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Abstract: An anisotropic and inhomogeneous magnetic interaction (the average spin-spin interaction
constant Jj > 0) was observed in the various liquid crystalline (LC) phases of racemic and nonracemic
all-organic radical LC compounds 1a and 1b. We discussed how the LC superstructures induced the
magnetic interaction to operate in the LC phases in terms of spin-spin dipole and exchange interactions
by means of VT-EPR spectroscopy. The magnitude of the magnetic interaction depended on the type of
LC phase, or the superstructure. Furthermore, these radical LC droplets floating on water were commonly
attracted to a permanent magnet and moved freely under the influence of this magnet, whereas the
crystallized particles of the same compounds never responded to the magnet. The response of the LC
droplets to the magnet also varied depending on the type of LC phase, that is, the extent of the magnetic
interaction.

Introduction

Liquid crystals are a unique soft matter that combines fluidity
and anisotropy. By taking advantage of this property, beyond
prominent display uses, there are many potential applications
of liquid crystalline (LC) materials such as optical data storage
devices, biomedical tools, and semiconductors.1 In this regard,
paramagnetic liquid crystalline (PLC) materials have attracted
great interest as soft materials to enhance the effect of magnetic
fields on the electric and optical properties of liquid crystals.2

For example, PLC materials are expected to show unique
magnetic interactions and thereby unconventional magneto-
electric or magneto-optical properties in the LC state,3-6

affording the following possibilities; (i) formation of magnetic
domains in applied magnetic fields and (ii) occurrence of
interactions between magnetic-dipole and electric-dipole mo-
ments (magneto-electric effects)7 in the ferroelectric LC (FLC)

state, together with (iii) realization of paramagnetic susceptibility
anisotropy (∆�para)-controlled molecular orientation by weak
magnetic fields. Although the possibility of a ferromagnetic LC
material has been considered to be unrealistic due to the
inaccessibility of long-range spin-spin interactions between
rotating molecules in the LC state,4 it is interesting to clarify
whether LC domains can help to induce the formation of
magnetic domains in magnetic fields. If the PLC phases tend
to show any magnetic ordering in a magnetic field, the magneto-
electric effects may be observed in the FLC state.

PLC materials are classified into two categories; the majority
were the metallomesogens with permanent spins originating
from the transition (d-orbital) or lanthanide (f-orbital) metal ion
in the mesogen core,8,9 while only a few all-organic LC materials
containing an organic spin center were prepared,4-6,10,11 because
the geometry and bulkiness of the radical-stabilizing substituents
are unfavorable for the stability of LC phases, which requires
molecular linearity and/or planarity. The large ∆�para of met-
allomesogens arising from the spin-orbital coupling seems
advantageous to the orientation control of LC molecules by
magnetic fields.8,9 However, the ligand-coordinated metal
complex structure frequently renders the response to weak
magnetic fields difficult because of the high viscosity and tends
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to exhibit superexchange interactions between neighboring spins,
often inducing antiferromagnetic interactions.8,9 In fact, no
appreciable intermolecular ferromagnetic interaction has been
observed in these metallomesogens. On the other hand, all-
organic rod-like LC materials with a stable nitroxyl group, which
can benefit from the low viscosity and small molecular size,
may form magnetic domains owing to the swift coherent
collective properties of organic molecules in the LC state and
thereby may show unique intermolecular magnetic interactions,
although their ∆�para is too small to control the molecular
orientation by magnetic fields due to the p-orbital origin.11

In this context, we had synthesized prototypic all-organic
radical LC compounds 1, which (i) contain a polar and chiral
cyclic-nitroxide unit in the mesogen core, (ii) are thermally
stable up to 150 °C in the air and (iii) can show LC phases
over a wide temperature range below 90 °C (Figure 1).12-14

As a preliminary result, by measuring the temperature depen-
dence of molar magnetic susceptibility (�M) on a SQUID
magnetometer, a considerable net increase in paramagnetic
susceptibility (�para) was observed in the SmC phase of (()-1a
in a weak magnetic field, suggesting the induction of an unusual
magnetic interaction in the LC superstructures.6,10,13 Further-
more, the LC droplet of the same SmC phase floating on water
was attracted by a permanent magnet and moved freely on water
under the influence of this magnet, whereas the crystallized
particle never moved under the same magnet.6,10,13

Here, we report that such an unusual magnetic interaction
induced in the LC superstructure is commonly observed in all
of the chiral and achiral LC phases of compounds 1a and 1b
and then discuss the origin of this induced magnetic interaction
in their LC state on the basis of (i) the magnetic-field
dependence of magnetization measured on a SQUID magne-
tometer, (ii) the temperature (T) dependence of �para, g-value,
and peak-to-peak line width (∆Hpp) obtained by EPR spectros-
copy, and (iii) the difference in the response of these PLC
droplets floating on water to a permanent magnet (Figure 1).

Results and Discussion

SQUID Magnetometry. We had reported that racemic or
(2S,5S)-enriched 1a and 1b showed achiral SmC and/or N
phases, or chiral SmC* and/or N* phases, respectively, at ∼77
°C in the heating runs (Figure 1).12 The magnetic-field (H)
dependence of molar magnetization (M) was measured on a
SQUID magnetometer using a paramagnetic aluminum pan to
minimize the experimental error at high temperatures. However,
we cannot exactly determine the paramagnetic magnetization
(Mpara) and susceptibility (�para) in the PLC phases, as the
diamagnetic susceptibility (�dia) in the PLC phases is temper-
ature-dependent;15 this is because the PLC molecules with
viscous fluidity and larger diamagnetic susceptibility anisotropy
(|∆�dia| > |∆�para|) derived from aromatic rings exhibit a
temperature-dependent molecular motion and a magnetic-field-
dependent reorientation, respectively.14,15 For this reason, in this
paper we defined (i) the sum of �para and �dia as molar magnetic
susceptibility (�M ) �para + �dia) and (ii) the sum of paramagnetic
and diamagnetic magnetizations as M () Mpara + Mdia).

All of the four LC phases of 1a and 1b did not show a linear
relation between H and M but drew an S-curve that passed
through the origin (Figure 2), indicating no spontaneous
magnetization. The magnetization highly deviated from the
linearity under weak magnetic fields, implying the generation
of an unusual magnetic interaction in applied magnetic fields.
No magnetization saturation was observed below 5 T at 77 °C.
In contrast, such a nonlinear paramagnetic magnetization (NPM)
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 samples (Figure S1).
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Figure 1. Molecular structures and phase transition temperatures deter-
mined by DSC analysis of racemic and (2S,5S)-enriched 1. Cr, SmC, SmC*,
N, N*, and Iso denote the crystalline, smectic C, chiral smectic C, nematic,
chiral nematic, and isotropic phases, respectively.
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The Brillouin function curve analysis to determine the net
spin state in the PLC phases was infeasible due to the variable
�dia and no magnetization saturation below 5 T in the LC state
at high temperatures. Therefore, to evaluate the NPM behavior
in a weak magnetic field, we plotted M2 as a function of H/M
(Arrott-Belov-Kouvel plots)16 for respective crystalline and
PLC phases of all compounds. In these crystalline phases, the
M2-H/M plots showed straight lines almost parallel to the M2

axis (Figure 2e), indicating that the H/M which is equal to
reciprocal molar magnetic susceptibility (1/�M) is constant and
thereby that the �M in the crystalline phases is independent of
H. Meanwhile, in the PLC phases the plots showed distinct
concave curves for all compounds (Figure 2f). If a molecular
orientation affected the magnetization behavior, the H/M would
decrease with increasing M2. As a result, this possibility was
denied because the H/M increased with increasing M2. Therefore,
it is concluded that the observed concave curve is most likely
to result from the generation of a sort of spin glass (SG)-like
inhomogeneous magnetic interactions (the average spin-spin
interaction constant Jj > 0).15

To directly prove that the magnetic behavior in the PLC
phases is different from that in their crystalline phases, we
measured the temperature dependence of �M for 1a and 1b at a
magnetic field of 0.05 or 0.5 T (Figures S2-S5).13 The �M-T

plots obeyed the Curie-Weiss law in the temperature range
between -173 and +40 °C [�M ) �para + �dia ) C/(T - θ) +
�dia: Weiss constants θ ) -1.0, -3.3, -0.19, and -3.2 K and
Curie constants C ) 0.40, 0. 37, 0.39, and 0.38 emu K mol-1

for (()-1a, (()-1b, (2S,5S)-1a (88% ee), and (2S,5S)-1b (96%
ee), respectively, at 0.5 T] (Figures S2a,c-S5a,c), exhibiting
the magnetic properties of ordinary paramagnetic radical crystals
with weak antiferromagnetic interactions at lower temperatures.
However, for all of these compounds between 25 and 115 °C,
we observed (1) a considerable �M increase at the Cr-to-LC
phase transition and (2) an increasing �M value with decreasing
magnetic field in the LC phases (Figures S2d,e-S5d,e). This
latter result is very consistent with that of magnetic-field
dependence of magnetization in the LC phases (Figure 2). As
a typical example of �M-T plots, as previously reported, (()-
1a exhibited a net �M increase (1.6 × 10-4 emu mol-1, 16%) at
72 °C at 0.5 T between the Curie-Weiss fitting curves in the
crystalline phase between -73 and 57 °C in the heating run (θ
) -1.0 K, C ) 0.40 emu K mol-1, and �dia ) -2.76 × 10-4

emu mol-1) and the �M plot in the SmC phase on the cooling
run (θ ≈ +30 K, C ≈ 0.4 emu K mol-1 between 83 and 67 °C
if the Curie-Weiss law were applicable with the average �dia,
-2.26 × 10-4 emu mol-1, obtained by �M-T-1 plots in this
narrow temperature range, although T . θ is the mandatory
requirement to determine the �dia by �M-T-1 plots) (Figure S2a,b).13

Although the average �dia used for the SmC phase is not accurate
due to the temperature dependence and the too large θ value, such
a small increase (0.50 × 10-4 emu mol-1, 5%) in the �dia at the
Cr-to-SmC transition is comparable to the magnitude of ∆�dia

observed in ordinary diamagnetic organic liquid crystals.15 Thus,
the overall �M increase (16%) observed at the Cr-to-SmC transition
of (()-1a was much larger than this �dia increase (5%) and includes
a considerable net �para increase (11%).

However, since the scatter of the �M-T plots for 1a and 1b
at higher temperatures was too large to discuss the details of
the temperature dependence of the NPM (Figures S2-S5) and
it was impossible to accurately estimate the �para values in the
PLC materials due to the variable �dia, we have switched to
measuring the �para values by EPR spectroscopy which allows
us to ignore the �dia term.

EPR Spectroscopy. The temperature dependence of EPR
spectra for 1a and 1b between 25 and 115 °C was measured at
a magnetic field of 0.33 T (X-band) by using a quartz tube (5
mm φ). All of the EPR spectra obtained for 1a and 1b were
Lorentzian in an ambient temperature range as previously
reported (Figures S7-S10).12,14,17 Therefore, by using the
parameters directly obtained from the differential curves, such
as maximum peak height (I′m and -I′m), g-value (g), and peak-
to-peak line width (∆Hpp), �para could be derived from the Bloch
equation (eq 1).18

�para )
2µBgI′m∆Hpp

2

√3hνH1

(1)

where µB is the Bohr magneton, h is Planck’s constant, ν is the
frequency of the absorbed electromagnetic wave, and H1 is the
amplitude of the oscillating magnetic field.

The temperature dependence of relative paramagnetic sus-
ceptibility (�rel), which is defined as
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Shimono, S.; Baba, M.; Yamauchi, J.; Uchida, Y.; Ikuma, N.; Tamura,
R. Appl. Magn. Reson. 2008, 33, 251–267.

(18) Bloch, F. Phys. ReV. 1946, 70, 460–474.

Figure 2. Magnetic field (H) dependence of molar magnetization (M) at
77 °C for (a) the SmC phase of (()-1a, (b) the N phase of (()-1b, (c) the
SmC* phase of (2S,5S)-1a (88% ee), and (d) the N* phase of (2S,5S)-1b
(96% ee), and M2-H/M plots at 77 °C for (e) the crystalline phases and (f)
the LC phases of 1a and 1b. In panels e and f, open and filled circles
represent (()-1a and (2S,5S)-1a, respectively, and open and filled triangles
represent (()-1b and (2S,5S)-1b, respectively.
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�rel )
�para

�0
(2)

where �0 is the standard paramagnetic susceptibility at 30 °C
in the heating run, for (()-1a, (()-1b, (2S,5S)-enriched 1a, and
(2S,5S)-enriched 1b, is shown in Figure 3. The magnetic data
are the mean values of five measurements at each temperature
to estimate �para with maximum accuracy. Although these
magnetic data showed the same tendency as the results obtained
by SQUID magnetization measurement (Figures S2-S5),13

those obtained by EPR spectroscopy could show a more detailed
change in �para with full reproducibility.

Racemic 1a exhibited a �rel increase of 0.23 at the Cr-to-SmC
phase transition (72 °C) and of 0.03 at the SmC-to-N transition
(86 °C) in the heating run (Figure 3a). During the cooling process,
the �rel of (()-1a increased by 0.02 at the Iso-to-N transition (89
°C), decreased by 0.03 at the N-to-SmC transition (84 °C), and
decreased by 0.09 at the SmC-to-Cr transition (62 °C) which
occurred at a higher temperature in a quartz tube than in an Al
pan used for differential scanning calorimetry (DSC) analysis
(Figure 1). The �rel values in the SmC and N phases in the cooling
run were larger than those in the heating run, indicating the large
difference in the magnetic structure of the same PLC phases
between the two processes.

In the case of (()-1b, during the heating process, first the
�rel decrease occurred at the Cr-to-Cr polymorphic transition
temperature (67 °C) (Figures 3b, S3, and S6a). Then the �rel

increased by 0.11 at the Cr-to-N transition (73 °C). During the
cooling process, the �rel of (()-1b increased by 0.03 at the Iso-
to-N transition (102 °C) and finally decreased at the supercooled
N-to-Cr transition (<30 °C). The �rel values in the N phase of
(()-1b on the cooling run were slightly larger than those in the
heating run, indicating the small difference in the magnetic
structure of the same paramagnetic N phase between the two
processes.

(2S,5S)-Enriched 1a showed a behavior different from (()-
1a. During the heating process, first the �rel decrease occurred
at the Cr-to-Cr polymorphic transition temperature (49 °C)
(Figures 3c and S6b). Then the �rel increased by 0.28 at the
Cr-to-SmC* transition (67 °C), increased by 0.01 at the SmC*-
to-N* phase transition (86 °C), and decreased by 0.10 at the
N*-to-Iso transition (91 °C) (Figures 3c and S4). During the
cooling process, the �rel decreased slightly by 0.01 and 0.001 at
the Iso-to-N* and N*-to-SmC* transitions (90 and 85 °C),
respectively; this former slight decrease is in contrast to the
slight �rel increase (0.02) at the Iso-to-N transition of (()-1a.
The �rel values in the SmC* and N* phases on the cooling run
were smaller than those in the heating run, indicating the large
difference in the magnetic structure of the same PLC phases
between the two processes.

In the case of (2S,5S)-enriched 1b, during the heating process,
the �rel increased by 0.20 at the Cr-to-N* transition (76 °C),
similarly to the case of (()-1b (Figures 3d and S5). During the
cooling process, the �rel decreased by 0.02 at the Iso-to-N* phase
transition (99 °C), similarly to the case of (2S,5S)-enriched 1a.
In contrast to other LC phases, the �rel values in the same
paramagnetic N* phase in the heating and cooling runs were
almost identical.

Thus, all of these four samples showed a considerable net
�rel increase at the Cr-to-LC phase transition in the heating run
similarly to the case of SQUID magnetometry (Figures S2-S5),
while a very small change in the �rel value was commonly noted
at the Iso-to-LC phase transition on the cooling run. This latter
result implies the fair similarity in the magnetic local structure
between the LC and Iso phases to hold an analogous magnetic
interaction, which has never been reported in the field of
molecular magnetism of a purely organic solid state at high
temperatures.19 Generally it is recognized that a rigid molecular
ordering in a paramagnetic crystal leads to a uniform intermo-
lecular magnetic interaction. However, in our work, a molecular
fluctuation in both LC and Iso phases leading to nonuniform
intermolecular contacts seems to afford an inhomogeneous inter-
molecular magnetic interaction. It is most likely that the interplay
of such an inhomogeneous magnetic interaction and the low
probability of intermolecular SOMO-SOMO overlapping, the
latter of which is very often responsible for the generation of
intermolecular antiferromagnetic interactions, would result in the
generation of NPM in the LC phases of 1a and 1b.

Effects of LC Domain Size on Magnetic Interaction. Unex-
pectedly we observed the large difference and opposite tendency
in the �rel value in the same LC phases of (()-1a or (2S,5S)-
enriched 1a between the heating and cooling runs (Figure 3a,c),
while only a slight difference in the �rel value was noted between
the heating and cooling runs for the N or N* phase of 1b (Figure
3b,d). Since such phenomena were quite unusual, we compared
individual LC textures under random conditions between the
heating and cooling runs by polarized optical microscopy.
Consequently, we found that (i) in the SmC and N phases of
(()-1a, the Schlieren textures with larger and clearer multido-
mains were seen in the cooling run rather than in the heating
one (Figure 4a,b); (ii) in the SmC* phase of (2S,5S)-enriched
1a, the domain structure texture with a very large domain size
was detected in the heating run, while the Schlieren texture with
fine multidomains was seen on the cooling one (Figure 4c); (iii)
in the N* phase of (2S,5S)-enriched 1a, analogous fan-like

(19) Magnetism: Molecules to Materials II; Miller, J. S., Drillon, M., Eds.;
Wiley-VCH: Weinheim, 2001.

Figure 3. Temperature dependence of relative paramagnetic susceptibility
(�rel) for (a) (()-1a, (b) (()-1b, (c) (2S,5S)-enriched 1a, and (d) (2S,5S)-
enriched 1b at a magnetic field of 0.33 T. Open and filled circles represent
the first heating and cooling runs, respectively. Error bars are not shown
because they are sufficiently small. The LC temperatures shown in a box,
which were determined by DSC analysis at a scanning rate of 5 °C min-1,
refer to the first heating process.
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textures with a similar domain size were observed in the heating
and cooling runs (Figure 4d); and (iv) in the N and N* phases
of 1b, no big difference in the domain size was noted between
the heating and cooling runs. Accordingly, these results indicate
that (i) the LC domain size is closely associated with the
magnitude of overall magnetic interaction induced in the PLC
phasessthe larger each domain size is, the larger the overall
magnetic interaction issand that (ii) at the SmC-to-N or SmC*-
to-N* phase transition the magnetic interaction induced in the
N or N* phase is strongly affected by that in the preceding SmC
or SmC* phase, respectively, and vice versa.

Origin of the NPM Observed in the PLC Phases. In this
section, we first reveal that the molecular reorientation effect
arising from the simple molecular magnetic anisotropy (∆�) has
nothing to do with the NPM observed in the LC phases of 1a
and 1b. Then we discuss the origin of the NPM in terms of the
generation of a magnetic interaction involving the anisotropy
of the spin-spin dipole interaction which originates from the
LC superstructural anisotropy.

The contribution of ∆� can be expressed as the change in
g-value owing to magnetic-field-induced molecular reorientation.
It is well-known that �para is proportional to g2 (eq 3).9,14

�para )
Ng2µB

2S(S + 1)

3k(T - θ)
(3)

where N is Avogadro’s constant, S is the spin quantum number,
k is Boltzmann’s constant, T is the temperature, and θ is Weiss’
constant. Therefore, we examined the temperature dependence
of the g-value for 1a and 1b by EPR spectroscopy at a magnetic
field of 0.33 T (Figure 5a-d). If the change in g-value were
primarily responsible for the NPM observed in the LC phases
of 1a and 1b, (i) almost no �rel increase would be observed at
the Cr-to-LC phase transition for (()-1a because of the very
small g increase (0.01%) (Figure 5a) and (ii) a �rel decrease
should occur at the Cr-to-LC phase transition for (()-1b and
(2S,5S)-enriched 1a and 1b because of their g decrease (Figure
5b-d). Accordingly, it is concluded that the ∆� does not
contribute to the NPM observed in the LC phases of 1a and 1b
(Figure 2).

Next, we investigated the contribution of the LC superstruc-
tural anisotropy to the generation of intermolecular magnetic
interaction. Generally, intermolecular magnetic interactions are
divided into two factors, (a) spin-spin exchange interaction and
(b) spin-spin dipole interaction. It is well-known that the
magnetic ordering in organic radical crystals occurs at very low
temperatures, where the spin-spin exchange interaction can
overcome the thermal fluctuation19 and a spin easy axis is
produced as a result of the spin-spin dipole interaction.20

Therefore, in analogy of this statement, it is easily expected
that the spin-spin exchange and dipole interactions may operate
in the LC phases of 1a and 1b even at high temperatures so as
to produce a spin easy axis. To discuss the existence of the
spin easy axis or the anisotropy of intermolecular magnetic
interactions in the LC phases of 1a and 1b, the temperature
dependence of ∆Hpp was compared with that of the g-value for
1a and 1b (Figure 5).

Fortunately, we could observe a slight but distinct difference
in the ∆Hpp value in the SmC phase of a bulk sample of (()-
1a between the heating and cooling runs, although such a clear
difference was not noted in the N, N*, and SmC* phases of 1a
and 1b (Figure 5e-h). This difference in the ∆Hpp value in the
SmC phase is considered to strongly correlate with that in the
g-value, or the molecular orientation, between the heating and
cooling runs in the magnetic field. Indeed, the distinct g-value
change by 0.0004 between the two processes suggests the
occurrence of molecular reorientation in the SmC phase
qualitatively (Figure 5a); the SmC layer normal (z-axis in Figure
6a) somewhat showed the tendency to become perpendicular
or parallel to the applied magnetic field in the heating or cooling
run, respectively, because the molecular orientation was fairly
influenced by the preceding Cr or N phase, as previously
reported.14 Thus, the difference in the ∆Hpp value in the same
SmC phase between the heating and cooling runs should result
from that in the molecular orientation in the LC phase. In other
words, the difference in the ∆Hpp value is most likely attributed
to the anisotropy of the spin-spin dipole interaction, because
the spin-spin exchange interaction must be isotropic in the same
LC phase at the same temperatures. Therefore, it is most likely
that such an anisotropy of the spin-spin dipole interaction in
the SmC phase leads to the formation of a spin easy axis, which
must be parallel to the layer normal rather than the layer in the
SmC phase for the reason described below.

To elucidate the origin and direction of the anisotropy of the
spin-spin dipole interaction in the SmC phase, we briefly

(20) Kawamoto, T.; Suzuki, N. J. Phys. Soc. Jpn. 1994, 63, 3158–3162.

Figure 4. Comparison of individual LC textures of 1a between the heating
(left) and cooling (right) processes. (a) SmC phase at 82 °C; (b) N phase
at 87 °C; (c) SmC* phase at 82 °C; (d) N* phase at 87 °C. Polarized optical
photographs were taken under random conditions. The scale bar at the lower
right in each photograph corresponds to 100 µm.
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discuss the correlation between the spin-spin dipole interaction
and the SmC superstructure. On one hand, when the side-by-
side spin-spin dipole interaction is operative, an antiferromag-
netic interaction is more stable than a ferromagnetic one (Figure
6b,c). On the other hand, a ferromagnetic interaction is more
stable than an antiferromagnetic one when the head-to-tail
spin-spin dipole interaction operates (Figure 6d,e). Since a spin
is localized on the nitroxyl group (N-O) in our PLC molecules
(Figure 1) and a molecule would make contact with adjacent
molecules anisotropically in the SmC layer (Figure 6f), the
spin-spin dipole interaction parallel to the layer normal should
be favored to result in the generation of a spin easy axis along
the layer normal. Thus, the LC superstructural anisotropy can
induce the anisotropy of the spin-spin dipole interaction,
eventually leading to the generation of the anisotropic and
inhomogeneous magnetic interaction, or the NPM, in the PLC
phases.

As far as the bulk samples of 1a and 1b were employed, an
appreciable anisotropy of the spin-spin dipole interaction, which
corresponds to the difference in the ∆Hpp value between the
heating and cooling runs was observed only for the SmC phase
of (()-1a. Previously we reported that the majority of molecules
align their long axis along the applied magnetic field of 0.33 T
in the N phase of (()-1a,14 and we have confirmed that the
peculiar helical superstructure is not unwound at all at 0.33 T
in both SmC* and N* phases of (2S,5S)-enriched 1a. These
properties regarding molecular orientation would be responsible
for no observation of the anisotropy of the spin-spin dipole
interaction in the N, SmC*, and N* phases with multidomains
of bulk samples (Figure 5b-d). Nevertheless, if these samples
are introduced into a thin sandwich cell with the inner surface
treatment so as to define the molecular alignment as homoge-
neous or homeotropic, the unique anisotropy in the ∆Hpp value
as well as in the g and �rel values, depending on the type of LC
superstructures, would be observed by VT-EPR spectroscopy.

Motion of LC Droplets on Water under the Influence of a
Permanent Magnet. To compare the extents of the NPM in
various LC phases visually, we examined how individual LC
droplets and crystallized particles of racemic and (2S,5S)-
enriched 1a and 1b on water behaved under the influence of a
permanent magnet. The LC droplet with a diameter of 1-5 mm
was prepared by floating the melted LC compound on hot water
at 73 °C by using a small plastic spatula. Generally, a sufficiently
strong magnet can attract any paramagnetic materials. As a rod-
like rare-earth magnet (maximum 0.5 T, 6 mm φ × 20 mm)
approached (Figure 7a), all of the four LC droplets (SmC, SmC*,
N, and N*) of racemic and (2S,5S)-enriched 1a and 1b floating
on water were explicitly attracted by both the N and S poles of
the magnet (Figure 7b and Movies S1-S4), whereas the four
crystallized particles on water never moved under the influence
of the same magnet. This behavior was fully reproducible. These
results indicate that the threshold magnetic field required to
attract crystalline particles with the magnet is larger than that
required for attracting LC droplets. Here it should be stressed
that the ∆�dia-controlled molecular reorientation originated from
the Freedericksz effect in the PLC phases14 cannot be respon-
sible for the translation of LC droplets on water, which is
controlled by the magnitude and sign of their � values.

We should consider two factors to explain the difference in
the response to the magnet between the LC droplets and
crystallized particles of 1a and 1b; one is the magnitude of the
interfacial interaction between the droplet or particle and water,
and the other is that of NPM. First let us consider the effects of
interfacial interaction. For reference, a diamagnetic LC droplet
was prepared in a similar manner from the commercially

Figure 5. Temperature (T) dependences of g-value and ∆Hpp for 1a and
1b by EPR spectroscopy. At a field of 0.33 T in a temperature range of 25
to 115 °C. (a and e) (()-1a; (b and f) (()-1b; (c and g) (2S,5S)-enriched
1a; (d and h) (2S,5S)-enriched 1b. Open and filled circles represent the
first heating and cooling runs, respectively. The insets in panels e and g
indicate the magnification of the ∆Hpp Vs T plots in the temperature range
of 83 to 93 °C. The LC temperatures shown in a box, which were determined
by DSC analysis at a scanning rate of 5 °C min-1, refer to the first heating
process.

Figure 6. Schematic representation of the spin-spin dipole interaction in
a paramagnetic SmC phase. (a) Rod-like molecules form layer (x-y plane)
structures in the SmC phase, and their director (n) is not parallel to the
layer normal (z-axis). (b-e) Possible spin-spin dipole interactions between
two spins. A magnetic field is applied perpendicular to the direction of the
side-by-side interaction between two spins in (b) and (c), while it is applied
parallel to the direction of the head-to-tail interaction between two spins in
(d) and (e). (f) Spin-spin interaction between spins (red circles) localized
in radical moieties in the SmC phase.
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available compounds mixture (Merck ZLI-1132), which shows
an N phase below 70 °C (<25 N 71.9 Iso). In contrast to 1a
and 1b, the diamagnetic LC droplet on water at 25 °C or higher
temperatures was slowly repelled by the same magnet (Figure
7c and Movie S5). This repulsion is most likely due to the
negative � of ZLI-1132, whereas the former attraction of 1a
and 1b should arise from the positive �. Therefore, the smaller
interfacial interaction between the LC droplet and water
compared to that between the crystallized particle and water
seems to allow the LC droplet to move on water under the
influence of the magnet, irrespective of either attractive or
repulsive motion.

More interestingly, the N*, SmC, and SmC* droplets quickly
responded to the influence of the magnet, while the N droplet
moved slowly (Movies S1-S4). Furthermore, unexpectedly we
observed that for all four different droplets the larger the droplet
size is, the faster the response is. These results suggest that the
difference in the response of these LC droplets to the magnet
should depend not only on the interfacial interaction between
the LC droplet and water but also on the magnitude of NPM.

As expected, the difference in the �rel value for the four LC
phases of 1a and 1b at 73 °C on the cooling run was consistent

with that in the response of four LC droplets to the action of a
permanent magnet (Figure 7). The �rel value in the N phase and
the �rel increase at the Cr-to-N phase transition with respect to
(()-1b were smaller than those in the SmC phase of (()-1a,
the SmC* phase of (2S,5S)-enriched 1a, or the N* phase of
(2S,5S)-enriched 1b (Figure 3). These results suggest that the
slowest response of the N droplet of (()-1b to the magnet
corresponds to the smallest �rel value, i.e., the smallest NPM.

Conclusions

By SQUID magnetometry and VT-EPR spectroscopy, the
NPM in various PLC phases of 1a and 1b was discovered to
arise from the anisotropic and inhomogeneous magnetic interac-
tion (Jj > 0) that originates from the formation of magnetic local
structures or domains induced by LC superstructures. In this
process, we showed that EPR spectroscopy is an appropriate
means for the measurement of temperature dependence of �para

for organic nitroxide monoradical LC phases at high tempera-
tures between 25 and 115 °C, because (i) the treatment of the
�dia term is unnecessary, (ii) the experimental error is very small
even at high temperatures, and (iii) the information on micro-
scopic magnetic interactions such as spin-spin dipole and
exchange interactions is available, too.

In-depth understanding of such an anisotropic and inhomo-
geneous magnetic interaction (Jj > 0) may lead to the develop-
ment of totally new all-organic magnetic LC materials. For
example, the use as a metal-free magnetic carrier for a
magnetically targeted drug-delivery system in place of magne-
toliposomes containing Fe3O4 is promising, because it is known
that stable free radical nitroxides are nontoxic to cells and
animals and can serve as potent antioxidants possessing super-
oxide dismutase- and catalase-mimetic activity that can protect
cells and animals against a variety of oxidative effects.21

Alternatively, since the SmC* phase of 1a exhibited some
magnetic ordering in a weak magnetic field, it is highly expected
to detect the magneto-electric effects in the FLC state of 1a
and analogous compounds.7,12,22

Experimental Section

Sample Preparation of LC Droplets and Observation of
Their Response to a Magnet. To make the LC droplets (1-5 mm
φ) of 1, each powder sample (2-3 mg) was melted at 100 °C and
the resulting viscous liquid was floated on hot water (73 °C) by a
small plastic spatula. For ZLI-1132, the LC sample was floated on
water by a pipet at room temperature. A thin laboratory dish (34
mm φ × 2 mm) was used for the container of the droplets. The
observation of LC droplets on water was performed at 73 °C for 1
or 25 °C for ZLI-1132. A rod-like rare-earth magnet (maximum
0.5 T, 6 mm φ × 20 mm, Kenis KD-1) was utilized for
observervation of droplet response on water.
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Figure 7. Motion of LC droplets on water under the action of a permanent
magnet (maximum 0.5 T). (a) Schematic representation of the experimental
setup for observing the attraction by a permanent magnet of a paramagnetic
LC droplet on water in a shallow laboratory dish. (b) Photographs showing
the attraction of the yellow paramagnetic N droplet of (()-1b on water at
73 °C to the magnet. (c) Photographs showing the repulsion of the white
diamagnetic N droplet of ZLI-1132 (Merck) on water at 25 °C from the
magnet. Movies S1, S2, S3, S4, and S5 in an MPEG format in the
Supporting Information show the motion of LC droplets of (()-1a, (()-
1b, (2S,5S)-enriched 1a, (2S,5S)-enriched 1b, and ZLI-1132, respectively.
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