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Abstract

:

This work reports on a novel family of silver metallogels based on discrete coordination complexes. Structurally, they consist of dendrimers containing a trinuclear silver metallacycle at the core, with the general formula [M(μ-pz)]3, and poly(benzyl)ether branched structures with different numbers or terminal alkoxy chains at the periphery. These silver metallodendrimers are able to gel low-polarity solvents such as dodecane or cyclohexane, giving rise to luminescent organogels at room temperature with the property of aggregation-induced emission (AIE). This property means that in solution or the sol state, they are weak emitters, but in the gel state, luminescence is considerably increased. In this particular case, they exhibit blue luminescence. Two different dendritic scaffolds have been studied, finding significant differences in solubility, gel formation and dependence of luminescence on temperature. The results show that properly tailored silver gelators can show luminescence in the gel state.
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1. Introduction


Among physical gels, molecular gels, those formed by the self-assembly of low-molar-mass gelators, contain advantageous characteristics for the development of smart soft materials [1,2,3]. Generally, these gelators encode information to give rise to one-dimensional fibrils by molecular self-assembly involving reversible interactions, such as van der Waals forces, hydrogen bonding, π-π interactions, solvophobic interactions and coordinated bonds. Then, the formed fibrils aggregate further into 3D networks, which are able to entrap and macroscopically immobilize a huge number of solvent molecules in the gel state. The number of solvent molecules can constitute even more than 99 wt% of the gelled material. Furthermore, the reversible nature of supramolecular interactions can be manipulated to develop molecular gels that switch reversibly between sol and gel states due to suitable external stimuli [4].



In addition, the use of gelators with luminescent properties can produce luminescent molecular gels, widening their prospects for applications in sensing, bioimaging, drug delivery and organic electronics and photonics [5,6,7]. Some gelators intrinsically exhibit the property of gelation-induced emission, a version of aggregation-induced emission (AIE), which means that in solution or the sol state, they are weak emitters, but in the gel state, luminescence is considerably increased due to favorable intermolecular interactions between the gelators and the restriction of molecular motion [8]. Those gelators emitting more strongly in the gelled state than in the sol state are especially important for developing highly photostable systems for biosensing [9] and testing the degree of aggregation by tracking the temporal dependences of gel formation [10], among other properties.



In addition to gels formed by low-molar-mass gelators, macromolecules of synthetic or natural origin can also give rise to gels due to self-assembly (physical polymeric gels). These polymeric gelators usually include multiple functionalities that favor entanglements to yield the gel network; however, they possess a less controllable structure. In between, and benefiting from the qualities of both low-molar-mass gels and polymeric gels, are those derived from dendritic structures. The regular and highly branched nature of dendrimers ensures the presence of multiple groups to establish supramolecular interactions while at the same time exhibiting reproducible self-assembly due to their well-defined molecular-size structure. Gelators based on different dendritic structures have been identified [11,12,13,14,15], with significant progress on poly(benzyl ether) dendrons and dendrimers [16]. Some examples report luminescent properties with an AIE effect [17,18,19,20,21,22,23,24].



The application of coordination chemistry to direct the self-assembly of molecules towards the formation of gels has opened a new field of research in the area of soft materials devoted to metallogels. In metallogels, the metal participates actively in the gel formation and introduces a distinctive behavior with respect to purely organic gels, such as differences in the gelation ability or morphology or the development of specific properties in the gel, including optical, catalytic, magnetic or redox properties. Either coordination polymers or discrete coordination complexes can produce metallogels, and they have a great diversity of structures and metallic ions, as evidenced in different review papers [25,26,27,28,29,30,31]. The formation of coordination polymers involves an elegant procedure to crosslink molecules and induce gel formation [32]. With respect to discrete coordination complexes, gold and platinum metallogels are remarkable due to their luminescent properties [33]. In contrast, silver metallogels made out of discrete coordination complexes are scarce [34,35,36], but they are reported to have interesting stimuli-responsive properties, such as ion responsiveness, or act as precursors for silver nanomaterials. Moreover, some examples of silver metallogels report luminescence quenching in the gel state [37].



In this work, luminescent dendritic silver gelators are reported. They are based on novel discrete metal complexes with a cyclic trinuclear structure (CTC) comprising three metal atoms and three pyrazolate ligands with the general formula [M(μ-pz)]3. The CTC structure is known to exhibit luminescent properties for M = Cu and Au [38], and luminescent dendritic gels for M = Au have been reported [39]. In contrast, CTC structures with M = Ag are not luminescent at room temperature [40], and gels based on the silver metallacycle structure are unprecedented. In this work, silver metallogels that intrinsically show blue luminescence at room temperature with a significant AIE effect driven by gel formation are obtained. Different ligands derived from pyrazole dendrons have been used to prepare the metallodendrimers [41], which differ in the number and length of the terminal chains in the poly(benzyl)ether branched dendritic structure (Figure 1).




2. Results and Discussion


2.1. Synthesis and Characterization of the Silver Metallodendrimers


The synthesis of the silver trinuclear complexes was performed at room temperature using the previously reported pyrazole dendrons [17], with triethylamine as a base and AgPF6 as the silver source in equimolar amount with respect to the pyrazolate ligand. THF was chosen as the solvent for the reaction mixture due to the solubility of the pyrazole dendrons.



Metallodendrimers were characterized by several techniques in order to confirm the proposed chemical structure. The formation of the trinuclear species was verified by mass spectrometry. A molecular ion containing a silver or sodium atom was observed in the MALDI+ spectra. The analytical data were also in agreement with a 1:1 ligand-to-metal proportion.



The 1H NMR and 13C NMR spectra of the metallodendrimers show the same set of signals as their precursory dendrons due to their C3 symmetry. After complexation, a variation in the chemical shift occurs, being most significant for the signal corresponding to the methyl substituents at the pyrazole ring. Thus, the signal corresponding to these methyl protons appears at a lower field in the complexes, e.g., 2.36 ppm for [Ag(µ-(4-3,4,5)-10G2-APz)]3 vs. 2.28 ppm in the corresponding 1H-pyrazole ligand. In the 13C-NMR spectra, the carbonyl corresponding to the amide group appears at 165–166 ppm.



It is interesting to note that by analyzing the 1H-NMR spectra at the region where the methylenoxy protons appear (3.7–4.0 ppm), it is possible to extract information about the structure of the metallodendrimers in solution. Compounds with a total of nine peripheral chains (three per dendron) show two superimposed triplets integrating 4:2, which correspond to the protons Hr and Hr′ (Figure 2, compound [Ag(µ-(4-3,4,5)-10G2-APz)]3). This pattern is typical for the benzyloxy groups, with a free rotation indicating that each dendron constituting the dendrimer is in a wedge-type conformation [42]. Metallodendrimers with a higher number of peripheral chains (nine per dendron) show three superimposed triplets (Hr, Hr′ and Hr″) and an isolated triplet at a higher field, corresponding to the more shielded Hr‴ protons (Figure 2, compound [Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3). This is consistent with a non-flat conformation of the poly(benzyl)ether groups, and this is in agreement with the conformations found for the isolated precursory 1H-pyrazole dendrons [17].



In the FTIR spectra measured on KBr pellets, it is observed that, with the formation of metallodendrimers, the NH stretching band corresponding to the 1H-pyrazole ligand at 3182 cm−1 disappears (Figure S5 of the Supplementary Material). Typical amide group vibrations are observed in the associated region (N-H stretching at 3235 cm−1 and C=O stretching at 1644 cm−1), indicating the formation of hydrogen bonds in the prepared samples [17,43].




2.2. Study of Gels


2.2.1. Gel Formation


To evaluate the potential of the synthesized silver metallodendrimers as gels, they were tested in different organic solvents in decreasing order of polarity (ethanol, ethyl acetate, dichloromethane, cyclohexane and dodecane) at a concentration of 5 wt% using the vial inversion test after cooling the mixture at room temperature. The results are shown in Table 1.



It is observed that silver metallodendrimers have distinct behavior depending on the number of terminal chains. Metallodendrimers with 4-3,4,5 substitution form gels in dodecane irrespective of the length of the terminal chains. In the rest of the solvents tested, the compounds were non-soluble. On the other hand, while the 3,4,5-3,4,5-substituted metallodendrimers were non-soluble in ethanol and ethyl acetate, they were soluble in dichloromethane and gave rise to a precipitate in more apolar solvents like cyclohexane and dodecane, except for [Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3, which formed a gel in cyclohexane. Table 1 shows that the minimum gelation concentration was around 1 wt% for the 4-3,4,5 substitution and around 2 wt% for the 3,4,5-3,4,5 substitution.



From the obtained results, it is observed that there is a preference for low-polarity solvents, and the length of the terminal chain is less critical than the number of chains for gel formation. The different behaviors observed in changing the number of terminal chains come from the subtle interplay of intermolecular interactions in apolar solvents. As we have observed by NMR (see below), aggregation occurs through hydrogen bonding among the amide groups and π interactions at the inner part of the dendrimer, exposing the flexible chains at the periphery of the dendrimer to interactions with the apolar solvent. Fewer chains result in less solubility, and these dendrimers are only soluble in hot dodecane and form a gel upon cooling. In contrast, in cyclohexane, these dendrimers are non-soluble at any temperature. For dendrimers with a higher number of chains, the solubility increases, and they are soluble in dodecane and cyclohexane at high temperatures, but only [Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3 forms a gel upon cooling.



Table 2 shows the evolution of the temperature at which the gel transforms into a sol state (Tgel) with concentration. In all cases, the temperature decreases as the concentration of the gel decreases, and it is higher for the metallodendrimers with a smaller number of peripheral chains. This indicates the formation of stronger aggregates.



The obtained metallogels are weaker than the organogels formed by the precursory pyrazole dendrons since the latter showed lower minimum gelation concentration in the supergel range (less than 1 wt%) [17]. This behavior can be attributed to the absence of hydrogen bonding intermolecular interactions, which 1H-pyrazoles can establish through their NH group with another 1H-pyrazole or with the amide groups. This absence is not compensated by the intermolecular interactions that the silver cyclic trinuclear structure can establish through π stacking, metallophilic interactions or hydrogen bonding interactions involving the amide groups.



Gels are opaque in aspect, and under the optical microscope with crossed polarizers, they appear as birefringent fibers distributed in an optically isotropic solvent (Figure 3a). Without polarized light, long fibers are also visualized (Figure 3b). SEM and TEM images gave rise to the visualization of fibrillar aggregates (Figure 4), although with less-defined morphology than those shown for the precursory 1H-pyrazole dendritic ligands [17]. Regarding the metallogels, SEM analysis indicates that xerogels have a high tendency to form dense networks constituted by agglomerated fibers. These fibers were only clearly observed at the edges of the sample preparation. Based on this, diluted samples were prepared in order to properly observe the fibers using the TEM technique.




2.2.2. NMR Study


In order to investigate the supramolecular interactions involved in gel formation, the 1H-NMR spectra of a gel formed in deuterated cyclohexane (C6D12) were recorded for [Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3 at different temperatures (Figure 5). At room temperature, due to the low mobility of the molecules in the gel state, signals were hardly observed in the spectra. As the temperature gradually increased, upon exceeding the Tgel (35–40 °C), the signals corresponding to the aromatic protons, the methylene groups and the methyl groups at the 3 and 5 positions of the pyrazole ring began to be observed since the material was in a partially gel state and the number of isolated molecules in solution increased due to the breakdown of aggregates. Specifically, the signal Ho was well defined, indicating that the dendritic part became less rigid. Moreover, the signals corresponding to the aromatic protons, the methylene groups adjacent to the benzene rings and the methyl groups of the pyrazole ring were observed to move to higher ppm with increasing temperature. This partial deshielding could be indicative of the weakening of π stacking interactions upon gel–sol transformation.



For gels formed by the precursory 1H-pyrazole dendrons, the greatest variation with increasing temperature was found for the proton of the amide group (Hh), which was indicative of the breakage of hydrogen bonds by increasing temperature [17]. For this metallodendrimer, it could not be observed if there was any variation in the Hh signal because the aromatic region, or where it was expected to be, was not resolved at high temperatures. This indicates that, although metallogels are weaker than 1H-pyrazole dendron gels, they form different and stronger aggregates in the sol state.



In order to elucidate the existence of hydrogen bonding interactions through amide groups and test the effect on the Hh signal, we obtained 1H NMR spectra in a solvent in which the molecule shows higher solubility; in this case, we studied CD2Cl2 solutions at different concentrations at room temperature (Figure 6). In general, a slight dependence of some of the signals with increasing concentration was observed, indicating a low tendency to aggregation in this solvent. In the case of the NH protons of the amide bond (Hh) and the protons of the benzene ring (Hk), a slight shift to higher ppm was observed with increasing concentration, that is, in the opposite direction to the rest of the protons. This shift indicates that hydrogen bonds are formed as the concentration increases. In the methyleneoxy protons (Hr‴), as well as the methyl substituents of the pyrazole ring (Ha) and the benzylic CH2 (Hn and Hn′), a slight shift to lower ppm was observed with increasing concentration. This shielding is due to the stacking of the rings through π-π interactions. The variation in the chemical shift vs. concentration allowed the quantitative determination of the association constant (K = 143 ±19 M−1) (see Figure S6 of Supplementary Materials). In conclusion, although low aggregation takes place in this solvent, it can be confirmed that hydrogen bonding through amide groups, together with π stacking interactions, plays a role in the molecular aggregation and formation of metallogels.




2.2.3. Luminescence and AIE Properties


As commented in the introduction, silver metallogels are not usually known for their luminescent properties, and silver-derived CTC structures were not reported to form gels. With these silver gelators, all gels display blue luminescence at room temperature (Figure 7). The emission band was similar to that found for gels based on the 1H-pyrazole precursor dendrons, indicating the essential influence of the pyrazole ligand structure [17].



On heating the gels to acquire the sol state, a decrease in the emission was observed. The sol state was barely luminescent (Figure 7). Table 3 shows the emission data for the synthesized metallodendrimers in the gel (room temperature) and sol (80 °C) states. All gels showed a broad emission band around 423–450 nm that suffered from a slight blue shift on heating to the sol state. Concretely, luminescence intensity was maximum at room temperature in the gel state and decreased significantly when surpassing the Tgel (Figure 8a–c). The decrease was more abrupt in the case of the metallogel of compound [Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3, which points to an important influence of the dendritic structure, as this structure seems to have more bulkiness in solution (see above). The luminescence was recovered by reforming the gel on cooling.



In order to study the effect of aggregation on the luminescent properties, we measured the emission spectra of the synthesized metallodendrimers in diluted solutions. They showed a band with a maximum between 345 and 356 nm in THF at a concentration of 10−6 M (Table 3). That is, in diluted solution, these molecules show the emission band in the UV region, and show the emission band in the visible region in the aggregated states.



In addition, in order to demonstrate that the emission increase when cooling the sol to the gel state solely occurs due to gel formation and not due to the favorable decreasing temperature effect, the luminescence intensity of the gels at room temperature was compared with that of a solution of THF at room temperature of the same concentration (Table 3, Figure 8d). The emission from the concentrated THF solution was hardly detectable. The emission increase can be calculated to be up to 95 times in the gel state. In general, an increase in emission of two orders of magnitude is observed for these silver metallogels. This means that the metallodendrimers are able to enhance the luminescence through gel formation.






3. Conclusions


This work shows that it is possible to obtain silver metallogels with luminescence and AIE effect. The combination of the silver CTC structure at the core and a dendritic periphery based on a polyalkoxylated poly(benzyl)ether scaffold gives rise to the formation of organogels in dodecane or cyclohexane at relatively low concentrations. 1H NMR studies evidence the existence of π stacking and hydrogen bonds throughout the amide groups. Nevertheless, the minimum gelation concentrations are higher than those found for the precursory 1H-pyrazole dendrons, which are able to interact via additional hydrogen bonds through the NH pyrazole groups.



Two different dendritic scaffolds have been studied, finding significant differences in solubility, gel formation and dependence of luminescence on temperature. The most abrupt decrease in luminescence upon heating to the sol state is found for the gel obtained for the [Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3 metallodendrimer. In addition, it shows the highest AIE effect through comparison of the gel with a THF solution at the same concentration and at the same temperature, evidencing the importance of the dendritic substitution on the metallogel properties.




4. Materials and Methods


4.1. Experimental Techniques for the Synthesis and Characterization of the Novel Compounds


Pyrazole dendrons used as ligands for the preparation of silver trinuclear complexes were synthesized as previously reported [17]. Triethylamine and AgPF6 were purchased from Aldrich and used without further purification. Solvents (THF, methanol and dichloromethane) were purchased from Fisher Scientific. THF and dichloromethane were dried using a PureSolv solvent purification system. Reactions were performed under argon using Schlenk techniques, and the glassware was oven-dried (110 °C) prior to use.



1H-NMR and 13C-NMR spectra were acquired using a Bruker AV400 spectrometer (Bruker Corp, Billerica, MA, USA). Chemical shifts are given in ppm relative to tetramethylsilane (TMS), and the solvent residual peak (CD2Cl2 or C2D2Cl4) was used as an internal standard. Metallodendrimers belonging to the 4-3,4,5 series are not soluble at high concentrations in CD2Cl2, and in some cases, the experiments were carried out in C2D2Cl4 at high temperatures, as indicated in each particular case. Mass spectra were obtained using a MICROFLEX Bruker spectrometer by MALDI in the positive mode using ((2E)-2-Methyl-3-[4-(2-methyl-2-propanyl)phenyl]-2-propen-1-ylidene)malononitrile (DCTB) as the matrix. Elemental analyses were performed using a Perkin–Elmer 2400 series II microanalyzer (PerkinElmer Inc., Shelton, CT, USA). Fluorescence spectra were recorded with a Perkin–Elmer LS50B system (PerkinElmer Inc., Shelton, CT, USA) using 1 cm quartz cells and chromatographic-grade purity solvents. Polarized optical microscopy was performed using an Olympus BX51 microscope equipped with an Olympus DP22 camera (Olympus Corporation, Hachioji-shi, Tokyo) using a 10× objective lens. Scanning electron microscopy (SEM) studies were performed with an Inspect F50 instrument (FEI Company, Eindhoven, The Netherlands). Samples were prepared by casting the gel onto glass and drying under a vacuum to obtain the xerogel. Then, the xerogels were covered with a Pd layer of 14 nm thickness. Transmission electron microscopy (TEM) measurements were taken on a JEOL-2000-FXIII operating (JEOL Ltd., Akishima-Shi, Tokyo) at 200 kV. A drop of the sample was deposited onto holey carbon copper grids, and the solvent was evaporated. Then, the samples were stained with uranyl acetate (1 wt% in water) and dried at room temperature.




4.2. Synthesis and Characterization of the Silver Dendritic Complexes


All silver complexes (Figure 1) were synthesized following a general procedure as follows. A Schlenk flask was charged with the corresponding dendritic pyrazole ligand (0.11 mmol), AgPF6 (0.11 mmol) and dry THF (10 mL). The mixture was degassed and stirred for 5 min under an argon atmosphere. Then, triethylamine (0.13 mmol) was added, and the mixture was stirred at room temperature in darkness for 15 h.



Metallodendrimers with 4-3,4,5 substitution were isolated by evaporation of the reaction mixture to a volume of 1 mL, and precipitation by addition of 10 mL of methanol. The obtained white solid was filtered and dried under vacuum.



Metallodendrimers with 3,4,5-3,4,5 substitution were isolated using a different procedure. The reaction mixture was evaporated to dryness, then 10 mL of dichloromethane was added and the mixture was filtered through a pad of celite. Then, the filtrate was evaporated in the vacuum line up to a volume of 1 mL, and 10 mL of methanol was added. The obtained white solid was filtered and dried under vacuum.



	
[Ag(µ-(4-3,4,5)-10G2-APz)]3: White solid. Yield: 87%. 1H-NMR (400 MHz, C2D2Cl4, 60 °C) δ (ppm): 0.90–0.94 (m, 27H, CH3(CH2)7), 1.32–1.52 (m, 126H, CH3(CH2)7), 1.80–1.84 (m, 18H, CH2CH2OAr), 2.37 (s, 18H, CH3Pz), 3.95–4.02 (m, 18H, CH2CH2OAr), 5.04 (s, 6H, ArCH2OAr), 5.10 (s, 12H, ArCH2OAr), 6.81–6.84 (m, 6H, AA’XX’), 6.94–6.96 (m, 12H, AA’XX’), 7.19 (s, 6H, Ar-H), 7.30–7.33 (m, 6H, AA’XX’), 7.34–7.38 (m, 18H, Ar-H), 7.64–7.67 (m, 6H, AA’XX’), 7.71 (s, 3H, ArCONH2). 13C-NMR: (100 MHz, C2D2Cl4, 60 °C) δ (ppm): 13.7, 14.2, 22.7–31.9, 68.3, 68.4, 71.7, 75.0, 107.6, 114.5, 114.9, 117.3, 120.7, 128.6, 129.4, 129.6, 129.8, 130.3, 130.6, 131.2, 135.6, 142.2, 147.1, 153.1, 159.2, 159.3, 165.5. MS (MALDI+, DCTB) m/z: 3663.3 [M + Ag]+. Elemental analysis: calcd for (%) C207H282Ag3N9O21: C 69.91, H 7.99, N 3.54; found: C 70.16, H 8.21, N 3.49.



	
[Ag(µ-(4-3,4,5)-12G2-APz)]3: White solid. Yield: 89%. 1H-NMR (400 MHz, C2D2Cl4, 95 °C) δ (ppm): 0.94–0.97 (m, 27H, CH3(CH2)9), 1.35–1.54 (m, 162H, CH3(CH2)9), 1.80–1.88 (m, 18H, CH2CH2OAr), 2.37 (s, 18H, CH3Pz), 3.99–4.06 (m, 18H, CH2CH2OAr), 5.10 (s, 6H, ArCH2OAr), 5.14 (s, 12H, ArCH2OAr), 6.85–6.87 (m, 6H, AA’XX’), 6.96–6.98 (m, 12H, AA’XX’), 7.22 (s, 6H, Ar-H), 7.33–7.40 (m, 24H, Ar-H), 7.61 (s, 3H, ArCONH2), 7.66–7.68 (m, 6H, AA’XX’). 13C-NMR: (100 MHz, C2D2Cl4, 95 °C) δ (ppm): 13.5, 14.0, 22.5–31.7, 68.1, 68.2, 71.5, 74.8, 107.4, 114.3, 114.6, 117.0, 120.5, 128.4, 129.1, 129.4, 129.6, 130.0, 130.7, 135.4, 142.0, 145.0, 152.9, 159.0, 159.1, 165.3. MS (MALDI+, DCTB) m/z: 3920.3 [M + Ag]+. Elemental analysis: calcd for (%) C225H318Ag3N9O21: C 70.96, H 8.42, N 3.31; found: C 70.68, H 8.75, N 3.52.



	
[Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3: White solid. Yield: 79%. 1H-NMR (400 MHz, CD2Cl2) δ (ppm): 0.86–0.90 (m, 81H, CH3(CH2)7), 1.27–1.47 (m, 378H, CH3(CH2)7), 1.66–1.76 (m, 54H, CH2CH2OAr), 2.36 (s, 18H, CH3Pz), 3.74 (t, 12H, J = 6.6 Hz, CH2CH2OAr), 3.84–3.91 (m, 42H, CH2CH2OAr), 5.01 (s, 6H, ArCH2OAr), 5.03 (s, 12H, ArCH2OAr), 6.60 (s, 6H, Ar-H), 6.63 (s, 12H, Ar-H), 7.23 (s, 6H, Ar-H), 7.27–7.30 (m, 6H, AA’XX’), 7.61–7.64 (m, 6H, AA’XX’), 7.88 (s, 3H, ArCONH2). 13C-NMR (100 MHz, CD2Cl2) δ (ppm): 14.3, 14.5, 23.3–32.5, 69.4, 69.5, 72.4, 73.8, 73.9, 75.7, 106.2, 106.4, 107.8, 118.4, 121.0, 130.1, 131.1, 132.1, 132.3, 133.1, 136.2, 138.2, 138.3, 142.0, 147.7, 153.5, 153.6, 153.9, 165.7. MS (MALDI+, DCTB) m/z: 6392.1 [M + Na]+, 6476.2 [M + Ag]+. Elemental analysis: calcd for (%) C387H642Ag3N9O39: C 72.98, H 10.16, N 1.96; found: C 72.61, H 10.23, N 2.12.



	
[Ag(µ-(3,4,5-3,4,5)-12G2-APz)]3: White solid. Yield: 93%. 1H-NMR (400 MHz, CD2Cl2) δ (ppm): 0.87–0.90 (m, 81H, CH3(CH2)9), 1.26–1.47 (m, 486H, CH3(CH2)9), 1.70–1.75 (m, 54H, CH2CH2OAr), 2.36 (s, 18H, CH3Pz), 3.73 (t, 12H, J = 6.6 Hz, CH2CH2OAr), 3.84–3.91 (m, 42H, CH2CH2OAr), 5.00 (s, 18H, ArCH2OAr), 6.60 (s, 6H, Ar-H), 6.62 (s, 12H, Ar-H), 7.24–7.27 (m, 12H, Ar-H), 7.61-7.63 (m, 6H, AA’XX’), 7.94 (s, 3H, ArCONH2). 13C-NMR (100 MHz, CD2Cl2) δ (ppm): 14.3, 14.5, 23.3-32.5, 69.4, 69.6, 72.3, 73.8, 73.9, 75.7, 106.2, 106.4, 107.8, 116.6, 121.1, 130.0, 130.1, 131.1, 132.3, 133.1, 136.2, 138.2, 138.3, 142.0, 149.3, 153.5, 153.6, 153.9, 166.1. MS (MALDI+, DCTB) m/z: 7146.2 [M + Na]+. Elemental analysis: calcd for (%) C441H750Ag3N9O39: C 74.33, H 10.61, N 1.77; found: C 74.61, H 10.69, N 1.70.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/gels10050291/s1, Figure S1: 1H-NMR (400 MHz, C2D2Cl4, 60 °C) and 13C-NMR (100 MHz, C2D2Cl4, 60 °C) spectra of [Ag(µ-(4-3,4,5)-10G2-APz)]3. Figure S2: 1H-NMR (400 MHz, C2D2Cl4, 60 °C) and 13C-NMR (100 MHz, C2D2Cl4, 60 °C) spectra of [Ag(µ-(4-3,4,5)-12G2-APz)]3. Figure S3: 1H-NMR (400 MHz, CD2Cl2, 25 °C) and 13C-NMR (100 MHz, CD2Cl2, 25 °C) spectra of [Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3. Figure S4: 1H-NMR (400 MHz, CD2Cl2, 25 °C) and 13C-NMR (100 MHz, CD2Cl2, 25 °C) spectra of [Ag(µ-(3,4,5-3,4,5)-12G2-APz)]3. Figure S5: FTIR spectra in KBr pellets for (a) ligand precursor 3,4,5-3,4,5-10G2-APzH and (b) their corresponding metallodendrimers [Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3. Figure S6: Concentration dependence of NMR chemical shifts of the Hh, Hk and Ha signals for [Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3 in CD2Cl2. Refer to Figure 5 or Figure S3 for proton assignment.





Author Contributions


Conceptualization, R.G.; methodology, V.I., P.R. and R.G.; formal analysis, V.I., P.R. and R.G.; investigation, V.I. and P.R.; writing—original draft preparation, V.I. and R.G.; writing—review and editing, P.R., A.E. and R.G.; visualization, V.I., P.R. and R.G.; supervision, A.E. and R.G.; project administration, A.E. and R.G.; funding acquisition, A.E. and R.G. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Spanish Government projects PGC2018-093761-B-C31, PGC2018-097583-B-I00 (MCIU/AEI/FEDER, UE), Agencia Estatal de Investigación PID2020-119512GB-I00 (Spain), and projects PID2021-122882NB-I00 and PID2021-126132NB-I00 MCIN/AEI/10.13039/501100011033/ and by “ERDF A way of making Europe”, the Gobierno de Aragón/FSE (research groups E47_23R and E50_23R) and Industrias Químicas del Ebro (IQE) (Cátedra IQE, Universidad de Zaragoza).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are included in the article and the Supplementary Materials.




Acknowledgments


We acknowledge the use of ‘‘Servicios Científico-Técnicos” of CEQMA (CSIC-Universidad de Zaragoza), and the Servicio General de Apoyo a la Investigación—SAI and Laboratorio de Microscopías Avanzadas (LMA) (Universidad de Zaragoza).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Draper, E.R.; Adams, D.J. Low-Molecular-Weight Gels: The State of the Art. Chem 2017, 3, 390–410. [Google Scholar] [CrossRef]

	



George, M.; Weiss, R.G. Molecular organogels. Soft matter comprised of low-molecular-mass organic gelators and organic liquids. Acc. Chem. Res. 2006, 39, 489–497. [Google Scholar] [CrossRef] [PubMed]

	



Babu, S.S.; Praveen, V.K.; Ajayaghosh, A. Functional π-Gelators and Their Applications. Chem. Rev. 2014, 114, 1973–2129. [Google Scholar] [CrossRef] [PubMed]

	



Jones, C.D.; Steed, J.W. Gels with sense: Supramolecular materials that respond to heat, light and sound. Chem. Soc. Rev. 2016, 45, 6546–6596. [Google Scholar] [CrossRef] [PubMed]

	



Grover, G.; Weiss, R.G. Luminescent Behavior of Gels and Sols Comprised of Molecular Gelators. Gels 2021, 7, 19. [Google Scholar] [CrossRef]

	



Li, Y.; Young, D.J.; Loh, X.J. Fluorescent gels: A review of synthesis, properties, applications and challenges. Mater. Chem. Front. 2019, 3, 1489–1502. [Google Scholar] [CrossRef]

	



Galindo, J.M.; Tardío, C.; Saikia, B.; Van Cleuvenbergen, S.; Torres-Moya, I. Recent Insights about the Role of Gels in Organic Photonics and Electronics. Gels 2023, 9, 875. [Google Scholar] [CrossRef]

	



Tavakoli, J.; Ghahfarokhi, A.J.; Tang, Y. Aggregation-Induced Emission Fluorescent Gels: Current Trends and Future Perspectives. Top. Curr. Chem. 2021, 379, 9. [Google Scholar] [CrossRef] [PubMed]

	



Leung, C.W.T.; Hong, Y.; Chen, S.; Zhao, E.; Lam, J.W.Y.; Tang, B.Z. A Photostable AIE Luminogen for Specific Mitochondrial Imaging and Tracking. J. Am. Chem. Soc. 2013, 135, 62–65. [Google Scholar] [CrossRef]

	



Ma, X.; Zhang, Z.; Xie, H.; Ma, Y.; Liu, C.; Liu, S.; Liu, M. Emissive intelligent supramolecular gel for highly selective sensing of Al3+ and writable soft material. Chem. Commun. 2018, 54, 13674–13677. [Google Scholar] [CrossRef]

	



Feng, Y.; He, Y.M.; Fan, Q.H. Supramolecular organogels based on dendrons and dendrimers. Chem. Asian J. 2014, 9, 1724–1750. [Google Scholar] [CrossRef] [PubMed]

	



Jang, W.-D.; Jiang, D.-L.; Aida, T. Dendritic Physical Gel:  Hierarchical Self-Organization of a Peptide-Core Dendrimer to Form a Micrometer-Scale Fibrous Assembly. J. Am. Chem. Soc. 2000, 122, 3232–3233. [Google Scholar] [CrossRef]

	



Newkome, G.R.; Baker, G.R.; Saunders, M.J.; Russo, P.S.; Gupta, V.K.; Yao, Z.-q.; Miller, J.E.; Bouillion, K. Two-directional cascade molecules: Synthesis and characterization of [9]-n-[9] arborols. J. Chem. Soc. Chem. Commun. 1986, 752–753. [Google Scholar] [CrossRef]

	



Smith, D.K. Dendritic gels—Many arms make light work. Adv. Mater. 2006, 18, 2773–2778. [Google Scholar] [CrossRef]

	



Feng, Y.; Liu, Z.-T.; Liu, J.; He, Y.-M.; Zheng, Q.-Y.; Fan, Q.-H. Peripherally Dimethyl Isophthalate-Functionalized Poly(benzyl ether) Dendrons: A New Kind of Unprecedented Highly Efficient Organogelators. J. Am. Chem. Soc. 2009, 131, 7950–7951. [Google Scholar] [CrossRef] [PubMed]

	



Feng, Y.; Liu, Z.; Chen, H.; Fan, Q.-H. Functional supramolecular gels based on poly(benzyl ether) dendrons and dendrimers. Chem. Commun. 2022, 58, 8736–8753. [Google Scholar] [CrossRef]

	



Iguarbe, V.; Romero, P.; Barberá, J.; Elduque, A.; Giménez, R. Dual liquid Crystalline/Gel behavior with AIE effect promoted by Self-assembly of pyrazole dendrons. J. Mol. Liq. 2022, 365, 120109. [Google Scholar] [CrossRef]

	



Chen, Q.; Zhang, D.; Zhang, G.; Yang, X.; Feng, Y.; Fan, Q.; Zhu, D. Multicolor Tunable Emission from Organogels Containing Tetraphenylethene, Perylenediimide, and Spiropyran Derivatives. Adv. Funct. Mater. 2010, 20, 3244–3251. [Google Scholar] [CrossRef]

	



Chen, Y.L.; Lv, Y.X.; Han, Y.; Zhu, B.; Zhang, F.; Bo, Z.S.; Liu, C.Y. Dendritic Effect on Supramolecular Self-Assembly: Organogels with Strong Fluorescence Emission Induced by Aggregation. Langmuir 2009, 25, 8548–8555. [Google Scholar] [CrossRef] [PubMed]

	



Perez, A.; Serrano, J.L.; Sierra, T.; Ballesteros, A.; de Saa, D.; Barluenga, J. Control of self-assembly of a 3-hexen-1,5-diyne derivative: Toward soft materials with an aggregation-induced enhancement in emission. J. Am. Chem. Soc. 2011, 133, 8110–8113. [Google Scholar] [CrossRef]

	



Rajamalli, P.; Prasad, E. Low Molecular Weight Fluorescent Organogel for Fluoride Ion Detection. Org. Lett. 2011, 13, 3714–3717. [Google Scholar] [CrossRef] [PubMed]

	



Rajamalli, P.; Prasad, E. Non-amphiphilic pyrene cored poly(aryl ether) dendron based gels: Tunable morphology, unusual solvent effects on the emission and fluoride ion detection by the self-assembled superstructures. Soft Matter 2012, 8, 8896–8903. [Google Scholar] [CrossRef]

	



Rajamalli, P.; Prasad, E. Tunable Morphology and Mesophase Formation by Naphthalene-Containing Poly(aryl ether) Dendron-Based Low-Molecular-Weight Fluorescent Gels. Langmuir 2013, 29, 1609–1617. [Google Scholar] [CrossRef]

	



Chen, H.; Feng, Y.; Deng, G.-J.; Liu, Z.-X.; He, Y.-M.; Fan, Q.-H. Fluorescent Dendritic Organogels Based on 2-(2′-Hydroxyphenyl)benzoxazole: Emission Enhancement and Multiple Stimuli-Responsive Properties. Chem. Eur. J. 2015, 21, 11018–11028. [Google Scholar] [CrossRef] [PubMed]

	



Piepenbrock, M.-O.M.; Lloyd, G.O.; Clarke, N.; Steed, J.W. Metal- and Anion-Binding Supramolecular Gels. Chem. Rev. 2010, 110, 1960–2004. [Google Scholar] [CrossRef] [PubMed]

	



Dastidar, P.; Ganguly, S.; Sarkar, K. Metallogels from Coordination Complexes, Organometallic, and Coordination Polymers. Chem. Asian J. 2016, 11, 2484–2498. [Google Scholar] [CrossRef] [PubMed]

	



Fages, F. Metal Coordination To Assist Molecular Gelation. Angew. Chem. Int. Ed. 2006, 45, 1680–1682. [Google Scholar] [CrossRef] [PubMed]

	



Tam, A.Y.-Y.; Yam, V.W.-W. Recent advances in metallogels. Chem. Soc. Rev. 2013, 42, 1540–1567. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, J.; Su, C.-Y. Metal-organic gels: From discrete metallogelators to coordination polymers. Coord. Chem. Rev. 2013, 257, 1373–1408. [Google Scholar] [CrossRef]

	



Wu, H.; Zheng, J.; Kjøniksen, A.-L.; Wang, W.; Zhang, Y.; Ma, J. Metallogels: Availability, Applicability, and Advanceability. Adv. Mater. 2019, 31, 1806204. [Google Scholar] [CrossRef]

	



Liu, Z.; Zhao, X.; Chu, Q.; Feng, Y. Recent Advances in Stimuli-Responsive Metallogels. Molecules 2023, 28, 2274. [Google Scholar] [CrossRef]

	



Shao, T.; Falcone, N.; Kraatz, H.-B. Supramolecular Peptide Gels: Influencing Properties by Metal Ion Coordination and Their Wide-Ranging Applications. ACS Omega 2020, 5, 1312–1317. [Google Scholar] [CrossRef]

	



Fu, H.L.K.; Yam, V.W.W. Highlight review supramolecular metallogels of platinum(II) and gold(III) complexes. Chem. Lett. 2018, 47, 605–610. [Google Scholar] [CrossRef]

	



Liu, Z.-X.; Feng, Y.; Zhao, Z.-Y.; Yan, Z.-C.; He, Y.-M.; Luo, X.-J.; Liu, C.-Y.; Fan, Q.-H. A New Class of Dendritic Metallogels with Multiple Stimuli-Responsiveness and as Templates for the In Situ Synthesis of Silver Nanoparticles. Chem. Eur. J. 2014, 20, 533–541. [Google Scholar] [CrossRef]

	



Xue, M.; Lü, Y.; Sun, Q.; Liu, K.; Liu, Z.; Sun, P. Ag(I)-Coordinated Supramolecular Metallogels Based on Schiff Base Ligands: Structural Characterization and Reversible Thixotropic Property. Cryst. Growth Des. 2015, 15, 5360–5367. [Google Scholar] [CrossRef]

	



Liu, Q.; Wang, Y.; Li, W.; Wu, L. Structural Characterization and Chemical Response of a Ag-Coordinated Supramolecular Gel. Langmuir 2007, 23, 8217–8223. [Google Scholar] [CrossRef]

	



Kim, H.-J.; Lee, J.-H.; Lee, M. Stimuli-Responsive Gels from Reversible Coordination Polymers. Angew. Chem. Int. Ed. 2005, 44, 5810–5814. [Google Scholar] [CrossRef]

	



Zheng, J.; Lu, Z.; Wu, K.; Ning, G.-H.; Li, D. Coinage-Metal-Based Cyclic Trinuclear Complexes with Metal–Metal Interactions: Theories to Experiments and Structures to Functions. Chem. Rev. 2020, 120, 9675–9742. [Google Scholar] [CrossRef]

	



Kishimura, A.; Yamashita, T.; Aida, T. Phosphorescent Organogels via “Metallophilic” Interactions for Reversible RGB−Color Switching. J. Am. Chem. Soc. 2005, 127, 179–183. [Google Scholar] [CrossRef]

	



Cored, J.; Crespo, O.; Serrano, J.L.; Elduque, A.; Giménez, R. Decisive Influence of the Metal in Multifunctional Gold, Silver, and Copper Metallacycles: High Quantum Yield Phosphorescence, Color Switching, and Liquid Crystalline Behavior. Inorg. Chem. 2018, 57, 12632–12640. [Google Scholar] [CrossRef]

	



Iguarbe Montalbán, V. Dendrones y Metalodendrímeros para Materiales Blandos: Estudio de la Autoorganización en Cristales Líquidos y Geles. Ph.D. Thesis, Universidad de Zaragoza, Zaragoza, Spain, 2020. [Google Scholar]

	



Balagurusamy, V.S.K.; Ungar, G.; Percec, V.; Johansson, G. Rational Design of the First Spherical Supramolecular Dendrimers Self-Organized in a Novel Thermotropic Cubic Liquid-Crystalline Phase and the Determination of Their Shape by X-ray Analysis. J. Am. Chem. Soc. 1997, 119, 1539–1555. [Google Scholar] [CrossRef]

	



Moyano, S.; Barberá, J.; Diosdado, B.E.; Serrano, J.L.; Elduque, A.; Giménez, R. Self-assembly of 4-aryl-1H-pyrazoles as a novel platform for luminescent supramolecular columnar liquid crystals. J. Mater. Chem. C 2013, 1, 3119–3128. [Google Scholar] [CrossRef]








[image: Gels 10 00291 g001] 





Figure 1. Silver metallodendrimers synthesized and studied in this work. 
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Figure 2. 1H NMR methyleneoxy region and partial drawing of the dendritic structure to indicate the proton assignment. 
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Figure 3. Microphotographs of a cyclohexane gel (2.5 wt%) of [Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3 observed (a) under crossed polarizer configuration and (b) under parallel polarizer configuration. 
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Figure 4. (a) SEM image of xerogel in dodecane (2 wt%), (b) SEM image of xerogel in cyclohexane (2.5 wt%), (c) TEM image of xerogel in dodecane (0.05 wt%), (d) TEM image of xerogel in cyclohexane (0.05 wt%). 
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Figure 5. 1H NMR spectra (400 MHz) obtained by heating a [Ag(μ-(3,4,5-3,4,5)-10G2-APz)]3 gel in C6D12 (3 wt%) at different temperatures and proton signal assignment. 
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Figure 6. 1H-NMR spectra at room temperature for the compound [Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3 in CD2Cl2 at different concentrations. Refer to Figure 5 for proton assignment. 
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Figure 7. Gel and sol states for [Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3 (3 wt% in cyclohexane) under irradiation with a UV lamp. 
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Figure 8. Emission spectra at different temperatures for (a) [Ag(µ-(4-3,4,5)-10G2-APz)]3 (dodecane, 2 wt%), (b) [Ag(µ-(4-3,4,5)-12G2-APz)]3 (dodecane, 1.7 wt%), (c) [Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3 (cyclohexane, 3 wt%). (d) Emission spectra at room temperature of a gel (cyclohexane, 3 wt%) (black trace) and a solution (THF, 3 wt%) (red trace) and the calculated AIE effect for [Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3. 
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Table 1. Gel formation study for the metallodendrimers at a concentration of 5 wt% a.
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	Compound
	Ethanol
	Ethyl Acetate
	Dichloromethane
	Cyclohexane
	Dodecane





	[Ag(µ-(4-3,4,5)-10G2-APz)]3
	I
	I
	I
	I
	G [1.3]



	[Ag(µ-(4-3,4,5)-12G2-APz)]3
	I
	I
	I
	I
	G [1.1]



	[Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3
	I
	I
	S
	G [2.2]
	P



	[Ag(µ-(3,4,5-3,4,5)-12G2-APz)]3
	I
	I
	S
	P
	P







a I: non-soluble, G: gel, S: soluble, P: precipitate. In brackets is shown the minimum gelation concentration in wt%.













 





Table 2. Temperatures (°C) for the gel-to-sol transition (Tgel) at different concentrations.
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	Compound
	5 wt%
	4 wt%
	3 wt%
	2 wt%





	[Ag(µ-(4-3,4,5)-10G2-APz)]3
	81 a
	75 a
	66 a
	56 a



	[Ag(µ-(4-3,4,5)-12G2-APz)]3
	86 a
	78 a
	70 a
	64 a



	[Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3
	54 b
	41 b
	35 b
	-







a Dodecane. b Cyclohexane.













 





Table 3. Photoluminescence data of the metallodendrimers.
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	Compound
	λgel a

(nm)
	λsol b

(nm)
	λTHFdil a,c (nm)
	λTHFconc a,d (nm)
	AIE





	[Ag(µ-(4-3,4,5)-10G2-APz)]3
	423 e,g
	418 e,g
	356
	440 g
	61



	[Ag(µ-(4-3,4,5)-12G2-APz)]3
	425 e,g
	419 e,g
	346
	445 g
	58



	[Ag(µ-(3,4,5-3,4,5)-10G2-APz)]3
	449 f,h
	439 f,h
	355
	453 h
	95







a Room temperature, b 80 °C, c 10−6 M THF solution, d concentrated THF solution, e dodecane, f cyclohexane. g 2 wt%. h 3 wt%.
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