Xuan An 
  
Wan Fang 
email: yfang@snnu.edu.cn
  
Zhaolong Wang 
  
Kaiqiang Liu 
  
Liping Ding 
  
Junxia Peng 
  
Taihong Liu 
  
Haonan Peng 
  
Lionel Salmon 
email: lionel.salmon@lcc-toulouse.fr
  
Yu Fang 
  
Supramolecular gel strategy-based nanomaterials

Keywords: spin crossover, thermochromism, self-assembly, gel

published or not. The documents may come   L'archive ouverte pluridisciplinaire

Introduction

Mobile electronics, the Internet, artificial intelligence, big data and high-performance computing have posed a major challenge on data storage and processing: the volume of digital information across the globe doubles every two years, which has reached 44 zettabytes (4.4 × 10 10 terabytes) by 2020. For information storage, the strategy based on the concept of molecular bistability that switches between two electronic states of a molecule in the same way as a binary switch is one of the most promising strategies among the competing candidates. A typical example of molecular bistability is the spin crossover (SCO) phenomenon, also called spin transition (ST) phenomenon. The two states of SCO materials, high spin (HS) and low spin (LS) states, can be converted by external stimuli such as temperature, light, pressure, magnetic field and/or inclusion of a guest molecule, [1][2][3] which makes them a fascinating class of materials with potential applications in molecular electronics, [4][5][6] sensors, [7][8][9] molecular actuators, [10][11][12][13] etc. The related characterization technology is diverse and advanced, 14 which provides a solid foundation for the application of SCO materials. To satisfy these applications, it is of prominent importance to design and synthesize SCO materials with a size of nano-scale and room temperature spin transition. 15,16 J o u r n a l P r e -p r o o f At present, several methods have been developed to prepare SCO nanomaterials, 17 including reverse micelle technique, 18 polymer and biopolymer stabilization method 19,20 and homogeneous acid medium technique. 21,22 Nevertheless, it is still challenging to prepare SCO materials with controllable sizes and morphologies. Reverse micelle method was applied to synthesize NPs with different sizes through adjusting the surfactant concentrations, while the reproducibility is poor due to uncontrolled parameters. 23 Moreover, owing to the strong matrix effect, the reverse micelle technique and polymer stabilization method will undoubtedly introduce excess surfactants or polymers on the surface of SCO materials, leading to a weakening of their SCO response. 24,25 In addition, there are only few reports about room temperature SCO materials, since it depends not only on the characteristic of SCO complexes but also on their molecular interactions. Such as hydrogen bonding 26,27 or π-π stacking interactions 28,29 can achieve the cooperative SCO transitions. Within supramolecular gels, the gelators self-assemble 30,31 into three-dimensional (3D) networked structures with different morphologies through noncovalent intermolecular interactions including hydrogen bonding, π-π stacking, van der Waals, coordination, and other interactions. 32 These special morphologies and interactions make supramolecular gels applicable in a wide range of areas. 33,34 However, to our knowledge, there are only limited reports for the preparation of SCO nanomaterials by using the supramolecular gel strategy that could exhibit remarkable properties. 35,36 Meanwhile, there is no report for the preparation of nanoparticles with different size and morphology through the supramolecular gel strategy.

Herein, the tris(dodecyloxy)-benzamide modified triazole SCO derivative [Fe(Rtrz)3](SO3CF3)2 was designed and synthesized. (Triazole)Fe(II) complexes are an important family of compounds that could exhibit switching properties at around room temperature. 37,38 Through the modification of 4substituent on the triazole ligand and/or the choice of the counter-anion, the SCO characteristics of (triazole)Fe(II) complexes could be well modulated. 39,40 In this work, the tris(dodecyloxy)-benzamide was chemically modified at the 4-J o u r n a l P r e -p r o o f substituent of the triazole ligand to improve the solubility in common organic solvents and the gelation ability of the SCO complex. Interestingly, by using the supramolecular gel strategy, surfactant/polymer-free SCO nanomaterials could be fabricated with as-synthesized [Fe(Rtrz)3](SO3CF3)2 complex. The size and morphology of the SCO nanomaterials could be controlled by varying the concentration, the solvent and the temperature. Moreover, their SCO behavior was studied by optical, magnetic and Mössbauer measurements.

Results and discussion

The triazole derivative [Fe(Rtrz)3](SO3CF3)2 (Scheme 1) was prepared according to the synthesis route (Scheme S1, ESI †), the composition of which was verified by IR spectra and elemental analysis (see the ESI † for details).

Unfortunately, in this family of 'Fe-triazole' coordination polymers, crystals structures are very difficult to obtain. 41 To study the self-assembly property of as-synthesized compound, the gelation behavior of [Fe(Rtrz)3](SO3CF3)2 in 18 organic solvents was investigated systematically, as shown in Table 1 assemblies changed a lot as the temperature increased from 283 K (Fig. 2) to 288 K (Fig. S8). Uniform structures formed at 283 K disappeared, instead, large and irregular aggregates were generated. This phenomenon could be explained that the molecules might slowly transform into equilibrium aggregation state of the uniform nanostructure at low temperature. The TEM particle size distribution of [Fe(Rtrz)3](SO3CF3)2 assembled at 283 K (Fig. S9)

shows that the size of the square morphology is about 200-400 nm. However, J o u r n a l P r e -p r o o f when the temperature was increased, the molecules tended to an increased disorder, and TEM images showed the existence of aggregate structures with uneven and irregular size. 43 In addition, we have also studied assembly behavior of [Fe(Rtrz)3](SO3CF3)2 in poor solvents (such as ethyl acetate), but no nanomaterials with regular morphologies have been obtained (Fig. S10).

For the SCO complexes, drastic color change often occurs accompanying the spin transition, since the changes in the bond length between the metal center and the ligand could affect the electronic state and symmetry of metal complex.

Therefore, the SCO phenomenon of [Fe(Rtrz)3](SO3CF3)2 was monitored by the variable-temperature UV-Vis spectra and the optical reflectance measurements. Fig. 3 presents the variable-temperature UV-Vis of the complex in n-heptane.

At a low temperature of 293 K, it was observed that the 1 A-1 T absorption of [Fe(Rtrz)3](SO3CF3)2 centered at 520 nm. Switching from 293 K (LS state) to 343 K (HS state), it led to the bleaching of the absorption band at 520 nm. This process was reversible, and the absorption centered at 520 nm would recover 
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when the temperature was turned back to low temperature again (Fig. 3c).

Moreover, optical reflectance of [Fe(Rtrz)3](SO3CF3)2 varying with temperature cycled between 200 K and 390 K was recorded. For the bulk sample (Fig. 4a), the transition temperatures were T1/2(↓) = 298 K and T1/2(↑) = 309 K. A narrow hysteresis centered at room temperature was observed. This result was consistent with the data of variable-temperature UV-Vis. As shown in Fig. 4b and Fig. 4c, the transition became gradual and the transition temperatures were centered at 302 K for sample 1 with fiber network structure, while 301 K for the sample 3 with cubic structure. From these results, it can be concluded that as-synthesized [Fe(Rtrz)3](SO3CF3)2 nanomaterials showed excellent thermochromic behavior and room temperature spin transition.

In order to further confirm the SCO property of as-synthesized [Fe(Rtrz)3](SO3CF3)2, the magnetic measurements were performed. As shown in Fig. 5 (black) for the bulk sample, the value of χmT ca. 3.5 cm 3 •K•mol -1 at high temperature corresponded well to Fe(II) complex in the high spin state.

While at 169 K, the value of 0.08 cm 3 •K•mol -1 indicated that the sample could fully transfer to low spin state. The transition temperatures were T1/2(↓) = 306 K and T1/2(↑) = 312 K, and the hysteresis width was 6 K. As shown in Fig. 5 (red), the spin transition of sample 1 became rather gradual accompanying residual 
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HS fraction and also some residual LS fraction together with an apparent hysteresis loop. While for the nano-cubic structure sample 3 in Fig. 5 (blue), the spin transition was also around room temperature, and the hysteresis width increased. Consistent with the results in optical reflectivity measurements, herein the hysteresis loop was confirmed again for the nano-cubic structure of [Fe(Rtrz)3](SO3CF3)2. These results clearly demonstrated that [Fe(Rtrz)3](SO3CF3)2 nanomaterials presented obvious size dependent SCO property. As the size of SCO materials decreased to nano-scale, the surface-tovolume ratio increased, and the amount of inactive SCO residue on the surface of the complex increased, which resulted in the formation of high residual LS fraction. While the increased hysteresis width for [Fe(Rtrz)3](SO3CF3)2 nanomaterials could mainly be attributed to the intermolecular van der Waals interactions between the introduced tris(dodecyloxy)-benzamide structure.

Besides, increased elastic interactions between SCO nanoparticles might also contribute the appreciated large hysteresis loop. In addition, water fraction in the complexs has no effect on the the spin transition behavior. It should be due J o u r n a l P r e -p r o o f to the introduction of tris(dodecyloxy)-benzamide, which could screen water away the iron center.

The room temperature spin transition behaviour was also confirmed by the calorimetric studies of the bulk and nano-sized samples. The calorimetric data was recorded in the heating and cooling modes at 10 K•min -1 in order to evaluate the enthalpy (ΔH) and entropy (ΔS) variations associated with the spin transitions. DSC studies (Fig. S11) showed a singularity at 293K and 313 K for the nano-sized sample 3. Compared with the magnetic measurement, the deviation of the transition temperature might be related to the difference of heating and cooling rates (2 K•min -1 for magnetic measurements and 10 K•min - 1 for DSC). The estimated ΔH and ΔS variations measured in the sample 3 were 13.9 kJ•mol -1 and 45.9 J•mol -1 •K -1 , respectively. These values were at the same range as that of other Fe(II) SCO complex were found in gradual-type systems. 44 With the aim to determine more precisely the fraction of iron centres involved in the spin transition, 57 Fe Mӧssbauer spectra (Fig. S12) were recorded. Taking into account the low percentage of iron (lower than 3%), only J o u r n a l P r e -p r o o f the spectrum for the bulk sample at 293 K was obtained. As expected, at 293 K the spectrum consists of one doublet with an isomeric shift of 1.29 mms -1 and a quadruple splitting of 3.09 mms -1 attributed to the HS state and two doublets with an isomeric shift of 0.40 mms -1 and a quadruple splitting of 0.226 mms -1 attributed to the LS state, in agreement with the magnetic data.

Conclusion

In summary, novel SCO nanomaterials featured with room temperature transition were prepared through the supramolecular gel strategy. The SCO derivative [Fe(Rtrz)3](SO3CF3)2 could form gels in alkane solvents, and the CGCs of the gels were 0.4% w/v for n-hexane, 0.4% w/v for n-heptane and 0.7% w/v for cyclohexane, respectively. Nanomaterials with different morphologies, including fiber network structure, lamellar shape and cubic structure, could be obtained by varying the concentrations of the gelators and the temperature of the solution. Intriguingly, as-prepared [Fe(Rtrz)3](SO3CF3)2 nanomaterials presented room temperature transition with a hysteresis loop.

The unique SCO property of nanomaterials may be envisaged as possessing potential applications in display devices, inkless paper and micro electro mechanical systems. The approach presented herein should be applicable for preparation of an extended range of SCO nanomaterials. J o u r n a l P r e -p r o o f
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 1 Scheme 1The synthetic route for target [Fe(Rtrz)3](SO3CF3)2.

  J o u r n a l P r e -p r o o f turned to a pale yellow transparent solution at 310 K. These results indicated that the gel-sol phase transition temperature in alkane solvents could be ascribed to the introduction of tris(dodecyloxy)-benzamide, which was an important building block of self-assembling systems. The van der Waals interactions between the three long-chain alkane residues and alkane solvents might facilitate the formation of gel. It was reported that the supramolecular aggregation behavior of tris(dodecyloxy)-benzamide was extremely sensitive to the polarity of the environment,42 which could explain the differential selfassembly behavior of [Fe(Rtrz)3](SO3CF3)2 in varied organic solvents. Supramolecular gels are usually constructed by 3D networked structures of the gelators, the formation of which could be modulated by the concentrations of the gelators and the temperature of the solution. Therefore, the self-assembly behavior of [Fe(Rtrz)3](SO3CF3)2 in alkane solvents under different concentrations and temperatures was investigated in detail. As shown from the transmission electron microscope (TEM) images in Fig. 2, it was lucky to find that the microscopic morphologies of [Fe(Rtrz)3](SO3CF3)2 aggregates could be well controlled by varying the solvents and concentrations at 283 K. Fiber network structure was formed by the self-assembly of [Fe(Rtrz)3](SO3CF3)2 in n-hexane solution with a concentration of 0.1% w/v (sample 1). Increasing the concentration of [Fe(Rtrz)3](SO3CF3)2 from 0.1 w/v to 0.3% w/v, the aggregates

Fig. 1

 1 Fig. 1 The gel-sol phase transitions of single solvent gel (n-heptane) of [Fe(Rtrz)3](SO3CF3)2 in response to heat trigger. (a) 2% w/v at 283 K (gel); (b) 2% w/v at 293 K (sol); (c) 2% w/v at 310 K (solution).

  J o u r n a l P r e -p r o o f changed to lamellar shape with obvious fringes. [Fe(Rtrz)3](SO3CF3)2 selfassembled in 0.1% w/v n-heptane solution to form well organized cubic morphology with a size of hundreds of nanometers (sample 2). When the concentration of [Fe(Rtrz)3](SO3CF3)2 increases from 0.1% w/v to 0.3% w/v, crude fiber structure appeared. In addition, the cubic structure was also shown in the samples of [Fe(Rtrz)3](SO3CF3)2 in cyclohexane solution at both 0.1% w/v (sample 3) and 0.3% w/v concentrations. To the best of our knowledge, this was the first case that cubic morphology was formed by the Fe(II)-triazole derivatives. Temperature is also an important factor that affects the selfassembly behavior of the gelators. The morphology of [Fe(Rtrz)3](SO3CF3)2

Fig. 2

 2 Fig. 2 TEM images of the aggregates of [Fe(Rtrz)3](SO3CF3)2 in n-hexane : (a) 0.1% w/v (sample 1); (b) 0.3% w/v; n-heptane : (c) 0.1% w/v (sample 2); (d) 0.3% w/v; cyclohexane : (e) 0.1% w/v (sample 3) and (f) 0.3% w/v at 283 K.

Fig. 3

 3 Fig. 3 UV-Vis absorption spectra of [Fe(Rtrz)3](SO3CF3)2 recorded in n-heptane at a concentration of 1.1 ×10 -5 mol/L in the range temperature of (a) 293-343 K; (b) 343-293 K; (c) Thermal dependence of the absorbance at 530 nm in the cooling (red) and heating (black) modes for [Fe(Rtrz)3](SO3CF3)2.

Fig. 4

 4 Fig. 4 Optical reflectivity measurements of dehydrated (a) bulk sample; (b) sample 1 (assembled in n-hexane, 0.1% w/v); (c) sample 3 (assembled in cyclohexane, 0.1% w/v). Note: heating or cooling rate: 10 K• min -1 .

Fig. 5

 5 Fig. 5 Magnetic measurements of dehydrated bulk sample (black); sample 1 (red, assembled in n-hexane, 0.1% w/v); sample 3 (blue, assembled in cyclohexane, 0.1% w/v). The inset shows a zoom in the SCO region.

Table 1

 1 Gelation behavior of [Fe(Rtrz)3](SO3CF3)2 in different solvents at a concentration of 2.0% (w/v) at 283 K and CGCs (%; in parentheses) = Solution; TS = Turbid solution; I = Insoluble; G = Gel; PG = Partial gel; PS = Partial solution.
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