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1

We report simulation studies on the self-assembly behavior2

of five different types of lobed patchy particles of different3

shapes (snowman, dumbbell, trigonal planar, square planar,4

and tetrahedral). Inspired by an experimental method of syn-5

thesizing patchy particles (Wang et al., Nature, 2012, 491:51-6

55), we control the lobe size indirectly by gradually varying7

the seed diameter and study its effect on self-assembled8

structures at different temperatures. Snowman shaped par-9

ticles self-assemble only at a lower temperature and form10

two-dimensional sheets, elongated micelles, and spherical11

micelles, depending on the seed diameter. Each of the four12

other lobed particles self-assemble into four distinct mor-13

phologies (random aggregates, spherical aggregates, liquid14

droplets, and crystalline structures) for a given lobe size and15

temperature. We observed temperature-dependent transi-16

tions between two morphologies depending on the type of17

the lobed particle. The self-assembled structures formed by18

these four types of particles are porous. We show that their19

porosities can be tuned by controlling the lobe size and tem-20

perature.21

Self-assembly of colloidal patchy particles is an emerging and22

novel way of obtaining unique morphologies for various tech-23

nological and biomedical applications1–6. Guided by the site-24

specific directional interactions, these particles have the poten-25

tial to self-assemble into higher order structures (for example,26

chains7, two-dimensional sheets7, and even more complex struc-27

tures like a diamond crystal8) which cannot be obtained by other28

synthetic routes. Because of their unparalleled importance, recent29

years have witnessed an effort, both in theory and experiments,30

in designing patchy particles, and studying their self-assembly31

behavior9–22. Among key factors that control the phases and32

the morphologies of self-assembled structures are the size of the33
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patches, interaction strength between the patches, temperature34

and volume fraction of particles along with the intrinsic factors35

like the number and the location of patches.36

In a recent work23, spherical Janus particles, which interacted37

through DNA functionalized attractive patches, were found to38

self-assemble into diverse structures (colloidal micelles, chains39

and bilayers) depending on the patch size. Patch size is a criti-40

cal property that rules the self-assembly of particles into desired41

structures. While larger patches allow more flexibility and thus42

lead to misassembly, smaller patches are more likely to produce43

targeted structures24,25. Liu et al.26 showed that the dumb-44

bell shaped Au-Fe3O4 nanocrystals comprised of two spherical45

beads (the particles having two spherical beads are called snow-46

man shaped particles in the present study), in which one bead47

is attractive and another one is repulsive, self-assemble into dif-48

ferent superstructures (dimers, trimers, tetramers) at different49

bead size ratios. Wang et al.11 reported a method of making50

non-spherical patchy particles, where patches around a central51

spherical seed appear as protrusions or lobes, and showed a way52

of getting different self-assembled structures by controlling the53

patch size. Using the emulsion and evaporation technique27, they54

first made clusters of different shapes (spheres, dumbbells, tri-55

angles, tetrahedral, triangular bipyramidal, octahedral, and pen-56

tagonal bipyramidal) which were comprised of n (n varies from57

1 to 7) number of amidinated polystyrene beads. In the next58

step, the clusters were swelled and polymerized using the styrene59

monomers. The exposed parts of polystyrene beads, after the60

swelling and polymerization are done, appear as protrusions or61

lobes and act as patches. Patch sizes were observed to depend62

entirely on the extent of swelling. Higher is the swelling, lower63

is the patch size and vice-versa. The amidinated patches can be64

subjected to further functionalization by molecules like comple-65

mentary DNA strands or pilandromes to induce directional in-66

teractions between the particles. The patchy particles thus pro-67

duced self-assemble and generate different morphological struc-68

tures depending upon their patch sizes. For example, particles69

having two patches on two opposite sides of the central seed self-70
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assemble into linear chains, when the patch size is smaller. But71

when patches are made bigger, the same particles were observed72

to form branched chains.73

In our previous work28, we studied the self-assembly of seven74

different types of lobed particles (snowman, dumbbell, trigonal75

planar, square planar, tetrahedral, trigonal bipyramidal, and oc-76

tahedral). We kept the seed to lobe diameter ratio constant and77

varied the attractive interactions between the lobes to understand78

its effect on the self-assembly. The self-assembled structures gen-79

erated by these particles (except snowman) were found to be80

either porous amorphous or porous crystalline. A porous self-81

assembled structure could find many applications, for example, in82

tissue engineering, if the pore diameters are in the micron scale83

range29,30. The dumbbell, trigonal planar, and square planar par-84

ticles were observed to generate highly porous structures com-85

pared to the other three types of particles (tetrahedral, trigonal86

bipyramidal, and octahedral)28. The self-assembled morpholo-87

gies and the porosities were found to be independent of a range88

of volume fractions of the lobed particles.89

In the present work, we extended our previous study, and in-90

vestigated in detail the effect of lobe size on the self-assembled91

morphologies and porosities for five different particles (snow-92

man, dumbbell, trigonal planar, square planar, and tetrahedral).93

Except the square planar particles, the other four types of par-94

ticles are experimentally realizable11,31–33. The square planar95

lobed particles are analogues of the square planar patchy par-96

ticles (having four surface patches at four equatorial positions)97

studied by Zhang et al7. The inclusion of square planar parti-98

cles in the present study allows to examine the effect of shapes99

on the self-assembled structures formed by two different types100

of particles having the same number of lobes (square planar and101

tetrahedral). To model the lobed particles, we followed an ap-102

proach inspired by the work of Pine and coworkers11. We have103

not chosen trigonal bipyramidal and octahedral lobed particles104

in this study, as these two types of particles are not promising105

to produce highly porous structures, as revealed by our previous106

work28. Moreover, the porosities generated by these two types of107

particles were found to be comparable with the tetrahedral lobed108

particles and therefore, in this work, we choose to study only the109

tetrahedral particles among the tetrahedral, trigonal bipyramidal,110

and octahedral lobed particles.111

Specifically, we studied the self-assembly of five different types112

of particles: (i) snowman, (ii) dumbbell, (iii) trigonal planar, (iv)113

square planar, and (v) tetrahedral. The particles are different114

in terms of their shapes (Fig. 1 and Fig. S1) and the number115

of lobes attached to the seed. To understand the effect of lobe116

size on self-assembled morphologies, we modeled our particles to117

closely resemble the experimental method of synthesizing patchy118

lobed particles, as proposed by Pine and co-workers11. To mimic119

the experimental protocol for particle design, we first make clus-120

ters of spherical particles, and then grow the central repulsive121

spheres from the centers of mass of these clusters. We term these122

central repulsive spheres as seeds in this work complying with123

our previous work on these lobed particles28. However, from an124

experimental point of view, seeds are usually referred to the ini-125

tial spheres where a second stage reaction is carried out to grow126

Fig. 1 A pictorial representation of changing the lobe (gray) size by con-
trolling the seed (blue) diameter for dumbbell (A-D), trigonal planar (E-H),
square planar (I-L), and tetrahedral (M-P) shaped lobed particles. The
clusters of spherical beads of diameter σL=1.0 are shown in the first col-
umn (A, E, I and M). The seed diameter was gradually increased from σS
= 1.0 to 2.0. We show lobed particles only for three seed diameters (σS):
1.0 (second column), 1.4 (third column), and 1.8 (fourth column). For the
snowman shaped particles, we follow a different way to vary the lobe size
(Fig. S1, ESI†).

lobes. In the case of tetrahedral lobed particles, for example,127

we first created a uniform tetrahedral cluster using four spherical128

beads (Fig. 1M). Then, we placed the seed at the center of mass129

of the cluster. The exposed parts of spherical beads that remain130

after inserting the seed become lobes. We gradually increase the131

diameter of the seed to control the lobe size (Fig. 1N-P). A higher132

seed diameter leads to a smaller lobe size. We follow the same133

approach for all lobed particles except for the snowman shaped134

particles because these particles have only one lobe. Therefore,135

it is not meaningful to make a cluster using one spherical bead136

and inserting the seed at the center of mass of the cluster. In that137

case, we placed a lobe and a seed (two spherical beads) at a 0.5 σL138

(σL is the diameter of the spherical beads and the distance units139

are used in all simulations) apart and varied the seed diameter to140

obtain different lobe sizes (Fig. S1, ESI†).141

We carried out Langevin molecular dynamics simulations in di-142

mensionless units using the HOOMD-Blue software34,35. The di-143

ameters of spherical beads that constitute the initial cluster fol-144

low distance units (σL = 1.0). We gradually increase the seed145

diameter starting from 1.0 to 2.0 (σS = 1.0,1.2,1.4,1.6,1.8,2.0).146

We define a dimensionless parameter, q, which is the ratio of the147

diameter of spherical beads forming the initial clusters to the di-148

ameter of the central seed, q = σL/σS. As we increase the seed149

diameter from 1.0 to 2.0, the values of q decreases from 1.0 to 0.5150

(q = 1.0, 0.83, 0.71, 0.63, 0.56, 0.50) with a decrease in the lobe151

size. The masses of lobes and seeds are held constant and equal152

to 1.0 (mS = mL = 1.0).153
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Fig. 2 Self-assembly of snowman shaped particles at different seed diameters. (A) Radial distribution functions [gSS(r)] computed for the seed
pairs at kBT = 0.2 at three different seed diameters: σS = 1.0 (B), 1.2 (C) and 1.4 (D). Shown are simulation domains with (B) 2D sheets at kBT = 0.2
and σS = 1.0; the enlarged side and top views of these sheets are shown separately, (C) elongated micelles at kBT = 0.2 and σS = 1.2, and (D) spherical
micelles at kBT = 0.2 and σS = 1.4.

All types of non-bonded interactions (lobe-lobe, seed-seed,154

and seed-lobe) between the particles are modeled by a sur-155

face shifted Lennard-Jones (SSLJ) potential (see supplemental156

methods, ESI†). We studied the effect of temperature on self-157

assembled morphologies and their porosities. We randomized158

the initial configurations by simulating each system at a higher159

temperature (kBT = 1.8) before simulating the self-assembly at160

other temperatures. We investigated a wide range of tempera-161

tures starting from 0.2 to 1.2 (kBT = 0.2, 0.4, 0.6, 0.8, 1.0, 1.2).162

The inter-lobe interactions employed in this work (εLL = 1.0; εLL163

is the well depth in the SSLJ potential for the lobe-lobe pairs)164

vary from 0.83 kBT (at kBT = 1.2) to 5 kBT (at kBT = 0.2), which165

is experimentally realizable. In a recent work, Tsyrenova et al.19
166

reported on how the van der Waals attractions between metal167

coated patches can be altered by changing the thickness of the168

metal.169

Depending on the number of lobes, the lobe size, and the tem-170

perature, we observed that lobed patchy particles self-assemble171

into different morphologies. We calculated radial distribu-172

tion functions (RDFs) to understand the morphologies of self-173

assembled structures and also to distinguish between different174

structures generated at different seed diameters and tempera-175

tures (see supplemental methods, ESI†). We also report the176

change in the potential energy per particle with time to exam-177

ine the stability of self-assembled structures (Fig. S2, ESI†). Here,178

we report equilibrium morphologies and porosities obtained from179

self-assembled structures at the end of each simulation.180

Self-assembled morphologies: Snowman shaped particles181

show self-assembly only at a very low temperature (kBT = 0.2)182

and are observed to generate three different morphologies at183

three different seed diameters, σS = 1.0 (q = 1.0), 1.2 (q = 0.83),184

and 1.4 (q = 0.71). At σS = 1.0, these particles self-assemble into185

two layers to form two-dimensional sheet like structures (Fig.186

2B). In the two layers of these sheets, lobes remain buried and187

seeds remain exposed to the solvent. The RDFs computed for the188

seed pairs shows multiple peaks at a regular interval (Fig. 2A),189

indicating the presence of highly correlated and ordered particles.190

The two-dimensional sheets were found to be disassembled at a191

higher temperature, as we examined its stability by simulating the192

low-temperature structures at a higher temperature (kBT = 0.4).193

When the seed diameter is increased to 1.2, snowman particles194

assemble into elongated micelles (Fig. 2C), and into spherical195

micelles (Fig. 2D) at a seed diameter of 1.4. If the seed diameter196

is increased beyond 1.4, snowman particles do not self-assemble197

at any of the temperatures employed in this work. This occurs198

due to a larger repulsive seed which prevents the particles from199

approaching closer for self-assembly. The morphologies gener-200

ated by these particles are similar to an earlier work by Avvisati201

et. al36. By varying a parameter l (l = 2d/(σS + σL); d is the202

distance between the seed and the lobe, σS is the diameter of the203

seed and σL is the diameter of the lobe), they showed that snow-204

man shaped particles (referred to as dumbbell shaped particles205

in their work) self-assemble into sheets at a higher l, spherical206

micelles at a lower l, and elongated micelles at a moderate l.207

At a lower temperature (kBT = 0.2) dumbbell shaped particles208

self-assemble into a wide variety of structures at different seed di-209
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Fig. 3 Self-assembly of dumbbell shaped particles at kBT = 0.2. (A) Radial distribution functions [gSS(r)] computed for the seed pairs at kBT = 0.2 at
three different seed diameters; σS = 1.0 (q = 1.0) (B), 1.4 (q = 0.71) (C) and 1.8 (q = 0.56) (D). Shown are simulation domains with (B) random aggregates
of cylindrical shapes at kBT = 0.2 and σS = 1.0, (C) spherical aggregates at kBT = 0.2 and σS = 1.4; the enlarged views of the cylindrical and spherical
aggregates are shown, and (D) crystalline structures at kBT = 0.2 and σS = 1.8. Two different unit cells, face centered cubic and body centered cubic
(with and without lobes) are also shown.

Fig. 4 Phase behavior of (A) trigonal planar, (B) square planar, and (C) tetrahedral lobed particles at different seed diameters and temperatures. The
black dots show the exact locations of seed diameters and temperatures at which the self-assembly studies of the lobed particles were carried out.

ameters. When the seed diameter is smaller (σS = 1.0 or q = 1.0)210

or lobes are larger, these particles self-assemble into random ag-211

gregates of cylindrical shapes, as confirmed by the RDF for the212

seed-seed pairs where long range order is not present in these ag-213

gregates (Figs. 3A and 3B). When the seed diameter is increased214

(σS = 1.4 or q = 0.71), the random aggregates are likely to attain215

spherical shapes (Fig. 3C) and the seeds are more ordered which216

is confirmed by the corresponding RDF. If the lobes are made very217

small by increasing the seed size (σS = 1.8 or q = 0.56), dumb-218

bell particles self-assemble into crystalline structures (Fig. 3D).219

We find two different types of unit cells comprising these crys-220

talline morphologies, face centered cubic and body centered cu-221

bic. At a higher temperature, dumbbell shaped particles mainly222

self-assemble into spherical aggregates irrespective of the seed or223

the lobe size. When seeds are smaller or lobes are larger, these224

aggregates are mainly random (Fig. S3A, ESI†), but if the seed di-225

ameter is increased, aggregates resemble liquid droplets showing226

that particles are ordered up to the second or third coordination227
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shells (Fig. S3B, ESI†).228

For trigonal planar, square planar, and tetrahedral lobed par-229

ticles, we find a similar type of self-assembly behavior. For each230

type of particle, we identified four distinct self-assembled phases:231

random aggregates, spherical aggregates, liquid like droplets, and232

crystalline structures (Fig. 4). At lower temperatures, particles233

self-assemble into random aggregates for a wide range of seed di-234

ameters (green regions in Fig. 4). Random aggregates appear in235

different shapes (e.g., cylindrical, wire like) and lack correlation236

between the particles present in them. With an increase in tem-237

perature, random aggregates are observed to undergo a transition238

to spherical aggregates (yellow regions in Fig. 4) at lower seed239

diameters, and to liquid droplets (blue regions in Fig. 4) at mod-240

erate seed diameters. For each type of particle, the transition from241

random aggregates to liquid droplets happens along two different242

pathways depending on the seed diameter. At σS = 1.4 (q = 0.71),243

this transition is observed to occur via an intermediate phase com-244

prised of spherical aggregates, and at σS = 1.6 (q = 0.63), a direct245

transition can occur from random aggregates to liquid droplets.246

At higher seed diameters, when lobes are very small, interactions247

between the particles become highly directional, and we observed248

crystalline assembled structures at lower temperatures. We com-249

puted the number of particles (seeds) present in the first coordi-250

nation shells of the crystalline structures and found it to be 12 for251

all three types of lobed particles. For trigonal planar and tetra-252

hedral particles, the unit cell possess a hexagonal close packed253

geometry and for square planar particles, it is a face centered254

cubic. At higher seed diameters and higher temperatures, lobed255

particles appear in a dissociated state. In the case of trigonal256

planar particles, crystalline structures directly transitioned to dis-257

sociated state with an increase in temperature, and for square258

planar and tetrahedral lobed particles, this transition occurs via a259

liquid droplet phase. However, these transitions are found to oc-260

cur at different temperatures depending on the number of lobes261

and shapes of particles. For example, at σS = 1.6 (q = 0.63), trig-262

onal planar particles undergo a transition from the dissociated263

state to a liquid droplet state when temperature is decreased to264

0.8 from 1.0. The same transition for the square planar particles265

at the same seed diameter occurs upon decreasing the tempera-266

ture from 1.2 to 1.0. For tetrahedral lobed particles, this transi-267

tion occurs at a temperature higher than 1.2. These differences268

in the transition temperatures, that arise due to differences in the269

number of lobes and the shapes of particles, are potentially use-270

ful to separate constituent lobed patchy particles from a mixture.271

The self-assembled morphologies and the corresponding RDFs for272

these three types of particles are given in the supporting informa-273

tion (Fig. S4, S5 and S6, ESI†).274

The morphologies of self-assembled structures presented so far275

were obtained at a low number density of particles (ρN = 0.008).276

To understand the effect of particle density on the self-assembled277

structures, we carried out simulations for all five types of par-278

ticles at three higher densities (ρN = 0.016, 0.037, 0.125) at a279

few selected seed diameters and temperatures. These simulations280

reveal that the self-assembled morphologies are independent of281

the particle density. For example, snowman shaped particles at282

σS = 1.0/q = 1.0 and at kBT = 0.2 form two-dimensional sheets at283

three different higher densities (Fig. S7, ESI†). As expected, the284

size of each self-assembled structure is found to increase with an285

increase in ρN (Fig. S7 and S8, ESI†).286

Porosity of self-assembled structures: We investigated287

porosities for those cases where larger three dimensional struc-288

tures are formed through self-assembly. In that aspect, we ruled289

out the self-assembled structures formed by the snowman shaped290

particles, as these structures are either two dimensional sheets or291

micelles (Fig. 2). We computed pore size distributions (PSD) for292

the self-assembled structures obtained from the other four types293

of lobed particles using Zeo++ software37,38. We extracted large294

cuboids from assembled structures (Fig. S9, ESI†) and used those295

cuboids to determine the PSDs, which are given in the support-296

ing information (Figs. S10, S11, S12, and S13, ESI†). For all297

types of lobed particles, we observed a similar trend in the vari-298

ation of PSDs. At lower seed diameters and temperatures, pore299

diameters are very small (∼ 0.1σL) in random aggregates, and300

pore diameters are found to increase with an increase in temper-301

ature. At moderate seed diameters, distributions are broader at302

higher temperatures due to the formation of liquid droplets. For303

example, in the case of dumbbell shaped particles, pore diame-304

ters vary from 0.1σL to 2.3σL at σS = 1.6 (q = 0.63) and kBT = 0.4305

(Fig. S10D, ESI†). For tetrahedral lobed particles, at σS = 1.6306

(q = 0.63) and kBT = 1.2, pore diameters vary from 0.1σL to 1.6σL307

(Fig. S13D, ESI†). In the crystalline structures self-assembled at308

higher seed diameters and lower temperatures, pore diameters309

are uniform and we observed sharp peaks in the pore size dis-310

tributions (Fig. S10E and S11F, ESI†). The pore diameters gen-311

erated by the lobed particles are comparable to the diameter of312

the spherical beads (σL) that constitute the initial clusters. If we313

project our dimensionless simulations into real units, and if we314

choose 1 σL = 1 µm, then the porosities will vary from 0.1 µm to315

2.3 µm, depending on simulation conditions and the particle type.316

The largest pores, that we found in this study, are produced by the317

dumbbell shaped particles. The pore diameters for self-assembled318

structures formed by these particles are ∼ 2.3σL.319

In summary, by performing a series of Langevin dynamics sim-320

ulations, we revealed how two crucial parameters, lobe size and321

temperature, control the morphologies, phases, and porosities of322

self-assembled structures generated by five different lobed patchy323

particles. We have introduced a modeling approach, which mim-324

ics a recently developed experimental method of synthesizing325

patchy particles11, to model the lobed particles with different326

lobe sizes. Snowman shaped particles, which self-assemble only327

at a lower temperature, formed two-dimensional sheets, elon-328

gated and spherical micelles depending on the lobe size. Each of329

the other four types of particles (dumbbell, trigonal planar, square330

planar, and tetrahedral) was found to self-assemble into four dis-331

tinct morphologies (random aggregates, spherical aggregates, liq-332

uid droplets, and crystalline) depending on the lobe size and tem-333

perature. At higher seed diameters (smaller lobes) and higher334

temperatures, these particles do not self-assemble and remain in335

a dissociated state. The self-assembled morphologies were found336

to be same at a range of particle densities. The transitions be-337

tween any two specific phases occur at different temperatures for338

different lobed particles. This difference in the transition temper-339
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ature (mainly for the transition from a dissociated state to a con-340

densed phase) could be useful in separating a mixture of different341

types of lobed particles. The self-assembled structures generated342

by these four types of particles are porous and their porosities are343

found to depend on the lobe size and temperature. Pore diam-344

eters increase with an increase in temperature at any particular345

seed diameter. The largest pores were produced by the dumb-346

bell shaped particles. We suggest that porosities of self-assembled347

structures may be increased by increasing the repulsive interac-348

tions between seeds, possibly by including electrostatic interac-349

tions in future models.350
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