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We report coarse-grained Langevin dynamics simulations of homogeneous mixtures of lobed colloidal particles with opposite charges. We show that dumbbell, trigonal planar, tetrahedral, square planar, trigonal bipyramidal, and octahedral shaped particles form distinct self-assemblies including chains, sheets, crystalline, and spherical structures. The dumbbell and square planar particles predominantly form chains and sheets while other particles form network-like self-assembled morphologies. At higher temperatures and lower charges, non-planar particles form three-dimensional aggregates. We further report on packing arrangements of particles which lead to differences in porosities within self-assembled morphologies. Our results show that the trigonal planar particles form larger porous structures. The self-assembled structures that we report are potentially useful in designing porous biomaterials for biomedical applications.
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INTRODUCTION
Self-assembly is an approach where the components of a system spontaneously assemble without the application of external forces [1, 2]. The self-assembled structure gains its stability from the interactions among its constituents. Colloidal particles are one such class of materials which have been widely studied for their tendency to form larger clusters with distinct morphologies [3–5]. The interactions of significance in these assemblies include van der Waals interactions (vdW) [6], electrostatic interactions [7], steric effects [8], and solvation forces [9, 10]. Colloidal systems have served as models in understanding fundamental and applied problems including phase behavior [11], glass transition [12, 13], crystal nucleation [14, 15], and biomedical applications [16–18].
Self-assemblies of patchy colloidal particles are known for their distinct shapes and novel applications [19–22]. The placement of patches on colloidal particles leads to selective and tunable interactions that allow control over the morphologies of the structures formed via self-assembly [23, 24]. These patches can take the form of lobes that protrude from the surface of colloidal particles. As a result, the lobes can dictate the phase behavior and porosity of a given self-assembled structure due to their size, number, location, and inter-particle interactions, in addition to environmental conditions [25]. Our previous simulation studies have shown that the incorporation of lobes in colloidal particles results in the formation of structures with enhanced porosity due to an increase in the excluded volume created by the non-spherical shapes of particles [18, 25–29].
Interest in the synthesis and self-assembly of colloidal particles with lobes has been increasing in recent years [30–40]. A pioneering study by Wang et al. [31] reported the synthesis of colloidal particles with lobes in positions that mimic hybridized atomic orbitals, which provide three-dimensional bonding symmetries resulting in novel self-assembled structures. Liu and colleagues [32] have synthesized dumbbell-shaped particles and observed that when the particle lobes are DNA-coated, these particles self-assemble to form Kagome lattices, brick-wall-like lattices, or a co-existence of these two arrangements, based on the temperature of the system. Wolters et al. [39] synthesized two-lobed particles with a “Mickey Mouse” shape and reported that these particles self-assemble to form tube-like structures.
Simulations have also been conducted for studying the assemblies of tri-block patchy colloidal particles of tetrahedral and octahedral shapes which result in the formation of colloidal crystals of body centered cubic and cubic diamonds [41]. Simulations of dumbbell-shaped particles show the formation of micelles, vesicles or bilayers with a change in size ratio, separation between two dumbbell spheres and volume fraction [42]. Further, using experimental and computational approaches, dumbbell-shaped particles were shown to stabilize microspheres against aggregation [43]. Simulations of spherical patchy particles have highlighted the dependence of the interaction strength, patch coverage, and density as the key factors in forming two-dimensional self-assemblies [29, 44]. However, lobed patchy particles and their mixtures have been underexplored for the creation of porous colloidal self-assemblies.
We have previously reported simulation studies on the self-assembly of lobed colloidal particles [18, 25–28]. We considered different particle types, as in the current work (dumbbell, trigonal planar, square planar, tetrahedral, trigonal bipyramidal, and octahedral), and investigated their morphologies and porosities where the lobes of these particles are either neutral, charged, or functionalized. Many of these particle types have been successfully designed using experimental approaches, thereby highlighting the feasibility of creating larger lobes instead of patches [31, 34, 45–47]. However, in one of our previous studies in which the lobed particles with charges were studied [27], the positive and the negative charges are placed on different lobes of the same particle to have a net charge of zero on the particle, but experimentally designing lobed particles where different lobes on the same particle can be functionalized differently is significantly challenging. In contrast, it is conceivable that all lobes on a given particle can be functionalized uniformly to have complementary interactions between a pair of distinctly-functionalized particles.
In this work, we introduce a new design of lobed colloidal particles with uniformly-charged lobes where we assign either an overall positive or an overall negative charge to all lobes of a given type of particle (Figures 1A-F) to mimic complementary interactions between the lobes. For observing self-assembly due to complementary interactions, we studied 1:1 mixtures of the same type of particles where half of the particles in the mixture have positively-charged lobes and the other half have negatively-charged lobes, thus studying an overall electrically neutral system. Along with investigating the role of the particle design, charges, and temperature on the phase behavior and porosity, we also focus on packing modes of particles which lead to differences in porosities of the self-assembled structures.
[image: Figure 1]FIGURE 1 | Snapshots of particle geometries studied in this work: (A) Dumbbell [image: image], (B) Trigonal planar [image: image], (C) Square Planar [image: image], (D) Tetrahedral [image: image], (E) Trigonal bipyramidal [image: image], and (F) Octahedral [image: image]. The seeds are colored tan, the positively-charged lobes are colored blue, and the negatively-charged lobes are colored red. Two representations of each particle in the panels (A–F) indicate that a 1:1 mixture of the same type of particles was studied. (G) A snapshot of the simulation domain showing a typical randomized initial configuration.
MODELS AND METHODS
Model
We conducted Langevin molecular dynamics simulations to study the self-assembly behavior of six different types of lobed particles with oppositely-charged lobes. These particles with distinct shapes include dumbbell [image: image], trigonal planar [image: image], square planar [image: image], tetrahedral [image: image], trigonal bipyramidal [image: image], and octahedral [image: image] particles. We prepared six different homogeneous systems by mixing particles of the same type but with opposite charges on the lobes (Figures 1A-F). We used a seed (σS) to lobe (σL) diameter ratio of 2:1, respectively, with their masses (mS and mL) set as 1. The mixed system is prepared with the lobes on half of the particles having positive charges and on the remaining half of the particles having negative charges of equal magnitudes, thus, making an overall neutral system. Consistent with our previous study [27], we used charges on the lobes with magnitudes of 2, 4 and 6 units for each type of particle. We utilized reduced units for all parameters used in our simulations and used harmonic potentials to maintain the shape of the particles during simulations, as described in our previous studies [18, 25–28].
Non-Bonded Interactions
The self-assembly of charged colloidal particles is mediated by non-bonded short-range interactions short-range interactions as well as long-range electrostatic interactions [48]. The model used in our simulations accounts for both types of interactions. The seed-seed (S-S), lobe-lobe (L-L), and seed-lobe (S-L) non-bonded interactions are modeled by using the shifted Lennard-Jones (SLJ) potential (Eq. 1). The SLJ potential was chosen to model the non-bonded interactions because the diameters of the colloidal particles of interest are in the μm range. Therefore, the interactions are computed between the surfaces of the particles rather than between the centers of the particles [49].
[image: image]
In this equation, ϵij denotes the depth of the potential well for a pair of particles i and j, and σ denotes the distance of the closest approach. The equation is used to model the pairwise interaction potentials when rij < rcut + δ. Here, rcut signifies a cut-off distance and δ = (σi + σj)/2–1, where σi and σj are the particle diameters. When rij ≥ (rcut + δ), non-bonded interactions are neglected, i.e., USLJ (rij) = 0. The depth of the pair-potential well for interactions between the positive and negative lobes is fixed as three in reduced units, while it was kept as one for all other pairs, similar to our previous work on particles with charges on the lobes [27]. The short-ranged repulsions are treated by setting the cut-off distance (rcut) as [image: image] for all pairs other than the negative lobe-positive lobe pairs, where an rcut of 2.5σ is used to account for attractive interactions [49–53]. The σ values in the SLJ potential are set to 2.0, 1.5, and 1.0 for the seed-seed, seed-lobe, and lobe-lobe interactions, respectively. The electrostatic interactions are computed with the following equation, using a cut-off of 15σL [54].
[image: image]
where, qi and qj are the charges on a pair of particles i and j, respectively, ϵ0 is the permittivity of the free space, and ϵr the relative permittivity. For electrostatic screening, ϵr represents the dielectric permitivity of bulk water at ambient conditions (equal to 80).
Simulation Details
We conducted coarse-grained Langevin dynamics simulations for all systems using the HOOMD-Blue software [55]. We computed the electrostatic interactions by using the particle-particle-particle-mesh (PPPM) method [54, 56]. Each system is composed of 8,000 particles of the same type (4,000 each with positively-charged and negatively-charged lobes, respectively) and the length of the simulation domain is 160σL along each direction in all simulations. Overall, we simulated six distinct systems, each at four distinct temperatures and three distinct charge values. Specifically, we performed simulations of all six types of particles at four different temperature conditions (kBT = 0.1, 0.4, 0.7, and 1.0, in reduced units) with three different magnitudes for the charges on the lobes (±2, ±4, and ±6 in reduced units). We note that kBT = 1.0 corresponds to T = 298 K [22]. Therefore, kBT = 0.1, 0.4, and 0.7 correspond to 29.8, 119.2, and 208.6 K, respectively.
We generated initial conditions for different systems by simulating each system for 10,000 steps at kBT = 3.0, a sufficiently higher temperature to prevent any self-assembly at all conditions and to randomize the initial configurations (Figure 1G). In all simulations, we used an integration time-step of 0.005 and a simulation length of 5 × 107 steps. We confirmed the stability of a given self-assembled structure by analyzing the convergence of the potential energy per particle and the total number of clusters (Supplementary Figure S1) as a function of the number of time-steps. The self-assembled clusters are formed by those particles whose centers of masses are within 3.25σL from each other. The cluster calculation was carried out using the freud software [57].
Pore Diameter and Interplanar Angle Measurements
We analyzed two types of pores in our self-assembled morphologies, the interstitial (Figure 2A) and the intra-network pores (Figure 2B). The interstitial pores arise in the system due to the formation of large three-dimensional self-assembled morphologies. The available spaces within these aggregates correspond to interstitial pores. The interstitial pore size is calculated by carving out a cube from a three-dimensional aggregate and the pores within the cube (zoomed view in Figure 2A) are characterized as representative of the self-assembled morphology. The intra-network pores exist due to the formation of interconnected structures (chains, sheets and random aggregates) within the simulation domain. We consider the entire simulation domain for capturing the sizes of intra-network pores formed from different types of particles. We used the Zeo++ software [58–60] to compute the pore size diameter by measuring the diameter of the largest free sphere (DLFS) which can freely diffuse through a self-assembled porous structure. For this, we considered a probe radius equivalent to [image: image], similar to our previous work [18, 25–28].
[image: Figure 2]FIGURE 2 | (A) A snapshot highlighting the interstitial pores formed in three-dimensional aggregates. The zoomed-view shows a cube carved out of larger aggregates and used in the calculation of the sizes of interstitial pores. (B) A snapshot highlighting the intra-network pores (yellow) observed in self-assembled structures.
To characterize the packing arrangements among particles in self-assembled morphologies, we also computed the distributions of the interplanar angles between the planes formed by S–L+–L− and L+–L−–S groups of particles, where L+ and L− denote the positively-charged and negatively-charged lobes, respectively, and S signifies the central seed particle on which the lobes are placed. The interplanar angle values span the range between -180° and +180° which correspond to the interior/exterior angles between the two planes.
RESULTS AND DISCUSSION
We studied self-assembly for six different types of lobed particles which differ in their number of lobes (Figure 1) as well as their positions and charges. We systematically studied the effect of temperature (kBT = 0.1, 0.4, 0.7, and 1.0) and charges (2, 4, or 6 units) on the lobes with a focus on homogeneous mixtures of particles where half of the particles have positively-charged lobes and the remaining half have negatively-charged lobes. The time-evolution of the potential energy per particle and the total number of clusters in each system for a given condition of q and kBT are shown in Supplementary Figure S1. Similar convergence trends were observed for all systems. However, we note that patchy interactions may lead to the formation of kinetically trapped structures [61–63], especially at lower temperatures. Therefore, alternate methodologies [64, 65] could be explored in future studies to further probe such structures.
Self-Assembled Morphologies
We analyzed the final configurations obtained at the end of the simulations for each system according to their morphologies. In Figure 3, we summarize the phase behavior of different morphologies formed by these mixtures under all temperature and charge conditions.
[image: Figure 3]FIGURE 3 | Phase behavior in homogeneous mixtures of charged lobed particles at all charge (q) and temperature (kBT) conditions. Each type of morphology is color coded: chains (CH), crystalline self-assemblies (CR), random aggregates (RA1, RA2, RA3, RA4), sheets (SH), and spherical aggregates (SR). The conditions at which self-assembly is not observed are labeled as DS, the dissociated state.
These data reveal the formation of various types of network-like particle assemblies including chains (CH), different types of random aggregates (RA1, RA2, RA3, RA4), and two-dimensional sheets (SH), or three-dimensional clusters including crystalline (CR) and spherical aggregates (SA). The random aggregates termed RA1 and RA3 are formed by the planar particles [image: image] with RA3 having the maximum porosity, RA2 are formed by the non-planar particles ([image: image], [image: image], [image: image]), and RA4 are formed by the square planar [image: image] particles. At some conditions (q = 2; kBT = 0.7 and 1.0), [image: image] and [image: image] particles do not form any type of self-assembled structure, thereby remaining in a dissociated state (DS).
The relative occurrence of distinct phases in simulations of charged particles without mixing, as reported in our previous work [27], and homogeneous mixtures of charged particles from this work is shown in Supplementary Figure S2 (magenta bars, previous work; green bars, this work). The fractional occurrence (expressed as a percentage) is computed by comparing the formation of a specific phase with respect to the total number of phases formed in simulations. The homogeneous mixtures reported in this work have higher occurrences of some (CH, CR, RA1, RA2, and RA3) morphologies, and comparable occurrences of other (SA and SH) morphologies. The RA4 morphology is only observed in homogeneous mixtures albeit at a significantly lower fraction compared to other morphologies.
Structural Motifs in Self-Assembled Morphologies
For dumbbell-shaped particles with two lobes [image: image], at most conditions of charges and temperatures, we observed the formation of linear chain-like (CH) arrangements (Figure 4A) that originate from the electrostatic interactions between the oppositely-charged lobes. However, at a lower charge (q = 2), the electrostatic interactions are weaker at higher temperatures (kBT = 0.7 and 1.0), where only a dissociated state (DS) is observed. The linear shape of dumbbell-shaped particles accounts for the formation of extended chain-like (CH) networks. A zoomed view of these chains shows further chain coiling (highlighted in zoomed blue circles, Figure 4A), which leads to the formation of extended porous networks inside the simulation domain. The oppositely-charged lobes of a pair of particles in different chains can attract each other via electrostatic interactions causing elongated chain associations. In our previous study on functionalized lobed particles [18], the [image: image] particles also formed the CH phase. However, the overall morphology is different (Supplementary Figure S3) in comparison to the current configuration (Figure 4A). For example, only shorter chains without any extended network and non-porous self-assembled morphologies were observed in our previous work [18].
[image: Figure 4]FIGURE 4 | Snapshots highlighting self-assembled networks formed by the particles with two [image: image] or three [image: image] lobes. (A) Interconnected chain-like morphologies formed by the [image: image] particles; and (B,C) random aggregates and hollow cylindrical morphologies formed by the [image: image] particles. The blue and red circles show zoomed-in views, and a yellow patch (panel B) represents intra-network pore space.
As the number of lobes increases, as in the case of [image: image] particles, network-like assemblies arise from random aggregates (RA1 or RA3) or sheet-like (SH) morphologies. In Figures 4B,C and Supplementary Figure S4A, we show self-assemblies formed by [image: image] particles and the zoomed-views of the network-like morphology showing cylindrical organization of particles. We classify this network-like organization assisted by two-dimensional sheets and three-dimensional particle arrangements as RA1. These aggregates are predominantly observed in self-assemblies of [image: image] particles, and can be attributed to the existence of an additional lobe on the [image: image] particles in comparison to the [image: image] particles. In sheet-like morphologies formed by the [image: image] particles, we observed the formation of six-membered rings (Figure 5A) in which the oppositely-charged lobes interact via electrostatic interactions to form a network (Supplementary Figure S4A). This six-membered ring-like (“Kagome-lattice” type) arrangement is not present in our previous work on charged particles [27], where the existence of oppositely-charged lobes present on the same particle led to the formation of three-membered rings (Figures 5B and Supplementary Figure S4B). Similarly, our previous work on self-assemblies formed by uncharged but functionalized lobes of [image: image] particles favor the formation of honeycomb-like sheets with five or seven membered rings (Figure 5C).
[image: Figure 5]FIGURE 5 | A comparison of structural motifs in sheet-like morphologies reported in this study and our previous work [18, 27]. (A–C) Ring-like arrangements of particles with three lobes are shown: six membered rings (panel A, current work), three membered rings (panel B, previous work [27]), and five or seven membered rings (panel C, previous work [18]). (D) Four membered rings formed by the square planar [image: image] particles from our current work.
In Supplementary Figure S5, we show the systematic evolution of morphologies formed by the [image: image] particles from the current work, where the particles are initially randomly oriented within the simulation domain (Supplementary Figure S5A) but gradually reorganize and self-assemble into three-dimensional networks (Supplementary Figures S5B–D) made up of ring-like motifs (Figure 5A). At a lower charge and higher temperature (q = 2 at kBT = 0.7 or 1.0), we do not observe self-assemblies due to higher thermal energies in comparison to electrostatic interactions, but at a moderate charge but similar temperature (q = 4, kBT = 1.0), we observed porous networks with larger intra-network pores (highlighted by a yellow patch in Figure 4B).
Further, the particles with four lobes either have a square-planar [image: image] or a tetrahedral [image: image] geometry (Figures 1C,D). Due to the planar geometry of the [image: image] particles, they predominantly self-assembled into sheet-like (SH) morphologies (Figure 3). The two oppositely-charged lobes on these particles act as the connecting units responsible for a well-packed sheet-like structure where the inter-particle interaction form a four-membered ring-like structural motif (Figure 5D). This packing behavior of the [image: image] particles is similar to the one observed in our previous work [27]. At certain charge/temperature conditions (at q = 2, and kBT = 1.0), we also observed the formation of three-dimensional random aggregates (termed RA4) that do not form an interconnected network of pores, but exist as three-dimensional clusters of random shapes. The available pore spaces in these self-assembled morphologies serve as interstitial pores (Figure 2A).
In contrast, the [image: image] particles having non-planar tetrahedral arrangement of four lobes do not form sheet-like configurations but form network-like assemblies originating from random interconnected networks (e.g., at q = 4 and 6; all T values; Figure 3). We classify these network-like assemblies from randomly organized particles as RA2. However, at a lower charge (q = 2), we identified the formation of spherical aggregates (SA) at kBT = 0.7, which transition into random network-like assemblies (RA2-type) at a higher temperature (kBT = 1.0) (Supplementary Figure S6).
Similar network-like morphologies originating from the RA2-type configurations are found in the assemblies of lobed particles with 5 or 6 lobes ([image: image] and [image: image]) at all temperatures (e.g., at q = 4 or 6 and all T values; Figure 3). Additionally, [image: image] particles also form spherical aggregates (q = 2, kBT = 1.0; Figure 3), and both types of particles form crystalline morphologies (q = 2, kBT = 0.7; Figure 3). In Figure 6, we show the shape transitions among various morphologies for the [image: image] particles, where network-like configurations first switch to crystalline and then to spherical morphologies as temperature gradually increases (kBT = 0.4, 0.7, and 1.0). This morphological transition is similar to the one observed in our previous study [27], where the [image: image] particles were observed to transition from random aggregates to crystalline structures and further to spherical aggregates with a temperature change from kBT = 0.7 to 1.1. These transitions occur due to an intricate balance between the electrostatic interactions and thermal diffusive effects.
[image: Figure 6]FIGURE 6 | Shown are the snapshots highlighting temperature-dependent shape transitions in self-assemblies formed by the [image: image] particles: (A) porous network-like assemblies; (B) crystalline morphologies; and (C) spherical aggregates.
Interstitial and Intra-Network Pore Sizes
To probe the porosity of a given self-assembled structure, we computed the pore sizes (measured using the diameter of the largest free sphere DLFS as a metric) for all assemblies at all conditions of charges and temperatures (Supplementary Figure S7). This analysis considered all particle shapes and the conditions responsible for the formation of pores of various diameters. The smaller pores originate from the interstitial space between particles in three-dimensional aggregates, while the larger pores originate from the intra-network void space in a given network-like morphology. Among all charge (q) and temperature values, the pore-sizes with larger diameters are observed for q = 4, kBT = 0.7 and 1.0.
In Figure 7, we show the trends in pore sizes (DLFS) for both interstitial and intra-network pores for self-assemblies formed by particles with three or more lobes ([image: image], [image: image], [image: image], [image: image], [image: image]). The intra-network pores are an order of magnitude larger than the interstitial pores. For comparison, we also show the data from our previous study on charged lobed particles without mixtures [27] (magenta bars in Figure 7) along with the data from our current study where mixtures are studied (green/cyan bars in Figure 7). These data show that the interstitial pores are significantly larger in self-assemblies observed for [image: image], [image: image], and [image: image] particles studied in our current work (Figure 7A). This is attributed to larger porous sheets formed by the [image: image] particles (Figure 5D) or RA2-type random aggregates, crystalline, and spherical self-assembled morphologies formed by [image: image] and [image: image] particles. However, for self-assemblies formed by the [image: image] particles in our current work, we observed smaller interstitial pores in comparison to our previous study [27] indicating a tighter packing of particles in random and spherical aggregates formed by them.
[image: Figure 7]FIGURE 7 | A comparison of interstitial pore diameters [panel (A)] and intra-network pore diameters [panel (B)], computed based on data from this study and our previous work on charged lobed particles [27]. Data are shown for only those particle types which form interstitial or intra-network pores in both studies. In Supplementary Figure S7, we also present pore diameters for self-assemblies of all particle types at all conditions from this study.
On comparing intra-network pores (Figure 7B), we find that the network-like self-assemblies formed by particle mixtures studied in our current work have larger pores in most cases except for the [image: image] particles where pores of similar size to our previous study [27] are observed. Overall, the intra-network pores are significantly larger than the interstitial pores. This is potentially relevant for applications of colloidal based systems in designing tissue engineering scaffolds in which interconnected larger pores are needed to allow cellular penetration and nutrient circulation [66]. The required sizes for the pores may vary according to the type of cells that are being targeted for growth in these scaffolds, but they typically range from ∼30–400 μm for human cells [67]. Our simulations show that the lobed particles form interconnected networks with significantly larger pores compared to the particle-size which could be suitable for applications in designing tissue engineering scaffolds.
Particle Packing Modes: Interplanar Angles
To further probe the correlation between the porosity and the packing arrangements of particles within self-assemblies, we computed the distributions of the inter-planar angles between the planes S−L+−L− and L+−L−−S that are formed by the seed (S) and positively-charged as well as negatively-charged lobes (L+/L−) (Figure 8). The inter-planar angle distributions for the [image: image] (dumbbell) particles show the peaks near -180° and -180° (Figure 8A). This indicates a linear or head-to-head arrangement of particles within the porous networks where the particles organize themselves in a parallel or an anti-parallel arrangement to form chain-like configurations (Figure 4A). The angle distributions for the [image: image] particles (Figure 8B) show a broader range of inter-planar angle values in self-assemblies of these particles. For example, a broader distribution of the angle values exists in the range between −40° and −10°, while the distributions are sharply peaked at [image: image] and [image: image]. These observations can be attributed to the planar shapes of the [image: image] particles which can arrange themselves in different modes including porous random aggregates (RA1, RA3; Figure 3) and porous sheets with six-membered ring-like motifs (Figure 5A).
[image: Figure 8]FIGURE 8 | Shown are the distributions of the inter-planar angles in self-assemblies formed by (A) dumbbell, (B) trigonal planar (C) square planar, (D) tetrahedral, (E) trigonal bipyramidal, and (F) octahedral shaped particles.
The angle distributions for the [image: image] particles are reported in Figure 8C. These particles predominantly form sheet-like morphologies due to their planar structure. This feature is well captured from the interplanar angle distribution in which three peaks for the angle values −180°, 0°, 180° are observed. However, the non-planar [image: image] particles having the same number of lobes do not form any planar morphologies which is also reflected in their interplanar angle distributions (Figure 8D) showing that these particles align themselves by maintaining an angle of [image: image]. Therefore, due to their non-planarity, these particles break the parallel or anti-parallel alignment as found in the planar [image: image] particles with the same number of lobes.
The trigonal bipyramidal particles with five lobes [image: image] show several different types of interplanar angles (Figure 8E), similar to the [image: image] particles. This can be attributed to the planar equatorial framework within the [image: image] particles which resembles the [image: image] geometry and also due to a higher number of lobes leading to different packing modes, which leads to the [image: image] particles forming intra-network pores with the second largest sizes after the [image: image] particles. Finally, the distributions of the [image: image] particles are presented in Figure 8F. These particles do not show a wider range of angle values as in the case of [image: image] or [image: image] particles. Instead, the angle values are largely confined to ∼-40° or between [image: image] and [image: image]. The restricted arrangements for these particles is attributed to the highest number of lobes to avoid several lobe-lobe replusions.
CONCLUSION
We studied self-assembly in homogeneous mixtures of particles with oppositely-charged lobes and probed their pore forming tendencies. In these mixtures, each particle has all the lobes either positively-charged or negatively-charged to resemble functionalized lobed particles with complementary interactions that are potentially experimentally realizable in comparison to the particles where the lobes on the same particle have different charges [27]. We observed the formation of morphologies with interstitial as well as intra-network pores, where the pores in the latter morphologies are an order of magnitude larger than in the former morphologies. Among all the particles studied, the [image: image] particles formed larger pores due to their smaller size, planar shape, and packing modes conducive to the formation of porous morphologies. We also observed that the mixtures of particles with oppositely-charged lobes have larger intra-network pores than the unmixed charged particles from our previous work [27]. Therefore, we suggest that the particle designs reported in our current work are suitable to applications in designing porous biomaterials for bioengineering and biomedical applications.
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