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Introduction

One of the predominant leitmotifs of the hierarchically organized biopolymers is the "pre-programmed" chemical entities that could forecast their precise structure and functions. [1] A great deal of effort in mimicking natural systems led to the development of supramolecular polymers. [2] Akin to biopolymers, the molecular building blocks of supramolecular polymers can predict the outcome of competing intermolecular interactions and provide the possibility of exploring new coordinates of the free energy landscape. [3,4] Studies in this direction not only unraveled mechanistic insights but also provided methods for creating supramolecular structures under kinetic control. [5,6] However, leveraging the pathway complexity and integrating the supramolecular polymers into the mesoscale requires adequate building strategies. [7] For instance, nonclassical crystallization that utilizes various intermediate structures other than atoms, ions, and molecules [8,9] provides a feasible approach to material fabrication based on supramolecular polymers.

The classical crystallization theory considers the crystalline nucleation and growth process by simple monomer-by-monomer addition without many structural changes in the bulk or at the surface.

However, numerous examples of crystallization in biological [10] and geological [11] systems challenge the classical model and are readily explained with the nonclassical nucleation and growth models. The nonclassical, multistep crystallization model involves either a prenucleation cluster formation or follows a particle assembly pathway, which highlights the diversity and complexity of the process and has been widely studied in recent years. [8][9][10][11][12] During the advanced stages of crystallization, the nonclassical crystal growth via oriented particle attachment and mesocrystal formation is frequently observed. [x] Although particle-based crystal growth is common in inorganic and protein crystallization, only a few reports on organic dye-based systems are known. [12] Recently, Rybtchinski and co-workers have demonstrated the supramolecular polymers of an organic molecule could act as potential building blocks in the nonclassical crystallization pathway. [12b,c] However, a molecular-level understanding that could forecast the crystal growth pathway is currently lacking in the supramolecular systems.

Extrapolating the general features of nonclassical crystallization mechanisms to supramolecular polymers could aid the formation of nanostructures and their spontaneous long-range alignment towards the construction of materials in mesoscale. It is envisaged that supramolecular polymers with favorable surface topologies could promote interpolymer interactions and the gradual evolution of order across different length scales. [14] Herein, we demonstrate the nonclassical crystal growth pathway adopted by the supramolecular polymer fibrils of superbenzene (coronene)-dipeptide conjugate via flat ribbons to crystals. The molecular packing in the crystal originating from the specific molecular interactions was unraveled by 3D ED, [15] a method relatively underexplored in the field of supramolecular chemistry. [16] Interestingly, varying the hydrophilic/hydrophobic balance of the molecular structure led to the formation of helical and twisted structures that remained in the fibrillar morphology.

Results and Discussion

Self-assembly behavior of Cr-FFOEt and Py-FFOEt

The molecules Cr-FFOEt and Py-FFOEt consist of a coronene and pyrene moiety, respectively conjugated to the N-terminal of a C-protected diphenylalanine (FFOEt) via a butyl chain linker (Figure 1). In contrast, Cr-FF contains a C-terminal deprotected diphenylalanine while maintaining the rest of the molecular structure of Cr-FFOEt (Figure 1). These molecules were synthesized following the multistep synthesis strategy outlined in Scheme S1 and S2 and were characterized by FT-IR, 1 H, and 13 C NMR spectroscopy and high-resolution mass spectrometry (see Supporting Information). To explore the self-assembling behavior of Cr-FFOEt and Py-FFOEt, they were first dissolved in a good solvent (THF) and then diluted with water (Figure 2a). The aggregation process was then monitored using spectroscopy techniques. Cr-FFOEt in THF (cT = 5 ´ 10 -5 M) showed UV-vis spectral features signature to that of the monomerically dissolved state with an absorption maximum at 304 nm (Figure 2b). Furthermore, Cr-FFOEt in THF displayed a photoluminescence spectrum with well-resolved vibronic features (lmax = 429 nm) and a monoexponential lifetime decay, t = 28.63 ns (Figure S1). When diluting the Cr-FFOEt solution in THF with water at a concentration of cT = 5 ´ 10 -5 M of Cr-FFOEt in water/THF (6:4 v/v), a gradual hypochromic effect occurred in the UV-vis absorption, indicating the aggregation induced by the solvent exchange (Figure S2). Compared to the UV-vis spectral features of the monomerically dissolved Cr-FFOEt, solvent replacement into water (6:4 v/v) leads to a significant broadening of absorption over a period of 1 h (Figure 2b and Figure S3). The aggregation processes led to the appearance of bands at the longer wavelength region (357, 371, and 411 nm). The photoluminescence spectrum of the corresponding aggregates was broad with a significant red-shift (lmax = 491 nm), and the average lifetime (tav) value was significantly enhanced to 58.19 ns (Figure S4). [17] Interestingly, Py-FFOEt, which contains pyrene with a lower carbon-to-hydrogen ratio in comparison to coronene, aggregated at a high-water content (water/THF; 7:3 v/v cT = 5 ×10 -5 M) (Figure 2b and Figure S5). Upon aggregation, the vibronically well-resolved absorption and photoluminescence spectra of Py-FFOEt in THF underwent a bathochromic shift with a spectral broadening. Furthermore, the lifetime value was significantly reduced from t = 21.17 ns (monomer) to tav = 9.04 ns (aggregate) (Figure S6). Atomic handed helical fibers having heights ranging from 80-300 nm and lengths of several micrometers (Figure 2f and Figure S8). These fibers showed a well-defined twist with a pitch of ca. 230 nm (Figure 2g,h)

During the assembly process of Cr-FFOEt, the appearance of the solution significantly changed over the course of 12 h after the addition of water, where the turbid solution transformed into suspensions of visible needle-like particles (Figure S9). These micrometer-long needle-like aggregates showed strong birefringence, indicating the crystalline nature and strong orientation of the crystal domains of Cr-FFOEt aggregates (Figure S10). [18] AFM and transmission electron microscopy (TEM) studies revealed that the width and height of the ribbons increased continuously over the same time period (Figure S11). In contrast, the suspension of Py-FFOEt showed no such change over time and remained in their helical morphology (Figure S12a,b). Similarly, the bright field image and the corresponding images of Py-FFOEt under crossed polarizers showed negligible birefringence compared to that of Cr-FFOEt microcrystals (Figure S12c,d).

The evolution of the assembly process of Cr-FFOEt was further monitored using TEM and electron diffraction (ED). The specimen, after 5 min of aging, shows the formation of thin hairy 1D fibrillar structures having a width of 10-30 nm (Figure 3a). These thin fibers provided poorly resolved ED patterns and thus possessed small crystalline domains with disordered molecular packing. These fibers tend to laterally assemble into loose bundles of a width of a few hundred nanometers (Figure 3b). The fibrillar structures grew into ribbon-like crystallites with a broad width distribution ranging from 30 to 200 nm in the next few hours. These ribbons yielded well-defined spot ED patterns as shown in the 1 and 2 h samples and are thus single crystalline. (Figure 3c-e). Longer crystallization, 4 h time, resulted in thicker ribbons with diameters often larger than a few hundred nanometers (Figure 3f). These structures are not single crystalline as their ED patterns were often contained reflections from multiple and slightly misaligned crystal domains in single ED diagrams (red arrows in Figure 3f). This observation indicates that these larger fibers formed via the oriented attachment of the smaller crystalline fibers. The single-crystalline thin ribbons were likely laterally stacked to form these thicker ribbons. After 4 h, larger aggregates with diameters of micrometers became predominant, which were too large for TEM ED studies.

To evaluate the topological features of the microcrystals obtained after 12 h of aging, the samples were subjected to field emission scanning electron microscopy (FE-SEM) and AFM. The FE-SEM images showed microcrystals with a length of 300 ± 60 µm and a width of 2 ± 1 µm (Figure 4a and Figure S13).

The magnified FE-SEM images of the microcrystal (Figure 4b,c) and its fractured surface (Figure 4c 

3D ED analysis of Cr-FFOEt microcrystals

We employed the 3D ED technique to get an insight into the molecular interactions leading to the observed nonclassical crystallization of Cr-FFOEt . A nanoribbon with a width of ca. 50 nm yielded highresolution spot ED patterns with a resolution close to 1 Å (Figure 5a directions. Thus, the space group is likely P21. This non-orthorhombic, low-symmetry space group implies that the unit cell is indeed pseudo-orthorhombic, and the crystal structure is originally monoclinic with a unique axis being the b-axis. The transition from monoclinic to orthorhombic systems is likely due to the assembly process of smaller imperfect crystallites assembled into larger single crystalline ribbons. The FT-IR spectrum of Cr-FFOEt in CDCl3 exhibited peaks at 3424 cm -1 and 1668 cm -1 , corresponding to the symmetric N-H stretching vibration (amide A) and C=O stretching vibration (amide I). The nonclassical crystallization process induced shifts of the amide A band to 3282 cm -1 and the amide I band (uC=O) to 1638 cm -1 (Figure S17). [19] These spectral changes corroborate the observed intermolecular H-bonds between the amide moieties in the 3D ED-based molecular model.

Assembly mechanism governed by intermolecular interactions

The ED analysis shows that the c-axis is along the fiber axis of the crystallites. The crystallization is, therefore, faster along the c-axis than in other crystallographic directions. This observation suggests that the two strong interactions, the H-bonds and the p-stacking interactions drive the initial stage of the crystallization of Cr-FFOEt. Indeed, the poorly resolved ED pattern after 5 min of aging (Figure 3a) already exhibited the smeared reflections with a periodicity of 4.9 Å, corresponding to the spacing between H-bonded diphenylalanine residues. [20] However, the pronounced impact of the hydrophobic interaction of coronene moieties towards the later stages of the assembly process resulted in the formation of flat ribbons. Even though a similar formation of H-bonded structures occurred in the Py-FFOEt system, the H-bond-driven helical organization [21] of the pyrene moieties was prominent in Py-FFOEt compared to that of the Cr-FFOEt (Figure S18,19). Circular dichroism (CD) studies provided further insight into the molecular packing and the possible induced chiral imprint of the dipeptide unit into the chromophore (Figure 6a). [22] The molecules were CD silent in the monomerically dissolved state. However, upon aggregation Cr-FFOEt, and Py-FFOEt showed CD patterns with varying intensity and pattern. The intensity of the CD signal is often found to be dependent on the rotational degree of chromophores, the reduced CD intensity of Cr-FFOEt compared to that of Py-FFOEt aggregates, shows the restricted impact of the peptide H-bonding network, thereby asymmetry transfer over the packing of coronene.

To further evaluate the required hydrophobic/hydrophilic balance of the molecule in predicting the surface topology, we thought to hydrolyze the terminal ester group of Cr-FFOEt. Interestingly Cr-FF in water/ DMSO (8:2 v/v, cT = 5 ×10 -5 M) showed a well-defined exciton-coupled CD with an increased intensity compared to that of Cr-FFOEt aggregates (Figure 6a and Figure S20). To corroborate the observed CD spectral changes the aggregate showed right-handed twisted nanoribbons with a width of 60 ± 20 nm and lengths of several micrometers (Figure 6b,c). This observation of the Cr-FF aggregation behavior highlights the delicate nature of the nonclassical crystallization of Cr-FFOEt. 

Mechanical and optoelectronic properties of mesocrystals

In accordance with the observed layered structural features, the microcrystal showed elastic, flexible behavior. Along with the one-dimensional (1D) array of strong p-stacking and the H-bonding interactions, a multitude of weak, dispersive interactions in the other two directions might be acting as the structural buffer for the deformation (Figure S21). [23] The optoelectronic properties of the Cr-FFOEt microcrystals were studied by flash-photolysis time-resolved microwave conductivity (FP-TRMC). [24] Upon excitation of the microcrystals of Cr-FFOEt with a laser pulse of 355 nm produced transient conductivity, given by φΣµ (φ, photocarrier generation yield; Σµ sum of the mobilities of photogenerated charge carriers) was observed. The maximum transient conductivity was estimated to be 1.40 ×10 -4 cm 2 V -1 s -1 which is a 3.5 times enhancement in the conductivity compared to Cr-FFOEt in its powdered form obtained by drying THF solution. Similarly, we have measured the transient conductivity for Py-FFOEt. The fibrous assembly of Py-FFOEt showed a 1.4 times lesser conductivity compared to that of the powdered form obtained by drying THF solution, due to the peptide-driven helical stacking of the pyrene moieties (Figure 7). The pronounced p-orbital interactions, as observed from the increased photoluminescence lifetime of the Cr-FFOEt microcrystals, further support the increased conductivity. The results emphasize the significance of the fundamental particulate character of microcrystals, as well as the importance of shaping the energy landscape to obtain optimal material properties. 

Conclusion

In summary, we have demonstrated the nonclassical crystal growth of supramolecular polymers of a coronene-dipeptide conjugate (Cr-FFOEt). The detailed spectroscopic, microscopic, and crystallographic characterization revealed the structural and morphological evolutions of Cr-FFOEt from hairy imperfect 1D nanofibers to micron-sized crystalline ribbons. The lateral interactions among these 1D structures resulted in the spontaneous growth across multiple length scales leading to mesoscale crystals. 3D ED analysis showed that peptide H-bonding and the p-stacking of coronene units drove the formation of the fibrillar assemblies. The observed intermediates of the nonclassical crystallization pathway were found to be quite flexible in optimizing the intermolecular interactions to accommodate the impending structural changes. The modifications in the molecular structure of Cr-FFOEt resulted in distinct supramolecular assembly behaviors, as Py-FFOEt and Cr-FF formed helical and twisted fibers, respectively. The difference in the assembly manners of the three molecules highlights the delicate balance of intermolecular interactions governing the nonclassical crystal growth process of Cr-FFOEt. A thorough understanding of the system is pivotal in balancing the H-bonding and hydrophobic interactions for creating supramolecular structures with appropriate surface topology in aqueous media. Further precise internal ordering of supramolecular polymers makes them potential building blocks (supramolecular elements) [7,25] for the next step in the hierarchy of organizations, a formidable challenge in synthetic supramolecular materials.

Figure 1 .

 1 Figure 1. Chemical structure of coronene dipeptide (Cr-FFOEt and Cr-FF) and pyrene dipeptide (Py-FFOEt) conjugates.

Figure 3 .

 3 Figure 3. Evolution of fibrillar assemblies of Cr-FFOEt in water/THF (6:4 v/v, cT = 5 × 10 -5 M) at 25 °C. TEM images (top) and ED patterns obtained from the circled area (bottom) of specimens prepared (a) 5 min, (b) 10 min, (c) 30 min, (d) 1 h, (e) 2 h, and (f) 4 h after the solvent switch. Scale bar = 500 nm.
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 2 Figure 2. (a) Sample preparation procedure followed for the self-assembly of Cr-FFOEt and Py-FFOEt. (b) UV-vis absorption spectra of Cr-FFOEt (cT = 5 × 10 -5 M) in THF (blue) and aggregates in water/THF (6:4 v/v, red) at 25 °C; Py-FFOEt (cT = 5 × 10 -5 M) in THF (blue) and aggregates in water/THF (7:3 v/v, red) at 25 °C. (c) AFM height image of Cr-FFOEt aggregates in water/THF (6:4 v/v, cT = 5 × 10 -5 M) at 25 °C and inset shows the magnified AFM image of the greenish-blue box. (d) Magnified AFM height images of the yellow box in Figure 2c. (e) Cross-sectional analysis along the white dotted line shown in Figure 2d. (f) AFM height image of Py-FFOEt helical nanofibers in water/THF (7:3 v/v, cT = 5 × 10 -5 M) at 25 °C. (g) AFM height images of a single helical fiber. (h) Cross-sectional analysis along the white dotted line shown in Figure 2g depicts the pitch of helical fibers.
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 2 Figure 2. (a) Sample preparation procedure followed for the self-assembly of Cr-FFOEt and Py-FFOEt. (b) UV-vis absorption spectrum of Cr-FFOEt in THF (blue), aggregates in water: THF (red, 6:4 v/v, cT = 5 × 10 -5 M at 25 °C (upper panel), Py-FFOEt in THF (blue), aggregates in water: THF (red, 7:3 v/v, cT = 5 × 10 -5 M at

Figure 3 .

 3 Figure 3. Evolution of fibrillar assemblies of Cr-FFOEt in water/THF (6:4 v/v, cT = 5 × 10 -5 M) at 25 °C. TEM images (top) and ED patterns obtained from the circled area (bottom) of specimens prepared (a) 5 min, (b) 10 min, (c) 30 min, (d) 1 h, (e) 2 h, and (f) 4 h after the solvent switch. The asymmetry of the ED patterns is due to the slight tilt of the crystallites. Scale bar = 500 nm.
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 d revealed the laterally stacked microribbons (2D layers) aligned parallel to the longitudinal axis of microcrystals. AFM height and phase images also showed the multilamellar features of the microcrystals (Figure4e-g). The fluorescence microscopic image of the microcrystals under excitation at 330-380 nm exhibited bright green fluorescence (Figure4h). The fusion of the ribbon structures is visible on the tip of the microcrystal (inset of Figure4h). The combination of the morphological and ED-based analyses indicates that the micron-sized crystalline fibers of Cr-FFOEt formed through a nonclassical crystal growth process, as schematically represented in Figure4i. The poorly crystalline hairy ribbons act as basic building blocks and fuse into single crystalline ribbons. These single-crystalline flat ribbons further assemble into larger micron-sized fibrous aggregates.

Figure 4 .

 4 Figure 4. FE-SEM images of (a) microcrystals of Cr-FFOEt, (b) magnified image of the microcrystal showing the longitudinal attachment of microribbons, (c) magnified image of a fractured microcrystal (side-to-side attachment of microribbons is indicated by blue arrows), and (d) magnified image of the white dotted box of Figure 4c, showing the parallel stacking of 2D layers (lamellation-indicated by white arrows). AFM images of microcrystal (e) AFM height image of a microcrystal (f) corresponding phase image, (g) magnified phase image showing the lamellation of 2D layers (indicated by white arrows). (h) Fluorescence microscopy image of the microcrystals excited at 330-380 nm: inset shows a magnified image showing the side-to-side attachment of flat microribbons. (i) Schematic representation of the nonclassical crystallization pathway adopted by Cr-FFOEt.

  ,b). Representative 2D ED patterns at different tilt angles are shown in Figure S14. The reconstruction of ED intensity data in 3D space allowed us to determine the unit cell (Figure S15,16). The unit cell is orthorhombic with parameters a = 18.1 Å, b = 24.5 Å, and c = 4.95 Å, with c-axis corresponding to the fiber and supramolecular polymer chain axis. The systematic absence indicates the two-fold symmetry along the b-axis but not in the other

Figure 5 .

 5 Figure 5. 3D ED analysis of Cr-FFOEt crystal structure. (a) Diffraction contrast image (left) and a representative base-plane ED diagram corresponding to [1 0 0] zone axis pattern. Scale bar = 500 nm. A comparison between (b) experimental and (c) simulated patterns based on the packing model. (d) Packing model of Cr-FFOEt crystal.

Figure 6 .

 6 Figure 6. (a) CD spectrum of Cr-FFOEt in THF, aggregates in water/THF (6:4 v/v, cT = 5 × 10 -5 M) at 25 °C (upper panel), Py-FFOEt in THF, aggregates in water/THF (7:3 v/v, cT = 5 × 10 -5 M) at 25 °C (middle panel) and Cr-FF in DMSO, aggregates in water/DMSO (8:2 v/v, cT = 5 × 10 -5 M) at 25 °C (lower panel). The blue and red spectral lines indicate the monomerically dissolved and the aggregated states, respectively. (b) AFM height image of Cr-FF helical nanoribbons in water/DMSO (8:2 v/v, cT = 5 × 10 -5 M) at 25 °C. inset shows the height profile corresponding to the white dotted line. and (c) the corresponding phase image.

Figure 7 .

 7 Figure 7. (a) Transient photoconductivity (FP-TRMC) profiles of Cr-FFOEt (top panel), Py-FFOEt (bottom panel), self-assembled state (red), powder form dried from THF (blue). (b) Plot showing the variation of fSµ maxima.
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