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We report simulation studies on the self-assembly behavior

of five different types of lobed patchy particles of different *
shapes (snowman, dumbbell, trigonal planar, square planar, *
and tetrahedral). Inspired by an experimental method of syn- *
thesizing patchy particles (Wang et al., Nature, 2012, 491:51- o
55), we control the lobe size indirectly by gradually varying e
the seed diameter and study its effect on self-assembled "
structures at different temperatures. Snowman shaped par- o
ticles self-assemble only at a lower temperature and form .
two-dimensional sheets, elongated micelles, and spherical o
micelles, depending on the seed diameter. Each of the four o
other lobed particles self-assemble into four distinct mor- "
phologies (random aggregates, spherical aggregates, liquid

droplets, and crystalline structures) for a given lobe size and "
temperature. We observed temperature-dependent transi-

47

tions between two morphologies depending on the type of ”

the lobed particle. The self-assembled structures formed by “
these four types of particles are porous. We show that their o
porosities can be tuned by controlling the lobe size and tem-
perature.

Self-assembly of colloidal patchy particles is an emerging and
novel way of obtaining unique morphologies for various tech-
nological and biomedical applications©. Guided by the site-
specific directional interactions, these particles have the poten-
tial to self-assemble into higher order structures (for example,
7 two-dimensional sheets”, and even more complex struc- .
tures like a diamond crystal®) which cannot be obtained by other s
synthetic routes. Because of their unparalleled importance, recent o
years have witnessed an effort, both in theory and experiments, o
in designing patchy particles, and studying their self-assembly o
behavior®22. Among key factors that control the phases and
the morphologies of self-assembled structures are the size of the o
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patches, interaction strength between the patches, temperature
and volume fraction of particles along with the intrinsic factors
like the number and the location of patches.

In a recent work?23, spherical Janus particles, which interacted
through DNA functionalized attractive patches, were found to
self-assemble into diverse structures (colloidal micelles, chains
and bilayers) depending on the patch size. Patch size is a criti-
cal property that rules the self-assembly of particles into desired
structures. While larger patches allow more flexibility and thus
lead to misassembly, smaller patches are more likely to produce
targeted structures®25. Liu et al.2® showed that the dumb-
bell shaped Au-Fe;O,4 nanocrystals comprised of two spherical
beads (the particles having two spherical beads are called snow-
man shaped particles in the present study), in which one bead
is attractive and another one is repulsive, self-assemble into dif-
ferent superstructures (dimers, trimers, tetramers) at different
bead size ratios. Wang et al.ll reported a method of making
non-spherical patchy particles, where patches around a central
spherical seed appear as protrusions or lobes, and showed a way
of getting different self-assembled structures by controlling the
patch size. Using the emulsion and evaporation technique?’, they
first made clusters of different shapes (spheres, dumbbells, tri-
angles, tetrahedral, triangular bipyramidal, octahedral, and pen-
tagonal bipyramidal) which were comprised of n (n varies from
1 to 7) number of amidinated polystyrene beads. In the next
step, the clusters were swelled and polymerized using the styrene
monomers. The exposed parts of polystyrene beads, after the
swelling and polymerization are done, appear as protrusions or
lobes and act as patches. Patch sizes were observed to depend
entirely on the extent of swelling. Higher is the swelling, lower
is the patch size and vice-versa. The amidinated patches can be
subjected to further functionalization by molecules like comple-
mentary DNA strands or pilandromes to induce directional in-
teractions between the particles. The patchy particles thus pro-
duced self-assemble and generate different morphological struc-
tures depending upon their patch sizes. For example, particles
having two patches on two opposite sides of the central seed self-
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assemble into linear chains, when the patch size is smaller. But
when patches are made bigger, the same particles were observed
to form branched chains.

In our previous work28, we studied the self-assembly of seven
different types of lobed particles (snowman, dumbbell, trigonal
planar, square planar, tetrahedral, trigonal bipyramidal, and oc-
tahedral). We kept the seed to lobe diameter ratio constant and
varied the attractive interactions between the lobes to understand
its effect on the self-assembly. The self-assembled structures gen-
erated by these particles (except snowman) were found to be
either porous amorphous or porous crystalline. A porous self-
assembled structure could find many applications, for example, in
tissue engineering, if the pore diameters are in the micron scale
range 2930, The dumbbell, trigonal planar, and square planar par-
ticles were observed to generate highly porous structures com-
pared to the other three types of particles (tetrahedral, trigonal
bipyramidal, and octahedral)2®. The self-assembled morpholo-
gies and the porosities were found to be independent of a range
of volume fractions of the lobed particles.

In the present work, we extended our previous study, and in-
vestigated in detail the effect of lobe size on the self-assembled
morphologies and porosities for five different particles (snow-
man, dumbbell, trigonal planar, square planar, and tetrahedral).
Except the square planar particles, the other four types of par-
ticles are experimentally realizable!1:31-33, The square planar
lobed particles are analogues of the square planar patchy par-
ticles (having four surface patches at four equatorial positions)
studied by Zhang et al”. The inclusion of square planar parti-
cles in the present study allows to examine the effect of shapes
on the self-assembled structures formed by two different types
of particles having the same number of lobes (square planar and_
tetrahedral). To model the lobed particles, we followed an ap-
proach inspired by the work of Pine and coworkers!l. We have
not chosen trigonal bipyramidal and octahedral lobed particles,
in this study, as these two types of particles are not promising
to produce highly porous structures, as revealed by our previous
work28. Moreover, the porosities generated by these two types of
particles were found to be comparable with the tetrahedral lobed
particles and therefore, in this work, we choose to study only the,
tetrahedral particles among the tetrahedral, trigonal bipyramidal
and octahedral lobed particles.

Specifically, we studied the self-assembly of five different types,
of particles: (i) snowman, (ii) dumbbell, (iii) trigonal planar, (iv) 10
square planar, and (v) tetrahedral. The particles are different1 »
in terms of their shapes (Fig. 1 and Fig. S1) and the number
of lobes attached to the seed. To understand the effect of lobe
size on self-assembled morphologies, we modeled our particles to,,
closely resemble the experimental method of synthesizing patchy
lobed particles, as proposed by Pine and co-workers 1. To mimic .
the experimental protocol for particle design, we first make clus-
ters of spherical particles, and then grow the central repulsive, ”
spheres from the centers of mass of these clusters. We term these
central repulsive spheres as seeds in this work complying with,
our previous work on these lobed particles2®. However, from an o
experimental point of view, seeds are usually referred to the ini-
tial spheres where a second stage reaction is carried out to grow_

31

36
137

138
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Seed diameter increases; lobe size decreases.

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 6,=1.0 are shown in the first col-
umn (A, E, I and M). The seed diameter was gradually increased from oy
= 1.0 to 2.0. We show lobed particles only for three seed diameters (oy):
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, ESIT).

lobes. In the case of tetrahedral lobed particles, for example,
we first created a uniform tetrahedral cluster using four spherical
beads (Fig. 1M). Then, we placed the seed at the center of mass
of the cluster. The exposed parts of spherical beads that remain
after inserting the seed become lobes. We gradually increase the
diameter of the seed to control the lobe size (Fig. 1N-P). A higher
seed diameter leads to a smaller lobe size. We follow the same
approach for all lobed particles except for the snowman shaped
particles because these particles have only one lobe. Therefore,
it is not meaningful to make a cluster using one spherical bead
and inserting the seed at the center of mass of the cluster. In that
case, we placed a lobe and a seed (two spherical beads) at a 0.5 o,
(o is the diameter of the spherical beads and the distance units
are used in all simulations) apart and varied the seed diameter to
obtain different lobe sizes (Fig. S1, ESIT).

We carried out Langevin molecular dynamics simulations in di-
mensionless units using the HOOMD-Blue software 3435, The di-
ameters of spherical beads that constitute the initial cluster fol-
low distance units (o7, = 1.0). We gradually increase the seed
diameter starting from 1.0 to 2.0 (o5 = 1.0,1.2,1.4,1.6,1.8,2.0).
We define a dimensionless parameter, g, which is the ratio of the
diameter of spherical beads forming the initial clusters to the di-
ameter of the central seed, ¢ = 0. /05. As we increase the seed
diameter from 1.0 to 2.0, the values of ¢ decreases from 1.0 to 0.5
(¢ =1.0,0.83,0.71, 0.63, 0.56, 0.50) with a decrease in the lobe
size. The masses of lobes and seeds are held constant and equal
to 1.0 (ms =my = 1.0).
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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 kgT = 0.2 at three different seed diameters: oy = 1.0 (B), 1.2 (C) and 1.4 (D). Shown are simulation domains with (B) 2D sheets at kg7 = 0.2
and o = 1.0; the enlarged side and top views of these sheets are shown separately, (C) elongated micelles at k37 = 0.2 and og = 1.2, and (D) spherical

micelles at kg7 =0.2 and o5 = 1.4.

All types of non-bonded interactions (lobe-lobe, seed-seed,is
and seed-lobe) between the particles are modeled by a sur-iss
face shifted Lennard-Jones (SSLJ) potential (see supplementaliss
methods, ESI). We studied the effect of temperature on self-ies
assembled morphologies and their porosities. We randomizediss
the initial configurations by simulating each system at a highers;
temperature (kgT = 1.8) before simulating the self-assembly atiss
other temperatures. We investigated a wide range of tempera-ise
tures starting from 0.2 to 1.2 (kg7 = 0.2, 0.4, 0.6, 0.8, 1.0, 1.2).1s0
The inter-lobe interactions employed in this work (e, = 1.0; &7 191
is the well depth in the SSLJ potential for the lobe-lobe pairs)is2
vary from 0.83 kgT (at kgT = 1.2) to 5 kgT (at kgT = 0.2), whichiss
is experimentally realizable. In a recent work, Tsyrenova et al. %10
reported on how the van der Waals attractions between metaliss
coated patches can be altered by changing the thickness of theiss
metal. 197

Depending on the number of lobes, the lobe size, and the tem-19s
perature, we observed that lobed patchy particles self-assembletse
into different morphologies. = We calculated radial distribu-200
tion functions (RDFs) to understand the morphologies of self-zo1
assembled structures and also to distinguish between different2e2
structures generated at different seed diameters and tempera-203
tures (see supplemental methods, ESIT). We also report thezos
change in the potential energy per particle with time to exam-20s
ine the stability of self-assembled structures (Fig. S2, ESI"). Here, 206
we report equilibrium morphologies and porosities obtained fromzo7
self-assembled structures at the end of each simulation. 208

Self-assembled morphologies: Snowman shaped particleszos

show self-assembly only at a very low temperature (kg7 = 0.2)
and are observed to generate three different morphologies at
three different seed diameters, o5 = 1.0 (¢ = 1.0), 1.2 (¢ = 0.83),
and 1.4 (¢ =0.71). At o5 = 1.0, these particles self-assemble into
two layers to form two-dimensional sheet like structures (Fig.
2B). In the two layers of these sheets, lobes remain buried and
seeds remain exposed to the solvent. The RDFs computed for the
seed pairs shows multiple peaks at a regular interval (Fig. 2A),
indicating the presence of highly correlated and ordered particles.
The two-dimensional sheets were found to be disassembled at a
higher temperature, as we examined its stability by simulating the
low-temperature structures at a higher temperature (kg7 = 0.4).
When the seed diameter is increased to 1.2, snowman particles
assemble into elongated micelles (Fig. 2C), and into spherical
micelles (Fig. 2D) at a seed diameter of 1.4. If the seed diameter
is increased beyond 1.4, snowman particles do not self-assemble
at any of the temperatures employed in this work. This occurs
due to a larger repulsive seed which prevents the particles from
approaching closer for self-assembly. The morphologies gener-
ated by these particles are similar to an earlier work by Avvisati
et. al36. By varying a parameter | (I = 2d/(cs+ or); d is the
distance between the seed and the lobe, oy is the diameter of the
seed and oy, is the diameter of the lobe), they showed that snow-
man shaped particles (referred to as dumbbell shaped particles
in their work) self-assemble into sheets at a higher [, spherical
micelles at a lower /, and elongated micelles at a moderate /.

At a lower temperature (kg7 = 0.2) dumbbell shaped particles
self-assemble into a wide variety of structures at different seed di-
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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 (o5 = 1.0 or g = 1.0)219
or lobes are larger, these particles self-assemble into random ag-220
gregates of cylindrical shapes, as confirmed by the RDF for theze
seed-seed pairs where long range order is not present in these ag-2z2
gregates (Figs. 3A and 3B). When the seed diameter is increasedzzs
(os = 1.4 or ¢ =0.71), the random aggregates are likely to attainzos
spherical shapes (Fig. 3C) and the seeds are more ordered whichzzs
is confirmed by the corresponding RDF. If the lobes are made very22s
small by increasing the seed size (o5 = 1.8 or ¢ = 0.56), dumb-227

4| Journal Name, [year], [vol.],1-6

bell particles self-assemble into crystalline structures (Fig. 3D).
We find two different types of unit cells comprising these crys-
talline morphologies, face centered cubic and body centered cu-
bic. At a higher temperature, dumbbell shaped particles mainly
self-assemble into spherical aggregates irrespective of the seed or
the lobe size. When seeds are smaller or lobes are larger, these
aggregates are mainly random (Fig. S3A, ESI"), but if the seed di-
ameter is increased, aggregates resemble liquid droplets showing
that particles are ordered up to the second or third coordination
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For trigonal planar, square planar, and tetrahedral lobed par-2ss
ticles, we find a similar type of self-assembly behavior. For eachzss
type of particle, we identified four distinct self-assembled phases:2s
random aggregates, spherical aggregates, liquid like droplets, andzss
crystalline structures (Fig. 4). At lower temperatures, particleszss
self-assemble into random aggregates for a wide range of seed di-200
ameters (green regions in Fig. 4). Random aggregates appear ine
different shapes (e.g., cylindrical, wire like) and lack correlationzsz
between the particles present in them. With an increase in tem-zss
perature, random aggregates are observed to undergo a transitionzes
to spherical aggregates (yellow regions in Fig. 4) at lower seedzss
diameters, and to liquid droplets (blue regions in Fig. 4) at mod-2es
erate seed diameters. For each type of particle, the transition fromasr
random aggregates to liquid droplets happens along two differentoss
pathways depending on the seed diameter. At o5 = 1.4 (¢ =0.71),209
this transition is observed to occur via an intermediate phase com-3oo
prised of spherical aggregates, and at oy = 1.6 (g = 0.63), a directso
transition can occur from random aggregates to liquid droplets.so2
At higher seed diameters, when lobes are very small, interactionssos
between the particles become highly directional, and we observedsos
crystalline assembled structures at lower temperatures. We com-aos
puted the number of particles (seeds) present in the first coordi-ses
nation shells of the crystalline structures and found it to be 12 forsor
all three types of lobed particles. For trigonal planar and tetra-sos
hedral particles, the unit cell possess a hexagonal close packedsos
geometry and for square planar particles, it is a face centeredsio
cubic. At higher seed diameters and higher temperatures, lobeda
particles appear in a dissociated state. In the case of trigonalsiz
planar particles, crystalline structures directly transitioned to dis-3is
sociated state with an increase in temperature, and for squaresis
planar and tetrahedral lobed particles, this transition occurs via asis
liquid droplet phase. However, these transitions are found to oc-ss
cur at different temperatures depending on the number of lobesaiz
and shapes of particles. For example, at o5 = 1.6 (¢ = 0.63), trig-ss
onal planar particles undergo a transition from the dissociatedsis
state to a liquid droplet state when temperature is decreased toszo
0.8 from 1.0. The same transition for the square planar particlessz:
at the same seed diameter occurs upon decreasing the tempera-sz
ture from 1.2 to 1.0. For tetrahedral lobed particles, this transi-ss
tion occurs at a temperature higher than 1.2. These differencessz.
in the transition temperatures, that arise due to differences in theszs
number of lobes and the shapes of particles, are potentially use-szs
ful to separate constituent lobed patchy particles from a mixture.szs
The self-assembled morphologies and the corresponding RDFs forszs
these three types of particles are given in the supporting informa-sze
tion (Fig. S4, S5 and S6, ESI™). 330

The morphologies of self-assembled structures presented so farss:
were obtained at a low number density of particles (py = 0.008).332
To understand the effect of particle density on the self-assembledsss
structures, we carried out simulations for all five types of par-ss
ticles at three higher densities (py = 0.016, 0.037, 0.125) at asss
few selected seed diameters and temperatures. These simulationsass
reveal that the self-assembled morphologies are independent ofss7
the particle density. For example, snowman shaped particles atsss
os=1.0/g=1.0 and at kgT = 0.2 form two-dimensional sheets atsss

three different higher densities (Fig. S7, ESI"). As expected, the
size of each self-assembled structure is found to increase with an
increase in py (Fig. S7 and S8, ESI).

Porosity of self-assembled structures: We investigated
porosities for those cases where larger three dimensional struc-
tures are formed through self-assembly. In that aspect, we ruled
out the self-assembled structures formed by the snowman shaped
particles, as these structures are either two dimensional sheets or
micelles (Fig. 2). We computed pore size distributions (PSD) for
the self-assembled structures obtained from the other four types
of lobed particles using Zeo+ + software 37-38, We extracted large
cuboids from assembled structures (Fig. S9, ESI) and used those
cuboids to determine the PSDs, which are given in the support-
ing information (Figs. S10, S11, S12, and S13, ESI'). For all
types of lobed particles, we observed a similar trend in the vari-
ation of PSDs. At lower seed diameters and temperatures, pore
diameters are very small (~ 0.1o0.) in random aggregates, and
pore diameters are found to increase with an increase in temper-
ature. At moderate seed diameters, distributions are broader at
higher temperatures due to the formation of liquid droplets. For
example, in the case of dumbbell shaped particles, pore diame-
ters vary from 0.10y, to 2.30;, at o5 = 1.6 (¢ =0.63) and kg7 = 0.4
(Fig. S10D, ESIT). For tetrahedral lobed particles, at 65 = 1.6
(¢g=0.63) and kgT = 1.2, pore diameters vary from 0.10y, to 1.60y,
(Fig. S13D, ESIT). In the crystalline structures self-assembled at
higher seed diameters and lower temperatures, pore diameters
are uniform and we observed sharp peaks in the pore size dis-
tributions (Fig. S10E and S11F, ESIT). The pore diameters gen-
erated by the lobed particles are comparable to the diameter of
the spherical beads (o) that constitute the initial clusters. If we
project our dimensionless simulations into real units, and if we
choose 1 67 =1 um, then the porosities will vary from 0.1 um to
2.3 um, depending on simulation conditions and the particle type.
The largest pores, that we found in this study, are produced by the
dumbbell shaped particles. The pore diameters for self-assembled
structures formed by these particles are ~ 2.30y..

In summary, by performing a series of Langevin dynamics sim-
ulations, we revealed how two crucial parameters, lobe size and
temperature, control the morphologies, phases, and porosities of
self-assembled structures generated by five different lobed patchy
particles. We have introduced a modeling approach, which mim-
ics a recently developed experimental method of synthesizing
patchy particles!!, to model the lobed particles with different
lobe sizes. Snowman shaped particles, which self-assemble only
at a lower temperature, formed two-dimensional sheets, elon-
gated and spherical micelles depending on the lobe size. Each of
the other four types of particles (dumbbell, trigonal planar, square
planar, and tetrahedral) was found to self-assemble into four dis-
tinct morphologies (random aggregates, spherical aggregates, lig-
uid droplets, and crystalline) depending on the lobe size and tem-
perature. At higher seed diameters (smaller lobes) and higher
temperatures, these particles do not self-assemble and remain in
a dissociated state. The self-assembled morphologies were found
to be same at a range of particle densities. The transitions be-
tween any two specific phases occur at different temperatures for
different lobed particles. This difference in the transition temper-

Journal Name, [year], [vol], 1-6 |5



340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404

ature (mainly for the transition from a dissociated state to a con-os
densed phase) could be useful in separating a mixture of differentjgj
types of lobed particles. The self-assembled structures generatedqes
by these four types of particles are porous and their porosities are4®
found to depend on the lobe size and temperature. Pore diam-:?
eters increase with an increase in temperature at any particular42

seed diameter. The largest pores were produced by the dumb—ﬂi

bell shaped particles. We suggest that porosities of self-assembleda1s

. . . . . 416
structures may be increased by increasing the repulsive interac-,

tions between seeds, possibly by including electrostatic interac-ss
tions in future models. e
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