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Glycyrrhetinic acid and polyethylene glycol-disubstituted trans/cis-tetraphenylethene stereoisomers showing thermo-responsive fluorescent self-assembly

INTRODUCTION

Amphiphilic molecules showing thermo-responsive features are appealing. With environmental temperature changes, they can undergo reversible solubility and morphology transitions, [1][START_REF] Li | Fabrication of thermoresponsive hydrogel scaffolds with engineered microscale vasculatures[END_REF][START_REF] Pang | Temperature-responsive ionic conductive hydrogel for strain and temperature sensors[END_REF] which are frequently used to construct smart materials like gels, [START_REF] Zhang | Thermoreversible and selfprotective sol-gel transition electrolytes for all-printed transferable microsupercapacitors as safer micro-energy storage devices[END_REF][START_REF] Silva | Thermoresponsive gel embedded with adipose stem-cell-derived extracellular vesicles promotes esophageal fistula healing in a thermo-actuated delivery strategy[END_REF][START_REF] Ge | Adjustable dual temperature-sensitive hydrogel based on a self-assembly cross-linking strategy with highly stretchable and healable properties[END_REF] sensors, [START_REF] Kweon | Stretchable and self-healable conductive hydrogels for wearable multimodal touch sensors with thermoresponsive behavior[END_REF][START_REF] Wei | Conductive selfhealing nanocomposite hydrogel skin sensors with antifreezing and thermoresponsive properties[END_REF] and drug carriers. [START_REF] Nagase | Poly(N-isopropylacrylamide)-based thermoresponsive surfaces provide new types of biomedical applications[END_REF][START_REF] Kim | Macromolecular engineering of thermoresponsive metal-phenolic networks[END_REF] Their thermo-responsive phenomena commonly refer to the lower critical solution temperature (LCST) and the upper critical solution temperature (UCST). [START_REF] Roy | New directions in thermoresponsive polymers[END_REF][START_REF] Zhang | Supramolecular control over thermo-responsive systems with lower critical solution temperature behavior[END_REF][START_REF] Yang | Dual thermoresponsive and strain-responsive ionogels for smart windows and temperature/motion monitoring[END_REF][START_REF] Lin | Stimuli-responsive toughening of hydrogels[END_REF] The LCST corresponds to the temperature at which a reversible phase transitions between dissolution at low temperature and aggregation at high temperature takes place. The UCST is opposite, and it corresponds to the temperature at which a reversible phase transitions between aggregation at low temperature and dissolution at high temperature takes place. To characterize LCST and UCST, conventional method is to monitor the transmittance variation of solutions. Nevertheless, the measurement of fluorescence change provides an alternative, that is highly sensitive and allows dynamic observations. For example, luminogens with aggregation-induced emission (AIE) are featured with high emission efficiency in aggregate state and nearly non-emissive in solution state. [START_REF] Luo | Aggregation-induced emission of 1-methyl-1,2,3,4,5-pentaphenylsilole[END_REF] When AIE luminogens are introduced into amphiphilic molecules, the direct visualization of phase transition processes along with temperature changes are then possible. [START_REF] Peng | Visualizing the initial step of self-assembly and the phase transition by stereogenic amphiphiles with aggregation-induced emission[END_REF][START_REF] Liu | Thermoresponsive supramolecular assemblies from dendronized amphiphiles to form fluorescent spheres with tunable chirality[END_REF][START_REF] Chen | Upper critical solution temperature polyvalent scaffolds aggregate and exterminate bacteria[END_REF][START_REF] Xu | Lighted up by hydrogen-bonding: luminescence behavior and applications of AIEgen-doped interpenetrating network hydrogel[END_REF][START_REF] Jia | Visualizing phase transition of upper critical solution temperature (UCST) polymers with AIE[END_REF] Trans/cis stereoisomers have the same molecular formula but different geometrical structures, which often exhibit entirely different physical and chemical properties. For example, trans-tamoxifen acts as an antiestrogen, [START_REF] Robinson | Activating ESR1 mutations in hormone-resistant metastatic breast cancer[END_REF][START_REF] Cahiez | Stereoselective synthesis of triarylethylenes via copperpalladium catalyzed decarboxylative cross-coupling: synthesis of (Z)-tamoxifen[END_REF] while cis-tamoxifen displays the opposite effect and serves as an estrogen agonist. [START_REF] Huang | Ab initio studies of tamoxifen and related compounds[END_REF][START_REF] Lecerf | Biological effects and ultrastructural alterations of cis-tamoxifen, N-desmethyltamoxifen and 4-hydroxytamoxifen in the uterus and vagina of newborn guinea pigs[END_REF] Therefore, the discrepancy in structures of trans and cis isomers is expected to result in interesting feature differences of thermo-responsive amphiphilic molecules. As a typical AIE luminogen, tetraphenylene (TPE) has a simple structure and can be synthesized conveniently. Its disubstituted derivatives via McMurry reaction are always the mixture of trans and cis isomers, which can be separated and isolated by linking large blocks. [START_REF] Fang | Facile synthesis, macroscopic separation, E/Z isomerization, and distinct AIE properties of pure stereoisomers of an oxetane-substituted tetraphenylethene luminogen[END_REF][START_REF] Wang | Click synthesis, aggregation-induced emission, E/Z isomerization, self-organization, and multiple chromisms of pure stereoisomers of a tetraphenylethene-cored luminogen[END_REF] Obviously, these disubstituted TPE derivatives are ideal candidates for construction of thermoresponsive amphiphilic AIE isomers.

In this work, we have synthesized amphiphilic trans and cis isomers by introducing natural glycyrrhetinic acid (GA) and polyethylene glycol (PEG) on TPE luminogens, namely, trans-TPE-GA-PEG and cis-TPE-GA-PEG (Scheme 1). On one hand, the hydrophilic PEG is biocompatible, water-soluble, and thermo-responsive, which is frequently used to construct thermo-responsive molecules. [START_REF] Maiti | Thermoresponsive shape-memory hydrogel actuators made by phototriggered click chemistry[END_REF] On the other hand, as a natural pentacyclic triterpenoid existing abundantly in licorice root, the hydrophobic GA has unique rigid structure, multiple chiral centers and reactive sites, endowing the GA-tailored derivatives with good self-assembly ability.

For example, GA can self-assemble into flower-like objects in aromatic solvents [START_REF] Bag | Self-assembly of a renewable nano-sized triterpenoid 18βglycyrrhetinic acid[END_REF][START_REF] Bag | Self-assembly of renewable nano-sized triterpenoids[END_REF] and form nano-fibers in organic solvent/water mixtures. [START_REF] Wang | Nanomedicine-cum-carrier by co-assembly of natural small products for synergistic enhanced antitumor with tissues protective actions[END_REF] By linking bipyridinium on GA, diverse assemblies like nano-fibers, helices, pentagon and hexagon microsheets were fabricated in different polarized solvents. [START_REF] Gao | Multiple modulations of supramolecular assemblies from a natural triterpenoid-tailored bipyridinium amphiphile[END_REF] Here, in trans-TPE-GA-PEG and cis-TPE-GA-PEG, GA and TPE are hydrophobic moieties that facilitate the self-assembly with AIE properties, whereas PEG is a thermo-responsive hydrophilic block. The resulting trans-TPE-GA-PEG and cis-TPE-GA-PEG were able to undergo stereo-isomerization upon UV irradiation. When water was added into their tetrahydrofuran (THF) solutions, cis-TPE-GA-PEG exhibited AIE property with red-shift of wavelength and formation of nano-vesicles, while trans isomers showed typical AIE feature with production of nano-spheres. In addition, both isomers exhibited reversible phase transitions in THF/H2O solution. During the phase transition process, the morphology of trans and cis isomers transformed from nano-spheres into helical fibers and irregular aggregates, respectively, due to the disruption of interactions between PEG chains and water molecules. Scheme 1. The molecular structures of cis-and trans-TPE-GA-PEG isomers.

RESULTS AND DISCUSSION

Structural characterization and isomerization of amphiphilic trans-and cis-TPE-GA-PEG.

Target amphiphilic TPE-GA-PEG isomers were synthesized as shown in Scheme S1, where the intermediates of isolated trans-and cis-TPE-2CO2H [START_REF] Yu | Trans/cisstereoisomers of triterpenoid-substituted tetraphenylethene: aggregation-induced emission, aggregate morphology, and mechano-chromism[END_REF] reacted with glycyrrhetinic acid methyl ester (GACO2Me) and polyethylene glycol (PEG, Mn = 550 Da) in turn by two-step esterification reactions, resulting in trans-and cis-TPE-GA-PEG. The detailed procedures can be found in Experimental Section, and the structures of TPE-GA-PEG isomers and their intermediates were confirmed by 1 H NMR, [START_REF] Yang | Dual thermoresponsive and strain-responsive ionogels for smart windows and temperature/motion monitoring[END_REF] C NMR, and HRMS spectra (Figure S1-S12). As shown in Figure 1, for both trans-and cis-TPE-GA-PEG isomers, peaks at 5.66 and 4.50-4.55 ppm were ascribed to 12-CH and 3-CH of GA skeleton, peaks at 1.36, 1.16, 1.15, 1.13, 0.87, and 0.8 ppm were from seven methyl groups of GA, while peaks of methyl (Hh), methylene (Hg), and repeated -CH2 units of PEG were located at 3.37, 4.22, and 3.53-3.70 ppm, respectively. For trans-TPE-GA-PEG, peaks at 6.58-6.60, 6.87-6.91, 7.02-7.05, and 7.07-7.13 ppm were belonged to Ha, Hb, Hc, and Hd,e (Figure 1A). In contrast, peaks situated at 6.61-6.64, 6.91-6.93, 6.99-7.01, and 7.05-7.10 ppm were ascribed to Ha', Hb', Hc', and Hd',e' for cis-TPE-GA-PEG (Figure 1B). In addition to distinction in chemical shift of benzene rings, the peak of methylene group linked to phenoxyl was observed at 3.86 ppm for trans (Hf) and 3.88 ppm for cis (Hf'). The stereostructures of trans-and cis-TPE-GA-PEG were further confirmed by 2D NOESY spectra (Figure 1C and1D). Cross-peaks in red circles indicated clear correlations between Hb and Hc in trans isomer, demonstrating that ring α and ring β were spatially close to each other (located on the same side of central double bond). On the contrary, there was no correlation between Hb' and Hc' because ring α was far from ring β in cis isomer. Trans-and cis-TPE-GA-PEG were also analyzed by MALDI-TOF-MS (Figure S9 andS12). The m/z difference of 44 was observed between neighboring peaks in the distribution of both isomers, corresponding to a molar mass of repeating ethylene glycol unit (-OCH 2 CH 2 -). All above results demonstrated that target amphiphilic trans and cis isomers have been successfully obtained. In general, light is a trigger to induce trans-cis isomerization. Trans-TPE-GA-PEG with Ha and Hb signals at 6.88-6.90 and 6.62-6.64 ppm in THF-d6 was first studied. Upon irradiation by UV light (365 nm, 1.6 mW/cm 2 ) for 5 min, peaks belonging to Ha' and Hb' of cis-TPE-GA-PEG started to appear at 6.92-6.95 and 6.66-6.68 ppm (Figure 2A). Further extending irradiation time, the integral area of Ha' and Hb' increased continuously until achieving equilibrium at 50 min, with a fraction ratio of trans to cis at 60/40 (Figure 2C, red line). After that, the fraction ratio barely changed even irradiation time extending to 120 min. The isomerization was also observed for cis-TPE-GA-PEG with peaks of Ha' and Hb' located at 6.92-6.95 and 6.66-6.68 ppm. Upon irradiation under same condition, new proton peaks appeared at 6.88-6.90 and 6.62-6.64 ppm, which were ascribed to Ha and Hb of trans-TPE-GA-PEG (Figure 2B). With irradiation time increasing, the integral area of Ha and Hb rose, respectively, and the final fraction ratio of trans to cis was 60/40 after 120 min (Figure 2C, blue line). Note that the cis-to-trans rate was faster than that of trans-to-cis, and no matter from cis or trans isomer, the final equilibrium ratios were same. These phenomena originated from the higher stability of trans isomer, resulting in a higher energy barrier for the conversion from trans to cis isomer. [START_REF] Yu | Trans/cisstereoisomers of triterpenoid-substituted tetraphenylethene: aggregation-induced emission, aggregate morphology, and mechano-chromism[END_REF][START_REF] Chen | Light-gated nano-porous capsules from stereoisomer-directed self-assemblies[END_REF] 

Aggregation-induced emission and self-assembly of amphiphilic trans-and cis-TPE-GA-

PEG.

To investigate AIE properties, the fluorescence spectra of trans-and cis-TPE-GA-PEG were acquired in a mixture of THF/H2O with variable water fractions (fw). As shown in Figure 3A and 3B, trans-TPE-GA-PEG was non-emissive in good solvent of THF, while its fluorescence intensity at 473 nm was notably enhanced when fw reached 80%. With a further increase of fw to 90%, the final fluorescence intensity increased to 80 times intensity in pure THF (Figure 3C). On the other hand, cis-TPE-GA-PEG emitted a weak fluorescence at 405 nm in pure THF (Figure 3D and3E). When fw increased to 80%, the emission was enhanced along with wavelength red-shifting to 482 nm. At fw = 90%, cis-TPE-GA-PEG showed strong emission that 23 times to intensity in pure THF (Figure 3F). This difference in AIE properties between transand cis-TPE-GA-PEG was mainly caused by the distinct polarity of stereo-structural isomers. [START_REF] Zhang | Rational design of coumarin fluorophore with solvatochromism, AIE and mechanofluorochromic enhancement properties[END_REF][START_REF] Xu | Construction of carbon dots with color-tunable aggregation-induced emission by nitrogen-induced intramolecular charge transfer[END_REF][START_REF] Wang | A polarity-sensitive ratiometric fluorescence probe for monitoring changes in lipid droplets and nucleus during ferroptosis[END_REF] The self-assembly of trans-and cis-TPE-GA-PEG was performed by nanoprecipitation method (see Experimental Section). Typically, THF solution of trans-or cis-TPE-GA-PEG at a concentration of 2 mg mL -1 was prepared firstly, and then water was added progressively until fw reached 80%. The obtained assemblies were examined by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). As shown in Figure 4A and S13A, trans-TPE-GA-PEG self-assembled into nano-spheres with an average diameter of 144 nm according to TEM images. A similar average diameter of 128 nm was obtained by statistical analysis of SEM images (Figure 4B andS13B). On the other hand, nano-vesicles were formed by cis-TPE-GA-PEG with an average diameter 37 nm, as shown in TEM images (Figure 4C andS13C). Their SEM image and statistical results are shown in Figure 4D and S13D. The wall thickness of vesicles was measured to be 6 nm (inset in Figure 4C, see Figure S13E for statistical analysis). In addition, trans-/cis-TPE-GA-PEG mixtures (trans/cis = 60/40) would self-assemble into nanospheres with an average diameter of 170 nm under the same condition (Figure 4E, 4F, andS13F). Furthermore, the self-assembly of trans-and cis-TPE-GA-PEG under UV irradiation were investigated. Upon irradiation for 20 min, both trans-and cis-TPE-GA-PEG assembled into nano-spheres with different sizes (Figure S14A and14B). When extending irradiation time to 50 min, only nano-spheres were still observed (Figure S14C and 14D), which were consistent with the results in Figure 4E and4F, as the isomerization of neat trans or cis isomer would produce a trans/cis mixture as illustrated in Figure 2. Thermo-responsiveness of amphiphilic trans-and cis-TPE-GA-PEG. Temperature-dependent transmittance spectroscopy of trans-and cis-TPE-GA-PEG in THF/H2O was first utilized to examine thermo-responsive phase transitions. As shown in Figure 5, both trans-and cis-TPE-GA-PEG showed typical lower critical solution temperature (LCST) behaviors at fw = 70%, that is, the solution became turbid from transparent with increasing temperature and returned to a clear solution again when the system was cooled down. [START_REF] Roy | New directions in thermoresponsive polymers[END_REF][START_REF] Zhang | Supramolecular control over thermo-responsive systems with lower critical solution temperature behavior[END_REF] During this process, the temperature T lc was defined as phase transition temperature corresponding to the transmittance of 50%. To be specific, the Tlc of trans-TPE-GA-PEG at 0.5 mM was 31.4 o C, and a gradual reduction of concentration from 0.5 to 0.05 mM resulted in a growing up of Tlc (48.2 o C), indicative of a tunability of the LCST (Figure 5A). The reversibility of this phase transition was revealed by adjusting temperature between 5 and 35 o C alternately (Figure 5B). Similarly, the Tlc variation trend of cis-TPE-GA-PEG under different concentrations was also explored. As shown in Figure 5C, the solution of cis-TPE-GA-PEG at 0.05 mM is not totally transparent at low temperature, with transmittance of 95% and Tlc of 34.4 o C. The Tlc and transmittance decreased with concentration rise from 0.05 to 1 mM. These changes in transmittance also displayed a reversible characteristic like trans-TPE-GA-PEG upon successive heating and cooling (Figure 5D).

Compared with trans-TPE-GA-PEG, cis-TPE-GA-PEG exhibited a lower Tlc because of its lower solubility in THF/H 2 O with f w = 70%. [START_REF] Liu | Thermoresponsive supramolecular assemblies from dendronized amphiphiles to form fluorescent spheres with tunable chirality[END_REF] In addition, SEM images were applied to investigate morphology changes during this phase transition process. For trans-TPE-GA-PEG, nanoscale spherical assemblies existed individually when a solution temperature was below Tlc (Figure 5E). Once the temperature increased above Tlc, helical nano-fibers with a length of several micrometers were observed, which were entangled by finer fibers displaying both lefthanded and right-handed chiral senses (Figure 5F). The chiral compact packing of hydrophobic moieties was considered as the key to induce formation of helical nano-fibers. During the dehydration of PEG chains, the steric hindrance made the hydrophobic chiral GA stack in a staggered angle both in clockwise and counter-clockwise direction with equal chance, consequently resulting in left-handed and right-handed helical nano-fibers. [START_REF] Gao | Supramolecular helical nanofibers assembled from a pyridinium-functionalized methyl glycyrrhetate amphiphile[END_REF] On the contrary, cis-TPE-GA-PEG self-assembled into spherical structures with an average diameter of 291 nm below T lc (Figure 5G and S15), which further transformed into larger irregular aggregates from hundreds to thousands of nanometers after being heated above Tlc (Figure 5H). For understanding the thermo-induced phase transition at molecular level, 1 H NMR spectra of trans-and cis-TPE-GA-PEG as a function of temperature were determined. For trans-TPE-GA-PEG, when the temperature was higher than Tlc, proton peak of 12-CH appeared at 5.43 ppm, and peaks of TPE, PEG, and GA framework split more clearly (Figure 6A). Additionally, peaks of TPE moiety shifted downfield from 6.84 to 6.88 ppm, and peaks of repeated methylene units of PEG moved upfield from 3.55 to 3.48 ppm. On the other hand, cis-TPE-GA-PEG behaved similarly from 10 to 35 o C (Figure 6B). When the temperature reached 30 o C, proton peak of 12'-CH belonging to GA skeleton appeared at 5.44 ppm, peaks of PEG moved upfield from 3.55 to 3.49 ppm, while peaks of TPE moiety shifted downfield to 6.86 from 6.81 ppm.

Moreover, all peaks split more clearly despite being aggregation state. The possible reasons for these phenomena were that (1) PEG chains gradually dehydrated along with spontaneous association of dehydrated PEG chains, resulting in an enhanced shielding effect; [START_REF] Wu | Simultaneous dual thermoresponsiveness and fluorescence of degradable amphiphilic diblock copolymers in water: synergy of supramolecular interactions and crystallization[END_REF] (2) hydrophobic TPE and GA units were wrapped by dehydrated PEG chains above Tlc; [START_REF] Ma | AIEactive tetraphenylethylene cross-linked N-isopropylacrylamide polymer: a long-term fluorescent cellular tracker[END_REF] (3) the increased molecular mobility caused a larger distance between TPE-GA-PEG molecules.

Above thermo-induced phase transition process was further investigated by temperaturedependent dynamic light scattering (DLS), circular dichroism (CD), and fluorescence spectra. DLS results showed that from 25 to 30 o C (below Tlc), no size change was observed in clear solution of trans-TPE-GA-PEG (0.5 mM), and size distribution was relative broad (Figure 6C and S16A). Above 30 o C, large self-assembled structures appeared (up to 1043 nm) caused by the partial dehydration of PEG, [START_REF] Jeong | Phase transition of the PLGA-g-PEG copolymer aqueous solutions[END_REF][START_REF] Cui | Thermosensitive behavior of poly(ethylene glycol)-based block copolymer (PEG-b-PADMO) controlled via self-assembled microstructure[END_REF] and size distribution narrowed gradually accompanied by disappearance of small assemblies. Compared with trans-TPE-GA-PEG, the assemblies of cis-TPE-GA-PEG had a larger size (887 nm at 5 o C) due to its lower solubility in mixed solutions below Tlc (Figure 6D andS16B). Once the temperature reached phase transition point (16°C), the dehydration of PEG induced these assemblies to further aggregate, and their sizes could achieve 1402 nm at 21 o C. These results were consistent with those in Figure 5A and 5C. Meanwhile, supramolecular chirality of both isomers exhibited a downward trend upon heating in CD spectra (Figure 6E, 6F and S17). At temperature above Tlc, trans isomers formed left-handed and righthanded helical fibers (Figure 5F), and consequently the chirality was neutralized with a reduced intensity. As for cis isomers, their regular stacking structures might be destroyed by dehydration of PEG above Tlc, leading to a continuous decrease of chiral signal.

Their temperature-dependent fluorescence spectra were recorded at fw = 70% (Figure S18), and corresponding intensity at 495 nm was plotted against temperature in Figure 6G and6H.

Clearly, a variation can be divided into three stages. At stage I (below Tlc), the fluorescence intensity of both isomers dramatically lessened with temperature elevating and began to increase at stage II (above Tlc). Further lifting temperature to stage III, the fluorescence intensity of trans-TPE-GA-PEG reduced slightly, while the one of cis isomer decreased sharply. This multistep changes in fluorescence were influenced by (1) the rotational relaxation of phenyl groups in TPE, (2) the aggregation governed by LCST property, (3) the light scattering of aggregates, and (4) the changes of stacking structures. At stage I, factor (1), namely molecular motility, was dominated, and fluorescence intensity decreased with a rise of temperature. When temperature reached stage II (just above Tlc), the main factor was (2) that PEG formed a more hydrophobic phase, which gradually aggregated and restricted the motility of phenyl groups, leading to an enhanced fluorescence. Continuously lifting temperature far higher than Tlc (stage III), more large aggregates formed (factor 2) with generation of light scattering (factor 3), and the disordered stacking structures of trans and cis molecules changed (factor 4). Thus, at stage III, the factors (2-4) worked together to affect fluorescence intensity of trans-and cis-TPE-GA-PEG. Given above, the thermo-induced phase transition process of trans-and cis-TPE-GA-PEG was proposed in Figure 7. Initially, both isomers preferred to self-assemble into nano-spheres with different sizes below Tlc. Upon heating the solution above Tlc, PEG chains partially dehydrated by disrupting hydrogen bonds between amphiphilic isomers and water molecules, with strengthening intermolecular interactions of PEG chains. As a result, trans-TPE-GA-PEG rearranged into helical fibers that were entangled with finer fibers, while cis isomers formed larger irregular aggregates. 

CONCLUSION

In summary, we have synthesized and isolated amphiphilic AIE stereoisomers of trans-and cis-TPE-GA-PEG containing hydrophobic TPE and GA skeleton and hydrophilic PEG chains. These two isomers were able to undergo stereo-isomerization irradiated by UV light. Upon rising fw in THF/H2O, cis isomers displayed typical AIE feature with a red-shift of wavelength, while trans-TPE-GA-PEG only showed a monotonical increase of fluorescent intensity. Moreover, cis-TPE-GA-PEG preferred to form nano-vesicles at fw = 80% by using nanoprecipitation methods, and nano-spheres were observed for trans isomers. In addition, both isomers exhibited concentrationdependent LCST properties, where cis isomer possessed a lower phase transition temperature (Tlc = 20.3 o C) compared with that of trans isomer (Tlc = 31.4 o C). Assisted by temperature-dependent SEM, DLS, CD, fluorescence, and NMR spectra, it was found that trans-and cis-TPE-GA-PEG formed nano-spheres with supramolecular chirality at initial stage. As temperature increasing, the interactions between PEG chains and water molecules were disrupted, while intermolecular forces of PEG chains were strengthened, causing PEG chains to form a more hydrophobic phase.

Consequently, the morphology of trans and cis isomers transformed into helical fibers and irregular aggregates, respectively. Our work provides an alternative construction strategy for amphiphilic stimuli-responsive AIE molecules from natural products, which is expected to offer inspiration for understanding the stimuli-responsiveness from trans/cis isomers. 

EXPERIMENTAL SECTION

Synthesis of

Synthesis of trans-/cis-TPE-GA-CO2H

. TPE-2CO2H (trans-or cis-, 1.92 g, 3.24 mmol), 1-(3dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI, 682 mg, 3.56 mmol), 4dimethylaminopyridine (DMAP, 435 mg, 3.56 mmol) and GACO2Me (1.41 g, 2.92 mmol) were dissolved in dichloromethane (170 mL), and then mixtures were stirred for 24 h at room temperature. After that, mixture was washed with diluted HCl aqueous solution (1 M) and water.

The collected organic phase was dried with anhydrous Na2SO4, filtered, concentrated under reduced pressure, and purified by column chromatography (petroleum ether: ethyl acetate: dichloromethane= 10: 2: 5, volume ratio) to give TPE-GA-CO 2 H (trans-or cis-). concentrated under reduced pressure, and purified by column chromatography (dichloromethane: methanol = 80: 1, volume ratio) to give TPE-GA-PEG (trans-or cis-).

Trans-TPE-GA-PEG: yellow oily liquid, yield 68%. The molecular weight of trans-TPE-GA-PEG found using MALDI-TOF-MS was 1610.2956. 1 Hz, J2 = 8.00 Hz, OCH2), 3.70-3.53 (m, 46H, OCH2), 3.37 (s, 3H, OCH3), 1.36, 1.16, 1.15, 1.13, 0.87, 0.80 (s, 7 × 3H, 7 × CH3). [START_REF] Yang | Dual thermoresponsive and strain-responsive ionogels for smart windows and temperature/motion monitoring[END_REF] 1.36, 1.16, 1.15, 1.13, 0.88, 0.80 (s, 7 × 3H, 7 × CH3). [START_REF] Yang | Dual thermoresponsive and strain-responsive ionogels for smart windows and temperature/motion monitoring[END_REF] C NMR (100 MHz, CDCl3): δ = 200.2, 177. 1, 173.7, 173.5, 169.4, 157.5, 144.4, 139.7, 136.4, 132.6, 131.6, 128.6, 127.6, 126.2, 113.7, 80.5, 72.1, 69.3, 67.6, 63.6, 61.9, 59.2, 55.2, 51.9, 48.6, 45.5, 44.2, 43.3, 41.2, 38.9, 38.2, 37.9, 37.1, 34.8, 34.2, 32.8, 32.0, 31.3, 29.2, 28.7, 28.5, 28.2, 26.6, 25.9, 25.8, 25.1, 24.8, 23.8, 23.5, 18.8, 17.5, 16.9, 16.6. 
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 3 Figure 3. Fluorescent photos of (A) trans-TPE-GA-PEG and (D) cis-TPE-GA-PEG in THF/H2O

Figure 4 .

 4 Figure 4. TEM images of (A) trans-TPE-GA-PEG and (C) cis-TPE-GA-PEG in THF/H2O with
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 5 Figure 5. Temperature-dependent transmittance at 700 nm of (A) trans-TPE-GA-PEG and (C)
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 6 Figure 6. 1 H NMR spectra of (A) trans-TPE-GA-PEG and (B) cis-TPE-GA-PEG in THF-
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 7 Figure 7. Proposed schematic illustration of thermo-induced aggregation of amphiphilic trans-

  GACO2Me, TPE-2OMe, TPE-2OH, TPE-2CO2Me and TPE-2CO2H are shown in Scheme S1 in Supporting Information.

  H NMR (400 MHz, CDCl3): δ = 7.13-7.02 (m, 10H, ArH), 6.91-6.87 (m, 4H, ArH), 6.60-6.58 (m, 4H, ArH), 5.66 (s, 1H, C=CH), 4.54-4.50 (m, 1H, 3-H), 4.23-4.21 (t, 2H, J1 = 4.00 Hz, J2 = 4.00 Hz, OCH2), 3.88-3.84 (t, 4H, J1 = 8.00

:

  yellow oily liquid, yield 73%. The molecular weight cis-TPE-GA-PEG found using MALDI-TOF-MS was 1610.2897. 1 H NMR (400 MHz, CDCl3): δ = 7.10-7.05 (m, 6H, ArH), 7.01-6.99 (m, 4H, ArH), 6.93-6.91 (m, 4H, ArH), 6.64-6.61 (m, 4H, ArH), 5.66 (s, 1H, C=CH), 4.55-4.50 (m, 1H, 3-H), 4.24-4.21 (t, 2H, J1 = 8.00 Hz, J2 = 4.00 Hz, OCH2), 3.90-3.86 (t, 4H, J1 = 8.00 Hz, J2 = 8.00 Hz, OCH2), 3.70-3.53 (m, 46H, OCH2), 3.38 (s, 3H, OCH3),

  

  

  C NMR (100 MHz, CDCl3): δ = 200.2, 177.1, 173.7, 173.5, 169.4, 157.5, 144.4, 139.7, 136.4, 132.6, 131.5, 128.6, 127.1, 126.2, 113.6, 80.5, 72.1, 70.6, 69.3, 67.5, 63.5, 61.8, 59.2, 55.1, 51.9, 48.5, 45.5, 44.2, 43.3, 41.2, 38.9, 38.2, 37.9, 37.1, 34.8, 34.2, 32.8, 32.0, 31.3, 29.1, 28.6, 28.5, 28.2, 26.6, 26.5, 25.8, 25.0, 24.8, 23.7, 23.5, 18.8, 17.5, 16.9, 16.5.

Self-assembly of trans-/cis-TPE-GA-PEG using nanoprecipitation method. Initially, TPE-GA-PEG (trans-or cis-, 2 mg) was dissolved in 1 mL of THF solution, and then 4 mL of deionized water (DI water) was injected slowly at a rate of 4 μL/min with slight shaking. After that, the assembly process was quenched by taking 20 μL obtained turbid mixtures into 1 mL of DI water. The whole process was carried out at room temperature.
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