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Abstract  

An optically active amphiphilic nitroxide radical compound [(S,S,R)-5a], which 

contains a paramagnetic (2S,5S)-2,5-dimethyl-2,5-diphenylpyrrolidine-N-oxyl radical 

group fixed in the inner position together with a hydrophobic long alkyl chain and a 

hydrophilic (R)-alanine residue in the opposite terminal positions, was found to serve as 

a low-molecular-weight gelator in H2O to give rise to a spin-labelled physical hydrogel. 

Characterization of the hydrogel was performed by microscopic (SEM, TEM and AFM) 

techniques, XRD and SAXS measurements, and IR, UV and CD spectroscopies. The 

gel–sol transition temperature was determined by EPR spectral line-width (∆Hpp) 

analysis. Measurement of the temperature dependence of relative paramagnetic 

susceptibility (χrel) for the hydrogel and sol phases was achieved by means of the 

double-integration of VT-EPR spectra. 

 

Keywords: electron paramagnetic resonance (EPR) spectroscopy, gel, sol, nitroxide 

radical, magnetic physical hydrogel  

 

1 Introduction 

Amongst persistent organic open-shell compounds such as nitroxides, verdazyls, 

thioaminyls, a certain hydrazyl, phenoxyls, and trityl radicals, nitroxide radicals show 
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outstanding thermodynamic stability ascribed to the delocalization of the unpaired 

electron over the N–O bond and thereby no dimerization or recombination.1 For this 

reason, since the discovery of the purely organic ferromagnet (critical temperature, Tc = 

0.6 K) with respect to one of several polymorphs of 

2-(4-nitrophenyl)-4,4,5,5-tetramethylimidazoline-1-oxy-3-oxide (1) (Fig. 1),2 nitroxide 

radical structures have been used as the spin source to develop metal-free solid state 

magnetic materials and spintronic devices.3-9 Up to the late 1990s, more than twenty 

nitroxide radical-based organic ferromagnets were prepared;10 the highest Tc of 1.48 K 

was recorded for one of polymorphs of 

1,3,5,7-tetramethyl-2,6-diazaadamatane-N,N’-dioxyl (2).11 However, these organic 

nitoxide radical crystals showed a paramagnetic behavior above the Tc. 

Different from paramagnetic organic nitroxide radical crystals,1,10 metal-free 

paramagnetic soft materials are expected to exhibit a unique dynamic magnetic behavior 

induced by applied magnetic fields at high temperatures, which originates from 

inhomogeneous intermolecular contacts due to the swift molecular motion and coherent 

collective properties of molecules in the soft phases.12-17 For example, all-organic 

rod-like liquid crystalline (LC) materials (3) with a stable nitroxide radical unit in the 

central core portion and a negative dielectric anisotropy (∆ε < 0) were found to exhibit a 

sort of spin glass-like inhomogeneous ferromagnetic interactions (average spin-spin 

exchange interaction constant J  > 0) induced by weak magnetic fields in various 

chiral and achiral LC phases at high temperatures (30-150 °C).18-22 Indeed, these radical 

LC droplets floating on water were attracted to a weak permanent magnet and moved 

swiftly under the influence of the magnet. The origin of such unique magnetic 

interactions, which were referred to as positive ‘magneto-LC effects’,20 were interpreted 

in terms of the preferential occurrence of ferromagnetic spin-spin dipole interactions in 

magnetic fields due to the inhomogeneous intermolecular contacts in the LC phases.19-21 

Furthermore, by EPR studies and DFT calculations Vorobiev et al. revealed that the spin 

polarization mechanism between neighboring radical molecules rather than the direct 

through-space interactions between paramagnetic centers contributes to the occurrence 

of the positive magneto-LC effects.23  
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Fig. 1 Molecular structures of nitroxide radical compounds 1-5. 

 

From these results it is expected that analogous magnetic interactions may be 

induced by weak magnetic fields in other metal-free magnetic soft materials, such as 

gels, which show a high sensitivity to external heat, pressure, light, pH and so forth.24-27 

Since the first report on organogelation of a nitroxide radical-labelled steroid in 

cyclohexane,28 three spin-labelled gelators bearing a 

2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) radical pendant in the terminal position 

of molecules have been reported.29-31 Interestingly, Kato et al. revealed the 

paramagnetic behavior with weak antiferromagnetic interactions with respect to the 

radical moieties aligned one-dimensionally on the L-isoleucine-based β-sheet scaffold 

of gelator 4 by superconducting quantum interference device (SQUID) measurements of 

the physical organogels in the presence of organic solvents in the temperature range of 2 

to 240 K.29 However, there has been no precedent concerning magnetic gels containing 

a radical unit or a paramagnetic metal ion in the central position of a molecule. 

With this situation in mind, according to the general molecular design of 

gelators,24-27 we have designed and synthesized three optically active amphiphilic 

radical compounds 5 [(S,S,R)-5a with (R)-Ala, (S,S,S)-5b with (S)-Ala, and (S,S)-5c 

with Gly (Fig. 2)] with negative dielectric anisotropy (∆ε < 0) (Fig. S1) as candidates 

for a hydrogelator, which consist of a 

(2S,5S)-2,5-dimethyl-2,5-diphenylpyrrolidine-N-oxyl radical group as the spin source 

fixed in the inner position, and a long alkyl chain and an amino acid residue as the 

hydrophobic and hydrophilic functionalities, respectively, in the opposite terminal 

positions. Here we report the preparation and characterization of the hydrogel of 

(S,S,R)-5a and the magnetic behavior observed in the gel and sol states clarified by 
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variable temperature electron paramagnetic resonance (VT-EPR) spectroscopy.  

 

2 Experimental  

 

2.1 Preparation of (S,S,R)-5a 

4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM, 

76.1 mg, 0.275 mmol) was added to a solution of 

(S,S)-4-[5-(4-tetradecyloxyphenyl)-2,5-dimethylpyrrolidine-1-oxyl-2-yl]benzoic acid 

(144 mg, 0.275 mmol) and N-methylmorpholine (8.34 mg, 0.083 mmol) in 

acetone/CH2Cl2 (1.5 mL/0.5 mL) at 25 °C. After stirring for 15 min, a solution of 

(D)-(R)-Alanine (27.0 mg, 0.303 mmol) and potassium carbonate (41.8 mg, 0.303 

mmol) in water (0.5 mL) was added, and the mixture was stirred for 12 h at 25 °C. The 

aqueous phase was acidified with 5 w% H2SO4 to pH 2-4, and extracted with CH2Cl2 

(15 ml) three times. The combined organic layer was dried over MgSO4, filtered and the 

solvent was evaporated under reduced pressure. The residual solid was purified by flash 

column chromatography on silica gel (9:1 CHCl3/ether) to give 102 mg (63%) of 

(S,S,R)-5a as a yellow amorphous solid. (S,S,R)-5a (82% de): IR (KBr) 3446, 2976, 

2922, 2852, 2372, 2345, 1791, 1560, 1462, 1290, 1250, 897, 774 cm–1. [α]D
25 = –95.8 (c 

0.20, THF). Anal. Calcd for C36H53N2O5: C, 72.81; H, 9.00; N, 4.72. Found: C, 72.57; H, 

9.07; N, 4.47. 

Similarly, (S,S,S)-5b and (S,S)-5c were prepared in 69% and 70% yields, 

respectively, as yellow solids. (S,S,S)-5b (85% de): m.p. 143.3 °C (DSC); IR (KBr) 

3446, 2976, 2922, 2852, 2372, 2345, 1791, 1560, 1462, 1290, 1250, 897, 774 cm–1. 

Anal. Calcd for C36H53N2O5: C, 72.81; H, 9.00; N, 4.72. Found: C, 72.91; H, 8.91; N, 

4.65. [α]D
25 = –79.0 (c 0.20, THF). (S,S)-5c (82% ee): m.p. 113.9 °C (DSC); IR (KBr) 

3446, 2976, 2922, 2852, 2372, 2345, 1791, 1560, 1462, 1290, 1250, 897, 774 cm–1. 

Anal. Calcd for C35H51N2O5: C, 72.50; H, 8.87; N, 4.83. Found: C, 72.43; H, 8.88; 

N,4.83. [α]D
25 = –84.4 (c 0.20, THF). 

 

2.2 Determination of de and ee values of 5a—5c 

HPLC analysis was carried out using a chiral stationary phase column (Daicel 

Chiralpak OD-H, 0.46 cm × 25 cm) at 30 °C, a mixture of hexane, 2-propanol and TFA 

(700:300:5) as the mobile phase at the flow rate of 0.5 ml/min and a UV-vis 

spectrometer (254 nm) as the detector (Fig. S2). 

 

2.3 X-ray crystallographic analysis of (S,S,S)-5b 
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X-ray intensity data were collected on a Rigaku Saturn724+ CCD area detector 

diffractometer mounted on a 1/4 χ goniometer [graphite-monochromated MoKα 

radiation (λ = 0.71073 Å); ω scans] at 100 K with a Rigaku low-temperature 

equipment. The crystal structure was solved by direct methods using SIR9732 and 

refined on F
2 with all data using SHELXL97.33 All non-hydrogen atoms were 

refined anisotropically, and hydrogen atoms were placed at calculated positions. All 

the crystallographic calculations were carried out using Yadokari XG-2009.34 

Crystal data for (S,S,S)-5b: C36H53N2O5, M = 593.80, orthorhombic, a = 9.576(3) Å, b = 

13.430(4) Å, c = 26.522(8) Å, V = 3410.9(18) Å3, T = 100(2) K, space group P212121, Z 

= 4, µ = 0.076 mm-1, 27817 reflections measured, 7813 independent reflections (Rint = 

0.0881). The final R1 and wR(F2) values were 0.0822 (I > 2σ(I)) and 0.1262 (I > 2σ(I)), 

respectively. The final R1 and wR(F2) values were 0.1132 (all data) and 0.1397 (all data), 

respectively. The goodness of fit on F
2 was 1.095. Crystallographic data have been 

deposited at the Cambridge Crystallographic Data Centre, 12 Union Road, 129 

Cambridge CB2 1EZ, UK, and copies can be obtained on request, free of charge, by 

quoting the publication citation and the deposition number CCDC 1041193. 

 

2.4 Preparation of the hydrogel of (S,S,R)-5a 

In a 4 mL glass vial, 6.0 mg (1.0×10-2 mmol) of (S,S,R)-5a were dispersed in water 

(168 µL). The mixture (3.4 wt%) was heated at 80 °C using a water bath until the solid 

was dissolved. The resultant clear solution was then cooled down to room temperature. 

The hydrogel was formed in a few minutes. The gelation test was carried out by the 

test-tube inversion method.24 The xerogel was obtained by freeze-drying the hydrogel. 

 

2.5 Small angle X-ray scattering (SAXS) measurement of the hydrogel, xerogel and 

powder sample of (S,S,R)-5a (Fig. 7b) 

SAXS camera (SAXES) installed at BL10C of KEK-PF (Ibaraki, Japan) was used 

to collect SAXS intensity data. SAXS intensities of samples were measured with an 

PILATUS 2M detector with an exposure time of 60 sec and a sample-to-detector 

distance of 2000 mm, which was calibrated by the powder diffraction from silver 

docosanoate. Circular averaging of the SAXS intensity data was then performed to 

obtain the one-dimensional intensity data I(q) as a function of q (q = 4πsinѲ/λ, where 2

Ѳ is the scattering angle and the X-ray wavelength λ = 1.488 Å).  

 

3 Results and Discussion 
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3.1 Preparation and characterization of hydrogel 

Compounds (S,S,R)-5a (82% de), (S,S,S)-5b (85% de) and (S,S)-5c (82% ee) were 

synthesized from the precursor 

(S,S)-4-[5-(4-tetradecyloxyphenyl)-2,5-dimethylpyrrolidine-1-oxyl-2-yl]benzoic 

acid35-37 as shown in Figure 2. 

 

 

Fig. 2 Synthesis of (S,S,R)-5a, (S,S,S)-5b and (S,S)-5c. 

  

First we found that (S,S,R)-5a, (S,S,S)-5b, and (S,S)-5c did not form an organogel 

with various organic solvents. Then we measured the solubility of amorphous (S,S,R)-5a 

and crystalline (S,S,S)-5b and (S,S)-5c in H2O at 25 °C and evaluated the hydrogelation 

ability by heating the aqueous solutions followed by cooling (Fig. 3). Interestingly, of 

these three compounds, a semitransparent hydrogel was formed from (S,S,R)-5a, 

whereas crystals were precipitated for (S,S,S)-5b and (S,S)-5c. The hydrogel of 

(S,S,R)-5a was stable for more than one month and the gel–sol conversion was 

thermally reversible. The homologues of (S,S,R)-5a, which have a shorter C8 or C12 

alkyl chain, failed to form a hydrogel or provided an unstable hydrogel, respectively. 

The critical gelation concentration (CGC) of (S,S,R)-5a was 3.4 wt% (6.0 x 10–2 mol/L) 

in H2O at 25 °C. The block-like single crystal of diastereomeric (S,S,S)-5b suitable for 

X-ray crystallographic analysis was obtained by recrystallization from the saturated 

aqueous ethanol solution (H2O/EtOH, 1/5 v/v). The crystal structure of (S,S,S)-5b 

consists of homochiral 1D chains formed by the hydrogen bond between the amide 

carbonyl oxygen atom and the carboxyl group, but there is no hydrophobic interaction 

between long alkyl chains (Fig. 4). In this context, Fuhrhop et al. reported that the 

gelation behavior depends on the stereochemistry of gelators; some diastereomers 

dissolved in solvents to form gels but the others precipitated.38 Since the gelation 

process is a delicate balance between dissolution and precipitation,24-27 the rational 

explanation for hydrogel or crystal formation in our case is unclear at present.  
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Compound Solubility in H2O at 25 °C Gelation & CGC 

(S,S,R)-5a 4.50 mg/mL (7.58×10-3 mol/L)  yes 

3.4 wt% (6.0×10-2 mol/L) 

(S,S,S)-5b 0.160 mg/mL (2.69×10-4 mol/L) no 

(S,S)-5c 0.120 mg/mL (2.07×10-4 mol/L) no 

Fig. 3 Comparison of hydrogelation abilities of (a) (S,S,R)-5a, (b) (S,S,S)-5b and (c) 

(S,S)-5c by heating at 80 °C followed by cooling to 25 °C. 

 

 

Fig. 4 X-ray crystal structure of (S,S,S)-5b. Homochiral 1D chain structure formed by 

the hydrogen bond (O---O 2.61 Å) between the amide carbonyl oxygen atom and the 

carboxyl group on the ab plane. 

 

In order to verify the self-assembly of gelator molecules in the hydrogel of 

(S,S,R)-5a, the xerogel obtained from the hydrogel was subjected to microscopic (SEM, 

TEM, and AFM) observation (Figs. 5 and 6). The xerogel obtained from the hydrogel of 

(S,S,R)-5a (6.0×10–2 mol/L) by lyophilization and the nanofibers formed by evaporation 

of the aqueous solution (1.0×10–2 mol/L) of (S,S,R)-5a were subjected to SEM 

observation, and the samples for TEM observation were obtained by evaporation of the 

diluted aqueous solutions (1.0×10–2 and 5.0×10–3 mol/L) on 200-mesh copper grids 

coated with a perforated carbon film (Fig. 5). The SEM images of the xerogel showed 

the 3D network of nanofibers (Fig. 5a, b). Moreover, the formation of nanofibers of 100 

to 300 nm in width was also confirmed by the TEM observation (Fig. 5c, d). To estimate 

the average aspect ratio of the nanofibers, the samples for AFM observation were 

prepared by spreading a small amount (~20 µL) of the hydrogel on a freshly cleaved 
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mica, followed by spontaneous evaporation. The AFM image of the resulting xerogel 

clearly demonstrated the formation of fibrous assembly of (S,S,R)-5a with no helical 

structure (Fig. 6a). Measurement of the height profile of nanofibers indicated that the 

average height-to-width ratio was ca. 1:3 (Fig. 6b).  

 

 
Fig. 5 SEM and TEM images of fibrous assembly of (S,S,R)-5a. SEM images of (a) the 

xerogel obtained from the hydrogel (6.0×10–2 mol/L) and (b) the nanofibers obtained by 

evaporation of the aqueous solution (1.0×10–2 mol/L). TEM images of the nanofibers 

obtained by evaporation of the aqueous solutions of (c) 1.0×10–2 mol/L and (d) 5.0×10–3 

mol/L.  
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Fig. 6 Fibrous assembly in the xerogel of (S,S,R)-5a. (a) AFM image. (b) Height profile 

along the red line in the inset of image (a). (c) Speculated molecular arrangement in the 

nanofiber of (S,S,R)-5a. 

 

To examine what kind of intermolecular interaction makes a big contribution to the 

formation of nanofibers, the solid-state IR spectrum of (S,S,R)-5a was compared with 

that of (S,S,S)-5b. The IR spectra of the powder sample of (S,S,R)-5a and the xerogel 

obtained from the hydrogel of (S,S,R)-5a, both of which did not show the out-of-plane 

bending vibration band near 920 cm–1 characteristic of dimeric carboxylic acids,39 were 

very similar to that of the powder sample of (S,S,S)-5b (Fig. S3). Accordingly, the 

homochiral 1D chain structure between the amide oxygen atom and the carboxylic acid 

observed in the crystal structure of (S,S,S)-5b (Fig. 4) is also assumed to exist in the 

self-assembled nanofibers of (S,S,R)-5a (Fig. 6c).  

To confirm the existence of periodic structures in the nanofibers, the xerogel and 

hydrogel of (S,S,R)-5a were subjected to the X-ray diffraction (XRD) and the small 

angle X-ray scattering (SAXS) measurements, respectively. Consequently, the XRD 

pattern of the xerogel showed two peaks at 2θ = 1.9° (d = 46.5 Å) and 21.4° (4.2 Å) 

(Fig. 7a). Interestingly, a similar peak at 47.2 Å was observed in the SAXS patterns of 
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the gel and xerogel (Fig. 7b), indicating the existence of the same periodic structure. 

The 4.2 Å is most likely to correspond to either the mean distance between two alkyl 

chains or that of π-π stacked aromatic rings,40 while 46.5 Å or 47.2 Å is shorter than 

twice as long as the molecular length (32 Å) of (S,S,R)-5a (Fig. S1) which was obtained 

by the AM1 Molecular Orbital calculations of the virtual molecular structure of 

(S,S,R)-5a derived from the crystal structure of (S,S,S)-5b (Fig. 4), suggesting the 

formation of interdigitated structure generated by hydrophobic intermolecular 

interactions of long alkyl chains (Fig. 6c). On the contrary, in the cases of (S,S,S)-5b and 

most likely (S,S)-5c, such interactions between long alkyl chains were not formed due to 

the different chirality of amino acid moieties, but instead stable crystals were produced 

(Fig. 4). 

 

Fig. 7 (a) XRD pattern of the xerogel of (S,S,R)-5a. (b) SAXS patterns of (S,S,R)-5a; 

hydrogel (6.0 x 10–2 mol/L) (solid line, —–), xerogel (dashed line, — - — ), and powder 

(broken line, – – –). 
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Furthermore, the intensities of UV absorption and CD cotton effects observed at 

230 nm arising from the 1La transition of C6H5-CO-NHCH3 and CH3O-C6H5
41,42 in the 

concentration of 1.0 x 10–4 mol/L of (S,S,R)-5a in H2O were three times higher than 

those of 5.0 x 10–5 mol/L (Figure 8b, d), suggesting the self-assembly of gelator 

molecules in H2O. In contrast, such a nonlinearity in the UV and CD spectral intensity 

was not observed in THF (Fig. 8a, c). These results were in good agreement with those 

from the EPR spectral studies; only broad singlet peak due to the self-assembly of 

gelator molecules was observed in a highly diluted aqueous solution of (S,S,R)-5a (1.0 x 

10–4 mol/L), whereas only three-line shape spectrum due to the free molecule was 

observed at a higher concentration of 1.0 x 10–2 mol/L in THF (Fig. 9).  

 

Fig. 8 UV (a and b) and CD (c and d) spectra in solutions of (S,S,R)-5a at 25 °C using a 

quartz cell with a path length of 10 mm. (a) 1.0 x 10–4 mol/L (solid line) and 5.0 x 10–5 

mol/L (broken line) in THF. (b) 1.0 x 10–4 mol/L (solid line) and 5.0 x 10–5 mol/L 

(broken line) in H2O. (c) 1.0 x 10–4 mol/L in THF. (d) 1.0 x 10–4 mol/L (solid line) and 

5.0 x 10–5 mol/L (broken line) in H2O. 
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Fig. 9 (a) EPR spectra of (S,S,R)-5a (1.0 x 10–4 mol/L) in H2O at 25 °C. (b) EPR spectra 

of (S,S,R)-5a (1.0 x 10–2 mol/L) in THF at 25 °C. 

 

From these results, the gelation process is most likely to involve (1) formation of 

1D chains of (S,S,R)-5a through the hydrogen bond between the amide oxygen atom 

and the carboxylic acid, (2) growth of 2D nanosheet by supramolecular assembly of the 

1D chains by hydrophobic interactions of long alkyl chains (Fig. 6c), (3) formation of 

nanofibers by stacking of 2D nanosheets, (4) entanglement of the nanofibers to create 

3D networks, and (5) trapping of water molecules in the inner space of the 3D networks 

by the surface tension.43-45  

 

3.2 Magnetic behavior 

Although the gel–sol transition temperature of (S,S,R)-5a could not be determined 

by DSC analysis, it was assumed to be around 32 °C by using the standard test-tube 

inversion methods (Fig. 3).24 To confirm this transition point and gain an insight into the 

change in the magnetic behavior between the gel and sol states, the temperature 

dependence of EPR spectra was measured for the hydrogel sample (3.4 wt%) loaded in 

a glass capillary (<1 mm φ) in a temperature range between 27 °C and 55 °C at a 

magnetic field of 0.33 T (X-band, at a fixed frequency with sweeping field centered at 

0.33 T) (Fig. S4). The EPR peak-to-peak line-width (∆Η pp) and g-value were directly 

determined from the spectra, and the g-values were in good agreement with those 

obtained by the satisfactory line shape simulation of the spectral data using the 

EasySpin program (Fig. S5, Table S1)46,47 based on the convolution of Gaussian with 
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Lorentzian functions.48 No appreciable change in the g-value was noted in both heating 

and cooling runs (Fig. S6), indicating almost no change in the molecular orientation 

between the gel and sol states. On the contrary, ∆Η pp increased at the gel-to-sol 

transition and then gradually decreased in the heating run (Fig. 10). Generally the 

increase in ∆Η pp reflects either of the following two magnetic interactions; (a) an 

increase in spin-spin dipole interaction or (b) a decrease in spin-spin exchange 

interaction. Since the entangled nanofibers collapse to form colloidal solution at the 

gel-to-sol transition, the decreased spin-spin exchange interaction should be responsible 

for the increase in ∆Η pp, followed by the gradual decrease in ∆Η pp due most likely to 

the motional narrowing. A similar tendency was observed in the cooling run. Thus, it 

should be noted that EPR spectroscopy is an excellent tool for determining the transition 

temperature and evaluating the intermolecular spin-spin interactions. 

 

 
Fig. 10 Temperature dependence of peak-to-peak line-width (∆Ηpp) in the gel and sol 

states of (S,S,R)-5a. Circles and squares indicate the data in the first cooling and second 

heating runs, respectively. 

 

Next, to evaluate the temperature dependence of paramagnetic susceptibility (χpara) 

in the gel and sol states, the relative paramagnetic susceptibility (χrel) which is defined 
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as  

0

para

rel
χ

χ
χ =  

where χ0 is the standard paramagnetic susceptibility (equal to the double integral of an  

EPR spectrum) at 27 °C, was employed. This is because it is difficult to evaluate the 

χpara value accurately by SQUID measurement of the hydrogel containing only 3.4 wt% 

of (S,S,R)-5a at high temperatures. The mean χrel values of three measurements at each 

temperature were plotted along with the standard deviation represented by error bars 

(Fig. 11). At the gel–to–sol transition, no appreciable change was noted. As the 

temperature increased, the χrel decreased gradually according to the Curie-Weiss law. 

Since the χpara –T plot for the xerogel of (S,S,R)-5a at 0.05 T obtained by SQUID 

measurements obeyed the Curie–Weiss law in the temperature range of 2 K to 300 K 

(Weiss constant θ = –0.28 K and Curie constant C = 0.342 emu K mol–1), exhibiting a 

paramagnetic behavior below 300 K (Fig. S7 and Table S2), it is natural to consider that 

the spins are under the paramagnetic circumstance in both the gel and sol states, too.  

 

Fig. 11 Temperature dependence of χrel in the gel and sol phases for (S,S,R)-5a. Circles 

denote the first cooling run, while squares represent the second heating run. 

 

4 Conclusions 

(1) 
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For the first time, a spin-labelled physical hydrogel containing a chiral cyclic 

nitroxide radical unit fixed in the inner position of a low-molecular-weight gelator 

molecule was prepared. The dynamic behavior of the chiral radical hydrogelator 

(S,S,R)-5a (∆ε < 0) in the gel and sol states was evaluated by VT-EPR spectroscopy. The 

gel–sol transition temperature was accurately determined by EPR spectral line-width 

analysis. For the measurement of the temperature dependence of paramagnetic 

susceptibility (χpara) at high temperatures for the hydrogel and sol phases containing a 

small amount of organic radical gelator in H2O, the relative paramagnetic susceptibility 

(χrel) obtained by means of the double-integration of EPR spectra was employed. 

Consequently, no appreciable change in the intermolecular magnetic interactions 

between the gel and sol states was noted. In addition, the present method will be used as 

a convenient and reproducible, general tool to evaluate the change in magnetic 

interactions at a phase transition in nitroxide radical-labelled soft materials at high 

temperatures in place of SQUID measurement. 
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