Block Copolymer Micelles for Photonic Fluids and Crystals
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ABSTRACT: Block copolymer micelles (BCMs) are self-assembled nanoparticles in solution with a collapsed core and a brush-like stabilizing corona typically in size range of tens of nanometers. Despite being widely studied in various fields of science and technology, their ability to form structural colors at visible wavelength has not been demonstrated, mainly due to the stringent length requirements of photonic lattices. Here, we describe the precision assembly of block copolymers to micelles with super-stretched corona, yet with narrow size distribution to qualify as building blocks for tunable and reversible micellar photonic fluids (MPFs) and micellar photonic crystals (MPCs). The BCMs form free-flowing MPFs with an average interparticle distance of 150-300 nm as defined by the electrosteric repulsion arising from the highly charged and stretched corona. Under quiescent conditions, millimeter-sized free-floating MPCs with classical FCC lattice grow in the photonic fluid-medium upon refinement of the positional order of the BCMs. We discuss the generic properties of MPCs with special emphasis on surprisingly narrow reflected wavelengths with full width at half-maximum as small as 1 nm. We expect this concept to open a generic and facile way for self-assembled tunable micellar photonic structures. 
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INTRODUCTION
Photonic crystals are materials that exhibit vibrant structural colors originating from coherent photon scattering from structural periodicities, i.e. modulation of the refractive index, on optical length scale of half of the wavelength of light.1–4 They are found in many natural systems,5,6 stimulating various approaches for the formation of synthetic photonic crystals. Such colors do not bleach (unlike dyes) and can respond to stimuli,1 allowing e.g. sensing.7,8 Within the wide variety of photonic structures, particularly studied are photonic crystals based on close-packed hard microspheres, e.g. SiO2-particles, involving hard-core repulsion with a diameter ranging in the order of d = 150 - 300 nm to reflect visible light.9 To create functional and tunable photonic crystals, softer repulsive potentials are needed to allow adjustable periodicities often provided by polymeric materials.10 In that context, photonic crystals have been made of cross-linked microgels of poly(N-isopropyl acrylamide),11–13 hard micro- and nanoparticles with hairy corona brushes,14–16 and, fascinatingly, small molecule surfactants.17 
Block copolymers incorporate two or more incompatible polymer segments leading to self-assembly of a rich variety of functional nanostructures, which have been widely used in different applications.18–21 With respect to photonic applications, block copolymers have so far displayed structural colors only in lamellar bulk morphologies, where the required periodicity can be reached by incorporating ultra-high molecular weights22,23 or by promoting polymer chain stretching, e.g., using covalent or supramolecular comb architectures or solvent swelling.24–29 Alternatively the dielectric contrast has been increased in medium molecular weight block copolymers by selective sol-gel mineralization of inorganic materials (e.g. silica) within one of the lamellar domains.30 Yet, the ability of solvent-based self-assembled block copolymer micelles to form micellar photonic crystals (MPCs) has not been reported so far. 
In selective solvents, block copolymers self-assemble into various solution nanostructures,31–33 patchy particles,34,35 multicompartment micelles,36 lyotropic mesophases,37,38 and 2D/3D hierarchical superstructures.39,40 With narrow size dispersity, spherical BCMs even qualify as building blocks for long-range ordered 3D superlattices with BCC and FCC crystal structures, and even (short-range ordered) quasi-crystalline lattices.41 These micellar crystals usually exhibit lattice parameters of few dozen nanometers at typically high concentrations (> 400 g/L).42 As BCMs typically exhibit hydrodynamic diameter of Dh < 100 nm it is not surprising that they have not been associated with photonic crystals.
In order to show photonic properties, previously it has been expected that a suitable BCM would require a massive stabilizing corona and/or a large micelle core to reach the lattice spacing of d = 150-300 nm. Both requirements either imply ultrahigh molecular weights or specific topology, posing challenges in synthesis and, more importantly, in controlling self-assembly, i.e. high molecular weights are associated with slow self-assembly kinetics and increased size-dispersity of the resulting BCMs. Alternatively, to achieve micellar photonic fluids and crystals from BCMs, we propose to first self-assemble moderate molecular weight block copolymers into BCMs with very narrow size-dispersity by sequential dialysis, followed by extensive corona expansion by introducing charges into the corona (as outlined in Scheme 1). The electrosteric repulsion of the superstretched corona could then stabilize the location of the BCMs within micellar self-assemblies and crystals with increased unit cell sizes qualifying as photonic fluids or photonic crystals. Since block copolymers are widely tunable in terms of the physical properties (extensive libraries already exist), such a structuring concept toward photonic materials would be very desirable and could open an easy way to produce a large variety of new functional materials.
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Scheme 1. Proposed approach to create near-monodisperse block copolymer micelles with hydrodynamic diameter (Dh) satisfying the length scales for photonic lattices.
Here, we describe such a process to form BCMs for the spontaneous self-assembly into hydrated and dynamic MPCs displaying structural colors. We will first describe the preparation of near mono-disperse BCMs with super-stretched corona and their properties in MPFs with homogeneous average interparticle distances of about 150 nm. The micellar cores in MPFs incorporate a low fraction of 10−5 - 10−6 of the total volume; still the BCMs are, surprisingly, able to provide structural colors. Importantly, at proper conditions, the MPFs further crystallize into co-existent MPCs with crystallite dimensions ranging from 100 µm to millimeters. They are visible to the bare eye and the Bragg-scattering brightly reflects colors from the near IR to the near UV range across the visible spectrum. The intensity and position of the reflected wavelength can be tuned by core-size, concentration of BCMs, and salt concentration.
RESULTS AND DISCUSSION
Formation of BCMs and MPCs. The preparation of micellar photonic fluids (MPFs) and micellar photonic crystals (MPCs) from block copolymer micelles (BCMs) requires three key steps: 1) formation of near-monodisperse BCMs, 2) corona expansion through ionization, and 3) adjusting the concentration to tune inter-micellar distance. These steps are summarized in Figure 1 and Figure 2 with schematics and photographs. Block copolymer specifics are given in Table 1 (and Table S1), and preparative details in the Experimental Section and Supplementary Information. 
Table 1: Specifics of the PS-b-P2VP block copolymers mainly used in this work (see SI for extended list incorporating still additional block copolymers used for additional measurements). ”S” and “V” stand for PS and P2VP.
	code
	NSa
	NVa
	Mnb (kg/mol)
	fSc
	fVc
	Rcored (nm)
	Rhe (nm)

	SV1
	168
	528
	73
	0.24
	0.76
	9.46
	81

	SV2
	217
	719
	98
	0.23
	0.77
	9.93
	110

	SV3
	1057
	793
	180
	0.61
	0.39
	17.5
	87.8


a Degree of polymerization of the respective block. b Molecular weight determined with a SEC using a THF as the eluent and PS standards for calibration. c Calculated block weight fractions. d Average core radius of BCMs determined from 500 particles in cryo-TEM. e Hydrodynamic radius of BCMs determined with DLS.
First, the block copolymer, e.g. polystyrene-block-poly(2-vinylpyridine) (abbrev. PS168-b-P2VP528 or SV1), is molecularly dissolved (c = 10 g/L) in a common solvent for both blocks, here N,N-dimethylacetamide (DMAc) (Figure 1a). The block copolymer solution is then dialyzed sequentially against first isopropanol (IPA) and then methanol (MeOH). Both solvents are selective for P2VP and induce self-assembly into BCMs with a PS core and P2VP corona (Figure 1b). The sequential dialysis from “soft” (IPA) to “hard” (MeOH) non-solvent for PS is essential to mold the micelle cores to near-monodisperse size distribution through gradual collapse of the PS chains. Next, the P2VP corona is quaternized with methyl iodide (MeI) to P(Me2VP+)I−. This induces gelation, which is an indication of drastic increase of the corona size due to charge repulsion of the P(Me2VP+)I− chains. Solvent exchange to water further enhances corona expansion of the BCMs and at a concentration of 10 g/L the solution changes to a colloidal gel43 (Figure 1c). The collective volume requirement of all swollen coronae surpasses the available space within the solvent immobilizing BCMs as a transparent micellar gel. Based on the Daoud-Cotton model, the volume fraction of a highly charged polyelectrolyte corona scales with radius as ,44 indicating that the optical contrast of the dissolved P(Me2VP+)I− corona with the solvent decreases rapidly (see SI). From the aqueous solution, we determine the average core radius in cryo-TEM to be Rcore = 9.46  0.87 nm (Figure 1d). The core size is defined by the chain length of the PS block (aggregation number) and self-assembly path, and is quite adjustable.
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[bookmark: _Ref490390375]Figure 1. Molding of PS-b-P2VP (SV1) block copolymer into near-monodisperse BCMs. Schematics and photographs of a) SV1 block copolymer solution in DMAc and b) sequential solvent exchanges to isopropanol and then methanol to form self-assembled SV1 BCMs with PS cores. c) Quaternization of P2VP ionizes the corona promoting swelling and gelation (colloidal glass). d) Cryo-TEM image of SV1 BCMs and histogram of the PS core radii with narrow size-distribution (inset).
At high concentrations (c > 4.0 g/L) the aqueous micellar gel has a faint bluish color originating from Rayleigh scattering of the BCMs (Figure 2a). Dilution causes amplification of the blue color (Figure 2b), followed by bathochromic shift to green and red. The dilution increases mobility of the self-assembled highly-charged BCMs leading to fluidity, thus allowing maximization and refinement of the micellar average interparticle distance towards the photonic periodicities. Therefore, such materials are here denoted as micellar photonic fluids (MPFs). Finally, to trigger colloidal crystallization, the MPF is further diluted to c = 2.0 - 0.2 g/L, where high enough mobility allows BCMs to crystallize under quiescent conditions into MPCs with well-defined 3D periodicity, leading to distinct structural colors (Figure 2c). The MPF and MPC phases co-exist in the solutions. The observed time needed for crystallization varies with concentration from 15 min to a few days. We emphasize that both the narrow size dispersity of the BCMs, promoted by the sequential dialysis, and the strongly repulsive corona are crucial for BCMs to crystallize into MPC. For instance, direct solvent exchange from DMAc to methanol results in slightly higher size dispersity of the BCMs that do not show structural colors.
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[bookmark: _Ref498262197]Figure 2. Preparation of MPCs from near-monodisperse (PS-b-P2VP) SV1 BCMs. Schematics and photographs of a) SV1 aq. micellar gel (colloidal glass) and b) dilution to first MPFs and further to c) MPCs under suitable quiescent conditions. 
Properties of micellar photonic materials. With the above described preparation process, multiple block copolymers can form BCMs with differently sized cores and coronas, which systematically qualify for MPFs and MPCs. Upon dilution of the jammed micellar gels, the BCMs become mobile enough and crystallize into MPCs with stronger and sharper colors (Figure 3a). Eventually, the crystalline and amorphous phases separate into two layers, as also previously observed with photonic crystals of hard colloids (Figure 3b, Figure S1).45 The phase separation is more evident with larger core radii. The fraction of the crystalline phase varies with crystallization conditions and type of BCM, but it is not investigated here. When the MPCs are viewed from a single angle, a limited number of colors is observed, and the colors blue-shift upon increasing the angle of incident light (Figure 3c), which is in accordance with Bragg diffraction of photonic structures. Depending on the sample, the individual MPCs show single colored and sharp reflections visible by eye ranging from red to purple, indicating monocrystalline domains (Figure 3d). To analyze the lattice of the MPCs, they were studied with confocal fluorescent microscopy by staining the micelle cores with small fluorescent dyes (e.g. Nile Red; see also Figure S2). Interestingly, the crystallites show a distinct close to mono-domain lattice structure and are freely floating in an amorphous phase of less ordered MPF (Figure 3e). This situation is schematically illustrated in (Figure 3f).
To quantify the lattice of the MPCs, we employ reflectance measurements and simulations. Exemplified on SV1, which has a Rcore = 9.46 nm and Rh = 81 nm, the reflectance measurements show sharp peaks positioned at 517.4 nm, 450.2 nm and 321.9 nm at c = 1.25 g/L (Figure 3g). The two higher wavelength reflections correspond to green and purple reflections (inset in Figure 3g). The reflections arise from an FCC lattice (See SI for details) with a unit cell size of 336 nm and lattice planes corresponding to family of planes with Miller’s indices of {111}, {200}, and {220}, respectively. Figure 3h shows a schematic of the FCC lattice derived from the spectra in Figure 3g with micelle cores drawn to scale. Considering the ~10 nm radius of the cores, the unit cell size is 33 times larger, implying that only a small volume fraction is occupied by micelle cores. Still, and particularly in samples with larger periodicity, the reflections are clear and even up to 10 reflection peaks can be accurately assigned (Figure S3). Measurement of reflectivity spectra from single crystallites also shows single reflection peaks that can be assigned to the different lattice planes (Figure S4). In addition to the reflection peaks from the crystalline lattice, a broader background reflection arises from the amorphous fraction. This amorphous fluid-like phase corresponds to the photonic fluid state prior to crystallization where the color is retained even while stirring the low viscous solution (Figure S5). This suggests that the color arises from the permanent homogeneous radial density distribution with an average photonic interparticle distance. Stirring and recrystallization shows that the process is also fully reversible (Figure S5).
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[bookmark: _Ref490394426]Figure 3. MPFs and MPCs based on different PS-b-P2VPs (SV1-3). a) MPF of SV1 at c = 1.5 g/L and crystallization into MPCs from MPFs under quiescent conditions. b) Separation of MPFs and MPCs phases of SV3 BCMs with a core radius of 17.5 nm. c) Angle-dependent colors of MPFs and MPCs of SV2 at c = 0.5 g/L. d) Close-up image of single and sharply colored reflections of SV2 at c = 0.5 g/L ranging from red to purple. e) Fluorescence confocal image of freely flowing MPC crystallites and lattice structure (micelle cores labeled with Nile Red). f) Schematic of the interface between crystalline and amorphous phase. g) Experimental and simulated reflection spectra suggesting FCC lattices. h) Schematic of an FCC lattice with core sizes drawn to scale (with respect to g). i) Simulated reflection and corresponding experimental measurement of the {111} peak of SV1 with lattice size of 336 nm and different crystal thickness. Scale bar 5 mm in all images.
The reflectivity spectra of the MPC crystallites were simulated for an FCC crystal consisting of core-shell BCMs with a lattice size of 336 nm and the refractive index profile of the SV1 BCMs (Figure 3g). The investigated directions were Γ-L, Γ-X and Γ-Κ, which correspond to the family of planes {111}, {100} and {110}, respectively. The simulated reflectivity spectra and the band diagram (Figure S6) match the experimental data in terms of the peak positions and full width at half-maxima (FWHM), and confirm both the assignment of the peaks to the lattice planes as well as the sharp reflection peaks arising from the smooth decay of the refractive index in the micelle corona (Figure S7). Even though the density of the corona decreases rapidly with distance from the core, the simulations demonstrate that it has a significant contribution to the reflections probably due to the gradual variation of the refractive index (Figure S7). The small deviations in the spectral position between the simulated and the calculated peaks is caused by the wavelength dependence of refractive index of water that is not included in the simulations.
The MPCs exhibit very sharp reflectance peaks. To study the origin of the peak widths in more detail, reflections of the {111} family plane of 336 nm lattice were simulated for crystal thicknesses from 6 µm to 36 µm. (Figure 3i) leading to peak widths of 20.6 – 3.7 nm. The results reveal that the thicker the crystals, the sharper and more intense the reflections, as is expected for scattering structures.46 This is evident also in the reflections arising from the amorphous photonic fluid background, as they are much broader in comparison to the reflections of the crystallites. Based on the simulations, the experimentally obtained FWHM of 3.1 nm arises from crystallites larger than 36 µm, i.e. minimum 100 times the lattice size, indicating very high order. The observation of clear twinning lines in the crystallites further support the good order of the MPCs (Figure S8) as the domains around the twinning lines have to be well defined. Visually, the MPC crystallites are millimeter-sized, but it is expected that the inhomogeneity of packing and small variations of the lattice spacing also increase the peak widths (not taken into account in the simulations). In experiments, values for the FWHM as small as ~1 nm were observed with higher periodicities (Figure S9). The absolute measured reflection intensity of the {111} peak was 1.1% for SV1 and 2.0 g/L. The measured value seems small, but considering that the millimeter-sized crystallites are randomly oriented and only the crystals with the correct angle contribute to the measurement, the actual diffraction efficiency can be considerably higher. 
Tunability of micellar photonic materials. To show the versatility of BCMs for photonic crystals, we change conditions for crystallization for SV1 and SV2 that exhibit approximately the same core sizes, Rcore = 9.46 nm and Rcore = 9.93 nm, correspondingly, but different thicknesses of the corona, Rh = 81 nm and Rh = 109 nm. The photograph in Figure 4a and the specular reflectance data from concentration series prepared from SV1 and SV2 BCMs (Figure 4b, c) demonstrate that the reflected wavelengths can span from the UV across the full visible spectrum to near infrared. BCMs of SV1 crystallize to form MPCs in the range from c = 2.5 g/L - 1.25 g/L, with the red-shifting {111} reflections having wavelengths from 416.4 nm to 517.4 nm. As expected from the larger corona, BCMs of SV2 are able to crystallize at lower concentrations than SV1 (Figure 4c), i.e. in the range of c = 0.5 g/L - 0.25 g/L, which leads to {111} reflections at 712.3 nm and 870 nm, respectively. The combination of SV1 and SV2 MPCs shows that similar sized cores can be assembled into a large range of periodicities, by tuning the micelle coronas.
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[bookmark: _Ref490390556]Figure 4. Concentration dependence of structural colour, reflection spectra, and lattice size for PS-b-P2VP micellar photonic fluids and crystals. a) Photographic series of SV1 MPFs and MPCs at c = 2.4 g/L - 0.6 g/L in 0.2 g/L increments displaying structural colors across the visible range. Reflection spectra of b) SV1 and c) SV2 MPCs at different c. d) The unit cell size, a, as a function of . Schematics present changes of lattice size with dilution. The horizontal lines represent the unit cell sizes at which the volume filling of spheres with hydrodynamic radii, Rh, is 0.58. e) Simulated reflection spectra of SV2 BCMs as sum of the directions Γ-L, Γ-X and Γ-Κ for lattice sizes corresponding to experimental findings.
[bookmark: _GoBack]Closer inspection of the MPFs and MPCs reflection peak positions reveals that wavelength, and therefore unit cell size (calculated based on the {111} direction), scales with concentration as  (Figure 4c). This correlation is expected if the BCMs fill the volume evenly, and indicates that the concentration of the crystallites follows the concentration of the solution. This correlation verifies that electrostatic repulsion of the highly-charged polyelectrolyte corona stabilizes the crystallites as FCC lattice, where the electrostatic repulsion of the BCMs is minimized and the number concentration determines the spacing of the BCMs in the photonic structures. Entropic contributions support the assembly as the entropy of the BCMs is maximized in the lattice where they have the most translational freedom. Considering the lower limit of the crystallization, the long reach of the stabilizing corona largely increases the hydrodynamic radius of the BCMs, i.e. decreases the Brownian diffusion of the particles, which allows the electrostatic repulsion to induce crystallization even with nanodot-like cores of the BCMs. The combination of strength of the electrostatic repulsion and extent of Brownian diffusion of the BCMs set the low concentration limit for the crystallization, meaning that BCMs with larger coronae are able to crystallize at lower concentrations as was experimentally observed. On the other hand, the high concentration limit is set by the kinetic arrest arising from the high effective volume fraction of the BCMs, mostly caused by the corona. For different colloidal systems, it has been shown that spherical particles have a colloidal glass transition, which for hard spheres is at volume fraction Φ = 0.58.45 Above this limit, the particle-particle interactions arrest the system kinetically into a glassy state and due to the slow kinetics, the crystallization does not occur. Even though the samples do not crystallize, they show the reflection from the amorphous structure, seen as broad specular reflection peaks (e.g. here c > 0.50 g/L for SV2 and c > 2.50 g/L for SV1). Based on the Rh and by approximating the particles as hard spheres, it is possible to estimate the unit cell size below which the crystallization does not occur (Figure 4c). These limits are 249 nm and 334 nm for SV1 and SV2, respectively, and are close to the experimentally observed limits of the crystallization.
We simulated the reflection spectra from the different lattice sizes corresponding to the crystal SV2 for the directions Γ-L, Γ-X and Γ-Κ (Figure 4e). For a given lattice size and direction, the contributions of different lattice planes can be assigned, e.g. for the direction Γ-L and 0.25 g/L peaks corresponding to the planes (111), (222) and (333) are visible at 873 nm, 437 nm, and 291 nm, respectively. The simulated data are in good agreement with the experimental data. For a constant crystal thickness, the reflection intensity decreases and the peak broadens when increasing lattice size. This is expected from the smaller concentration of scattering centers, but also from the small scattering centers, because the scattering cross-section decreases with wavelength. Photonic crystals have not been prepared previously from small nanodot-like scattering centers due to limitations in preparation of small particles capable of crystallizing on a much larger periodicity. In an FCC lattice, with a unit cell size of 560 nm, the volume filling of the 10 nm radius cores is only 0.0001%. The small core-diameter reduces diffuse scattering, which allows the solutions and crystallites to be clear and nearly transparent in wavelengths not satisfying Bragg conditions.
Besides micelle concentration (= number concentration), the electrostatic repulsion of the expanded micelle corona is also a convenient handle to tune the system (Figure 5). Increasing the salinity of the solution, e.g. by addition of specific amounts of potassium iodide (KI), reduces the corona chain repulsion and volume requirement of the corona. According to DLS, the micelle radius changes with salt concentration (cKI) and decreases above  M (Figure 5a). To demonstrate the formation of MPCs from micellar gels (overcrowded systems), we add a drop of KI solution to SV2 micellar gels at c = 1.5 g/L. In Figure 5b, we see the trapped droplet in the highly viscous micellar gel (slow diffusion kinetics), where the higher cKI triggers crystallization. The corona contraction relieves the overcrowded system, promoting mobility and crystallization. 
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[bookmark: _Ref495919387]Figure 5: Salt-induced formation of MPCs based on PS-b-P2VP. a) The hydrodynamic radii of the BCMs as a function of salt concentration as measured by dynamic light scattering. The dashed line represents the radius of the core measured by TEM. b) Crystallization induced by one drop of potassium iodide solution to SV2 at c = 2.0 g/L. c) Image series of SV2 samples with c = 1.5 g/L at different salt concentrations, and d) the specular reflectance spectra of the samples in (c).
Samples mixed with different cKI demonstrate that the formation of the MPC crystallites can be optimized for any micelle concentration (Figure 5c). At M, the SV2 BCMs are still in an overcrowded, amorphous state, which is confirmed by the broad halo in the reflectance spectrum (Figure 5d, blue). Between  M and 6 M, the SV system crystallizes, whereas the crystallites are better ordered at  M as is evident from the image and the spectra (Figure 5d, black). Naturally, the addition of salt simultaneously decreases the Debye screening length of the solution, i.e. effective length of electrostatic repulsion, which decreases the low concentration limit of the micelle crystallization. At  M, BCMs are contracted to such an extent that volume filling is below the crystallization point. Nevertheless, by optimizing the conditions, all samples can be crystallized from the overcrowded state (Figure S10). 
Finally, we change the specifications of the block copolymers to alter the core size and core material of the BCMs. BCMs have been reported with a very large variety of properties, which suggests the possibility to produce MPC crystallites with diverse properties as well. It seems as if the only requirements to form MPF and MPCs is that the block copolymer self-assembles into spherical BCMs with a polyionic corona. This can be accomplished with diblock co- and triblock terpolymers as exemplified by PS1057-b-P2VP793 (SV3) with a larger core of Rh = 17.5nm, PMMA1700-b-P2VP1524 (MV) with different core chemistry, and PS358-b-PB368-b-P2VP594 (SBV) with compartmentalized core (Figure 6 and S13). Following the previously discussed recipe, all of these polymers assemble to spherical BCMs and MPCs at suitable concentrations, yet the formed crystallites display very different morphology. Figure 6a shows a photographic series of two individual crystallites of SV3 with angle-dependence of the reflected wavelength and clearly visible twinning defects. These crystallites display a smooth surface typical for most BCMs with small to medium sized corona (e.g. SV1-4 with Pn,V < 800), which leads to a comparably low viscosity at c = 1 g/L. In contrast, Figure 6b shows a photographic series of two individual crystallites of MV that also display angle-dependence of the reflected wavelength, but with a pronounced dendritic, fractal-like structure. MV BCMs have a significantly longer corona (Pn,V = 1595), which results in higher viscosity at c = 1 g/L. The difference thus likely arises from the diffusion dynamics during crystallization and for entire crystallite causing shear forces that act on the crystallite surface,47 which has been investigated in density-matched and microgravity environments. Under low viscosity conditions (SV), crystallites are able to float and the resulting shear forces “polish” the edges towards smooth surfaces. Small shear forces, and therefore dendritic instabilities are expected in the samples with a more massive corona and higher viscosity. A more thorough analysis of the crystallite shapes will be part of future work to give a more systematical interpretation of the shear forces. Yet another and totally different crystallization behavior was observed for SBV BCMs, where centimeter-sized spherulitic crystallites grew at the water/air/glass interface after aging (Figure S11). The exact mechanism remains unclear at this point and deeper studies are underway to better understand the subtleties of such systems. 
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[bookmark: _Ref490394694]Figure 6. Kinetically and diffusion-controlled MPCs. Photographic series of two crystallites of a) SV3 BCMs showing smooth surface and twinning, and b) fractal clusters after dendritic growth of MV BCMs.
Conclusion
In summary, we showed that block copolymer micelles with superstretched corona form a useful and generic platform to generate structural colors in solvent media as photonic fluids and crystals. By a sequence of solvent exchanges and ionization, block copolymers involving a quaternizable block are converted to block copolymer micelles with a nanodot-like core and a charged, solvent swollen superstretched corona. They lead to self-assembled micellar photonic fluids, with on-average periodicity between the block copolymer micelles as driven by the narrow size-dispersity and electrostatic repulsion between the charged corona. Such liquids show faint hues resulting from structural colors despite being mobile and dynamic. The micellar photonic fluids can further undergo a transition to co-existent micellar photonic crystals under quiescent conditions. They incorporate a FCC crystal lattice of block copolymer micelles and bright structural colors are observed due to the high degree of order. The colors are tunable by the extent of dilution, salt concentration and chemistry of employed block copolymers. Using block copolymer micelles to create photonic crystals has several advantages such as tunable particle size, a large library of applicable block copolymers, scalability (Figure S12), and unlike for many hard colloids the possibility of drying, storage and rehydration (Figure S13). We foresee that the approach is generally applicable to polyionic block copolymers towards larger libraries of functional micellar photonic fluids and crystals. The highly responsive systems may be useful for sensing of chemicals and physical imposed conditions. 

Experimental
Materials. Block copolymers SV1, SV2 and SBV were synthesized via anionic polymerization (for details see SI). MV and SV4 were purchased from Polymer Source. All solvents were of analytical grade and used as received. For dialysis, MilliQ-water was used while organic solvents were of technical grade. Dialysis tubes of regenerated cellulose with a molecular weight cut-off of 12,000–14,000 g/mol were purchased from Aldrich, equilibrated in deionized water for 10 min and washed with excess dioxane before use. Nile red was used as received. 
Preparation of MPFs and MPCs. The block copolymers are dissolved in DMAc at concentrations of 10 g/L (typically 100 mg/10 ml), stirred overnight and solvent was exchanged through dialysis (tube MWCO = 13 kg/mol) against first isopropanol and followed by methanol. Dialyses were exchanged twice. Quaternization was performed by adding 10-fold molar excess of MeI (depending on the corona length) to the micellar solution in methanol and the reaction was allowed to proceed overnight. The produced gel was dialyzed against 2 L of MilliQ water to remove remaining MeI and methanol. The dialysis water was changed twice per day for 1 week. The final hydrogels had a concentration of 3.0-7.0 g/L depending on the block copolymer and were stored in the dark to prevent side-reactions of iodine. To induce crystallization, the hydrogels were diluted with MilliQ water to the desired concentration of 0.2-2.0 g/L.
Fluorescence confocal microscopy (FCM). For confocal fluorescence microscopy, BCMs were labelled by infiltrating hydrophobic fluorescent dyes into the hydrophobic PS core. Therefore, 125 µL of a 0.5 g/L Nile Red in acetone solution was added to 5 mL of micellar solution in methanol. After sonication for 30 min in the sonication bath, the sample was placed in a water bath at 50 °C for 1 hour to evaporate acetone. Quaternization of the P2VP corona prevents the dye from leaking out of the core. The resulting labelled gel was dialyzed against MilliQ water to remove excess dye and MeI. The dialysis bath was changed until no dye could be detected outside the dialysis tube. The remaining color is attributed to the dye within the core (Figure S2). Prior to measurements, the gel was diluted to concentrations ranging from c = 0.2-2.0 g/L and the samples were allowed to crystallize in FCM imaging chambers. 
Elemental analysis. The degree of quaternization of  = 38 % was determined with elemental analysis of the iodine content (fI = 19.9 wt%).
Transmission electron microscopy (TEM). The samples were imaged with FEI Tecnai 12 microscope. For the samples, 3 µL of 0.5 g/L solution was placed on a carbon grid and the sample was plotted with filter paper after 30 s. The sample was allowed to dry in room air. The samples were imaged without staining.
Cryogenic Transmission Electron Microscopy (Cryo-TEM). Cryo-TEM imaging was carried out using a JEM 3200FSC field emission microscope (Jeol) operated at 300 kV in bright field mode with an Omega-type zero-loss energy filter. The images were acquired with an Ultrascan 4000 CCD camera (Gatan) and with Gatan Digital Micrograph software (version 1.83.842), while the specimen temperature was maintained at -187 °C. Vitrified samples were prepared using a FEI Vitribot placing 3 μL of sample solution on 200-mesh holey carbon copper grids under 100% humidity, then blotted with filter paper for 0.5-1.5 s, immediately plunged into a -170 °C ethane/propane mixture and cryotransfered to the microscope. 
Reflectance spectra. Specular reflectance measurements were performed with an optical fiber reflection probe (Ocean Optics, Inc.) with a deuterium-halogen light source (DH2000 BAL, Ocean Optics, Inc.) and an Ocean Optics USB2000+ diode array spectrometer. The probe was inserted into the sample to achieve best possible resolution. A specular reflectance standard was used to correct for the spectral shape of the light source, but due to the geometry of the measured volume, the reflectivity values are arbitrary. The reflectance spectra for determining full-widths at half-maximum were measured using a Perkin-Elmer Lambda 950 spectrophotometer with a 150 mm integrating sphere. With the integrating sphere, the reported reflectivity was measured as the difference between total and diffuse reflectance.
Single crystal images and spectra. Optical characterization was performed in reflection mode on a customized Zeiss Axio microscope using a halogen lamp (Zeiss HAL100) as a light source using Koehler illumination and a 10x water immersion objective (W-N-Aprochromat, 420947-9900-000, Zeiss, NA:0.3). The light reflected off the sample is split between a CCD camera (UI-3580LE-C-HQ, IDS) and an optical fiber (100µm diameter core size, FC-UV100-2-SR, Avantes) mounted in confocal configuration and connected to a spectrometer (AvaSpec-HS2048, Avantes). This setup allowed for the spectra acquisition from specific areas of the samples. All the spectra were normalized to the reflection of a silver mirror in water.
Simulations. The light interaction with the crystals was simulated using a three-dimensional finite-difference time-domain (FDTD) method48. For the simulations, the software Lumerical Solutions, Inc. was used. Band diagrams were calculated by using the freely available software package MIT Photonic bands (MPB).49 
Dynamic light scattering (DLS). The hydrodynamic radii of the BCMs were measured with Zeta-sizer Malvern Nano. The samples were diluted to 0.05 g/L prior to the measurement.
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