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Low-Temperature Liquid-Crystalline Nitroxide Radical
Yoshiaki Uchida,*a Takuya Akita,a Takuo Ohkochi,b,c,d Xiao-Qian Ma,a Daichi Kiyohara,a Sho 
Nakagami,a Taira Yamazaki a and Norikazu Nishiyama a

Liquid-crystalline (LC) radicals have been considered promising as metal-free paramagnetic soft materials, but those 
reported so far are not easy to use because of their stability and LC temperature range. Here, we report a paramagnetic LC 
nitroxide radical (NR) that shows durability and tractability. The new compound shows a low melting point, high chemical 
stability, and high vacuum and synchrotron radiation resistance. The coexistence of the four properties enables us to take 
photographs of the magnetic structures of the compound on a ferromagnetic iron film using photoemission electron 
microscopy (PEEM). We discuss the origins of these properties. The fluorine substitution near the NR moiety significantly 
alters the conformational ensemble to decrease the entropy in the crystal phase. It seems beneficial to focus on 
conformational ensembles to incorporate bulky functional moieties into LC molecules together with durability and 
tractability.

Introduction
The durability of materials is critical to their development and 
practical uses: explosives,1,2 hydrogen storage carriers,3,4 liquid 
crystals,5,6 lithium-ion batteries,7–11 and conductive 
polymers.12,13 Molecular materials require the realization of 
stabilization and high performance together because 
compounds with strong properties have intrinsic reactivity. 
Reagents with stability and reactivity are efficient for the safe 
production of chemicals.14–16 Organic radicals show fascinating 
properties as materials, though they are generally unstable. 
Nitroxide radicals are relatively stable and show unique 
catalytic,17 magnetic18 and redox properties.19

The tractability of materials at ambient temperature is also 
essential to be used in environments where people live. It is also 
true even for organic radical materials. Liquid-crystalline (LC) 
materials with organic stable radicals show thermal-stimuli-
induced changes in magnetic properties.20–23 Because of the air 
and moisture tolerance, LC nitroxide radicals (LC-NRs) could be 
highly promising for rapidly responsible magnetic components 
of mobile devices.20,21,24,25 Their specific magnetic properties 
have been experimentally found and recently explained by 
assuming a dense network of intermolecular interactions based 
on molecular mobility theoretically and experimentally.26,27 

Tractable materials for applications like magnetic control of 
their droplets or capsules need appropriate temperature ranges 
in which they are stable.5 Although the LC-NRs are thermally 
stable up to about 150°C, the melting points that show tractable 
nematic (N) or chiral nematic (N*) phases are too high (>60 
°C).28,29

The control of phase transition temperatures of materials is 
of key importance for developing their functions. In most cases, 
mixing several LC compounds is the most conventional and 
simplest way to obtain ambient temperature LC materials. This 
method is nearly impossible without low-melting-point LC 
compounds like 4-cyano-4’-pentylbiphenyl (5CB),5 whose 
chemical stability and runny nematic (N) phase between 22 °C 
and 35 °C had historically made itself the gold standard 
molecule for LC displays and other applications.30 However, 
because the concentration of paramagnetic components must 
be kept high to form a dense network of intermolecular 
interactions,27 the standard LC-NR is strongly required for any 
application. If the functional group has an appropriate shape for 
LC molecules, the additional function can coexist with low-
melting-point LC phases; e.g., 4-butyl-4’-methoxyazobenzene 
with a photoisomerizable azobenzene moiety to show photo-
fluidization from its N phase at room temperature.31,32

Since the rigid core generally decides the crystallinity of the 
LC materials, the modification of terminal units is not crucial for 
lowering the melting points; LC-NRs show melting points higher 
than 60 °C regardless of terminal units.33–37 To lower the melting 
temperature (𝑇f = Δ𝐻f Δ𝑆f), we should design the compound 
with a lower enthalpy of fusion (Δ𝐻f) or a larger entropy of 
fusion (Δ𝑆f). Since the number of phenylene groups cannot be 
lower than three for LC-NRs not to lose the liquid crystallinity,28 
the chiral resolution is the only way to decrease Δ𝐻f. This effect 
is expected to be too small to lower 𝑇f to ambient 
temperature.28 We should focus on the increase of the 
difference in configurational entropy between crystal and LC 
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phases. The configurational entropy can be reduced in crystals 
even by one substitution that breaks molecular symmetry, 
whereas the configurational entropy in LC phases is 
independent of the same substitution because the molecules 
can rotate there.38 Therefore, we anticipated that symmetry 
breaking by substituting any hydrogen atom in the phenylenes 
decreases the melting point, as shown in Fig. 1a. The 
fluorination seems appropriate due to the stability of C-F bonds 
and the smallest size in all possible substituents; its minimal 
bulkiness would hardly hinder the rod-like shape leading to the 
liquid crystallinity, whereas its size larger than hydrogen atom 
could sterically destabilize one of the conformations of the rigid 
groups.

Here, we describe the actual synthesis of an LC-NR showing 
an N* phase with a low melting point (< 40°C) by lateral 
fluorination (8FNO7), as shown in Fig. 1b. The molecular design 
process leading to this molecular structure will be unraveled in 
turn; three points should be noticed for energetically 
destabilizing crystal phases to lower melting points: 
fluorination, chirality and alkyl chain length. Then, we test the 
durability and tractability of the prepared LC-NR by detecting its 
magnetic structures induced by the deposited iron film using 
photoemission electron microscopy (PEEM) in a high vacuum 
under synchrotron radiation.

Fig. 1 Molecular design to lower the melting point for LC-NRs. 
(a) Strategy to lower melting points. The symmetry-breaking in 
molecular conformation lowers the entropy in crystals. (b) 
Three steps of the strategy to decrease the molecular symmetry 
without deteriorating liquid crystallinity: fluorination, chirality 
and alkyl chain length.

Results and discussion
Fluorination for decreasing entropy in crystal

To lower the configurational entropy of crystals, the rotational 
symmetry of the three bonds between rigid groups (B1 ~ B3 in 
Fig. 2a) should be broken by fluorine substituents and carbonyl 
or methyl groups. To inhibit the rotation around these bonds, 
we must consider only four fluorination positions (X1 ~ X4 
positions in Fig. 2a). We synthesized fluorinated analogs, as 
shown in Scheme S1. The lateral fluorination at the ortho-

position of the phenoxy oxygen in a phenyl benzoate moiety 
typically often disrupts molecular packing in the Cr phases of 
calamitic LC compounds and keeps melting points low.39,40 We 
synthesized compounds laterally fluorinated at X1 and X2 
positions. The fluorination at these positions leads to undesired 
results; melting points are hardly influenced by the fluorine 
substituents, as shown in Table S1. Moreover, the fluorination 
at these positions (X1 and X2) is likely to destabilize LC phases; 
the clearing points decrease about 15 °C with the fluorination 
at each position, and the N phases of some compounds 
consequently become monotropic. These results indicate that 
each rigid moiety in LC-NRs has a different role in deciding the 
phase behaviors. The phenyl benzoate group must rotate 
around the B1 bond to stabilize LC phases better than isotropic 
phases. The bulky five-membered-ring NR moiety in the 
mesogen core, in which 2,5-dimethyl-2,5-diphenylpyrrolidin-1-
oxy (DDPO moiety) is chemically stabilized by the bulkiness, 
would dominate the molecular packing that decides the stability 
of crystalline phases.

Fig. 2 The effect of the fluorination. (a) Fluorination positions: X1 ~ X4. The fluorine atoms 
at the X1 and X2 positions interfere with carbonyl oxygen and inhibit the rotation of the 
bond B1. The fluorine atoms at the X3 and X4 positions interfere with one of the methyl 
groups and nitroxyl oxygen, and they inhibit the rotation of the bonds B2 and B3, 
respectively. Y is the alkoxy, alkyl or cyano group. (b) DDPO fluorinated at the X3 position 
should show the asymmetric rotation around B2. (c) The dependence of population of 
conformers of fluorinated and non-fluorinated DDPO at the X3 position on the dihedral 
angle around B2.

The fluorination at the X3 and X4 positions should inhibit the 
rotation of the bonds in the DDPO group. First, we examine the 
effect of the fluorination at the X3 position. It tends to slightly 
but surely lower melting points and to maintain the stability of 
LC phases; the melting points of (±)-8NOF8 and (±)-8NOFC8 are 
5.2 and 20.1°C lower than the corresponding non-fluorinated 
compounds (±)-8NO8 and (±)-8NOC8, respectively, as shown in 
Table S2.

To confirm the influences of fluorination at this position, the 
dihedral angle (N1–C6–C7–C8) and bond angle (N1–C2–C5) 
were calculated as a function of the dihedral angle θ (N1–C2–
C3–C4) for the fluorinated (X3 = F) and non-fluorinated (X3 = H) 
DDPO shown in Fig. 2b at the UBLYP/6-31G** level using the 
Gaussian 09 program package, as shown in Fig. S1.41 The results 
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of conformational analyses by DFT calculations suggest that the 
fluorination drastically changes the conformational ensemble, 
as shown in Fig. 2c. The conformation of fluorinated DDPO (X3 = 
F) is biased to θ = ±180° so that the fluorine atom avoids getting 
closer to the NR oxygen. The increase of Δ𝑆f lowers 𝑇f. The 
conformational bias is likely to give rise to the chemical stability, 
too. Moreover, the fluorination at the X4 position is expected to 
be as effective as that at the X3 position. The fluorination at the 
X4 position does not seem effective for the racemates, as listed 
in Table S3. These results differ completely from those in 
enantiomerically enriched LC-NRs fluorinated at the X3 and X4 
positions.

Chiral resolution for decreasing the symmetry

In the case of LC-NRs, racemates tend to constitute more stable 
crystal structures than the enantiomers of the same 
compounds.24,35,37 It suggests that we are hopefully able to 
thermally destabilize the crystal structure very much. The 
decrease of Δ𝐻f lowers 𝑇f. However, whether racemates or 
pure enantiomers thermally stabilize the crystal structure 
depends on the intermolecular arrangement of the molecules 
packed in the crystal. We have no choice but to try to synthesize 
the analogs.

We carried out the chiral resolution of racemates by high-
performance liquid chromatography (HPLC) using a chiral 
column, as shown in Fig. S2. Enantiomerically enriched 
fluorinated compounds (2S,5S)-8NOF8 and (2R,5R)-8FNO8 
show much lower melting points than their racemates (±)-
8NOF8 and (±)-8FNO8, whereas non-fluorinated (±)-8NO8 and 
(2S,5S)-8NO8 show similar melting points to each other as 
shown in Table S2.

Alkyl chain length for worse packing

To lower melting points as much as possible, we fine-tuned the 
length of alkoxy side chains of the enantiomerically enriched LC-
NR fluorinated at the most effective position, as shown in Table 
S4. All compounds show enantiotropic N* phases and lower 
melting points than the corresponding racemates. Among 
them, (2S,5S)-8FNO7 has the lowest melting point of 36.6 °C 
and the widest N* phase temperature range of 43.6 °C, as 
shown in Fig. 3. The enantiomerically enriched 8FNO7 (>99% ee) 
showed a lower melting point than the samples with lower ee, 
as shown in Fig. S3. These results confirm that paired 
enantiomers would promote the molecular packing to form 
high melting-point racemic compound (RC) crystals. It is 
supported by an X-ray crystal structure of (2S,5S)-8FNO7, as 
shown in Table S5 and Fig. S4.

Fig. 3 Phase transition behavior of (2S,5S)-8FNO7. (a) DSC curves for (2S,5S)-8FNO7. 
Transition temperatures are shown with the standard notation of the phases: chiral 
nematic (N*) and isotropic (Iso) phases. (b) Polarized optical micrographs of (2S,5S)-
8FNO7. An oily-streak texture for the N* phase at 62.0 °C. The orientations of the 
polarizer (P) and analyzer (A) are shown.

In addition, (2S,5S)-8FNO7 has high thermal stability up to 
200 °C in the air, as shown in Fig. S5 and moisture tolerance. Its 
chemical stability, low melting point, and wide temperature 
range of the N* phase should be advantageous to PEEM. These 
results imply that the design of the LC molecule with a 
functional moiety should be started from the modification 
around the functional moiety. In addition to breaking rotational 
symmetry around the DDPO moiety in (2S,5S)-8FNO7, breaking 
mirror symmetry destabilizes the high melting-point RC 
crystalline phase.

Magnetic properties of (2S,5S)-8FNO7

As another requirement for PEEM combined with the X-ray 
magnetic circular dichroism (XMCD), we confirmed the 
magnetic properties of (2S,5S)-8FNO7 using superconducting 
quantum interference device (SQUID) magnetometry and 
electron paramagnetic resonance (EPR) spectroscopy, as shown 
in Fig. 4 and Figs. S6-S12. Crystals of (2S,5S)-8FNO7 showed 
weak antiferromagnetic interactions in the low-temperature 
range, whereas N* and isotropic (Iso) phases of (2S,5S)-8FNO7 
exhibited a positive magneto-LC effect; the paramagnetic 
susceptibility χpara distinctively increases by SQUID 
magnetometry with 0.05 T of the magnetic field, as shown in 
Fig. 4 and the relative magnetic susceptibility χrel increases by 
14.7% by EPR spectroscopy with 0.33 T of the magnetic field at 
the Cr-to-N* phase transition (36.6 °C) in the first heating 
process like the non-fluorinated compound (2S,5S)-8NO8, as 
shown in Figs. S11. The increase in magnetic susceptibility is 
well-known to depend on the magnetic field.20,21,24,26,28 These 
results indicate that almost all radicals are alive and they can 
interact with the other paramagnetic substances. The 
fluorination at the X4 position near NR oxygen did not disrupt 
magnetic properties in the fluid phases.

Fig. 4 The changes in magnetic properties at the phase transitions of (2S,5S)-8FNO7. (a) 
χpara-T plots at a magnetic field of 0.05 T. (b) χparaT-T plots at a magnetic field of 0.05 T. 
The circles denote the experimental data in the first heating run, the solid lines denote 
the Curie-Weiss curve fitted between 280 and 305 K, and the vertical dotted lines denote 
the Cr-to-N* and N*-to-Iso phase transition temperatures.

Photoemission electron microscopy (PEEM)

We can test the durability of (2S,5S)-8FNO7 using PEEM 
because the sample must be put in a high vacuum under 
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synchrotron radiation. We measured X-ray absorption 
spectroscopy (XAS) using the PEEM. First, (2S,5S)-8FNO7 was 
spin-coated on a P-type silicon substrate. Note that poly(vinyl 
alcohol) (PVA) was spin-coated onto the Si substrate before 
applying the LC-NR because of the poor wettability of the 
substrate. To overcome the charging problem that may occur 
for insulating (2S,5S)-8FNO7 in electron imaging, we employed 
the method of Au pattern deposition, as schematically shown in 
Fig. 5a.42 The sample was covered by thick Au (~100 nm) except 
for a thin area for the observation with a 30 mm width. The XAS 
spectra were obtained by extracting X-ray PEEM image 
intensities with sweeping photon energies across the O K-
absorption edges, as shown in Fig. 5b. It suggests that the edges 
originate from the LC-NR containing oxygen atoms. The LC-NR 
is stable in a vacuum and stable against synchrotron radiation.

Fig. 5 Photoemission electron microscopy (PEEM). (a) Schematic illustration of the 
sample prepared for PEEM. PVA was spin-coated onto Si substrate before applying 
(2S,5S)-8FNO7 and Au was coated to avoid charging. (b) X-ray absorption spectroscopy 
(XAS) spectrum around the O K-edge of (2S,5S)-8FNO7.

X-ray magnetic circular dichroism (XMCD)

Furthermore, XMCD-PEEM is the most powerful method for 
detecting magnetic structures. Although XMCD-PEEM is 
generally used to measure the domains of ferromagnetic 
materials, it can also be used to measure the magnetic 
structures of paramagnetic materials like oxygen atoms. 
Magnetic moments can be induced into oxygen atoms or 
carbon monoxide molecules contacting ferromagnetic metal 
through exchange interactions.43,44 We confirmed that the 
oxygen atoms are likely to be magnetized by the direct 
exchange interactions with the iron film, as shown in Fig. S13.

We deposited iron (2 nm) on (2S,5S)-8FNO7 covered by thick 
Au except for a thin observation area of the width of 30 μm (Fig. 
6a). XAS spectra of the sample at the Fe L3-edge were drawn 
using the same method mentioned above (Fig. 6b). It means 
that the thin film is not iron oxide but iron metal. Then, we took 
XMCD-PEEM images to visualize the magnetic domains of the 
thin iron film, as shown in Fig. 6c. The XMCD-PEEM image of the 
Fe L3-edge exhibits a clear domain structure. We confirmed that 
the XMCD image contrast varies by changing the direction of 
incident X-ray beams (by rotating the sample in-plane), as 

shown in Fig. S14, suggesting that the iron film has in-plane 
magnetization. We took the XMCD-PEEM images at the O K-
edge in the same field of view (30976 pixels) for Fe L3-edge 
measurement. The XMCD-PEEM image of the O K-edge exhibits 
a very faint but discernible XMCD contrast indicative of the 
induced magnetic domain structure of (2S,5S)-8FNO7, as shown 
in Fig. 6d. We verified that the correlation between the XMCD 
contrast of the Fe L3-edge and the O K-edge almost linearly 
increases as we add up the number of obtained XMCD-PEEM 
images of the O K-edge from 10,000 to 114,000, as shown in Fig. 
6e. (2S,5S)-8FNO7 was stable after the synchrotron radiation in 
a vacuum for one week. Although the XMCD-PEEM signal might 
depend on the morphology of samples, the correlation is 
sufficient (0.26). We can conclude that the XMCD contrast at 
the O K-edge derives from the magnetization induced by iron 
atoms.

Fig. 6 XMCD-PEEM images of iron-coated (2S,5S)-8FNO7. (a) Schematic illustration of the 
sample prepared for XMCD-PEEM. (b) XAS spectrum around the Fe L3-edge of the iron 
film deposited on the sample. (c) XMCD-PEEM image at the absorption peak of the Fe L3-
edge (708 eV). (d) XMCD-PEEM image of the same region of the sample as (c) at the 
absorption peak of the O K-edge (530 eV). (e) Correlation between the XMCD-PEEM 
images at the Fe L3-edge (c) and the O K-edge (d). It increases with the increasing number 
of images at the O K-edge. (f) Iron atoms deposited on the LC-NR interact with the oxygen 
atoms in the LC-NR molecules.

Experimental

General Information

Mass spectra were recorded on a JEOL JMS-700. IR spectra were 
recorded with a SHIMADZU IRAffinity-1 using the KBr-pellet 
technique. Elemental analyses (CHN) were carried out using a 
PerkinElmer 2400II. The g-values and hyperfine coupling 
constants (aN) were determined by the EPR spectra of 
tetrahydrofuran (THF) solutions at room temperature recorded 
with a JEOL JES-FE1XG in a magnetic field of about 0.33 T (X-
band). Magnetization was recorded with a QUANTUM DESIGN 
MPMS-3. Phase behaviors were determined by differential 
scanning calorimetry (SHIMADZU DSC-60) and polarized optical 
microscopy (Olympus BX51). A hot stage (Japan High Tech 
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10083) was used as the temperature control unit for the 
microscopy. The thermal stability of compounds was evaluated 
by thermogravimetric analysis (SHIMADZU DTG-60). Bright-field 
optical microscope equipped with a CMOS camera (Point Grey, 
FL3-U3-13S2C-CS) was used to observe the generation 
processes of microcapsules. Unless otherwise noted, solvents 
and reagents were reagent grade and used without further 
purification. THF that was used for chemical reactions and the 
EPR spectroscopy was distilled from sodium/benzophenone 
ketyl under nitrogen. Silicon substrates for XAS and XMCD-
PEEM were p-type silicon (NILACO, Japan, resistivity ≦ 0.02 Ω･

cm–1).

Phase transition

The phase behaviors were characterized by differential 
scanning calorimetry (DSC) at a scanning rate of 2 °C/min upon 
first heating and cooling processes and by polarized optical 
microscopy (POM).

Conformational Analysis

We conducted conformational analyses to study shape 
symmetry and molecular dipole moments by DFT calculations at 
the UB3LYP/6-31G** level using Gaussian 09 program 
package.41 The energy of each conformer of the derivatives as a 
substructure of the LC-NRs was calculated as a function of 
dihedral angle θ. And we also calculated the population of each 
conformer by assuming Boltzmann distribution at 300 K as 
follows.

𝑁𝑖

𝑁total
=

𝑒―Δ𝐸𝑖/𝑅𝑇

∑𝑁total

𝑘=1 𝑒―Δ𝐸𝑘/𝑅𝑇  
 .

Evaluation of Magnetic Properties by SQUID Magnetometry 

In the first heating process, the temperature dependences of 
molar magnetic susceptibility χM were measured on an MPMS 
superconducting quantum interference device (SQUID) 
magnetometer. Each 5–10 mg sample was enclosed in a DSC 
aluminum pan to prevent the sign inversion of the total 
magnetic susceptibility of samples mounted in a drinking straw 
in high-temperature ranges. Curie constant C and Weiss 
constant θ were evaluated by fitting experimental magnetic 
susceptibility data with the following equation involving the 
term of Curie–Weiss law and small diamagnetic contribution χdia,

𝜒M =
𝐶

𝑇 ― 𝜃 + 𝜒dia .

Sample preparation for XAS and XMCD-PEEM

An aqueous solution (0.1 wt%) of poly(vinyl alcohol) (PVA, Mw 
= 1500, 86 ~ 89% hydrolyzed) was spin-coated at 200 rpm on 
the Si and ITO substrates. After drying the substrates at 180 °C 
for 12 h, a hexane solution (0.1 wt%) of (2S,5S)-8FNO7 was spin-
coated at 5000 rpm on PVA. To effectively release the positive 
charges created by photoemission, we deposited ex situ thick 
(typically ~ 100 nm) Au films just around the observation area 
(30 mm). Then, we deposited in situ thin (typically ~ 2 nm) Fe 
films.

XAS and XMCD-PEEM

The experiments were performed at the PEEM experimental 
station of beamline BL17SU (a-branch) of SPring-8.45,46 In this 
beamline, circularly or linearly polarized soft X-rays (200–2000 
eV) generated from a multi-polarization-mode undulator are 
available.47 Although the soft X-ray beams can be focused down 
to ~15 μm by a condensing mirror, we used unfocused beam (~ 
1 mm) for this experiment to minimize irradiation damage 
inflicted on the organic LC-NR sample. We employed a 
spectroscopic photoemission/low-energy-electron microscope 
(SPELEEM; Elmitec Co. Ltd), achieving a spatial resolution of ~ 
23 nm even in PEEM experiments in the soft X-ray region.48 All 
experiments were performed under a pressure of 
approximately 3-5 × 10–9 torr and at room temperature.

Correlation between the XMCD-PEEM image at the Fe L3-edge 
and that at the O K-edge

We estimated the correlation between the XMCD-PEEM image 
with 176 * 176 (30976) pixels at the Fe L3-edge and that at the 
O K-edge by comparing the difference from the average 
brightness value for each pixel. Correlation (r) is calculated as

𝑟 =
∑𝑛

𝑖=1(𝑥𝑖 ― 𝑥)(𝑦𝑖 ― 𝑦)

∑𝑛
𝑖=1 (𝑥𝑖 ― 𝑥)2 ∑𝑛

𝑖=1 (𝑦𝑖 ― 𝑦)2
,

where 𝑥𝑖 and 𝑦𝑖 are the brightness values for the images at the 
Fe L3-edge and the O K-edge, respectively, 𝑥 and 𝑦 are the 
average of the brightness values for the images at the Fe L3-
edge and the O K-edge, respectively, and 𝑛 is the number of 
pixels.

Conclusions
A comprehensive design strategy based on the conformational 
distribution lowers melting points while keeping magnetic 
properties. The obtained compound shows the lowest melting 
point (36.6 °C), the widest enantiotropic N* phase temperature 
range (43.6 °C), high thermal and chemical stability, and a 
positive magneto-LC effect. The design strategy focusing on 
conformational ensembles in the most influential substructure 
in the crystallinity would be universally applicable to organic 
materials. The PEEM of the new LC-NR suggests its durability in 
a vacuum and in synchrotron radiation.  We observed XMCD-
PEEM of the new material. This is the first work to visualize the 
magnetic structures in LC phases. Furthermore, this compound 
would be widely applicable as a metal-free compound for 
magnetically transportable carriers in optofluidics.49–52
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