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Abstract
The assembly structures of colloidal particles coated with a melanin-like polydopamine (PDA) layer create vivid structural colors. While it is known that the thickness of the PDA layer influences particle arrangement and optical properties, the underlying mechanism has remained controversial. Here, we demonstrate that the water-swelling characteristics of PDA are a crucial factor governing the dispersion and aggregation of these particles in solution. Detailed comparisons between dry and wet conditions revealed that the PDA layer readily absorbs water molecules, which leads to significant swelling in the thicker layers. The swelling of the PDA layers determined whether the particles remained dispersed or partially aggregated in the water, ultimately controlling the particle arrangement in the dried state once the water evaporated. These findings provide insights into the self-assembling of colloidal particles and offer a strategy for tuning the periodic particle order. This feature is pivotal for various applications in optical and sensing technologies.
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Introduction
The periodic structures formed by the self-assembly of molecules and particles are extremely important for the functionalization of materials, and their functionality depends on the size of the structure. 1-5 Periodic structures composed of colloidal particles of uniform submicron size are known as colloidal crystals, and they reflect visible light to produce structural color. 6, 7 Opal, which was identified by Sanders as an assembly of monodisperse silica particles, is an example of a colloidal crystal in nature. 8 The arrangement of the particles in opal acts as a diffraction grating, diffracting visible light. 9 Colloidal crystals exhibit an iridescent color due to the repeated combination of diffraction-causing structures. Thanks to advances in bottom-up nanotechnology, it is now possible to artificially create high-quality colloidal crystal structures, and research is being conducted. White light incident on a colloidal crystal is selectively reflected at a specific wavelength by Bragg diffraction. The reflected peak can be visually recognized as a structural color in the visible wavelength range. The peak wavelength of Bragg diffraction is expressed by eq 1 combined with Snell's law: 9

mλ = 2d    (1)

where m is the diffraction order, λ is the wavelength of light, d is the interparticle distance, n is the effective refractive index of the colloidal crystal, and θ is the auxiliary angle of the incident light (for vertical incident: θ = 0). As observed from eq 1, the hue of the structural color produced by colloidal particles largely depends on the size and refractive index of the particles, and the previous focus of material development was on these parameters. 10-13
In addition to the above two parameters, the following two parameters have attracted great interest from the viewpoint of controlling the angle dependence and saturation of structural colors. The first is the assembled structure of colloidal particles, which greatly affects the angle dependence of the structural color (Figure 1a). 14, 15 Colloidal crystal structures with periodic structures formed over long distances produce highly reflective iridescent structural colors that change with the viewing angle due to Bragg diffraction, and much research has been performed in this area (vide supra). Additionally, recent studies have shown that deliberately disturbing the particle arrangement to build an amorphous colloidal array result in a viewing angle-independent color and a noniridescent structural color. 14, 15 The radial distribution function of the randomly assembled structure of colloidal particles is nearly constant over long distances and has clear peaks only over short distances, exhibiting a short-range ordered structure. 16 The photonic pseudogap of the isotropic short-range ordered structure is direction-independent. Therefore, coherent light scattering, which scatters evenly in all directions, creates a noniridescent structural color. Since the required characteristics differ depending on the application, a technique for arbitrarily controlling the angle dependence of the structural color is important. 17, 18 The second is the blackness of the colloidal particles, which is related to the saturation of the structural color. While submicron-sized periodic microstructures should be present to obtain structural color, they usually appear white because they simultaneously cause multiple light scattering. Doping the colloidal particle array with a black substance that absorbs excess light suppresses light scattering and generates a highly visible structural color. 19, 20 Carbon black,21, 22 graphene,23-25 iron oxide nanoparticles,26, 27 polypyrrole,28 black metal osmium,29 silver nanoparticles,30 copper oxide nanoparticles,31 and carbonized particles32-34 are useful as black substances. The saturation and visibility of structural colors were improved by absorbing scattered light due to the absorption characteristics of the black substances in the visible range. It has also been reported that the intensity of scattered light was selectively suppressed by utilizing the light absorption capacity of gold nanoparticles in a specific wavelength region due to the plasmon resonance frequency. 7
Research on structural color materials, which contain melanin in their microstructure and replicate the structural coloration mechanisms found in living organisms, has advanced rapidly over the past decade. 35-38 Among these, the structural color materials we reported in 2016, 39 which consist of melanin particles, i.e., PS@PDA core-shell particles with polystyrene (PS) as the core and melanin-mimetic polydopamine (PDA) 40, 41 as the shell, used in many studies due to the scalability of the particle design and the ease of synthesis. 42 Many researches are focused on particle shape, 43, 44 core and shell composition, 45-47 the effects of additives, 48-52 PDA particles doping, 53-55 and functionalization through the creation of higher-order structures. 56-59 Recently, reports have emerged regarding optimizing PDA shell thickness using simulations 60 and enhancing structural coloration through binary assembled systems of particles with and without PDA shells. 61, 62 An important characteristic is that the ordering of the particle array varies with the thickness of the PDA shell: particles having a thin PDA shell layer (< ca. 5 nm) form a colloidal crystal structure with an iridescent structural color and a thick PDA shell layer (> ca. 10 nm) form an amorphous structure with a noniridescent structural color. 39 This unique future has been explained by the roughness seen on the surface of the thick PDA shell. 39, 63 However, these insights were based solely on observations of the surface of dry particles. Therefore, despite its importance, the effect of differences in the thickness of the PDA shell on the particle assembly structure remains unknown.
In this study, we report that the difference in the arrangement structure of PS@PDA particles in the dry state after water evaporation is due to the swelling behavior of PDA in water. PS(X)@PDA(Y) core-shell particles with different PDA shell thicknesses were created by changing the amount of DA monomer in a water solvent with dispersed PS particles: X and Y represent the diameter of the PS core particles and the thickness of the PDA shell layer (nm), respectively, as measured in a dry state (Figure 1b). Structural color materials were obtained by dropping a particle dispersion onto a substrate and evaporating the water. We focused on the gradual increase in particle concentration during water evaporation and evaluated the characteristics of structural color in the evaporation process using microspectroscopic reflectance measurements. The properties of the dispersions with varying particle concentrations were investigated using small-angle neutron scattering (SANS) and viscosity measurements, and the swelling behavior of each particle was evaluated using time-domain nuclear magnetic resonance (TD-NMR) measurements. The findings obtained here reveal that the swelling of the PDA shell layer modulates aqueous particle aggregation—thereby determining the ordering of the particle arrangement in the dry state, and we provide a comprehensive elucidation of the underlying mechanism governing particles with varied PDA shell thicknesses.
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Figure 1. (a) Structural color characteristics obtained from colloidal crystals and amorphous colloidal arrays. (b) Schematic diagram of preparing PS@PDA particles with different PDA shell thicknesses by changing the DA feed ratio relative to the PS core particle amount.


Experimental
Materials 
Dopamine hydrochloride (DA) and deuterium oxide (D2O) were obtained from Sigma-Aldrich Japan Co., LLC. (Tokyo, Japan). Tris(hydroxymethyl)aminomethane (Tris) was obtained from Kanto Chemical Co., Inc. (Tokyo, Japan). A Millipore Simplicity UV system provided deionized water with an 18.2 MΩ·cm resistance. All other chemicals and solvents were of reagent grade and were used as received. PS particles were prepared according to the previous paper. 64

Preparation of the PS@PDA core-shell particles 
PS@PDA core-shell particles were prepared as described in a previous paper. 39 Briefly, DA (0.36–12 g, 1.9–63 mmol) and Tris (14.5 g, 120 mmol) were added to an aqueous dispersion (1.2 L) of PS particles (2.4–6.0 g) and stirred at room temperature. After 20 h, the resulting samples were purified repeatedly by centrifugation (12000 rpm, 30 min), forming PS@PDA core-shell particles. The synthesized products are designated PS(X)@PDA(Y) core-shell particles (X: diameter of PS core particles, Y: thickness of PDA shell layer). The average particle diameter (Ddry) and coefficient of variation (CV) were determined from 50 particles observed in TEM images. The PDA shell layer thickness of the samples was calculated using the following eq 2:

   (2)

Measurements 
The diameters and zeta potentials of particles were measured by dynamic light scattering (Zetasizer Nano ZS; Malvern Panalytical). The zeta potentials of samples were in a 5 mM NaCl solution at a particle concentration of 0.01 wt % and at an applied voltage of 149 V. Transmission electron microscopy (TEM) micrographs were obtained using a transmission electron microscope (H-7650; HITACHI). Scanning electron microscope (SEM) images of the samples were obtained using an SEM (JSM-6510A; JEOL) and a field emission (FE)-SEM (JSM-6500F; JEOL). Photographs of the samples were taken with a digital camera (OM-D E-M10; Olympus). Optical micrographs of the samples were obtained with a handmade optical microscope unit, which was equipped with a lens unit (M Plan Apo; Mitsutoyo), a light source unit (HOYA-SCHOTT HL150 Cold light; FA-TSUKUMO), and a display unit (LCD-700VH; CENTURY). The light that enters the fiber is introduced into a UV-near-IR spectrometer (Ocean Optics, USB-2000, Dunedin). X-ray photoelectron spectroscopy (XPS) measurements were acquired using a spectroscopic instrument (JPS-9030; JEOL). TD-NMR measurements were performed with a low-field NMR system (MagnoMeter XRS; Mageleka). Viscosity measurements were carried out using a tuning fork viscometer (SV-1A; A&D).

SANS measurements
SANS measurements were performed using a SANS-J diffractometer installed at Japan Research Reactor-3 (JRR-3), Japan Atomic Energy Agency (JAEA), Tokai, Japan. 65, 66 The incident neutron beam was monochromatized using a velocity selector with a wavelength, λ, of 0.65 nm and a wavelength distribution, Δλ/λ, of 0.15. The incident beam size was defined using a 20 × 20 mm aperture 10 m upstream of the samples and a 15 mm diameter aperture at the sample position. Two-dimensional position-sensitive detectors (650 mm × 680 mm), which were composed of 95 3He tube detectors 8 mm in diameter, were used to detect scattered neutrons from the sample. Three sample-to-detector distances were set as 4 m and 10 m, covering a q region of 0.025 nm−1 < q < 0.5 nm−1. Here, q = 4πsin θ/λ is the magnitude of the scattering vector, where 2θ is the scattering angle. The two-dimensional scattering data recorded on the detectors were corrected by detector geometry and counting efficiency, and then azimuthal averaging was applied to obtain the scattering intensity distribution as a function of q. Instrumental background and air scattering were subtracted as well as the corresponding empty cell scattering for each scattering curve. Absolute intensity units (cm−1) were obtained using an Al plate as a standard reference. The corrected scattering intensity distribution was designated as I(q) hereafter. Additionally, I(q) in the q range of 0.006 nm−1 < q < 0.04 nm−1, corresponding to a q region of ultra-small-angle neutron scattering (USANS), was measured by using a set of neutron lenses and a position-sensitive photomultiplier. 67 The USANS intensity was converted to the absolute intensity unit by scaling the data to the SANS data obtained at 0.025 nm−1 < q < 0.5 nm−1, which was already calibrated as described above. Particles, i.e., PS(215)@PDA(2.5) and PS(215)@PDA(11), were filled in a quartz cell of 1.0 mm thickness with D2O solutions, having a concentration of 5–30 wt%. Note that D2O was used as a solvent for SANS to obtain a sufficient scattering contrast between the polymer particles and solvent. All measurements were conducted at 20 °C. 

Results and discussion
The PS@PDA particles were prepared through DA polymerization in the presence of PS particles measuring 240 nm in diameter. The size of the particles in their dry state (Ddry), as determined by TEM, is summarized in Table 1 and Figure S1. The Ddry of the PS@PDA particles increased as the addition ratio of DA monomer to PS core particles during polymerization increased. The thickness of the PDA shell in the dry state was controlled within a range of 1.5 to 15 nm. Figure 2a presents photographs of the pellet samples created from PS(240) and PS(240)@PDA(Y) particles. While the PS(240) pellet samples displayed a milky white color with iridescent hues, the PS(240)@PDA(Y) pellets exhibited a distinct appearance, showing vivid structural colors. The arrangement of particles on the pellet surfaces varied depending on the thickness of the PDA layer (Figure 2b). SEM images of the surfaces of PS(240) and PS(240)@PDA(Y) (Y = 1.5–6) pellets revealed the formation of highly ordered colloidal crystal structures. In contrast, the surface of the PS(240)@PDA(Y) (Y = 8–15) pellets displayed an amorphous structure with reduced particle arrangement order. The ordering of the particle arrangement was evaluated in more detail from the Voronoi diagrams of the SEM image (Figure 2c) 48. In the Voronoi diagrams for PS(240) and PS(240)@PDA(Y) (Y = 1.5–6), hexagonal white polygons were mainly obtained, which indicates that the particles are densely packed. On the other hand, in the case of PS(240)@PDA(Y) (Y=8–15), the proportion of white polygons decreased, and polygons of various colors were randomly arranged, visualizing the strong disturbance of the particle arrangement. The insets in Figure 2b show FE-SEM images of individual particle surfaces. While smooth surfaces were observed in PS(240) and PS(240)@PDA(Y) (Y = 1.5–6) particles with a colloidal crystal structure, rough surfaces were formed in PS(240)@PDA(Y) (Y = 8–15) particles with an amorphous structure. The roughness of these PDA shell layers is discussed later. 

Table 1. Characteristics of the Created Particles
	Sample name
	DA monomer feed ratio (g / 1 g of PS core particles)
	Ddry (nm)a
	CV (%)a
	PDA shell thickness (nm)b
	Dh (nm)c
	PDIc
	Zeta potential (mV)

	PS(240)
	–
	240
	2.41
	0
	252
	0.005
	40.2

	PS(240)@PDA(1.5)
	0.15
	243
	1.49
	1.5
	256
	0.003
	–54.1

	PS(240)@PDA(3.5)
	0.25
	247
	1.32
	3.5
	264
	0.002
	–51.3

	PS(240)@PDA(6)
	0.5
	252
	1.71
	6
	282
	0.015
	–51.7

	PS(240)@PDA(8)
	0.75
	256
	1.39
	8
	307
	0.006
	–44.2

	PS(240)@PDA(12.5)
	1
	265
	1.50
	12.5
	371
	0.049
	–41.4

	PS(240)@PDA(15)
	1.5
	270
	3.14
	15
	376
	0.065
	–45.6

	PS(215)
	–
	215
	1.68
	0
	220
	0.009
	53.6

	PS(215)@PDA(2.5)
	0.3
	220
	1.32
	2.5
	228
	0.003
	–49.1

	PS(215)@PDA(4.5)
	0.5
	224
	2.48
	4.5
	235
	0.002
	–56.4

	PS(215)@PDA(8.5)
	0.75
	232
	1.48
	8.5
	252
	0.006
	–54.6

	PS(215)@PDA(11)
	1
	237
	2.06
	11
	284
	0.040
	–50.0

	PS(215)@PDA(12.5)
	1.25
	240
	1.61
	12.5
	299
	0.032
	–54.1


a Determined from TEM images of 50 particles. b Calculated by eq 2. c Measured by DLS in water.


[image: ]
Figure 2. (a) Photographs for the pellet samples prepared from PS(240) and PS(240)@PDA(Y) particles taken from different angles. The numbers in the diagram indicate the angles observed. The PS@PDA particle water dispersions (10 wt%, 20 µL) were poured onto a silicone rubber plate. The droplets were then dried overnight at room temperature to prepare structural color pellets. (b) SEM images for the surface of the pellet samples in (a). The inset shows an enlarged image of the surface of a single particle as measured by FE-SEM. (c) Voronoi diagrams created from the SEM images in (b). Red: five-sided polygon, white: hexagonal polygon, blue: seven-sided polygon, and green: others. The Voronoi cells on the boundary of the analyzed square region (dark gray) are not included in this analysis.


Figure S2 shows the reflectance spectra of the pellets. The reflectance of the PS(240) and PS(240)@PDA(Y) (Y = 1.5–6) pellets, which formed colloidal crystals, was high at approximately 40–60%. For the PS(240)@PDA(Y) (Y = 8–15) pellets, which exhibited an amorphous structure, the reflectance significantly decreased due to the loss of the ordered structure. In all cases, the maximum reflection wavelength red-shifted as the PDA shell thickness increased due to an increase in particle size. Photographs of the pellets created from various angles also showed characteristic differences due to the thickness of the PDA shells. The thin PDA shell produced angle-dependent colors, whereas the thick PDA shell produced angle-independent colors (Figure 2a). These results were consistent with a previous report. 39 To verify the universality of property changes caused by variations in the thickness of the PDA shell, we conducted a similar experiment using PS particles with a diameter of 215 nm as the core (Table 1, Figure S3). As shown in Figure S4, we obtained pellets with colloidal crystals from PS(215) and PS(215)@PDA(Y) (Y = 2.5–4.5) particles that had thin shells. In contrast, pellets made from PS(215)@PDA(Y) (Y = 8.5–12.5) particles with thick shells formed amorphous structures.
In this experiment, structural color pellets were created by dropping a water dispersion of particles onto a substrate; the concentration of particles gradually increased as the water evaporated. We thus assessed the dispersibility and dispersion stability of the obtained particles in a dilute aqueous solution (particle concentration: 0.01 wt%) using DLS measurements. Figure S5a shows that the DLS charts for all the particles immediately after ultrasonic irradiation were unimodal. After allowing the dispersions to sit for 2 hours, unimodal peak distributions were maintained, and the particles did not aggregate (Figure S5b). These results show that the particles obtained demonstrate high dispersibility and dispersion stability in dilute aqueous solutions, regardless of the PDA shell thickness. The hydrodynamic diameter (Dh) of the particles measured in water is presented in Table 1. The Dh values of PS(240) and PS(215) core particles increased slightly compared to the Ddry values. In the PS(240)@PDA(Y) and PS(215)@PDA(Y) particles, the Dh values were noticeably larger than the Ddry values as the PDA shell thickness increased, suggesting that the PDA layer may have swelled in water. 68, 69 The zeta potentials of the prepared PS@PDA core-shell particles were high, at approximately –50 mV, regardless of the PDA shell thicknesses, contributing to the suppression of particle aggregation through electrostatic repulsion.
We observed the structural color that appears on the surface of a water droplet during evaporation, using PS(215)@PDA(2.5) particles that form a colloidal crystal structure, as well as PS(215)@PDA(8.5) particles that create an amorphous structure. In both cases, the structural color was observed to begin near the contact point between the droplet and the glass substrate (Figures 3a and 3b). A microscopic reflectance spectrophotometer assessed the time-dependent changes in the reflectance properties of the area where the structural color was noted. During the drying process of the PS(215)@PDA(2.5) dispersion, a broad reflection peak appeared at approximately 580 nm. As the water evaporated, the peak sharpened and blue-shifted, indicating the formation of an ordering particle array structure within the water (Figure 3c). A blue shift of the reflection peak was also noted for the PS(215)@PDA(8.5) particles (Figure 3d). However, the reflection intensity significantly decreased, suggesting that the ordering of the particle arrangement structure was lower. These results highlight the importance of the particle arrangement ordering in the dispersion solution during the particle concentration process through solvent evaporation.

[image: ]
Figure 3. Photographs of the process of forming a pellet sample by evaporation of water from a droplet of (a) PS(215)@PDA(2.5) and (b) PS(215)@PDA(8.5) particle dispersion, which was obtained by dropping the dispersion on a substrate. Time variation of the reflectance spectrum of structural color appearing in water droplets prepared from (c) PS(215)@PDA(2.5) and (b) PS(215)@PDA(8.5) particle dispersion. The areas enclosed by the red squares in (a) and (b) were measured respectively.


SANS measurements were performed to investigate the state of the particle arrangements in the dispersion with the particle concentrations varying from 5 to 30 wt%. Figure 4 shows the SANS profiles obtained for PS(215)@PDA(2.5) and PS(215)@PDA(11) particles as a function of the particle concentrations. In Figure 4a, SANS intensities below 10 wt% for q < 0.02 nm−1 hardly changed, while those for q > 0.4 nm−1 showed a power-law scattering, I(q) ~ q−d. For the samples examined here, the exponent, d, is close to 4 (i.e., the Porod law 70). This behavior may result from sharp interfaces of the particles. A scattering maximum around q ≈ 0.03 nm−1 (indicated by arrows in Figure 4a) appeared at 20 wt% particles, and the intensity increased with the particle concentration. The scattering peak originates from interparticle interference, and the average distance between the particles, L, can be roughly evaluated as 255 nm based on the q position of the scattering maximum, qm, because of L ≈ 2p/qm. In Figure 4b, as compared to the system for PS(215)@PDA(2.5) particles, clear differences in the SANS profiles were observed for q < 0.4 nm−1, whereas the data are similar for q > 0.4 nm−1. The scattering peaks were not clearer than those in Figure 4a, even at the high concentration, and the scattering intensity at q < 0.4 nm−1 gradually increased with decreasing q. These facts indicate that PS(215)@PDA(11) particles are partially aggregated in D2O and that some are dispersed without aggregation. In Figure 4b, it is noteworthy that SANS profiles for q > 0.3 nm−1 do not exhibit the power-law scattering with an exponent of d = 4. This observation suggests that the interface of the PS(215)@PDA(11) particles is not as sharp as that of the PS(215)@PDA(2.5) particles, probably due to the scattering contributions resulting from the partial swelling of the PDA shell by water.

[image: ]
Figure 4. Double-logarithmic plots of the SANS profiles for D2O dispersion of (a) PS(215)@PDA(2.5) and (b) PS(215)@PDA(11) particles (particle concentration: 5–30 wt%). SANS profiles are vertically shifted to avoid overlap by an offset constant of every one order magnitude.


We carried out a numerical analysis of the SANS profiles to characterize the dispersion and aggregation behavior of the particles. The scattering function of the particles, Iparticles(q), which is given by the product of the particle form factor, P(q), and its structure factor, S(q), was calculated using the following eq 3: 71

        (3)

where f and V are the volume fraction of the volume of the particles, respectively. ΔB is the difference in scattering length density between the particles and D2O. For P(q), we employed a theoretical scattering function for the spherical model, 71 which can be characterized by two structural parameters, i.e., the average radius of the particles and its polydispersity, corresponding to R and s (standard deviation in Gaussian distribution), respectively. For S(q), originating from the interference among the particles, we employed the hard-sphere model given by the Percus-Yevick formalism. 67, 72 In this model, we replace the particles with an equivalent hard-sphere of radius RHS, which has an excluded volume given by the sphere of radius RHS and the f (= 4pnRHS3/3). n is the number of particles per unit volume in solution. Three parameters, R, σ, and RHS, were refined to give the best fit to the data and reproduce the experimental SANS profiles. Table S1 lists the evaluated parameters. The black solid lines in Figure 4 show the best-fit theoretical scattering curves obtained using eq 3, which exhibit good agreement with the experimental data only in Figure 4a. However, in Figure 4b, the lines do not agree with the experimentally obtained SANS profiles for q < 0.02 nm−1. This discrepancy arises because the model employed does not account for particle aggregation and, therefore, fails to reproduce the scattering behavior associated with the aggregation of PS(215)@PDA(11) particles, as discussed above.
The origin of the aggregation characteristics of PS@PDA particles at high particle concentrations was investigated from the viewpoint of chemical and physical factors. XPS measurements were utilized to assess whether the chemical composition of the particle surface varied based on the thickness of the PDA shell. The XPS spectra of PS(240)@PDA(Y) particles (Y=1.5, 15) in the C1s and N1s regions are illustrated in Figure S6; the spectra across the three regions align with previously reported PDA spectra, indicating that variations in shell thickness do not influence PDA chemical composition. 73, 74 Figure 5a presents the viscosity of water dispersions with varying concentrations of PS(240)@PDA(Y) particles (Y=1.5, 15) measured using a tuning fork viscometer. The viscosity of the dispersion system gradually increased with higher particle concentrations. For particle concentrations of 5–15 wt%, the viscosity of systems remained nearly constant across different PDA shell thicknesses. Interestingly, viscosity significantly increased for concentrations exceeding 20 wt% as the thickness of the PDA shell layer increased. The viscosity of the particle dispersion systems was monitored over time. While no change in viscosity over time was observed for both particles at low particle concentrations (5 wt%) (Figure 5b), the behavior differed depending on the particle used at high particle concentrations (25 wt%) (Figure 5c). The viscosity of the PS(240)@PDA(1.5) particle dispersions remained constant regardless of the time elapsed since the start of measurement. On the other hand, in the PS(240)@PDA(15) particle dispersion, a clear increase in viscosity was observed over time, indicating that particle aggregation was promoted in the solution. 75

[image: ]
Figure 5. (a) The viscosity of water dispersions of PS(240)@PDA(Y) particles (Y=1.5, 15) at different particle concentrations. Time variation in the viscosity of the water dispersion of PS(240)@PDA(Y) particles (Y=1.5, 15) at a particle concentration of (b) 5 wt% and (c) 25 wt%. Green square: PS(240)@PDA(1.5) and Red diamond: PS(240)@PDA(15).


As mentioned above, as the thickness of the PDA layer increased, Dh in water increased compared to Ddry. The swelling rate (α) was calculated using the following eq 4: 76, 77 

       (4)

Figure 6a illustrates the α values plotted against the PDA thickness for PS(240)@PDA(Y) particles. The α values steadily increased with the amount of PDA coating. Notably, a significant rise was observed for PS(240)@PDA(Y) (Y = 8–15) particles. To investigate the factors contributing to the change in the α value, the proton spin-spin relaxation time (T2) of the aqueous solution containing dispersed particles was measured using TD-NMR. The relaxation number Rno, which indicates the wettability of the particle surface, is a dimensionless parameter expressed by the following eq 5: 78-80

        (5)

[bookmark: OLE_LINK3]where T2s and T2w denote the spin-spin relaxation times of protons in the suspension and its dispersing solvent (here, water), respectively. Water in contact with or adsorbed onto the particle surface responds differently to changes in the magnetic field than bulk water in a free state. The T2 values of water trapped on the particle surface are lower than those of bulk water. Consequently, the Rno value increases as the wettability of the particle surface improves. 78-80 Figure 6b shows the Rno values for PS(240)@PDA (Y) particles (particle concentration: 5 wt%) with varying PDA shell thicknesses. The gradual increase in Rno values with a thicker PDA shell suggests that water is penetrating the PDA layer. Notably, the slope of the plots for particles with a thicker PDA layer rises significantly compared to those with a thinner layer. This trend aligns with the change in the slope of α values, indicating that as the PDA shell thickness increases, more water becomes adsorbed and trapped in the shell layer, causing the volume to swell. This likely happens because PDA, a three-dimensional polymer that is physically and chemically cross-linked, can retain water inside it like a gel. 81, 82 Further research is needed to understand the gel-like properties of PDA, and we are currently addressing this issue.
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Figure 6. (a) α and (b) Rno values plotted against the PDA thickness (Y) for PS(240)@PDA(Y) particles. α values were calculated by eq 4. The green and orange areas in the diagram indicate the regions where colloidal crystal and amorphous structures are formed, respectively.


Figure 7 shows why the α and Rno values differ depending on the DA concentration when adjusting the PS@PDA particles. The PS@PDA particles were synthesized by polymerizing DA in water containing dispersed PS particles. The PDA oligomers that formed in the aqueous phase became insoluble, leading to the formation of small aggregates. 83 These aggregates deposited and grew on the particle surface, creating a thin PDA shell layer. Due to the rapid polymerization of DA, small aggregates grow and coalesce to form PDA spherical aggregates when the concentration of DA in the water is high. This is evident from the following control experiment. Polymerization was carried out for 20 hours with a low DA concentration (0.5 mg/mL) and a high DA concentration (2.0 mg/mL) without adding PS particles. While a clear, light brown dispersion was obtained under low DA concentration, a dark brown, less transparent dispersion was obtained when the DA concentration was high (Figure S7a). The insoluble parts of the sample were separated by centrifugation and were observed under TEM measurements. At low DA concentration, no significant product was observed, resulting in the formation of only small aggregates. In contrast, at high DA concentration, the formation of PDA spherical aggregates of approximately 50–300 nm was observed, 84, 85 which is not inconsistent with the size of the PDA nodules depicted in the insets of Figure 2b (Figure S7b). The generated PDA spherical aggregates were adsorbed randomly onto the particle surface coated with a thin PDA layer, forming PS@PDA particles with a rough surface and thick shell.

[image: ]
Figure 7. A schematic diagram showing the formation of differences in the surface roughness of PDA shells.


The proposed mechanism of particle assembly behavior is illustrated in Figure 8. Generally, as particle concentration increases and the distance between particles decreases during water evaporation, the strength of the attractive force between the particles becomes greater than that of the repulsive force. 86, 87 When the PDA shell layer is thin, the high zeta potential helps maintain the distance between particles in the dispersion, allowing the solvent to evaporate as is and forming a colloidal crystal structure. Particles with a thick PDA layer also exhibit a high zeta potential, and under low particle concentration conditions, the particle dispersion state is well maintained. However, under high concentration conditions, the thick PDA layer swells significantly in water, increasing the likelihood of contact between the hydration layers on adjacent particle surfaces. The presence of PDA nodules on the particle surface increases the specific surface area, and the swollen, highly fluid PDA layer probably penetrates into each other when the particles come into contact with each other. 88-90 Thus, local particle aggregation occurs at high particle concentrations. This partial aggregation also increases the viscosity of the system. The local aggregation state is maintained even during solvent evaporation, leading to the formation of amorphous structures in the dried state. It was found that the swelling characteristics of the PDA shell layer on the surface of each particle significantly affect the particle assembly structures and structural color properties in the dried state.
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Figure 8. Proposed mechanism for the different particle assembly behavior due to the difference in PDA thickness.


4. Conclusion
By focusing on the behavior of PS@PDA particles in water, we clarified how variations in the thickness of the PDA shell influence the particle assembly structure. Particles with a thin PDA shell and minimal swelling, which have a smooth surface, remained dispersed in water regardless of particle concentration. In this state, the solvent evaporated, and a densely packed colloidal crystal structure was finally formed in the dried state, exhibiting vivid angle-dependent structural color. In contrast, PS@PDA particles prepared with a high concentration of DA showed significant surface roughness. Coupled with the adsorption of PDA spherical aggregates formed by DA polymerization in the solution phase, a thick PDA layer with many PDA nodules was formed on the particle surface. Importantly, the thick PDA layer showed a clear swelling behavior in water, with a swelling ratio reaching a maximum of 2.7. At low particle concentrations, the particles remained well dispersed in the water. At high concentrations, the substantial swelling of the PDA layer enhanced contact opportunities between particles, increasing the likelihood of interpenetration of PDA layers and resulting in local particle aggregation. After the solvent evaporated, an amorphous structure reflecting the aggregation state in water formed, exhibiting angle-independent structural coloration. The swelling of the PDA shell layer affected the dispersion and aggregation properties of particles in the water, as well as their particle assembly structures and structural color properties in the subsequent drying state. Research has also been carried out on structural color materials using core-shell particles using other monomers similar to DA, and the findings of this research will probably also apply to colloidal particles with other polymers on their surfaces. 28, 91-93 Furthermore, the functional control based on the ordering of colloidal particle arrays can be applied not only to structural coloration but also to a wide range of applications, including plasmon properties and light transmissivity.
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Table S1. Summary of Characteristic Parameters Determined by the Model Analysis of SANS Profiles for PS(215)@PDA(2.5) and PS(215)@PDA(11)
	Particle conc. (wt%)
	5
	10
	15
	20
	25
	30

	PS(215)@PDA(2.5)
	
	
	
	
	
	

	R (nm)
	104
	113
	113
	113
	113
	113

	s (nm)
	17
	21
	22
	22
	22
	22

	RHS (nm)
	110
	103
	103
	108
	105
	103

	PS(215)@PDA(11)
	
	
	
	
	
	

	R (nm)
	116
	116
	118
	120
	123
	124

	s (nm)
	20
	21
	20
	21
	23
	23

	RHS (nm)
	95
	95
	94
	93
	93
	90
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Figure S1. TEM images for the PS(240) and PS(240)@PDA(Y) (Y = 1.5–15) particles.
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Figure S2. Reflectance spectra for the PS(240) and PS(240)@PDA(Y) (Y = 1.5–15) pellets.
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Figure S3. TEM images for the PS(215) and PS(215)@PDA(Y) (Y = 2.5–12.5) particles.
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Figure S4. (a) SEM images for the surface of the pellet samples prepared from PS(215) and PS(215)@PDA(Y) particles. The inset shows photographs of the pellet samples. (b) Voronoi diagrams created from the SEM images in (a). Red: five-sided polygon, white: hexagonal polygon, blue: seven-sided polygon, and green: others. The Voronoi cells on the boundary of the analyzed square region (dark gray) are not included in this analysis.
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Figure S5. DLS charts of (a) immediately after preparation and (b) after standing for 2 hours of the water dispersion of PS(240) and PS(240)@PDA(Y) particles (particle concentration: 0.01 wt%)
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[bookmark: OLE_LINK2]Figure S6. XPS spectra of (a) PS(240)@PDA(1.5) and (b) PS(240)@PDA(15) particles in the C1s and N1s regions.




Figure S7. (a) Photographs of samples after DA polymerization without PS particles. (b) TEM image of the insoluble part obtained under high DA concentration conditions.
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