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Supramolecular ladder assemblies as a model for probing electronic interactions between multiple stacked π-conjugated systems

A series of mono-, di-, and tri-topic receptors, in which Hbonding sites, complementary to those of barbituric acid (BA), are fused, is used to induce the supramolecular assembly of n x m ladders containing 1, 2, or 3 triphenylenevinylene units appended with BA. The topological constraint enforced by the architectures induces through-space interactions between the electroactive moieties that are reflected in the electronic absorption and emission spectrum. The n=2, m=2 or m=3 architectures undergo two single electron oxidation events indicative of the formation of the corresponding mono-and di-radical cation species with comproportionation constants of 340 and 70, respectively. Comparison of the electrochemical potentials suggests that the charges are delocalized over the electroactive units in the assembly.

10.

Introduction

The intrinsic electronic properties of organic materials are mainly defined by the chemical structure of the molecular constituents. However, intermolecular electronic coupling controls the efficiency of long-range exciton and charge carrier diffusion and for this reason through-space interactions play a key role in determining the performance of molecule-based materials for applications in electronics. [1,2] For example, in organic photovoltaic devices, the formation of crystalline polymer domains, in which π-stacking interactions are large, greatly favor charge separation and transport. [3,4] A similar situation is found in organic field-effect transistors, where device performance is invariably linked to the charge-carrier mobility of the material, [5,6] and in photosynthetic organisms, where the degree of electronic coupling between chromophores in the antennae is tailored to promote highly efficient energy transfer over long distances. [7][8][9][10] For these reasons, investigations of the factors governing the formation of structurally defined aggregates of π-conjugated materials have been pursued vigorously. [11,12] In particular, controlling the formation of specific supramolecular structures has proven important in adjusting the bulk electronic properties. [13][14][15][16][17][18][19][20] Elegant work from several research groups demonstrated the use of tailored supramolecular interactions to achieve this goal, in particular through the use of organogelating systems in which the π-conjugated components are welloriented. [1,[21][22][23][24][25][26] In these systems, the chromophores first selfassemble into relatively well-defined architectures that then combine into infinite macroscopic phase-separated structures. [27,28] The challenge of obtaining precise molecular data from inhomogeneous systems was largely met in the field of πconjugated polymer chemistry by the use of the oligomer approach, in which short, structurally well-defined chains are used to probe the properties of larger and less tractable samples. [29,30] By analogy, a supramolecular approach can be used to direct the formation of finite vs. infinite well-defined supramolecular architectures, in which suitably oriented πconjugated chromophores are maintained in place through noncovalent interactions. [START_REF] Lehn | Supramolecular Chemistry: Concepts and Perspectives[END_REF][START_REF] Chen | [END_REF][33] Supramolecular stacks based on metal ion coordination or hydrogen-bonding (H-B) have been used to prepare supramolecular analogues of cyclophane-like structures, and these can provide a starting point for the rational design of more extended architectures. [34][35][36][37][38][39] However, for the purpose of probing the effect of stacking on the electronic properties of the chromophores, H-B interactions provide an advantage over metal ion coordination as they are typically electrochemically silent and do not display electronic absorption bands in the UV-vis region or promote intersystem crossing of nearby excited states.

Herein, we present our results on the use of H-B interactions to direct the formation of well-defined supramolecular architectures in which two or three triphenylenevinyle units are maintained in a stacked coplanar geometry. To favor topologies in which the π-conjugated chromophores are stacked, multiple H-bonding interactions (12 or 18) are used to construct closed architectures possessing cooperativity for the introduction of the final component. The topological effects on the electronic properties of the compounds, as probed by using spectroscopic (absorption and emission spectroscopy) and electrochemical (cyclic voltammetry) techniques, show that through-space interactions between the triphenylenevinyle units are present. Formation of the mono-and di-radical cations occurs through two sequential one-electron oxidation steps in which the comproportionation constants depend on the size of the supramolecular assembly.

Results and Discussion

The supramolecular strategy employed to maintain the desired π-conjugated chromophores in a fixed topology is based on the construction of supramolecular (n x m) ladders. Compared to supramolecular racks, the formation of ladders presents the advantage of better controlling the relative orientation and distance between the chromophores and offering a lower entropic contribution towards formation of the final, closed architecture (Figure 1). The connectivity between the different elements is ensured by the formation of 12 H-bonds between two barbiturate guests bound to the chromophore and complementary Hamilton-like H-bonding sites [40] on di-and tritopic receptors (R2 and R3, respectively). The strong binding between barbiturates and Hamilton receptors is well documented and favors formation of the host-guest complex even at sub-mM concentrations. [41,42] The synthesis of 1 was achieved through a Knoevenagel condensation between barbituric acid and the corresponding dialdehyde. Although the synthesis of the latter was previously reported via a controlled polycondensation reaction, we found it more expedient to prepare the desired intermediate by the Horner-Wadsworth-Emmons reaction as described by Hummelen and Janssen, [43] followed by Vilsmeier-Haack formylation of the dibromide (Scheme 1). The preparation of the di-and tri-topic receptors makes use of the large difference in reactivity of substituted cyanuric chlorides towards aromatic nucleophilic substitution. [44] This makes it possible to sequentially introduce three different substituents in good yields and high selectivity. Introduction of the last amine residue is achieved using aqueous ammonium hydroxyde at 120°C in a sealed vessel. To evidence the effects of H-bonding on the electronic and spectroscopic properties of 1, a reference monotopic receptor (R1) was also prepared. The absorption and emission spectra of 1 and the supramolecular assemblies formed in the presence of R1, R2, and R3 in dichloromethane solutions are shown in Figure 2. It should be noted that 1 alone has a tendency towards aggregation even in dilute solutions due to the presence of partially complementary H-bonding sites. The addition of R1 considerably enhances its solubility by blocking the H-bonding sites. Compared to the absorption of 1•R1, the absorption of 1 alone is shifted hypsochromically by 45 nm and reduced in intensity, as expected for the formation of H-type aggregates in which the π-conjugated chromophores are stacked. The situation for 1•R2 and 1•R3 is similar, with the absorption spectra of both complexes shifted hypsochromically (by 27 nm) with respect to that of 1•R1. The smaller shift may be a result of the greater distance between the chromophores in the ladder complexes (estimated to be ca. 5 Å) with respect to that in aggregates of 1 alone. All the species are emissive, indicating that, if formed, the H-aggregation does not possess an ideal, stacked geometry in which emission is symmetry-forbidden. In line with the absorption spectra, the emission of all the complexes is hypsochromically shifted with respect to that of 1•R1, with the greatest shift observed for 1 alone. The nearidentical absorption and emission spectra of 1•R2 and 1•R3 suggests that the environment of 1 is very similar for both complexes. Evidence for the formation of the 1•R2 and 1•R3 complexes was obtained by monitoring the absorption spectra of mixtures of 1 and the selected receptor. In particular, Job plots for 1•R2 clearly show a maximum for a 1 : 1 stoichiometry, in agreement with the formation of a 2 : 2 complex (Fig. 3). The situation for the 1•R3 complex is somewhat more complex. Although the variations observed in the absorption spectrum are broadly similar to those for 1•R2, the resultant Job plot is broad over the region between 0.5 and 0.7. This may be explained by the sequential formation of both the 2 : 2 and 2 : 3 complexes as the relative stoichiometry of the components is varied. Furthermore, unlike for 1•R2, Job plots determined at different wavelengths give different profiles, as expected for the formation of > 1 complexes of differing stoichiometry. [45] The formation of the complexes is reasonably fast, as we observe that the 1 H NMR signals of the 1•R2 complex appear rapidly upon mixing and do not change over a 6-hr period (Figure S5). Variable temperature 1H NMR shows that this complex is stable up to ca. 320K (Figure S6). Additionally, we note that titration of 1 with R2 is accompanied by a 5-ppm downfield shift of the imide NH of 1 (δ 13.8), which is commonly associated with the formation of barbiturate receptor H-bonded assemblies (Figure S7). [40] Further addition of R2 beyond the expected 2 : 2 stoichiometry results in the appearance of a new resonance at δ13.5. In the case of the 1•R3 complex, the assignment of the NH resonances is complicated by the existence of different sites corresponding to the central and peripheral binding sites. Nonetheless, the observed changes are broadly consistent with that observed for the 1•R3 complex (Figure S8).
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The formation of the proposed 1•R2 and 1•R3 architectures is also consistent with their diffusion constants in solution. According to molecular modelling, the 2 x 2 and 2 x 3 1•R2 and 1•R3 complexes possess a shape that is relatively spherical due to the 12 or 18 2-ethylhexyloxy solubilizing chains on the periphery. Diffusion-ordered NMR spectroscopy (DOSY) [46] was used to determine the diffusion coefficients of the two complexes and compare them to that of 1 alone (Table 1). In the case of 1•R2, the diffusion constant is found to be 2 x 10 -9 m 2 /s, which corresponds to a sphere whose hydrodynamic radius (1.0 nm) is very close to that calculated for the complex by molecular modelling (1.1 nm). In agreement with the formation of the expected architecture for 1•R3, a single major diffusing species was observed whose diffusion constant is smaller than that of 1•R2, giving a 20% increase in hydrodynamic radius as expected for the larger assembly. The aggregation of 1 alone in dichloromethane was also probed by DOSY. A diffusing species associated to a hydrodynamic radius of 3.1 nm was found, which is substantially larger than that for 1•R2 and 1•R3. This indicates that the average size of the aggregates of 1 is larger than that of 1•R3 and that they may contain 5 -10 molecules per aggregate. V (nm 3 )

[c] The formation of the 2 x 2 and 2 x 3 ladder complexes 1•R2 and 1•R3 is expected to influence the redox properties of the electroactive triphenylenevinylene moiety. [47,48] The latter readily undergoes reversible oxidation to form the corresponding radical cation. To probe the redox properties of 1 when it is in the environment afforded by the complexes 1•R2 and 1•R3, cyclic voltammetry was used to determine the oxidation potentials of the complexes. Dichloromethane was used as the solvent to ensure favorable formation of the complexes under the experimental conditions. However, because 1 alone undergoes aggregation in dichloromethane, an excess of R1 was added to form the 1•R1 complex. Control experiments with R1, R2, and R3 showed that they do not possess redox activity under the conditions employed for the experiments. As expected, 1•R1 possesses a single redox wave corresponding to the formation of the monomer radical cation (Table 2). This contrasts the behavior of 1•R2 which instead possesses two redox waves, the first one occurs at a potential that is higher than the one for 1•R1, and is followed by a second wave leading to the formation of the radical dication. We attribute the difference in the oxidation potentials between 1•R1 and 1•R2 for formation of the radical cation (∆E'ox = 65 mV) to the steric constraints imposed on 1 upon formation of 1•R2. [START_REF]the C-C single bond between the terminal phenyl and the barbiturate group. This would reduce the contribution of the barbiturric acid moieties to the stabilization of the radical cation[END_REF] In the case of 1•R3, one may expect three oxidation steps, one for each of the triphenylenevinylene units in the complex. Experimentally, only two one electron oxidation events are observed instead. Their separation is smaller than that in 1•R2 (110 vs. 150 mV for 1•R2 and 1•R3, respectively). A reasonable explanation is that the formation of the radical trication (1•R3) 3+ lies beyond the experimentally accessible solvent window. Another possibility is that the 1•R3 complex only binds two molecules of 1, but this would be in disagreement with the spectral changes observed upon formation of 1•R3. Indeed, for 1•R3 to possess a smaller separation between the oxidation potentials than 1•R2 implies that only the two distal binding sites in R3 are occupied. If this were the case, the interchromophore spacing would be increased to > 10 Å, resulting in an environment expected to be more similar to that of R1 than of R2. The difference in potential between the oxidation of the first and second molecules of 1 in the 1•R2 and 1•R3 complexes provides information on the relative stabilization of the radical dications. If no interactions were present, then all the electroactive units in the complexes would undergo single electron oxidation at the same potential. The interaction afforded by the assembly can be evaluated from the comproportionation constant (Kc) according to: [START_REF] Ernst | [END_REF] 𝐾
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where F is the Faraday constant and ∆Eox is the difference in oxidation potential in Volts. As can be seen from Table 2, both 1•R2 and 1•R3 possess Kc > 1, indicating interactions between the two charges located on the same complex. The value is lower for 1•R3 as expected for a greater delocalization of the positive charges over the three electroactive units in the complex.

Interactions between intermolecular orbitals can be understood using the Hückel approximation by following the magnitude of the transfer integral t. [51] As the number of repeating units increases, the separation between discrete energy levels decreases and the bandwidth approaches the value of an infinite chain (Figure 4). In the comparison between the splitting induced by the formation of the 1•R2 vs. 1•R3 complexes, we note that the ratio of the observed splitting in Eox is 150 / 110 = 1.35. In the energy diagram, this corresponds to the ratio between the difference in energy levels of the dimer and trimer, which is given by 2t / (√2)t = 1.41. The two values are in reasonably good agreement, suggesting that the supramolecular assemblies may be adequate models for exploring the electronic interactions in extended π-staked assemblies. 

Conclusion

Just as the oligomer model has greatly contributed to the understanding of the intramolecular properties of electroactive polymers, the use of well-defined supramolecular architectures can allow insights to the intermolecular interactions between adjacent electroactive units. A key feature of supramolecular self-assembly is that different 3D architectures may be prepared from common subunits, thereby facilitating synthetic accessibility to a variety of topologies. Here, the use of H-bonding interactions for the formation of n x m ladders incorporating 2 or 3 triphenylenevinylene units in a co-planar orientation was explored, but other geometries may be accessible using different receptors. The proximity enforced by the complex leads to interesting electronic effects as manifested in the absorption, emission, and redox properties. In particular, it was observed that the stabilization afforded by the delocalization of the radical cation increases in the order m = 2 < m = 3 as expected for the delocalization of holes in stacked conjugated molecules. On the other hand, we also note the increase in complexity for the unambiguous characterization of higher-order supramolecular assemblies. Although the combination of spectral and redox information collected for the 1•R2 and 1•R3 complexes examined herein are in agreement with the proposed structures, the unequivocal characterization of larger assemblies may be more difficult. Although the phenylene spacer in R2 and R3 is near-optimal in terms of rigidity and geometric constraints, some distortion is nonetheless likely upon formation of the H-bonded assemblies as judged from the solid-state structure of the parent system. [52] This could be amplified in the larger assemblies, eventually leading to frustration of the H-bonding sites. In the light of this, careful design of the supramolecular self-assembled structures can be used to favor formation of desired topologies.

Experimental Section

The compounds used were prepared according to the protocols described in the supplementary information. Spectroscopic grade solvents were used for the binding studies. UV-Vis and emission spectra were collected on a Varian Cary 5 spectrophotometer and Horiba Fluoromax fluorimeter, respectively. DOSY NMR experiments were performed at 298 K on a Bruker DPX 400 equipped with a 5 mm gradient inverse broadband probe. Diffusion measurements were performed at a concentration of 0.5 mM for 1 with a stoichiometric amount of receptor using a 1 H NMR pulsed-gradient experiment. The stimulated spin-echo sequence 51 which leads to the measurement of the translational selfdiffusion coefficients D, where D is the slope of the straight line obtained when ln(I) is plotted against the square of the gradient-pulse power according to the following equation: ln(I) = -γ 2 g 2 Dδ 2 (Δ-δ/3), where I is the relative intensity of a chosen resonance, where γ is the proton gyromagnetic ratio, Δ the intergradient delay (150 ms), δ the gradient pulse duration (1,3 ms), and G the gradient intensity (10 values varying from 0.01 to 0.40 G / m were used). The diffusion constant of dichloromethane (3.82 x 10 -9 m 2 / s) [53] was used to calibrate the measurements. Electrochemical studies were performed on a BAS100B Electrochemical Analyzer. (Bioanalytical Systems, Inc.) Cyclic voltammograms were recorded in dichloromethane with 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting electrolyte. The working electrode was a graphite disc, the counter electrode was a platinum wire, and an Ag wire in 0.1 M TBAPF6 solution was used as a pseudo reference electrode. The reported oxidation potentials were obtained with a scan rate of 20 mV.s -1 and are reported with respect to ferrocene added as an internal reference. Molecular modelling was performed using the MM5 molecular mechanics force field in the Hyperchem program.
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 1 Figure 1. Supramolecular strategy involving the formation of 2 x 2 and 2 x 3 ladder assembles of triphenylenevinylene 1 and receptors R2 and R3 via multiple H-bonding interactions. Bottom: Energy-minimized (MM5) molecular structures of 1•R2 and 1•R3 (solubilizing chains omitted for simplification).

Scheme 1 .

 1 Scheme 1. Synthetic strategy for the preparation of 1 and receptors R2 and R3.
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Figure 2 . 10 - 4 M

 2104 Figure 2. Electronic absorption (solid lines) and normalized emission spectra (dashed lines, λex = 500 nm) in dichloromethane of 1 (10 -4 M, black), 1•R1 (10 -

Figure 3 .

 3 Figure 3. Electronic absorption of 1 and R2 at 10 -4 M in dichloromethane according to the method of continuous variations (A) and resultant Job plot (B) of ∆Abs at 590 nm. Dashed line indicates 1 : 1 stoichiometry. C: Electronic absorption of 1 and R3 at 1.2 x 10 -4 M in dichloromethane according to the method of continuous variations and resultant Job plot (D) of ∆Abs at 560 nm.

  In dichloromethane solution at 0.5 mM. [b] Hydrodynamic radius calculated from the Einstein-Smoluchowsky equation. [c] Hydrodynamic volume.
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  In dichloromethane solution with respect to ferrocene used as an internal standard.

Figure 4 .

 4 Figure 4. Stacking of π-conjugated chromophores induces electronic interactions that, according to the Hückel approximation, split the energy levels by multiples of the transfer integral t. In the case of 1, a single oxidation event corresponding to the formation of the radical cation is observed. Two oxidation steps are instead observed for both the 1•R2 and 1•R3 complexes. The experimentally observed ratio of the difference in the redox potential between each oxidation step, ∆E, is close to the expected value of √2 predicted by Hückel theory.
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Table 1 .

 1 Diffusion constants and calculated hydrodynamic radius determined from DOSY experiments.

		[a]				
	Species	D (10	-9 m	2 /s)	R (nm)l	[b]

Table 2 .

 2 First and second electrochemical potentials for oxidation of 1 in the complexes.
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Supramolecular self-assembly directs the stacking of terphenylenevinylene units to mimic hole delocalization in materials for organic electronics.