. in 1993 (Figure 1) (Chiarelli et al,
1993).  Furthermore, to verify the theoretical prediction for constructing
organoferromagnetic conductor, several donors and acceptors carrying NR units were
prepared to give the corresponding CT complexes and radical salts (Nakatsuji, 2008). In
2007, Matsushita et al. reported that a radical ion salt of a tetrathiafulvalene (TTF)-based
spin-polarized donor NR compound (3) successfully exhibited giant negative
magnetoresistance, i.e., the decrease in the resistance of the salt by more than 70% under a
magnetic field of 9 T at 2K (Figure 1) (Matsushita et al., 2007, 2008). This is the first example
detecting the interaction between localized spins and conducting electrons in an organic
molecular assembly, i.e., a molecule-based spintronics using not only the charge but also the
spin of an electron (Sugawara et al, 2011). Meanwhile, for the last decade the redox

© 2012 Tamura et al., licensee InTech. This is an open access chapter distributed under the terms of the
I NT E H Creative Commons Attribution License (http:/creativecommons.org/licenses/by/3.0), which permits

) ) unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
open science | open minds



192 Nitroxides — Theory, Experiment and Applications
properties of NRs have been utilized for the development of environmentally benign
organic cathode-active materials for rechargeable batteries with a high energy-density, such

as a stable nitroxide polyradical, poly(2,2,6,6-tetramethylpiperidinyloxy methacrylate (4)
(Figure 1) (Nakahara, 2002; Oyaizu & Nishide, 2010; Suga & Nishide, 2010).
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Figure 1. Magnetic materials based on NR chemistry.

Thus, stable NR structures have been used as the spin source or the redox species to develop
metal-free solid-state magnetic materials and spintronic devices, or polymer battery devices,
respectively. However, the large electric dipole moment (ca. 3 Debye) of a nitroxyl group
(N-O - ) has never been utilized in these NR-based materials. In this context, with a view to
exploiting metal-free magnetic or spintronic soft materials, we have been developing
organic liquid-crystalline (LC) and ionic liquid (IL) NRs which can benefit from the unique
magnetic and electric properties intrinsic to the NR structure.

Paramagnetic LC compounds have been expected to become novel advanced soft materials
that can combine the optical and electrical properties of conventional LCs with the magnetic
and electronic properties of paramagnetic compounds (Dunmur & Toriyama, 1999). The
magnetic liquid crystals (LCs) are classified into two types; the majority were metal-
containing LCs (metallomesogens) with permanent spins originating from transition (d-
block) or lanthanide (f-block) metal ions in the mesogen core (Figure 2) (Hudson & Maitlis,
1993; Griesar & Haase, 1999; Binnemans & Groller-Walrand, 2002; Piguet et al., 2006; Terrazi
et al., 2006), while only several all-organic radical LC materials of the first generation were
prepared before 2004 (Figure 3), because of the difficulty in the molecular design and
synthesis which must satisfy the molecular linearity or planarity necessary for the existence
of LC phases (rod-like or disk-like molecules, respectively) as well as the radical
stabilization (Kaszynski, 1999; Tamura et al., 2008a, 2012). Moreover, endowing the
magnetic LCs with chirality is expected to result in the emergence of unique magneto-
electric or magneto-optical properties, intriguing magnetic interactions and so on in the LC
state (Tamura et al., 2008b, 2012).
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Figure 2. Representative metallomesogens and their transition temperatures and magnetic anisotropies.
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Figure 3. First-generation of rod-like all-organic radical LC compounds 5-11 and their transition

temperatures.

In 2004, the present authors reported the preparation and magnetic properties of the
prototypic second generation of paramagnetic all-organic rod-like LC compounds 12, which
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contain a chiral cyclic NR (PROXYL) unit in the mesogen core and show various chiral and
achiral LC phases over a wide temperature range (Figure 4) (Ikuma et al., 2004). In 2006, the
chiral smectic C (SmC¥) phase of (25,55)-12 was found to successfully exhibit ferroelectricity in
a thin sandwich cell (Ikuma et al., 2006a, 2006b). Furthermore, quite recently, a sort of spin
glass (SG)-like inhomogeneous magnetic interactions (the average spin-spin interaction
constant | > 0), which has been referred to as positive ‘magneto-LC effects’, have been found
to be generated in the various chiral and achiral LC phases of compounds 12 and 13 at high
temperatures (> 25 °C) under weak magnetic fields (Uchida et al., 2008, 2010; Suzuki et al.,
2012). In fact, these LC droplets floating on water were attracted by a permanent magnet and
moved freely on water under the influence of an ordinary permanent magnet (Figure 5).
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Figure 4. Chiral NR LC compounds 12 and 13, and IL compounds 14 containing a PROXYL unit.
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Figure 5. Schematic representation of the attraction by a permanent magnet (maximum 0.5 T) of
magnetic LC droplets of 12 and 13 on water in a shallow laboratory dish. Reprinted with permission
from ref. (Uchida et al., 2010). Copyright 2012 American chemical Society.

Meanwhile, with the aim of developing room-temperature ionic liquids (ILs) as another type
of air-stable, metal-free magnetic soft materials which can act as redox materials or spin
probes with molecular shape anisotropy, we designed and synthesized imidazolium
compounds 14 containing a chiral PROXYL unit at some distance (Uchida et al., 2009a).

In this chapter, first we briefly introduce the first-generation of all-organic NR LCs, which
were prepared before 2004. Then, we report the magnetic and electric properties of the
second-generation of NR LCs of compounds 12 and 13, and the NR IL compounds 14.

2. First-generation of rod-like all-organic NR LCs

Only a few all-organic radical LC compounds have been prepared, most likely because the
geometry and bulkiness of the radical-stabilizing substituents are detrimental to the
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stability of LCs, which requires molecular linearity or planarity (Kaszynski, 1999).
Although several achiral rod-like organic LCs with a stable cyclic NR (DOXYL or TEMPO)
unit as the spin source were prepared (Figure 3), their molecular structures were limited
to those containing the NR unit within the terminal alkyl chain, away from the rigid core,
and hence allowed the free rotation of the NR moiety inside the molecule, resulting in a
decrease in the paramagnetic anisotropy (Agpara) as well as the dielectric anisotropy (As) of
the whole molecule. The molecular structures and magnetic properties of such first-
generation of all-organic NR LCs and the objectives of individual studies are briefly
summarized below.

Chiral racemic and achiral compounds 5-7 were synthesized by Dvolaitzky et al. to use them
as an LC spin-probe for EPR spectroscopic study. Racemic 7 showed stable achiral smectic
phases such as SmA, SmC and SmE (Dvolaitzky et al, 1974, 1976a, 1976b). Their
temperature dependence of the molar magnetic susceptibility (ym) was not measured.

Finkelmann et al. prepared chiral racemic radical polymer 8 which can retain the LC
structure in the supercooled glassy phase to measure the magnetic properties of an LC
structure at low temperatures (Allgaier & Finkelmann, 1994). The temperature dependence
of the ym was measured by using a Faraday balance in the temperature range from 6 to 350
K, in which the crystal-to-LC-to-liquid phase transition occurred. As a result, 8 showed
neither molecular reorientation nor appreciable change in ym at the crystal-to-LC phase
transition temperature in the heating run. This is most likely ascribed to the high viscosity of
the polymer material.

Greve et al. synthesized the first LC compounds 9 and 10 with an a-nitronyl nitroxide
(a-NN) structure as a spin source at a terminal position in the molecule (Greve et al., 2002).
They showed a highly viscous monotropic (irreversible) LC phase in the narrow
temperature range from 36 to 39 °C in the heating run. The temperature dependence of the
M was not measured.

To prepare a supercooled glassy material and crystal polymorphs in the applied magnetic
tields and to observe the change in the magnetic behavior accompanying the alteration in
the solid-state structure, Nakatsuji et al. synthesized the achiral LC compound 11
(Nakatsuji et al., 2002). Although 11 showed the achiral nematic (N) phase within a
narrow temperature range of 3 degree in the heating run, a small but distinct increase in
oM was observed at the crystal-to-LC transition temperature. The difference in the
magnetic behavior between the heating and cooling runs was also observed; 11 showed
antiferromagnetic interactions according to a singlet-triplet model at low temperatures
before the thermal phase transition in the heating run of the crystals, while the magnetic
behavior obeyed the Curie-Weiss law in the cooling run from the isotropic phase

(Eq. 1).
Apara = C / (T—Q) (1)

where C is Curie constant, T is temperature, and 0 is Weiss temperature.
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196 Nitroxides — Theory, Experiment and Applications

3. Second-generation of rod-like all-organic NR LCs

3.1. Molecular design and synthesis

The second-generation of chiral NR molecules 12 that could satisty the following four
mandatory requirements were designed and synthesized (Tamura et al., 2008a, 2008b, 2012).

Spin source: A nitroxyl group with a large electric dipole moment (ca. 3 Debye) and known
principal g-values (gxx, gvy, $zz) should be the best spin source, because i) the dipole moment
is large enough for the source of the spontaneous polarization (Ps) and ii) the principal g-
values are useful to determine the direction of molecular alignment in the LC phase by EPR
spectroscopy (Figure 6).

RO
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Figure 6. Principal g-values and dielectric anisotropy in the NR molecules 12.

High thermal stability: A molecule with a 2,2,55-tetraalkyl-substituted pyrrolidine-1-oxy
(PROXYL) unit is stable enough for repeated heating and cooling cycles below 150 °C in the air.

Molecular structure: (a) To avoid the free rotation of the NR portion inside the molecule so
as to maximize the Aypara and Ag a geometrically fixed chiral cyclic NR unit should be
incorporated into the rigid core of LC molecules. (b) To obtain a slightly zigzag molecular
structure and a negative A¢ advantageous for the appearance of a chiral smectic C (SmC¥)
phase, a trans-2,5-dimethyl-2,5-diphenylpyrrolidine-1-oxy skeleton in which the electric
dipole moment orients to the molecular short axis is the best choice (Figure 6).

Chirality: Since both chiral and achiral LCs are required for comparison of their optical and
magnetic properties in various LC phases, the molecules should be chiral and both
enantiomerically-enriched and racemic samples need to be available.

3.2. Magnetic properties

Since the magnetic properties such as Ay—controlled molecular reorientation and magnetic
interactions in all-organic magnetic LC phases have been fully characterized for the first
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time by using the various LC phases of NR compounds 12, these experimental results are
described in detail.

3.2.1. Magnetic anisotropy of LC compounds

Similarly to Ag Ay is calculated by subtracting the magnetic susceptibility component (1)
perpendicular to the molecular long axis from the component (y/) parallel to the same axis
(Figure 7 and Eq. 2). Furthermore, the Ay consists of a paramagnetic component (A ypara) (Eq.
3) and a diamagnetic component (Aydia) (Eq. 4). Although gpara and ydia are always positive
and negative, respectively, Aypara and Aydgia become positive or negative, depending on the
magnitude of the respective y1 and y values. Accordingly, the overall molecular magnetic
anisotropy (Aymol) is the sum of Aypara and Aydia (Eq. 5) (Griesar & Haase, 1999; Dunmur &
Toriyama, 1999). If Aymol is positive (or negative), the molecular long axis becomes parallel
(or perpendicular) to the applied magnetic field (Ho), when the applied field is larger than
the critical magnetic field (Hc) (Eq. 6 and Figure 7). Such is a driving force for molecular
alignment by magnetic fields.

Ay=pn- ()

A Ypara= Yparal| — Yparal (3)
Aydia= ydial| — ydia 1 4)
Aymol = A ypara + A ydia (5)
He=nd1 k2 (Ay) 2 (6)

where d represents the cell thickness and k is the elastic constant.
Hy

X1

/U\ Ax >0

— = H,
M@AANM :> X/;

Ay >0 Xpr>Xo
Ax<0: Xi<Xy

Ax <0

Figure 7. Magnetic anisotropy (Ay) of an LC molecule.

Furthermore, the overall LC magnetic anisotropy (Axic) (Figure 2), which is the sum of
Axpaaic and Ayxdiarc calculated by EPR spectroscopy and SQUID magnetization
measurement, respectively, depends on the orientational order parameter (S) of LCs as
shown in Eq. 7 (de Gennes & Prost, 1993) .

AXLC =N AXmol S (7)

where N is the number of molecules.
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Diamagnetism resides in all atoms. Particularly aromatic rings show a strong diamagnetic
effect in applied magnetic fields. Therefore, the diamagnetic rod-like LC molecules orient
themselves such that the axis with the most negative ydia is perpendicular to the magnetic
field. Since | ydgiar| is usually larger than | ydiaii| with regard to organic LC molecules, the
Aydia becomes positive and the molecules orient with the director parallel to the magnetic
field (Figure 7). For organic LCs, the magnitude of the Aydia which is produced by two
diamagnetic phenyl groups is approximately +50 x 10-° emu mol-! (Miiller & Haase, 1983).
Accordingly, a relatively strong magnetic field (> 0.2 T) is necessary to align diamagnetic
LCs, depending on the type of LC phases (Boamfa et al., 2003). Meanwhile, the A jpara of
all-organic rod-like LC materials with a stable NR unit in the rigid core is considered to be
too small to control the molecular orientation by magnetic fields due to the p-orbital
origin.

3.2.2. Magnetic-field-induced molecular alignment

It is known that rod-like metallomesogens with high viscosity are not always suited for the
investigation on the alignment of LC molecules by magnetic fields. In contrast, LC
compounds 12 with low viscosity, low phase transition temperature, and known principal g-
values of the NR moiety are considered to be a good spin-labeled candidate for the studies
on the Ay—controlled molecular orientation by weak magnetic fields. Therefore, to confirm
that the magnetic-field-induced molecular alignment in the LC phases of 12 is Aydia-
controlled, the Aypara and Aydia values of 12 and the approximate magnitude of H. for each
LC phase of 12 were evaluated by EPR spectroscopy and SQUID magnetization
measurement and by POM observation under variable magnetic fields, respectively (Uchida
et al., 2009b).

First, the temperature-dependent A ypara value of compound 12a (n=13) was calculated to be —
1.7 x 10 emu mol™ at 300 K from the g-value obtained by EPR spectroscopy, while the
temperature-independent Aydia value was calculated to be +6.5 x 10~ emu mol™! from the
experimental molar magnetic susceptibility of (+)-12a measured on a SQUID magnetometer.
Thus, | ydial has turned out to be 30 times larger than | gparal; the molecular alignment of 12a
by magnetic fields is definitely A ydi=-controlled.

Next, to identify the direction of molecular alignment in the bulk LC state under a weak
magnetic field, the temperature dependence of the experimental g-value (gexp) of (+)-12a was
measured at a magnetic field of 0.33 T by EPR spectroscopy (Figure 8). In the heating run,
the gexp Of (+)-12a was constant at around 2.0065 in the crystalline state, then increased at the
crystal-to-SmC phase transition, became constant at around 2.0068 in the SmC phase, then
decreased abruptly to 2.0058 at the SmC-to-N phase transition, and finally returned to the
level (~ 2.0065) of the crystalline state in the isotropic phase. In the cooling run, the gexp of
(¥)-12a was constant at around 2.0065 in the isotropic phase, then decreased at the Iso-to-N
phase transition, became constant at around 2.0055 in the N phase, then increased to 2.0063
at the N-to-SmC phase transition, and finally increased to 2.0067 in the crystalline state.
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Figure 8. EPR spectroscopy of (+)-12a (n=13). (a) Experimental setup and (b) temperature dependence
of the g-value measured through the first heating (white circles) and cooling (black circles) processes.
Ref. (Uchida et al., 2009b) — Reproduced by permission of The Royal Society of Chemistry.

From these results and the calculated principal g-values (giso=2.00632, g/=2.00540, g1=2.00678)
of 12a, it is concluded that i) in the N phase the majority of molecules align their long axis
along the applied magnetic field of 0.33 T, owing to the Ajdia-controlled molecular
reorientation (Figure 9a), whereas in the SmC phase in the heating run the molecular short
axis is rather parallel to the field (Figure 9b), most likely due to the viscous layer structure
and the natural homeotropic anchoring effect by quartz surface, and ii) that the molecular
alignment in each LC phase is influenced by that in the preceding LC phase, although the
molecular orientation modes are quite different between the N and SmC phases.
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Figure 9. Molecular alignment in the LC phases of (+)-12a under a weak magnetic field (0.34 T). (a) The
N phase in both heating and cooling runs. (b) The SmC phase in the heating run.

To evaluate the Hc for each LC phase of (+)-12a, we observed the texture change by POM
observation under variable magnetic fields. Figure 10 shows the experimental setup: the
direction of applied magnetic fields is perpendicular to the LC cell surface. The inner
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glass surface in the sandwich cell with 40 pm thickness was neither chemically nor
physically treated. The natural Schlieren texture of the N phase gradually became dark
with the increasing magnetic field until 0.5 T, resulting in the complete homeotropic
orientation of molecules at 1.0 T, whereas the natural Schlieren texture of SmC phase of
(¥)-12a scarcely changed below 1.0 T, largely changed between 1.0 T and 1.5 T, and
finished the change at less than 2.0 T to show another Schlieren texture (Figure 11),
which is similar to the SmC Schlieren texture of (+)-12a observed under alternative
homeotropic boundary conditions (Dierking, 2003). Accordingly, it has been concluded
that the smectic layer planes became parallel to the glass plates at 2.0 T. Furthermore, no
texture change was noted for N* and SmC*phase of (25,55)-12a below 5 T using the same
experimental setup.

CCD
Camera

analyzer

| polarizer

white light

Figure 10. Experimental setup for the polarized optical microscopy observation of (+)-12a under
variable magnetic fields applied perpendicular to the cell surface. Ref. (Uchida et al., 2009b) —
Reproduced by permission of The Royal Society of Chemistry.

a) %3

Figure 11. Polarized optical photomicrographs of (+)-12a. Texture changes (a) from the natural texture
to the pseudo-isotropic texture in the N phase at 88.0 °C and (b) from the natural texture to the Schlieren
texture in the SmC phase at 83 °C, with increasing magnetic fields. Ref. (Uchida et al., 2009b) —
Reproduced by permission of The Royal Society of Chemistry.

Thus, the H. of each LC phase turned out to be largely affected by the superstructure; Hc(N)
(<1.0T) <H«(SmC) (< 2.0 T) < H(N*, SmC*) (> 5.0 T).
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3.2.3. Magneto-LC effects

The possibility of a ferromagnetic rod-like LC material has been considered unrealistic due
to the inaccessibility of long-range spin-spin interactions between rotating molecules in the
LC state. However, low viscous all-organic rod-like LC materials with a stable NR unit in
the rigid core may show unique intermolecular magnetic interactions owing to the swift
coherent collective properties of organic molecules in the LC state.

a. Magnetic LCs with negative dielectric anisotropy ( Ae<0)

Interestingly, the present authors observed a nonlinear relationship (S-curve) between the
applied magnetic field (H) and the molar magnetization (M) in chiral and achiral LC phases
of 12 (Figure 12), which implies the generation of an unusual magnetic interaction in the LC
phases under applied magnetic fields (Uchida et al., 2008, 2010). Such a nonlinear
relationship was not observed in the crystalline phases of the same compounds which
showed a usual linear relationship indicating a paramagnetic nature and no contamination
of magnetic impurities in the sample. The in-depth investigation on the magnetic properties
of LC compounds 12 strongly suggested that the generation of a sort of spin glass (5G)-like
inhomogeneous magnetic interactions (the average spin-spin interaction constant ] > 0),
which has been referred to as positive “‘magneto-LC effects’, induced by weak magnetic
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Figure 12. Magnetic field (H) dependence of molar magnetization (M) at 77 °C for (a) the SmC phase of
(¥)-12a, (b) the N phase of (+)-12b (n=8), (c) the SmC* phase of (25,55)-12a (88% ee), and (d) the N* phase
of (25,55)-12b (96% ee). Reprinted with permission from ref. (Uchida et al., 2010). Copyright 2012
American chemical Society.
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fields in the various LC phases of compounds 12 is responsible for the observed nonlinear
relationship between the H and M; the magnitude of magnetic interactions depended on the
LC phase type, or the superstructure (Figure 13) (Uchida et a., 2010). Furthermore, it was
confirmed that the molecular reorientation effect arising from the simple molecular
magnetic anisotropy (Ay) has nothing to do with the positive magneto-LC effects observed
in the LC phases of 12. Thus, it was concluded that the origin of such strong SG-like
inhomogeneous magnetic interactions can be interpreted in terms of the anisotropic spin-
spin dipole interactions induced by weak magnetic fields in the anisotropic LC
superstructure.

(a) (b)
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Figure 13. Temperature dependence of relative paramagnetic susceptibility (yret) for (a) (+)-12a, (b) (=)-
12b, (c) (25,55)-12a (88% ee), and (d) (25,55)-12b (96% ee) at a magnetic field of 0.33 T. Open and filled
circles represent the first heating and cooling runs, respectively. The LC temperatures shown in a box
refer to the first heating process. Reprinted with permission from ref. (Uchida et al., 2010). Copyright
2012 American chemical Society.

In this study, we could indicate that EPR spectroscopy is the much better means than
SQUID magnetization measurement to evaluate the temperature dependence of the ypara for
organic NR LC compounds at high temperatures. This is due to the following four reasons:
(i) The gpara can be derived from the Bloch equation (Eq. 8) by using the parameters obtained
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from the EPR differential curves, such as maximum peak height (I'm and -I'm), g-value (g) ,
and peak-to-peak line width (AHpp).

, 28l AH, ®
e 3hvH,

where us is the Bohr magneton, / is Planck’s constant, v is the frequency of the absorbed
electromagnetic wave, and Hi is the amplitude of the oscillating magnetic field.
Accordingly, the temperature dependence of relative paramagnetic susceptibility (yre),
which is defined as

X para

Lrel = )

0
where o is the standard paramagnetic susceptibility, e.g., at 30°C in the heating run (Eq. 9),
can be actually used (Figure 12). (ii) Treatment of the ydia term is totally unnecessary. (iii)
The experimental error is very small even at such high temperatures. (iv) The analysis of
microscopic magnetic interactions such as spin-spin dipole and exchange interactions is also
feasible.

b. Magnetic LCs with positive dielectric anisotropy (As> 0)

To examine the effects of A on the magneto-LC effects, compounds 13 with a terminal
formyl group (Figure 4) which have a positive As were synthesized. Under weak magnetic
fields, positive magneto-LC effects (] > 0) operated in the chiral nematic (N*) phase of
(25,55)-13a (n=10) and in the smectic A (SmA*) phase of (25,55)-13b (n=18) (Figure 14a,b),
whereas negative magneto-LC effects (] < 0) were observed in the achiral nematic (N)
phase of (+)-13a (Figure 14c) (Suzuki, et al., 2012). The origin of such negative magneto-LC
effects operating in the N phase of (+)-13a was interpreted in terms of the generation of
antiferromagnetic interactions which is associated with the formation of the RS magnetic
dipolar interaction due to the strong electric dipole interactions (Figure 15c), while
ferromagnetic head-to-tail spin-spin dipole interactions should dominate in the N* and
SmA* phases (Figure 15a,b).

c. Attraction of magnetic LC droplet by a permanent magnet

Furthermore, these radical LC droplets floating on water were attracted by a permanent magnet
and moved freely on water under the influence of this magnet (Figure 5), whereas the
crystallized particles of the same compounds never responded to the same magnet. The
response of the LC droplets to the magnet also varied depending on the LC phase type, i.e., the
extent of the magnetic interaction ( T ). These results indicate that the LC phase domain can help
to induce magnetic interactions under applied magnetic fields (Uchida et al., 2008, 2010; Suzuki
et al., 2012). This unique magnetic attraction will find use in the development of the metal-free
magnetic soft materials usable at ambient temperature, such as a magnetic LC carrier for the
magnetically targeted drug-delivery system or an MRI contrast agent (Kumar, 2009).
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Figure 14. Temperature dependence of yr value for (a) (25,55)-13a, (b) (25,55)-13b and (c) (+)-13a. Ref.
(Suzuki et al., 2012) — Reproduced by permission of The Royal Society of Chemistry.
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Figure 15. Spin-spin dipole interactions in LC phases. (a) N* phase of (25,55)-13a, (b) SmA* phase of
(25,55)-13b and (c) N phase of (+)-13a. Ref. (Suzuki et al., 2012) — Reproduced by permission of The
Royal Society of Chemistry.

3.3. Ferroelectric properties

It is known that when an SmC* phase is confined to a thin sandwich cell with a gap smaller
than the pitch of the helical superstructure, an unwinding of the helix occurs and a bistable,
ferroelectric device is formed (Figure 16) (Goodby et al., 1991; Lagerwall, 1999; Dierking,
2003). Consequently, Ps is generated in the sandwich cell in which ferroelectric switching
occurs by changing the polarity of the electric field. The ferroelectric properties of the SmC*
phase of each sample are characterized by measuring the Ps, the optical response time of
bistable switching to an applied electric field, and the tilt angle.

The SmC* phase of (25,55)-12a indeed exhibited ferroelectricity in a planar anchoring thin
sandwich cell (4 pum thickness) (Ikuma et al, 2006a, 2006b); a Ps value of 24 nC cm™?,
an optical response time (7 090) of 0.213 msec and a layer tilt angle (6) of 29° were
recorded. The ferroelectric LC data of (25,55)-12a were superior to those of the typical chiral
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SmC* Surface stabilized FLC sample

Figure 16. Ferroelectric switching in a thin sandwich cell.

metallomesogen 15 (Figure 17); 15 showed a higher Ps value of 38 nC cm= with a @ of 23°
than (25,55)-12a, but the optical response was very slow (7109 = 8.5 msec) due to the high
viscosity (Iglesias et al., 1996).

15 R'=COOC*H(CH;)COO(CH,);CH4

C 109.2 SmC* 120 SmA 160.1 I
Ps(-10°C) = 38 nC cm™
1(-10°C) = 8.5 ms (4 V pm™)

Figure 17. Ferroelectric metallomesogen 15.

Furthermore, second-harmonic generation (SHG) was clearly observed by Kogo and
Takezoe et al. under a phase-matching condition in the SmC* phase of (25,55)-12a loaded
into an LC cell (20 pm thickness), validating the existence of ferroelectricity. The effective
second-order nonlinear optical (NLO) constant was evaluated to be a 4.8 x 102 pm V-, 3
orders of magnitude smaller than that of quartz known as a standard NLO material (Kogo et
al., 2010).

4. NR Ionic Liquids (ILs)

The synthesis and electric, electrochemical and magnetic properties of IL compounds (+)-14
were reported (Figure 4), coupled with the first use of this type of magnetic IL as an EPR
spin probe in typical achiral diamagnetic ILs (Uchida et al, 2009a). Although the chloride (+)-
14a (X = Cl) was hygroscopic and miscible with water, anhydrous and fairly hydrophobic
ILs were obtained for other salts of (+)-14 (X = BFs, NTf2, PFs) which showed a glass
transition between —-37 and —22 °C and decomposed between 162 and 170 °C in air.
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The temperature dependence of ym of the least viscous (+)-14b (X = NTf2) measured on a
SQUID magnetometer at a field of 0.5 T showed the high radical purity and
antiferromagnetic interactions below 10K. Ionic conductivity and viscosity of (+)-14b were
determined to be 5.23 x 10-° S cm! and 1.087 x 10-3 cP, respectively, at 25 °C. Electrochemical
studies using cyclic voltammetry (CV) were carried out for a CH3CN solution (1 mM) of (+)-
14b and the neat IL (p = 1.49 g cm; the radical concentration is 2.34 M at 25°C), without an
additional supporting electrolyte (Figure 18). The voltammogram measured in CHsCN
exhibited a quasireversible wave with half-wave oxidation potential (E12°%) of +0.363 V (vs.
Fc/Fc*), while that in the neat IL measured with a micro CV cell showed a wider
quasireversible wave with Ei2* = +0.458 V. The diffusion coefficient of 14b or the
corresponding oxoammonium ion in the neat IL was determined to be 2 x 10-'°cm? s!. Thus,
paramagnetic (+)-14b with high radical purity turned out to be air-stable room temperature
IL which can exhibit ionic conductivity and a quasireversible redox behavior in the absence
of additional solvent and electrolyte. Notably, (+)-14b with molecular shape anisotropy
proved to serve as the first IL EPR spin probe that can recognize the local structure or the
molecular shape anisotropy of achiral diamagnetic IL solvents.

(a) (b)

IZXm-eA [1.0x10°A
02 0 02 04 06 0 02 04 06 08
Potential (V vs. Fc/Fc+) Potential (V vs. Fc/Fct)

Figure 18. Cyclic voltammograms of (+)-14b recorded at 25°C for (a) the MeCN solution (1.0 mM) at a
scan rate of 100 mV s (five scans) using Pt working and counter electrodes and an Ag reference
electrode without an additional supporting electrolyte and (b) the neat ionic liquid sample at a scan rate
of 0.5 mV s (single scan) using a micro cell with Pt working, counter and reference electrodes without
solvent and an additional supporting electrolyte. Ref. (Uchida et al., 2009a) — Reproduced by permission
of The Royal Society of Chemistry.

5. Conclusions and prospects

The unique magnetic and electric properties of organic NR LCs and ILs were briefly
surveyed. Noteworthy is the first observation of positive magneto-LC effects (] > 0) under
weak magnetic fields in both chiral and achiral rod-like LC phases of the second-generation
of all-organic NR compounds 12 with negative dielectric anisotropy (As < 0), while positive
and negative magneto-LC effects (] >0 and ] <0) were observed in the chiral and achiral
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LC phases of 13, respectively, with positive dielectric anisotropy (As > 0). Meanwhile, the
ferroelectric properties of the SmC* phase of 12a were fully characterized in a thin sandwich
cell; the NR unit proved to act as the sufficient source of spontaneous polarization (Ps). Such
chiral organic NR LCs with low viscosity showed faster ferroelectric switching than chiral
metallomesogens with high viscosity. The control of magnetic properties of magnetic
ferroelectric LCs of 12 by electric fields is the next step. In addition, it is of great advantage
to be able to use EPR spectroscopy as the tool for observing the microscopic dynamic
behavior of molecules in the NR LC phases, coupled with the use of SQUID magnetization
measurement to observe the macroscopic behavior. Furthermore, EPR spectroscopy turned
out to be an excellent tool for analyzing the temperature dependence of the ypara for organic
NR LC phases at high temperatures, for which SQUID magnetization measurement is not
suited. Thus, such second generation of all-organic chiral LC NR compounds would open
up a novel research field of metal-free magnetic or spintronic LC materials.

Meanwhile, the advent of IL NR EPR spin probes would make possible the in-depth
understanding of the local structure or the molecular shape anisotropy of diamagnetic IL
solvents, which cannot be available by using conventional spin probes such as TEMPO
derivatives.

The research on metal-free magnetic soft materials is still in its infancy. The development of
novel metal-free magnetic soft materials such as LCs, ILs, emulsions, and gels based on the
NR chemistry is strongly expected.
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