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Abstract  

The development of metal-free magnetic nanocrystalline or soft materials whose motion can be controlled 

by a weak magnetic field at ambient temperature is one of challenging subjects in magnetic materials 

chemistry. We report that a unique superparamagnetic-like behavior and a large ‘positive magneto-LC 

effect’ were observed in the solid phases and the liquid crystalline (LC) phases, respectively, of novel 

achiral non--delocalized nitroxide diradical compounds 1 which showed a rare phase transition behavior; 

the existence of polymorphism in the solid phases (solids I and II) at low temperatures and the coexistence 

of hexagonal columnar and smectic LC phases at high temperatures. The gradual formation of chiral helical 

columnar structure in the hexagonal columnar phase was confirmed by a preliminary SHG measurement. 

By SQUID magnetization measurement, it was revealed that (1) 1 possessed an unusual temperature-

independent magnetic susceptibility (TIM > 0) component in the original nanocrystalline solid I which was 

responsible for the observed superparamagnetic-like behavior at low magnetic fields and did not arise from 

the contamination by extrinsic magnetic metal or metal ion impurities, besides ordinary temperature-

dependent paramagnetic susceptibility (para > 0) and temperature-independent diamagnetic susceptibility 
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(dia  < 0) components, (2) a large increase in molar magnetic susceptibility (M) (positive magneto-LC 

effect) occurred at the solid I-to-liquid crystal transition in the heating run, and (3) the M increase was 

preserved as an additional TIM increase in the resulting polymorphic nanocrystalline solid II by cooling. 

The origin of this unique magnetic behavior can be rationalized in terms of the formation of magnetically 

inhomogeneous domains with intermolecular short contacts in the nanocrystalline solid phases and their 

enlargement in the LC phases under low magnetic fields. Such superparamagnetic-like properties would be 

applicable to the development of various metal-free magnetic advanced materials. 

 

INTRODUCTION 

Liquid crystalline (LC) phases which can exhibit non-linear responses to external stimuli, such as 

temperature, pressure, and electric or magnetic field, or additives like chiral dopants, due to the coherent 

collective molecular motion, are regarded as a sort of dynamic nonequilibrium ‘complexity’ system.1-3 

Therefore, magnetic LC materials have attracted a great attention as soft materials because magnetic fields 

can influence the optical and electric properties of liquid crystals.4-8 For example, they are anticipated to 

exhibit unique magnetic interactions leading to unconventional magnetoelectric9-12 or magneto-optical 

properties13-15 in the LC state. However, there had been no prominent study on this interesting topic, because 

the majority of magnetic liquid crystals were highly viscous transition or lanthanide metal-containing 

metallomesogens which were not always suitable to these studies.4-8 Since 2008 it has been revealed that a 

sort of spin glass (SG)-like inhomogeneous magnetic interactions (average spin-spin interaction constant 

J  > 0) occur in the various chiral or achiral, rod-like LC phases of monoradical and biradical compounds 

with one or two stable chiral five-membered nitroxide units in the central core position and thereby with a 

negative dielectric anisotropy ( < 0) under low magnetic fields (< 0.1 T).16,17 This unique magnetic 

phenomenon, an increase in the molar magnetic susceptibility (M) at the crystal-to-liquid crystal phase 

transition, was referred to as ‘positive magneto-LC effect’.18,19 Although the detailed mechanism is still 

under investigation, this large M increase was proved to be not due to the molecular reorientation effect 

caused by the molecular magnetic anisotropy ()16,20. Moreover, the first observation of ‘magnetoelectric 

effect (or coupling)’ at as high as 75 °C was achieved for the LC monoradical compound showing both the 

ferroelectricity and the positive magneto-LC effect in a surface-stabilized liquid crystal cell.21-23  

Meanwhile, it was anticipated that i) the positive magneto-LC effect could be induced under low 

magnetic fields in the columnar LC phases of organic radical compounds as well, by a judicious molecular 

design so as to avoid the strong - dimer formation which results in the antiferromagnetic interactions (or 

negative magneto-LC effect), and thereby ii) a magnetic field-controlled photoinduced hole transport in the 

semiconducting columnar phase may be feasible due to the relatively high-lying singly occupied molecular 

orbital (SOMO) and its delocalization on the aromatic core in comparison to their closed-shell analogue. In 

2014 an achiral -delocalized hexa-peri-hexabenzocoronene derivative carrying a conjugated tert-butyl 

nitroxide moiety was reported to show the positive magneto-LC effect in the hexagonal columnar LC 
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phase,24 whereas disc-like triphenylenes carrying a non-conjugated cyclic nitroxide monoradical group25 

and other three types of disc-like compounds with -delocalized photoluminescent tris(2,4,6-

trichlorophenyl)methyl,26 and semiconducting 6-oxoverdazyl27,28 or benzo[e][1,2,4]triazinyl monoradical 

moieties29 as the spin source did not exhibit the positive magneto-LC effect in their achiral columnar LC 

state.  

Here we report the observation of a unique superparamagnetic-like behavior and a large positive 

magneto-LC effect in the nanocrystalline solid phases and the hexagonal columnar (Colh) and smectic (Sm) 

LC phases, respectively, of non--delocalized nitroxide diradical compounds 1 and discuss the origin of 

this magnetic phenomenon in terms of the formation and enlargement of magnetically inhomogeneous 

domains in the solids and LC phases. 

 

RESULTS AND DISCUSSION 

Preparation and EPR spectra of (R,S)-1. The meso nitroxide diradical (R,S)-1 was prepared 

by the condensation of the dicarboxylic acid (R,S)-2, which was derived from the bisnitrone 4,30 and two 

equiv of 2-[3,4,5-tris(hexadecyloxy)phenyl]ethanamine (5) using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-

methylmorpholinium chloride (DMT-MM)31 and a catalytic amount of N-methylmorpholine (NMM) in 

dichloromethane (Scheme 1 and Section 2 in Supporting Information for the details). 

 

Scheme 1. Molecular structures of compounds 1-6. 

 

The EPR spectra of (R,S)-1 to (R,S)-3 were measured in the diluted (1.0 x 10–4 M) THF solutions 

at 298 and 123 K (Fig. 1). At 298 K, all spectra of these three samples showed five peaks (Fig. 1a–d), 

suggesting strong intramolecular spin-spin exchange interactions in solution. The broadening of second and 

fourth lines in the spectra of (R,S)-1 and (R,S)-2 was attributed to the modulation of the exchange 

interactions induced by internal motion of the cyclohexane ring due most likely to the presence of strong 

intermolecular interactions formed by hydrogen bonds (Fig. 1a,b). A similar spectral broadening, referred 

to as the ‘alternating linewidth effect’, was reported for analogous 1,4-bis(4’,4’-dimethyloxazolidine-3’-

oxyl)cyclohexane by Rassat group in 1975.32 Our EPR experimental data shown in Fig. 1 were consistent 

with those.  
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Figure 1. ESR spectra in THF of (a) (R,S)-1 (1 × 10–4 M), (b) (R,S)-2 (1 × 10–4 M), (c) (R,S)-3 (1 × 10–4 M) 

and (d) a mixture of (R,S)-1 (1 × 10–4 M) and 5 (1 × 10–2 M) at 298K, and (e) (R,S)-1 (1 × 10–4 M), (f) (R,S)-

2 (1 × 10–4 M), (g) (R,S)-3 (1 × 10–4 M) and (h) a mixture of (R,S)-1 (1 × 10–4 M) and 5 (1 × 10–2 M) at 123 

K. The internal standard Mn2+ was used to measure the spectra in panels (a)–(d), (f) and (g). 

 

At 123 K the spectrum of (R,S)-1 diluted by 100-fold with 6 (Fig. 1h), characteristic of a triplet 

spin state without axial symmetry, was similar to the spectra of (R,S)-2 and (R,S)-3 (Fig. 1f, g), although 

free (R,S)-1 showed a broad singlet spectrum due to the substantial molecular aggregation even at such a 

low concentration (Fig. 1e). The intramolecular distance between two nitroxide radical groups for these 

three samples was estimated to be 6.06 Å by point dipole approximation, which was in good agreement 
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with that obtained from the crystal structure of (R,S)-2 (Fig. S1). The energy difference between the singlet 

and triplet states in the molecule of (R,S)-2 was calculated by density functional theory (DFT) calculations 

at the UB3LYP/6-31G* level (Gaussian03) based on the same crystal structure (Sections 3 and 4 in SI); the 

singlet state was more stable by 22.0 K than the triplet state. 

 

Characterization of the LC phase of (R,S)-1. The phase transition behavior of (R,S)-1 was 

characterized by differential scanning calorimetry (DSC), polarized optical microscopy (POM), and X-ray 

diffraction (XRD) and small angle X-ray scattering (SAXS) analyses (Fig. 2). 

At least four phases were characterized for (R,S)-1. Among them, the hexagonal columnar (Colh) 

and smectic (Sm) phases were enantiotropically related; DSC analysis indicated that the phase transition of 

original solid I occurred at 83.3 °C to give a Colh phase, followed by the transition at 99.9 °C to an Sm 

phase with pseudo-isotropic texture in the first and second heating runs (Fig. 2a). These two LC phases 

showed a small angle diffraction peak at a different angle of 2 = 2.14° or 2.41°, together with a similar 

diffuse band at around 2 = 20° (Fig. 2d, e). However, by POM observation in the first cooling run at a 

scanning rate of 5 or 10 °C min–1, only a fan-like or focal conic texture corresponding to the Colh phase 

was observed under random conditions or homogeneous planar boundary conditions in a thin sandwich cell 

(4 m thickness), respectively (Fig. 2b,c). Furthermore, the DSC thermograms in the first and second 

heating runs were very different regarding the solid-to-LC transition temperature (83.3 and 36.3 °C, 

respectively) due to the existence of two polymorphs (solids I and II) (Fig. 2a), which was confirmed by 

XRD analysis (Fig. 2h,i). Furthermore, from the broad XRD peaks and large enthalpies of transition H’s 

(132.8 and 63.3 kJ mol–1) at around 83 and 36 °C for solids I and II in the first and second heating runs, 

respectively, it was concluded that both solids are nanocrystalline. 

To characterize the LC phases of (R,S)-1 accurately, the LC phase transition behavior was 

investigated in detail by two-dimensional SAXS measurement. Since the SAXS pattern observed at 80 °C 

at a cooling rate of 10 °C min–1 from the isotropic phase (130 °C) represented hexagonal symmetry on the 

(10) plane (Fig. 2f), the LC phase was determined to be the Colh with a lattice constant of a = 51.8 Å, 

although the (1,1) reflection was not observed (Fig. 2d and Fig. 3a,b).33 The diffuse band at around 4.4 Å 

(2 = 20°) is typically attributed to the disordered packing of aliphatic chains and rigid cores characteristic 

of the LC phase (Fig. 3a,b). The number (Z) of molecules in the unit cell of the Colh phase of (R,S)-1 could 

be estimated to be three from the experimental data, by assuming the density () value of (R,S)-1 to be 1.04 

g cm–3 and the lattice constant c to be 4.4 Å (Fig. 3a,b; Section 5 and Fig. S2 in SI).34,35 This result suggests 

the existence of a trimer in the unit cell (Fig. 3c). Interestingly, the SAXS pattern at 80 °C observed at a 

cooling rate of as slow as 0.5 °C min–1 from the isotropic phase (130 °C) represented the coexistence of the 

Colh (d = 44.8 Å) and Sm (d = 38.4 Å) phases, which continued during the cooling process until the 

transition to solid II (Fig. 2g). Thus, in case of (R,S)-1, only the Colh phase grew by fast cooling from the 

isotropic phase (Fig. 2f), while by very slow cooling from the isotropic phase, the Sm phase appeared first, 
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followed by the appearance of the hexagonal phase to result in the coexistence of the two phases (Fig. 2g), 

which was also confirmed by POM observation in the second heating run (Fig. S3). This is a very rare case 

of the coexistence of two LC phases over a wide temperature range.36,37 

20 40 60 80 100 120

2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10

5 10 15 20 25 30 35 405 10 15 20 25 30 35 40

 

Figure 2. Characterization of the LC phase of (R,S)-1. (a) DSC curves at a scanning rate of 10 °C min–1 in 

the first heating and cooling runs, and the second heating run. Phase transition temperatures (°C) and 

enthalpies (in parentheses, kJ mol–1) are indicated. Polarized optical microphotographs of the Colh phase at 

80 °C in the first cooling run: (b) the fan-like texture under random conditions and (c) the focal conic texture 

under homogeneous planar boundary conditions in a 4m sandwich cell. XRD patterns of (d) the Colh 

phase at 90 °C and (e) the Sm phase at 100 °C in the first heating run, and each inset indicates the 

magnification below 2 = 10°. Two-dimensional SAXS patterns at 80 C in the cooling run: (f) the Colh 

phase observed at a cooling rate of 10 C min–1 from the isotropic phase (130 C) and (g) the coexistence 
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of the Colh and Sm phases observed at a cooling rate of as slow as 0.5 C min–1 from the isotropic phase 

(130 C). XRD patterns in the solid phases at 30 C: (h) Solid I before the first heating and (i) solid II before 

the second heating. 

 

Figure 3. (a) The proposed indexing, lattice parameters, and observed spacing corresponding to SAXS data 

measured at 80 °C in the cooling run of (R,S)-1 (Fig. 2f) and XRD data (Fig. 2d). Hexagonal columnar 

structure and molecular arrangement in the Colh phase of (R,S)-1, (b) hexagonal lattice with the constant a 

derived from dobs = 44.6 Å and the columnar structure and (c) one of possible trimer structures formed by 

hydrogen bonds in one layer. The approximate molecular length (68.6 Å) and core length (30.6 Å) of (R,S)-

1 were obtained by MM2 calculations.  

 

To discuss the possibility of the trimer structure of (R,S)-1 (Fig. 3c), the variable-temperature 

micro-ATR-FTIR spectroscopic analysis was performed in the heating and cooling runs between 30 and 

100 °C (Fig. S4). This analysis indicated that (1) no appreciable change in the spectral peak position, 

intensity and shape was noted over the entire temperature range and that (2) the broad NH stretching 

vibration at around 3330 cm–1 and the C=O stretching vibration at 1640 cm–1 which are ascribed to the 

formation of hydrogen bond were observed uniformly in the condensed phases. Accordingly, the trimer 

structure is most likely formed by intermolecular hydrogen bonds between amide CO and NH groups of 
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(R,S)-1 (Fig. 3c), and this structure is assumed to be retained during all phase transitions between solids 

and LC phases in both heating and cooling runs.38  

Furthermore, to learn whether a helical columnar structure is formed in the LC and solid phases, 

the temperature-resolved second harmonic generation (TR-SHG) microscopy was preliminarily performed 

for (R,S)-1 with an excitation wavelength of 1200 nm and SHG emission at 600 nm in the presence of a 

magnetic field (< 0.5 T). For solid I at 26.5 °C, only a weak SHG was detected. Because the intensity of 

third harmonic generation (THG) emission was about seven times higher than that of the SHG one (Section 

12 and Fig. S8 in SI), it was concluded that the detected SHG emanated only from the surface of crystals, 

indicating that the solid I was centrosymmetric. In contrast, when the solid I was heated at a rate of 10 °C 

min–1 and the resulting LC phase was annealed at 90 °C, the distinct SHG images were recorded at 0, 5 and 

10 min after the beginning of annealing. The observed SHG intensity was increased with the elapse of time, 

suggesting that the chiral Colh phase gradually grew (Fig. S9 in SI). 

 

Unique magnetic properties of LC compounds 1. The temperature dependence of molar 

magnetic susceptibility (M) was measured for compounds 1 at a magnetic field of 0.05 T on a SQUID 

magnetometer using a paramagnetic aluminum foil to minimize the experimental error at high temperatures. 

Consequently we found that LC compound 1(95:5) composed of a 95:5 mixture of (R,S)-1 and racemic 

diastereomers (R*,R*)-1 showed a quite unique magnetic behavior in the first heating and cooling runs (Fig. 

4 and 5), whereas pure (R,S)-1 displayed a fairly different magnetic aspect from that of 1(95:5) (Fig. 6 and 

7).  

First, the experimental results on the magnetic properties of 1(95:5) are described. Here M is 

defined as the sum of temperature-dependent paramagnetic susceptibility (para > 0), temperature-

independent magnetic one (TIM > 0) unique to 1(95:5), and temperature-independent diamagnetic one (dia 

< 0) (eq 1), due to the reason mentioned below.  

M = para + TIM + dia         (1) 

The dia value of –1.6 x 10–3 emu mol–1 calculated according to the Pascal’s constants was used for this 

study, because only the sum ofTIM and dia values for the solids can be experimentally obtained as the 

temperature-independent component by M-T–1 plots between100 and 250 K according to the Curie-Weiss 

law. 

The antiferromagnetic interactions showing a para (and M) maximum at 23 K were observed 

most likely due to the intramolecular magnetic interactions with a singlet ground state which was presumed 

by the DFT calculations of (R,S)-2 (Section 4 in SI). In fact, the experimental para vs T curve was well 

fitted to the Bleany-Bowers equation (antiferromagnetic dimer model) (eq 2)39 with 2J/kB = –39.6 K in the 

temperature range from 16 to 100 K when the sum of TIM and dia values were subtracted from the M 

value (Fig. 4a). However, the experimental data above 100 K deviated from this fitting curve, indicating 
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that 2J/kB is temperature-dependent most likely because of the molecular structural change resulting from 

the thermal motion of the cyclohexane ring in the solid I. 

    (2) 

Therefore, the Curie-Weiss fitting was implemented for the solids in the first heating and cooling runs, and 

the second heating run between 100 and 250 K (eq 3 and Fig. 4h). 

para = C/(T–)                  (3) 

According to eqs 1 and 3, TIM + dia = +1.24 x 10–3 emu mol–1, Weiss constant  = 0 K, and Curie constant 

C = 0.64 emu K mol–1 were obtained in the first heating run (Fig. 4a, b). The average  value of nearly zero 

between 100 and 250 K suggests that the  is temperature-dependent most likely due to the interplay 

between intramolecular antiferromagnetic interactions ( < 0) and intermolecular ferromagnetic 

interactions ( > 0). It is noteworthy that the solid I contains a TIM component of as large as +2.8 x 10–3 

emu mol–1 in this temperature range, in addition to an ordinary Curie-Weiss paramagnetic component, e.g., 

the para = +2.5 x 10–3 emu mol–1 at 250 K. Such an existence of a TIM component in the original solid 

phase was not observed in small rod-like nitroxide radical compounds which exhibited a positive magneto-

LC effect.16,18 

Another important result is a large M increase at the solid I-to-Colh phase transition (83 °C) in 

the first heating run (Fig. 4c,d), which was associated with the formation of chiral helical columnar structure 

in the Colh phase. This M increase was preserved during the first cooling and second heating runs and such 

a magnetic behavior was observed for various rod-like LC nitroxide radical compounds, too (Fig. 4e). 16-18 

The TIM values obtained by subtracting the calculated dia value (–1.6 x 10–3 emu mol–1) from the 

experimental (TIM + dia) value (+1.24 x 10–3, +2.14 x 10–3 and +1.90 x 10–3 emu mol–1) between 100 and 

250 K in the first heating and cooling runs and the second heating run were +2.8 x 10–3, +3.7 x 10–3 and 

+3.5 x 10–3 emu mol–1, respectively (Fig. 4h). This M or TIM increase (+0.90 x 10–3 emu mol–1) between 

the first heating and cooling runs was much larger than that arising from the molecular reorientation effect 

caused by the small molecular ,20 as shown afterward (Fig. 6a. 9a and 10a). The increase in the TIM 

value between solids I and II was confirmed by measuring the magnetic-field (H) dependence of molar 

magnetization (M) at 150 and 353 K by the first and second heating (Fig. 5). The M highly deviated from 

the linearity below 1000 Oe, implying the existence of a TIM component responsible for the observed 

superparamagnetic-like M-H behavior in the solids I and II. Furthermore, the deviation of M in the Colh 

phase at 353 K was larger than that in the solid I at 150 K in the first heating (Fig. 5b, f) and comparable to 

that in the solid II at 150 K in the second heating (Fig. 5d, f). Thus, the observed saturated M (2 ~ 4 emu 

mol–1) with respect to the deviated M component (Fig. 5b, d, f) turned out to correspond to the respective 

TIM values. Such a superparamagnetic-like M-H behavior was observed in the Sm and isotropic phases, 

too, although the plots fairly scattered at higher temperatures. 

The existence of TIM in the original solid I was not due to the aluminum foil used, since the Al 
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blank values were carefully subtracted from the experimental raw data and the M of Al was actually as low 

as +1.5~1.8 x 10–5 emu mol–1, if any. Furthermore, almost negligible contamination by extrinsic magnetic 

metal or metal ion impurities in 1(95:5) was verified by inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES), too (Section 8 in SI and Table S1); e.g., the iron content was 1.3 g/g (or ppm) 

which corresponded to 0.62 emu mol–1 and was far less than the observed saturated M of 2 to 4 emu mol–1 

(Fig. 5), the nickel content was only 0.6 g/g, and the manganese content was less than the detection limit 

of 0.2g/g. Further proofs of the negligible contamination by extrinsic magnetic metal or metal ion 

impurities in compounds 1 by SQUID measurement are given in the following sections including Figs. 6-

9. 

Thus, the large M increase observed in the LC (Colh and Sm) phases in the first heating run 

corresponded to the 32% TIM increase in the solid II in the first cooling run, compared with the solid I. It 

is noteworthy that the M increase at the solid I-to-Colh transition occurred only in the presence of a 

magnetic field. Namely, either of the M or TIM increase was not seen in the first heating (up to 390 K) or 

cooling run, respectively, in the absence of a magnetic field above 300 K. In this case, the M increase 

appeared in the second heating run up to 390 K at a magnetic field of 0.05 T and was preserved as the TIM 

increase, giving a M-T scheme almost similar to that in Fig. 4c. In summary, these results indicate that (1) 

the original solid I already contained a TIM component, which increased in the solid II by heating to the LC 

phase followed by cooling under low magnetic fields and (2) the M increase at the solid I-to-Colh phase 

transition does not arise from the release of antiferromagnetic interactions observed in the solid I below 

100 K nor the small molecular . It is reasonable to consider that this unique magnetic transition behavior 

should be ascribed to an enlargement of magnetically inhomogeneous domains in the LC phase, which 

leads to the observed M and TIM increases in the LC and solid II phases, respectively. Such a unique 

magnetic phenomenon is reminiscent of the magnetic properties of spin glass materials through thermal 

processing.40,41 
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Figure 4. Temperature dependence of (a) para in the first heating run (the solid line calculated by using the 

Bleany-Bowers equation with 2J/kB = –39.6 K), (b) paraT in the first heating, (c) M in the first heating and 

cooling runs, (d) M by magnification (between 300 and 400 K) of panel c, (e) M in the first cooling and 

second heating runs, (f) para in the first heating and cooling runs, and (g) para in the first cooling and second 

heating runs, measured for 1(95:5) at 0.05 T in the temperature range between 2 and 390 K using a 

paramagnetic aluminum foil. (h) Obtained magnetic constants and TIM values in the first heating and 

cooling runs, and the second heating run. 
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Figure 5. Magnetic field (H) dependence of molar magnetization (M) for 1(95:5) (a) in the solid I at 150 K 

by the first heating from 2 K, (b) after correction of the oblique linear base line to the horizontal one in 

panel a, (c) in the solid II at 150 K by the second heating after the first heating up to 390 K followed by 

cooling to 2 K at 0.05 T, (d) after correction of the oblique linear base line to the horizontal one in panel c, 

(e) in the Colh phase at 353 K by the second heating, and (f) after correction of the oblique linear base line 

to the horizontal one in panel e. 

 

To investigate the influence of the minor component (R*,R*)-1 on the magnetic properties of the 

major component (R,S)-1 in 1(95:5), (R*,R*)-1 was synthesized from (R*,R*)-3 (Section 2 in SI). (R*,R*)-
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1 with a melting point of 54.3 C (DSC analysis) did not show an LC phase and thereby either the 

superparamagnetic-like M-H behavior or the M increase in the first heating and cooling, and second heating 

runs at 0.05 T (Fig. 8). Noticeably, in contrast, although pure (R,S)-1 showed neither the superparamagnetic-

like M-H behavior nor the M increase in the first heating run at 0.05 T (Fig. 6a,b and 7a,b), a 

superparamagnetic-like M-H behavior and a M increase were revived by the first cooling from the isotropic 

phase and in the second heating run, respectively, at 0.05 T (Fig. 6 and 7c-f). These results proved almost 

negligible contamination of extrinsic magnetic metal or metal ion impurities in (R,S)-1 and (R*,R*)-1 and 

provided the first observation of an increase in magnetic interactions only by thermal processing for (R,S)-

1. Such a thermal phenomenon was often observed in the metallic spin glass materials40,41 and spin glass-

like poly(phenylacetylene) -radicals.42 

Furthermore, it was confirmed that so long as compounds 1 composed of the major (R,S)-1 and 

minor (R*,R*)-1 components were used, (1) the occurrence of the superparamagnetic-like M-H behavior in 

the solids I and II and (2) the large M increase at the solid I-to-Colh phase transition in the first heating run 

were fully reproducible. In this instance, the TIM values in the solid I in the first heating run and in the solid 

II in the first cooling run varied, depending on the ratio of the two components. For example, 1(80:20) [an 

80:20 mixture of (R,S)-1 and (R*,R*)-1], which was obtained by dissolving the two isolated components in 

CH2Cl2 followed by vacuum evaporation, exhibited a distinct superparamagnetic-like M-H behavior in the 

original solid I and a much larger M increase at the solid I-to-Colh phase transition in the first heating run 

than 1(95:5) did (Fig. 9). According to eqs 1 and 3, TIM + dia = +4.1 x 10–4 emu mol–1, Weiss constant  = 

0 K, and Curie constant C = 0.62 emu K mol–1 were obtained in the first heating run. The TIM values 

obtained by subtracting the calculated dia value (–1.6 x 10–3 emu mol–1) from the experimental (TIM + dia) 

value (+4.1 x 10–4, +4.4 x 10–3 and +4.4 x 10–3 emu mol–1) between 100 and 250 K in the first heating and 

cooling runs and the second heating run were +1.6 x 10–3, +6.0 x 10–3 and +6.0 x 10–3 emu mol–1, 

respectively. Absolutely, such an extraordinary M or TIM increase (+4.4 x 10–3 emu mol–1) cannot be 

explained by the molecular reorientation effect due to the small molecular .  

From these experimental results, the following five facts were revealed; (1) neither pure (R,S)-1 

nor (R*,R*)-1 exhibited a superparamagnetic-like behavior in the original solid phase in the first heating 

run, (2) pure (R,S)-1 showed the superparamagnetic-like M-H behavior only by the first cooling from the 

isotropic phase at 0.05 T, most likely due to the partial formation of boat and/or half-chair conformers of 

(R,S)-1 which are assumed to result from the thermal motion of the cyclohexane ring in the isotropic phase 

and serve as necessary impurities to lead to the partial formation of magnetically inhomogeneous domains, 

(3) the original solid I composed of major (R,S)-1 and minor (R*,R*)-1 showed the superparamagnetic-like 

behavior most likely because (R*,R*)-1 serve as an organic impurity to form magnetically inhomogeneous 

domains easily, (4) such a superparamagnetic-like M-H behavior was not caused by either external magnetic 

impurities such as iron and nickel or the small molecular , and (5) such a unique magnetic phenomenon 

is reminiscent of the magnetic properties of spin glass materials induced by thermal processing40-42 or the 
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Figure 6. Temperature dependence of M for (R,S)-1 (a) in the first heating and cooling runs, (b) by 

magnification (between 2 and 100 K) of panel a, (c) in the first cooling and second heating runs, and (d) by 

magnification (between 200 and 400 K) of panel c, at 0.05 T in the temperature range between 2 and 400 

K using a paramagnetic aluminum foil. 
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Figure 7. Magnetic field (H) dependence of molar magnetization (M) for (R,S)-1 (a) in the solid I at 150 K 

by the first heating from 2 K, (b) after correction of the oblique linear base line to the horizontal one in 

panel a, (c) in the solid II at 150 K by the second heating after the first heating up to 400 K followed by 

cooling to 2 K at 0.05 T, (d) after correction of the oblique linear base line to the horizontal one in panel c, 

(e) in the Colh phase at 363 K by the second heating, and (f) after correction of the oblique linear base line 

to the horizontal one in panel e. 
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Figure 8. Temperature dependence of M for (R*,R*)-1 (a) in the first heating and cooling runs, (b) by 

magnification (between 2 and 100 K) of panel a, (c) in the first cooling and second heating runs, and (d) by 

magnification (between 2 and 100 K) of panel c, at 0.05 T in the temperature range between 2 and 354 K 

using a paramagnetic aluminum foil. Magnetic field (H) dependence of molar magnetization (M) for 

(R*,R*)-1 in the solid phase at 150 K (e) by the first heating from 2 K and (f) by the second heating after 

the first heating up to 354 K followed by cooling to 2 K at 0.05 T. 
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Figure 9. Temperature dependence of M for 1(80:20) (a) in the first heating and cooling runs and (b) in 

the first cooling and second heating runs at 0.05 T in the temperature range between 2 and 400 K using a 

paramagnetic aluminum foil. Magnetic field (H) dependence of molar magnetization (M) for 1(80:20) (c) 

in the solid I at 150 K by the first heating from 2 K, (d) after correction of the oblique linear base line to 

the horizontal one in panel c, (e) in the solid II at 150 K by the second heating after the first heating up to 

400 K followed by cooling to 2 K at 0.05 T, (f) after correction of the oblique linear base line to the 

horizontal one in panel e, (g) in the Colh phase at 363 K by the second heating, and (h) after correction of 

the oblique linear base line to the horizontal one in panel g. 
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To gain a microscopic insight into the mechanism of the observed positive magneto-LC effect 

operating in the Colh phase of 1(95:5), the temperature dependences of EPR g-value and peak-to-peak line 

width (Hpp) were compared with that of the M (Fig. 10 a,b). The g-value was almost constant due to no 

molecular reorientation in the Colh phase, while a large increase (more than 30%) in Hpp occurred in 

accord with the increase in M at the crystal-to-Colh transition at around 80 oC in the first heating run (Fig. 

4c), indicating a considerable increase in the intermolecular spin-spin dipole interactions in the Colh phase. 

These results that were consistent with those observed in various rod-like LC phases of all-organic nitroxide 

monoradical and biradical compounds16-19 support that strong intermolecular spin-spin dipole as well as 

exchange interactions should operate in the magnetically inhomogeneous domains formed in the Colh phase 

to result in the M and TIM increase. The formation of magnetic interactions between the neighboring disc 

layers within each column by spin polarization mechanism via intermolecular CH/O interactions44 is likely 

responsible for the observed magnetic phenomenon (Fig. 10c), because it was verified that both the C3 and 

C4 atoms on the five-membered nitroxide structure in 2,2,5-trimethyl-5-phenylpyrrolidine-1-oxy possess a 

positive spin density by DFT calculations (section 9 and Fig. S5 in SI).45 

Thus far, the existence of TIM in the original solid I and the subsequent M and TIM increases 

could not be correlated with the energy bands formation, which is similar to the mechanism of Pauli 

paramagnetism,46 in the Colh phase by the UV-Vis spectral and photoconductivity measurements of 1(95:5) 

(Sections 10 and 11, and Figs. S6 and S7 in SI, respectively). 
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Figure 10. Temperature dependence of (a) g-value and (b) HPP for 1(95:5) in the first heating (open circles) 

and cooling (closed circles) runs by EPR spectroscopy at around 0.33 T. (c) Intermolecular spin polarization 

via CH/O interactions between two (R,S)-1 molecules in the neighboring disc layers expected in the 

magnetically inhomogeneous domains.  

 

CONCLUSIONS 

The unique magnetic properties of achiral non--delocalized nitroxide diradical compounds 1, which 

showed a very rare coexistence of two LC phases (Colh and Sm) over a wide temperature range by very 

slow cooling from the isotropic phase, were investigated. The gradual formation of chiral helical columnar 

structure in the Colh phase was confirmed by a preliminary SHG measurement. Almost negligible 

contamination by extrinsic magnetic metal or metal ion impurities was proved by the ICP-AES analysis 

and the H dependence of M measurement for 1(95:5), LC (R,S)-1, and non-LC (R*,R*)-1 independently. 

Although pure (R,S)-1 showed only an ordinary paramagnetic behavior in the first heating run from the 

original nanocrystalline solid I, the superparamagnetic-like M-H behavior was observed by the first cooling 

from the isotropic phase under low magnetic fields, most likely due to the partial formation of cyclohexane 

(boat and/or half-chair) conformers of (R,S)-1 which are supposed to serve as the impurities to form 

magnetically inhomogeneous domains. Furthermore, (R,S)-1 containing a small amount of (R*,R*)-1 as an 

organic impurity (1) possessed a large temperature-independent magnetic susceptibility component (TIM > 

0) in the original solid I before heating, which is responsible for the observed superparamagnetic-like M-H 
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behavior under low magnetic fields, and (2) showed a large increase in the molar magnetic susceptibility 

(M) (positive magneto-LC effect) at the solid I-to-Colh transition in the first heating run at 0.05 T, which 

was preserved as an additional TIM increase in the resulting nanocrystalline solid II in the cooling run. In 

this context, 1(80:20) composed of a 80:20 mixture of (R,S)-1 and (R*,R*)-1 displayed an extraordinarily 

larger M or TIM than 1(95:5) did. These results are consistent with the formation of magnetically 

inhomogeneous domains with intermolecular short contacts in the solid phase and their enlargement in the 

LC phase under low magnetic fields, which is reminiscent of the magnetic properties of spin glass materials 

induced by thermal processing or the presence of impurity.40-43 Such an existence of a large TIM component 

in the original nanocrystalline solid I of compounds 1 with a large molecular structure was not observed in 

the original crystalline phases of small nitroxide radical compounds showing rod-like LC phases.16,18,19 Our 

theoretical studies by molecular dynamic simulations on the mechanism of a large increase in the magnetic 

susceptibility in the solid and LC phases will be reported in due course in terms of the influence of the 

coherent collective molecular motion and inhomogeneous intermolecular short contacts on the magnetic 

susceptibility, together with the in-depth data concerning the spin glass-like properties. 

These results would provide important information for the development of metal-free magnetic 

advanced soft materials, such as magneto-active emulsions which are expected to be used for biomedical 

applications including the magnetically transportable oxidation & reduction resistant magnetic 

microcarrier,47 the magnetic resonance imaging (MRI) contrast agents and the magnetic nanocarrier for a 

magnetically targeted drug delivery system (DDS),48 in place of magnetoliposomes containing 

superparamagnetic iron oxides (magnetite Fe3O4 or maghemite Fe2O3),49 because nitroxide radicals are 

known to show very low toxicity to cell and animals.50-54+ 
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Page 22 of 25

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://pubs.acs.org/author/G%C3%B6rller-Walrand%2C+Christiane


23 

 

14658-14661. 
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