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Abstract: The control of the sequential self-assembly processes of highly entangled (Ag3L2)n (n = 2,4,6,8) and Ag21L12 coordination polyhedra using side-chain effects was studied via the introduction of linear or branched side chains into the tripodal ligands. In addition to changes in the intermediate polyhedral species affording the multi- pathway process, disruption of the kinetic control of the sequential self-assembly was observed, thus demonstrating the utility of steric control for the construction of 3D-entangled molecular materials on the 5 nm scale with high molecular complexity.
Introduction
[bookmark: _Hlk109303027]Sequential self-assembly of nanostructures is an attractive topic toward molecular complexity[1-3] as a potential source of sophisticated functions with dynamic properties. Particularly, multi-step interconversion of coordination polyhedra has recently emerged based on responsive behaviors of metal coordination centers, enabling global or partial structural changes of the three-dimensional frameworks.[4,5] In this context, we have recently developed a process for the hierarchical self-assembly of (M3L2)n polyhedra (L = 1; M = Ag(I) or Cu(I)) with highly entangled frameworks (Figure 1).[6-8] In those structures, we found that acetylene -coordination cooperatively works with conventional metal···pyridyl coordination,[9] uniting the (originally) interlocked components in one molecule with a highly complex 3D framework.
One of characteristic aspects of the (M3L2)n series is the stepwise conversion of the 3-5-nm-scale polyhedral frameworks upon anion exchange with nitrate, where the entangled motifs[10] are completely changed or partly edited in parallel (Figure 1a).[6b,8] During our screening, a slight change in the number of equivalents of the nitrate ion led to obvious changes in the assembled structures, as confirmed by an NMR study. Anion templation is known to be effective at the formation and dynamic interconversion of polyhedral and related cage-shaped cationic complexes,[11]  while (i) stability of the M3L2 subunit holding a counter anion, (ii) steric demand of the encapsulated anion, and (iii) role as the additional coordination donor mainly affected in our previous systems. These observations led us to suspect that the same ligand framework could potentially undergo a wide range of assembly processes, even once huge polyhedra have been formed, via adjustment of the conditions. Finely tuned entangled motifs are expected to induce unique properties, as inspired by natural proteins having entangled motifs exist in their large 3D structures and affect their molecular functions.[12] The behavior of these artificial materials as dynamic systems has rarely been explored, except for a few examples of reversible single-step interconversions.[13]
With the aim of finely manipulating the assembly pathway, we describe here the control of the self-assembly of the polyhedra using an even more simple parameter than the nitrate stoichiometry, i.e., the side-chain effects on the surface of the polyhedral frameworks. The steric effect is one of the most fundamental factors used to control the pathways and outcomes of organic synthetic reactions. Kinetic control, derived from the introduction of bulky functional groups, affects the reaction rate, while thermodynamic effects often govern which structure is obtained as the most stable product. While various types of steric control during the construction of nanoscale molecules via coordination self-assembly has also been explored[14,15], we herein focus on the steric effects realized by tuning the peripheral moieties apart from the metal centers. The advanced methodology, which combines anion templation and side chain effects, can be expected to provide access to the precise control of the synthesis of artificial molecular systems incorporated within 3D entangled molecular materials.[16,17]
Results and Discussion
Synthesis 
To evaluate the impact of the steric effects of the ligands on the assembly of the (M3L2)n polyhedra, different types of side chains were introduced onto the arms of the tris-3-pyridyl triarylmethane framework (Figure 1b). Besides the steric factors, the current design of the side chains would affect the solubility of the assembled complexes and the coordination ability of acetylene and pyridyl donors confined in the regulated nanospace, both of which compose the side chain effects on the selection of the products. Ligands 2–4 were prepared via the threefold Sonogashira coupling of triiodinated triarylmethane where the arm alkynes have a 3-pyridyl terminus, followed by deprotection of the methoxymethyl groups and condensation with carboxylic acids equipped with either linear or branched side chains (for details, see the SI). Ligand 5, equipped with diethylene glycol chains, has already been reported in our previous work.[7a]
[image: ダイアグラム が含まれている画像

自動的に生成された説明]Figure 1. (a) Schematic representation of the self-assembly of the (Ag3L2)2 cage and its interconversion into the (Ag3L2)8 and Ag21L12 polyhedra upon anion exchange in CD3NO2.[6b,8] The entangled structures for each entangled polyhedron are shown below, while the acetylene -coordination connecting the components is omitted for clarity. (b) Chemical structures of ligands 1,[6a] 2–4, and 5[6a] used in this study.
Controlled intermediate polyhedra upon interconversion
As previously reported, the complexation of the original ligand 1 with AgBF4 affords (Ag3L2)2 in CD3NO2, which transforms to cubic (Ag3L2)8 and Ag21L12 upon sequential addition of the nitrate anion.[6b,8] Additionally, the conversion of prismatic (Ag3L2)6 to Ag21L12 is also observed in THF-d8. To exclude the influence of the solvent effect on the assembly pathway, all experiments in this study, with the exception of the control, were conducted in CDCl3/CD3OD (97:3). 
To confirm that the self-assembly works as previously determined, formation of the smallest complex, i.e. (Ag3L2)2, using the ligands equipped with the side chains was firstly examined. Ligand 2 was treated with silver trifluoromethanesulfonate (AgOTf; 1.5 eq., 3.75 mM) in CDCl3/CD3OD (97:3). After the mixture had been heated (50 °C, 30 min), 1H diffusion ordered spectroscopy (DOSY) NMR showed the formation of a single species (D = 2.5 × 10−10 m2 s−1 at 294 K). The splitting of the 1H signals into two sets also supported the assembly of the (Ag3L2)2 cage (Figure 2a and S7), because of the presence of two different chemical environments for the ligands (inner and outer) in the entangled structures of the cage framework. This behavior is also observed in 13C NMR signals (Figure 2c and S8), identical to that reported for the corresponding complex where L = 1.[6a] Unfortunately, attempts to complete a single X-ray analysis of the complex have been unsuccessful because of the crystals degraded rapidly upon X-ray irradiation due to physical fragility that appears to result from the introduction of long alkyl chains surrounding the (Ag3L2)2 skeleton.

[image: グラフィカル ユーザー インターフェイス

自動的に生成された説明]
Figure 2. (a) 1H NMR spectral change (400 MHz, 290 K) of ligand 2 upon the addition of AgOTf (1.5 eq.) in CDCl3/CD3OD (97:3). Signals marked with an asterisk (*) could be derived from the free ligand partially coordinated to the Ag(I) ion. (b) 1H DOSY spectrum of  (Ag3L2)2 (L = 2) (294 K). (c) Partial 13C NMR spectrum (151 MHz, 294 K) of the (Ag3L2)2 cage (L = 2) (d) AFM image of (Ag3L2)2 (L = 2). See Figure S1 for cross-sectional analysis. (e) Optimized structure of (Ag3L2)2 (L = 2) using MM calculation. Encapsulated counter anions are omitted for clarity.
As further support, atomic force microscopy (AFM) was performed on mica surface. AFM imaging initially gave severely aggregated forms, likely due to enhancement by hydrophobic side chains surrounding the polyhedral framework. Finally, a spin-coating technique treating the casted samples with nitromethane revealed the observation of relatively well-dispersed objects with a height of 6–11 nm (Figure 2d and S1), considering the approximate estimated size of the complex (see the molecular-mechanics (MM) model in Figure 2e). In the current case, however, the complete conversion to the (Ag3L2)2 cage did not occur according to the NMR study. This is probably due to the steric hinderance of the side chains as indicated from the MM model, destabilizing the polyhedral framework under thermodynamic equilibrium. This is also supported by the case of the more bulky ligand 3, which indicated lower conversion to (Ag3L2)2 upon the complexation with AgOTf (1.5 eq.) (Figure S5).
Furthermore, when ligand 2 was treated with AgBF4 (3.0 eq., 7.5 mM)[18] in CDCl3/CD3OD (97:3), a different self-assembly pathway was observed (Figure 3a). After the mixture had been heated (50 oC, 30 min), the resulting 1H NMR spectrum showed the formation of tetrahedral (Ag3L2)4,[19] as identified by the characteristic shifts of the pyridyl-proton Ha and the benzene proton Hb (Figure 3b and S11)[20], which showed smaller diffusion coefficient (D = 1.7 × 10−10 m2 s−1 at 294 K, Figure 3c) in comparison with that of the (Ag3L2)2 cage. Additional support for this structure is provided by the splitting of the aliphatic (-CH3 and -OCH3) signals corresponding to the inner and outer ligands (Figure S6a,b).[6a,7b] This is clearly different from the result observed in case of ligand 1, which forms a larger prismatic (Ag3L2)6 structure under the same conditions.[6a] Under these conditions, ligand 3 (Figure S16a) forms a similar structure to ligand 2, a tendency that can be explained by the decreased stability of the (M3L2)6 framework due to steric congestion around the metal centers.
Moreover, the interconversion from tetrahedral (Ag3L2)4 to cubic (Ag3L2)8 and Ag21L12, which has previously only been possible from (Ag3L2)2 (or prismatic (Ag3L2)6 to Ag21L12), was observed upon addition of tetramethylammonium nitrate (TMANO3, 2.0 eq.) at room temperature when using either ligand 2 or 3 (Figure 3d-h, S6c-f, and S16b).[21] Supportively, AFM observations using the spin-coating technique with diluted complex solutions revealed relatively dispersed objects with heights ranging from 7 to 13 nm for (Ag3L2)4, (Ag3L2)8, and Ag21L12, respectively (Figure 4 and S2–S4), while it was to some extent inevitable that partially decomposed species is observed along with the desired complex. Ag21L12 was found to be the thermodynamically most stable structure after anion exchange, regardless of the starting precursor.
The steric effect of the bulkiest ligand, 4, upon the complexation adopting trifluoromethane sulfonate (OTf−) as a counter anion is also worth noting. While (Ag3L2)2 is mainly formed with ligands 2 or 3 by mixing with AgOTf, as previously mentioned, a 1H NMR analysis showed that (Ag3L2)2 (L = 4) is only formed as a minor product (Figure S17). Upon lowering the temperature to –20 oC, the (Ag3(4)2)2 cage with a severely crowded side-chain region (Figure S17a) became the main product, although the completion of the assembly could not be confirmed (Figure S17b). Consequently, in this case, the addition of nitrate ions did not result in a straightforward interconversion.
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Figure 3. Self-assembly of various entangled polyhedra and changes in 1H NMR spectra (400 MHz) observed for ligand 2 and its self-assembled complexes. (a) Self-assembly pathway of 2 and 3 with AgBF4 followed by nitrate-induced interconversion in CDCl3/CD3OD (97:3). The self-assembly of 1 was previously reported.[8] (b) 1H NMR spectra of ligand 2 (solvent: CDCl3) and the (Ag3(2)2)4 tetrahedron (CDCl3/CD3OD (97:3)). For comparison, 1H NMR spectra of (Cu3(1)2)4 (CD3NO2) was shown.[6a] (c) 1H DOSY spectrum of (Ag3(2)2)4 (294 K). (d) 1H NMR spectrum of the (Ag3(2)2)8 cube (CDCl3/CD3OD (97:3)). (e) 1H DOSY spectrum of (Ag3(2)2)8 (294 K). (f) Interconversion of an (Ag3(1)2)8 cube (blue squares) into Ag21(1)12 concave polyhedron (pink circles) upon sequential anion exchange in CD3NO2 (300 K), shown for comparison.[8] (g) Interconversion of (Ag3(2)2)4 into (Ag3(2)2)8 (blue squares) and Ag21(2)12 (pink circles) upon sequential anion exchange. (h) 1H DOSY spectrum of Ag21(2)12 (294 K).
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Figure 4. AFM images of (a) (Ag3(2)2)4, (b) (Ag3(2)2)8, and (c,d) Ag21(2)12. The original complex solutions were diluted with nitromethane/n-hexane, nitromethane/dichloromethane, and chloroform, respectively to achieve dispersed forms on mica. For cross-sectional analyses, see Figures S2–S4.
As described above, the intermediate polyhedral frameworks in the self-assembly process are regulated by slightly changing the steric demand of the side chains. Concomitantly, the entangled motifs of the assemblies also change, e.g., from the tetrahedral condensation of trefoil knot-like motifs[10a] in (Ag3L2)4 to the prismatic hybridization of trefoil knots and Solomon-link-like motifs[10b] in (Ag3L2)6. Control over the molecular entanglements via steric factors offers a new way to synthesize desired entangled 3D structures chosen from a pool of potentially possible topologies.
Suspension effect upon the self-assembly
Steric control also induces a unique ‘suspension effect’ upon the self-assembly of the (Ag3L2)6 prism (Figure 5). Considering the reduced solubility of the ligand and the resulting assembly at low temperature, ligand 5 with enhanced solubility was used here. When ligand 5 was treated with AgBF4 (2.0 eq.) in CDCl3/CD3OD (97:3) (50 oC, 30 min), the predominant formation of (Ag3L2)6 was observed using 1H NMR spectroscopy (Figure S18), and no difference with respect to the structure formed using ligand 1 was observed.[6a] However, when the complexation was conducted at 3 oC, the formation of the smaller polyhedra (Ag3L2)2 and (Ag3L2)4 was observed (Figure 6a). After the reaction mixture was maintained at 3 oC for 20 h, no interconversion to the larger (Ag3L2)6 prism was observed, which stands in contrast to the case of 1, where a slow conversion to (Ag3L2)6 is seen over 20 h (Figure S19). 
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自動的に生成された説明]Figure 5. Schematic representation of the self-assembly of 5 with AgBF4 in CDCl3/MeOD (97:3).
Figure 6. Change in the 1H NMR spectra (500 MHz) during the self-assembly of ligand 5 with AgBF4. a) Formation of an intermediate (Ag3(5)2)4 tetrahedron (blue squares) at 3 oC (NMR at 0 oC, CDCl3/MeOD (97:3)). The indicated by-product (green triangles) is possibly the smaller (Ag3(5)2)2 cage. b) Slower conversion to the (Ag3(5)2)6 prism (pink circles) at 50 oC. c) DOSY spectrum taken during the assembly of (Ag3(5)2)4 and (Ag3(5)2)6 (25 oC).
More surprisingly, the conversion from (Ag3L2)4 to (Ag3L2)6 took much longer (18 h; Figures 6b and 6c) at 50 oC, as compared to the more straightforward heating conditions described above. Such a drastic decrease of the conversion rate is reasonable considering the steric hinderance imparted by the dispersed side chains on the completely fixed polyhedral framework, which must be accessed by the additional ligand units upon interconversion. If sequential assembly is performed at higher temperatures, both partially formed unstable intermediates and the completed polyhedra will probably coexist in the system.[22] Thus, interconversion to the final product proceeds relatively smoothly by reaction of such intermediates with the additional metal–ligand species. To confirm this hypothesis, the self-assembly process in solvents with lower polarity was examined. In THF-d8, the simultaneous formation of (Ag3L2)4 and (Ag3L2)6 was observed using 1H NMR spectroscopy (Figure S20a). Meanwhile, an assembly process that only gives (Ag3L2)6 was found even at 3 oC in toluene-d8 (Figure S20b). These results are consistent with the steric effects caused by the hydrophilic side chains, which will be less significant in hydrophobic solvents due to the folding of the chains at the area close to the polyhedral framework. This allows the relatively easy access of new ligand units to the polyhedral backbone, thus facilitating the conversion to larger assemblies. In addition, the approximate degree of congestion of the side chains at a triangle face of tetrahedral (Ag3L2)4 (1.38 groups/nm2 based on X-ray studies and MM) is relatively high compared to that of a square face of prismatic (Ag3L2)6 (1.06 groups/nm2) (Figure S21). Therefore, (Ag3L2)4 might become relatively unstable under conditions where the side chains are folded and packed around the framework. The low-temperature experiments clarified a process of the sequential self-assembly toward a large, complex polyhedral skeleton via a less stable intermediate consisting of a common structural factor or subunit (i.e., Ag3L2), similar to the protein folding involved with metastable intermediates.[23]   

Conclusion
In summary, we demonstrated the use of positive steric effects to exert control over the reaction pathways, reaction outcomes, and the kinetic behavior of the self-assembly of entangled polyhedra. Large nanocages can be obtained from a pool of metastable intermediates with topologically feasible isomers as products.[24,25] However, the molecular entanglement in these processes still requires further investigation and understanding. The present results indicate a new way to tailor the synthesis of artificial nanoscale molecules with unexplored 3D entangled topologies that we believe will offer fascinating structural backbones for future nanomaterials.
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The control of the sequential self-assembly processes of highly entangled coordination polyhedra on the ~5 nm scale using side-chain effects was studied via the introduction of linear or branched side chains into the tripodal ligands. In addition to changes in the intermediate polyhedral species affording the multi-pathway process, disruption of the kinetic control of the sequential self-assembly was observed.
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