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Entropy compartmentalization provides new self-assembly routes to colloidal host—guest (HG) struc-
tures. Leveraging host particle shape to drive the assembly of HG structures has only recently been
proposed and demonstrated. However, the extent to which the guest particles can dictate the structure
of the porous network of host particles has not been explored. In this work, by modifying only the guest
shape, we show athermal, binary mixtures of star-shaped host particles and convex polygon-shaped
guest particles assemble as many as five distinct crystal structures, including rotator and discrete rotator
guest crystals, two homoporous host crystals, and one heteroporous host crystal. Edge-to-edge
alignment of neighboring stars results in the formation of three distinct pore motifs, whose preferential
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formation is controlled by the size and shape of the guest particles. Finally, we confirm, via free volume
calculations, that assembly is driven by entropy compartmentalization, where the hosts and guests
contribute differently to the free energy of the system; free volume calculations also explain differences
in assembly based on guest shape. These results provide guest design rules for assembling colloidal HG
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1 Introduction

Hard, anisotropic particles assemble into a rich variety of crystal-
line structures, both with and without corresponding atomic
analogs."® Because there are no energetic interactions between
particles in such systems, entropy maximization drives their self-
assembly and thermodynamic stability.” " At moderate density,
systems of convex particles assemble into locally dense structures
that minimize local excluded volume, which generally promotes
the face-to-face alignment of particles to optimize local entropic
bonding and maximize system entropy.”'' Consequently, the
entropy-driven assembly of open structures in the absence of
enthalpic interactions is unusual.>® However, open structures
with well-defined, regularly arranged pores have many potential
applications, and are therefore sought after in the nanoparticle
and colloidal self-assembly communities. For example, many
photonic crystals are open structures,”>™> and open structures
display interesting structural®®*® and phononic properties,'®™>

as well as the ability to adsorb particles into their pores.*™>
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structures, especially on surfaces and interfaces.

Open structures are therefore an important target in the devel-
opment of functional nanoparticle systems.

Concave shapes may offer an alternative route to shape-
driven self-assembly of open structures because some concave
shapes can form structures that are locally dense but still
contain regularly arranged voids between particles. Few such
structures have been reported in the literature, but a growing
body of work has shown the potential for concave particles to
form porous assemblies. One example is the porous structures
formed by star-shaped particles both with and without inter-
particle attraction.>**” Multicomponent systems offer another
promising route to the assembly of open structures following
the removal of one component.”® Although self-assembly in
binary hard sphere systems is well-studied,>***° multicompo-
nent systems of hard, anisotropic particles are relatively under-
explored in the literature, with only a few examples of
substitutionally ordered lattices (co-crystals) reported. The
existing literature on co-crystals of aspherical hard particles
includes binary assemblies of tetrahedra and octahedra,* shape
allophiles that assemble a square lattice,® octapod-sphere
assemblies,” hard polyhedron crystals isostructural to clathrate
hydrates,** and notched triangle-rectangle host-guest (HG)
structures.*

The notched triangle systems are binary, athermal systems
comprising concave ‘“notched” triangle host particles and
rectangular guest particles where the hosts form an open net-
work structure. The hosts form a honeycomb lattice with a
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single pore shape (i.e., a homoporous network), with rectangles
freely rotating within the pores of the structure. We denote
these as open structures because the host particles occupy only
30-35% of the area of the system. While the notched triangle
system showed that HG assembly is possible in athermal systems,
several questions remain: (i) can simpler, readily synthesizable
concave shapes assemble homoporous HG structures? (ii) Can the
shape of the guest particles control the pore morphology of the
host structure (ie., to selectively assemble homoporous or hetero-
porous structures)? (iii) Is the entropy compartmentalized in these
systems? Recently published simulations show that self-assembled
hard polyhedron clathrates “compartmentalize” the entropy into
subsystems of relatively immobile hosts and highly mobile guests.
In this work we answer all of these questions in the affirmative and
highlight the implications of entropy compartmentalization for
colloidal HG self-assembly.

The remainder of this paper proceeds as follows: we first
show that mixtures of 3-pointed star-shaped host particles and
either square or small-hexagon guest particles form heteroporous
HG crystals isostructural to those observed in systems of attrac-
tive star-shaped particles.”® We then show that the structure of
the porous network of host particles depends on the size and
shape of the guest particles, such that one can use the guest
particles to tune the structure of the host particle network.
Finally, we show that entropy is compartmentalized in these
HG systems using free volume calculations. We show guest-pore
shape complementarity and guest particle size determine the
degree of entropy compartmentalization, indicating a means to
tune entropy compartmentalization in these systems.

2 Model and methods

We performed 2D hard particle Monte Carlo (HPMC) simula-
tions with HOOMD-Blue version 3.5.0.>*?> All systems contain a
single concave host particle type (a star) and one of 5 convex
guest particle types, shown in Fig. 1. We define the star
particles by a single parameter, the spoke ratio Rs, which is
the ratio of the incircle radius R; to the circumcircle radius R, of
the particle. Rg = 0.5 defines a regular triangle, and Rs < 0.5
characterizes concave particles. The radius of the host particle’s
circumcircle defines the length unit ¢ used in this work, with
o = R/2 (o is also the incircle radius of a star particle when
Rg = 0.5). All systems contain star particles with Rg = 0.2.
Depending on the guest particle size and shape, the star particles
can form different pore motifs, as summarized in Fig. 1.

For the guest particles in the heteroporous assembly simula-
tions, we chose a square with an edge length ~2.09¢ and a
hexagon with the same circumcircle radius, which are both
small enough to fit in all of the pore motifs. For the designed
assemblies, we used a hexagon with edge length equal to that of
the host star edge length to promote hexagon pores. To
promote stretched pores, we used a rectangle with dimensions
3.60 x 1.80, which cannot fit in the hexagon pores at high
density. To promote neither hexagon nor stretched pores, we
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Fig. 1 Top left: Star particle used in this work (not to scale with guests).
Bottom left: Three possible arrangements of star particles to make a pore,
including the “hexagon,” “stretched hexagon,” and “shield” pore shapes.
Right: Table of convex guest particles simulated in this study, labeled by
pores observed in each structure.

used a shield-shaped guest with edge length equal to the star
particle edge length.

We initialized all assembly simulations with 2000 host
particles and 1000 guest particles in demixed configurations
at an area fraction ¢ = 0.45 in a 2D square box with periodic
boundary conditions and allowed the systems to mix over 5 x
10° steps at constant density. We then started isobaric simula-
tions where we slowly compressed the system over 10 million
timesteps from an initial pressure (P* = fPs> = 1) to the target
pressure (assembly conditions varied based on size and shape
of the guest particles). In the figures shown in this work, the
assembly pressures for each shape were P* = 3 (squares,
rectangles), P* = 2.5 (small-hexagons, large-hexagons, shields).
We ran the simulations for 140 million HPMC steps (except for
the rectangles, which required 300 million steps for assembly)
at the final pressure. In our simulations, box volume moves as
well as displacement and rotations of particles were tuned to
have an acceptance rate of 33%. We confirmed equilibration
of each system by ensuring the density and diffraction
pattern reached a steady state after assembly at constant P*.
We show mixing and constant P* simulations for each shape in
the ESL¥

To differentiate the guest rotator from the crystal and
discrete rotator phases we analyzed the body orientation of
the guest particles, distributed from (—mn/n,n/n), where n is the
order of rotational symmetry of the guest particle (hexagon (n =
6), square (4), rectangle (2)), except in the case of shield-shaped
guests where we use n = 6 to account for the symmetry of shield-
shaped pores in an extended porous network. To detect systems

This journal is © The Royal Society of Chemistry 2023
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with hexagon pores we calculated the hexatic bond orientational
order of the host particles as

N
Z 00 |,
k=1

where N is the number neighbors within the first peak of the
host-host radial distribution, where 0, is the angle between the
vector connecting the centroid of host particle & to host particle j
and an arbitrary reference vector, and y; = 1 indicates perfect
local hexatic ordering.

To examine the different entropic contributions to the
stability of the HG structures, we performed Monte Carlo inte-
gration to estimate the free volume available to host and guest
particles in different pore configurations. The free volume of
particles in a structure serves as a way to estimate the configura-
tional volume available to each particle and thereby the relative
entropic contributions of each type of particle in the system.
Following the method of Qi et al.,*® we considered a single unit
cell of the structure and worked under a mean field approxi-
mation (MFA) where we held all but one particle (the “test
particle”) stationary. We then rotated the test particle through a
full rotation in the plane in increments of 2m/100. At each
orientation, we performed ~66 666 trial insertions where we
placed the particle at a random position within the unit cell and
checked for overlaps with the stationary particles. The fraction of
configurations with zero particle overlaps multiplied by the area
of the test system gives the free volume (here, free area) of the test
particle A¢(6) as a function of the orientation of the test particle 6.
Integration of A¢(f) over all orientations gives the total free
volume available to the particle within the unit cell Ag

1
W/:N

T
Ap = (21:)_1J Ar(60)de.

—T
We repeated the calculation over 5 replicas and obtain a max-
imum standard error of the mean of less than two percent in free
volume for each particle type for all systems studied. We defined
the degree of entropy compartmentalization ¢ as the ratio of the
free volume of the guest and host particles, & = AggesAghose A
value of ¢ much greater or less than 1 indicates significant
entropy compartmentalization. To estimate the free energy dif-
ference between pore types, we computed the free energy under a
MFA where the free volumes of the particles in the unit cell are
assumed to be uncorrelated. The intensive Helmholtz free energy
of the system can be written as:*”

Data and workflow management for this project was sup-
ported by the signac data management framework.*® We used
freud*® and NumPy*° for data analysis, all plots were generated
via Matplotlib,"* and we used coxeter'” to calculate shape
information (e.g. the area of the star particles). Visualizations
of the systems were generated using Ovito.** Assembly simula-
tions were conducted using HOOMD-blue v3.5.0** using XSEDE
resources.**
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3 Results

3.1 Assembly of heteroporous, rotator HG crystals

Fig. 2a and d show the final snapshots from simulations of
systems self-assembled with square and small-hexagon guests,
respectively. In both systems, the star particles form pores
around the guest particles, becoming orientationally restrained
in the process (see body orientation distributions, and orienta-
tion correlation functions in Fig. S1, ESIt). Visually, the systems
appear highly ordered, and the diffraction patterns in the insets
of Fig. 2b, ¢, e and f indicate crystalline-like order in the
systems. Visual inspection reveals that the structures are
heteroporous, containing a mixture of all three pore shapes
highlighted in Fig. 1. We observe the hexagon pore, where all
six hexamers make up the pore interior, the stretched pore,
where 4 of the 6 stars make up the interior of the pore, and the
shield pore, where only 3 of the 6 stars in a hexamer make up
the pore interior. The variability in ; also highlights the
heteroporosity of the structures. The square-guest system
(Fig. 2a-c) contains only small regions of high hexatic order
; (dark regions in Fig. 2b), indicating no large contiguous
regions of hexagon pores. The small-hexagon guest system
(Fig. 2d-f), in contrast, contains larger regions of high
indicating more and larger, continuous regions of hexagonal
pores in the system compared to the square-guest system.

The ordering of the guest particles differs between the two
systems. The square guests are completely orientationally dis-
ordered, as shown visually by their body orientations (Fig. 2c)
and quantitatively by the distribution of their orientations
(Fig. S1b, ESIt), and lack of orientational correlation past their
first neighbor shell (Fig. Sib, ESIf). The hexagon guests are
relatively more orientationally correlated, but are still able to
access all orientational states (Fig. 2f, orientation distribution,
and correlation functions in Fig. Sla, ESIt), indicating a
discrete rotator phase.*” Such discrete (continuous) rotator
phases were also observed in clathrate HG systems where guest
particles matched (did not match) the pore symmetry and
guests were smaller than the pore geometries.*”

Notably, we did not observe phase separation or amorphous
aggregates of host and guest particles in any simulations, which
is often observed in binary systems of hard particles.***”
Instead, all HG structures we observed formed readily and
reproducibly, indicating these systems strongly favor mixing
and the formation of HG structures. However, neither system
formed a homoporous crystal, with the hexagon guest only
favoring hexagon pores (the thermodynamic underpinnings of
which we investigate in Section 3.3). Previous work demon-
strated the assembly of a homoporous hexagon pore crystal in
systems of edge-attractive stars with repulsive ligands grafted to
each vertex that serve to disfavor the tip-tip coordination that is
present in the stretched hexagon and shield pores.*® However,
a particle morphology disfavoring tip-tip proximity only pro-
motes hexagon pores (similar to how previous work on notched
triangles®® allowed for only hexagon pores to form) because
the stretched hexagon and shield pores have tip-tip alignment
(see Fig. 1).

Soft Matter, 2023,19, 7011-7019 | 7013
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Fig. 2 Final snapshots of self-assembled systems with square guests (a)—(c) and small-hexagon guests (d)—(f). (a) and (d) Snapshots showing the final
self-assembled structures, where particles are colored by their shape (host particles blue, guest particles gray). Insets show a small portion of the system
to highlight the different shapes of pores that formed. Selected pores are colored by their shape, consistent with the coloring in Fig. 1. (b) and (e) System
snapshots showing only host particles, colored by their hexatic bond-orientational order parameter ;. Contiguous regions of high y;, which are
especially apparent in (e), indicate regions of predominately hexagon pores. Insets show the diffraction pattern of the host particle positions, whose sharp
peaks indicate crystalline order in these systems. (c) and (f) System snapshots showing only guest particles, colored by their body orientation as shown by
the reference particles orientations to the right of each row. The presence of all colors in both (c) and (f) shows that both guest shapes can explore all
orientational configuration space in these systems, consistent with the presence of (discrete) rotator phases.

In this section, we have shown that the shape of the guest
particle can promote the formation of one pore shape over
another. However, the assemblies of star particles with either
small-square or small-hexagon guests, both of which easily fit
into any of the possible pore motifs, each contain heteroporous
host networks. The following section shows the flexibility of
this HG approach to design guests that direct the assembly of
homoporous structures (stretched or hexagon).

3.2 Guest shape design for assembly of HG crystals

The guest particles clearly influence the behavior of the system,
as the star particles do not form porous networks in their
absence (see Fig. S2, ESIt). Moreover, the difference in the
spatial correlations in pore shapes between systems with small-
square and small-hexagon guests indicate that the shape of the
guests has an impact on the structure of the porous host
network. The question remains, however, how much control
over the assemblies the guests provide, e.g., whether particular
guest sizes and shapes can selectively direct the assembly of
homoporous versus heteroporous networks. To answer this
question, we studied HG systems with three different guest

7014 | Soft Matter, 2023,19, 7011-7019

shapes: a rectangle, a regular hexagon, and an equilateral
hexagon with D; symmetry (which we refer to as a shield-
shaped guest particle, see Fig. 3, middle row). We chose the
guest sizes such that each guest would fit into only one of the
pore shapes, as summarized in Fig. 3.

For the large hexagon guest, we made the size to precisely
complement the shape of the hexagon pore by making the guest
edge length equal to the edge length of the star. This makes the
large hexagon circumcircle larger than the incircle of the
stretched or shield pore, thereby geometrically excluding both
(Fig. 3). We used the same strategy for the shield guest-pore
combination, making the shield guest edge length equal to the
star edge length, thereby excluding the hexagon and stretched
pores instead (Fig. 3). However, because shield pores cannot tile
space (see Fig. S3, ESI{), we instead expect a heteroporous HG
structure. This shape complementarity design principle suggests
a rectangular guest particle would direct the assembly of
stretched pores; we therefore chose a rectangle with a long edge
slightly longer than the incircle of a hexagon pore (which
excludes hexagon and shield pores) and short edge length slightly
less than the edge of a star (to not exclude the stretched pores).

This journal is © The Royal Society of Chemistry 2023
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morphology in HG systems. Each row corresponds to the single guest
shape shown to the left of the row, and each column corresponds to the
pore shape shown at the top of the column. Green boxes indicate allowed
guest—pore combinations, where the guest fits inside the pore, and red
circles indicate geometrically forbidden guest—pore combinations, where
the guest does not fit into the pore.
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Our self-assembly simulations support these simple design
rules, successfully assembling homoporous crystals with large
hexagon and rectangle guests and a heteroporous structure with
the shield-shaped guests. For both the large hexagon- and
rectangle-guest assemblies, we see the preferential formation of
a single pore type (Fig. 4a and d). The hosts surrounding the
hexagon guests form mostly hexagon pores, as indicated visually
and by the high hexatic order parameter of the host particles
((¥;) = 0.77, see Fig. 4e). Additionally, the hexagon guests are
orientationally ordered compared to squares or small-hexagons in
Fig. 2c and f, indicating the guests form a crystal rather than a
(discrete) rotator crystal. For the rectangle-guest systems, we
observe a homoporous crystal of stretched pores. The large regions
of nearly constant y; indicate a single pore type, while the lack of
regions of high /; are consistent with a lack of hexagon pores. The
rectangle guests are also strongly orientationally ordered, forming
large grains with a single body orientation (Fig. 4c) and high
positional order (as indicated by diffraction pattern insets).

The final test of our design hypothesis used shield-shaped
guests, which should favor the formation of shield pores. This
test also serves as a qualitative test of the driving force for the
formation of HG structures in general for shield guests, as the
hosts cannot form an extended network containing only shield
pores (see Fig. S3, ESIt), and the system is therefore inherently
frustrated. As a result of this frustration, this system forms a
heteroporous crystal (Fig. 4g) where both hexagon and shield
pores are present, as indicated by low ; (Fig. 4h, (y;) = 0.46) in
combination with a lack of visually apparent stretched pores.

This journal is © The Royal Society of Chemistry 2023
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Despite not having a homoporous crystal structure, the system
still has long range positional order (as indicated by peaks in
the diffraction pattern insets) and orientational order for the
host and guests (distributions and correlation functions in
Fig. Sle, ESIt). Even with frustration designed into the HG
combination, we still see the formation of a HG crystal,
emphasizing the strong driving force for the formation of HG
structures. These results show that the guest shape provides a
means to control the overall structure in these systems and
provides design rules for selecting the uniformity of the pores
in general (e.g., homo- versus heteroporous host networks) or
the shape of pores in a homoporous network (e.g., hexagon
versus stretched hexagon pores).

3.3 Entropic contributions to host-guest structures

In this section, we investigate the influence of the size and
shape of the guest particles relative to the pores on entropy
compartmentalization in these systems. Entropy is a system-
level (global) thermodynamic quantity. In these HG structures,
where the hosts form a relatively rigid network within which the
guests rotate, it is reasonable to consider the system comprised
of two subsystems, each of which contribute to the total entropy
of the system, following previous work.>> We decomposed the
systems into host and guest subsystems and analyzed the free
volume within the HG structures of each species separately. For
the analysis, we focused on unit cells of homoporous systems
(stretched and hexagon pores) at the same packing fractions
¢ where we observed self-assembly (¢ = 0.648, small-hexagons;
¢ = 0.583, square; ¢ = 0.63, rectangle; ¢ = 0.737, large hexagon).
Since the shield pores cannot form a unit cell that tiles space
(Fig. S3, ESIY), we excluded them from the analysis. In each HG
structure, the hosts have little orientational freedom, as shown
in Fig. S1 (ESIt). For the assemblies with square and small-
hexagon guests (Fig. 2), the guest particles have little orientational
confinement. In contrast, the guests are orientationally restrained
in the self-assembled systems with large hexagon, shield, and
rectangular guest particles. Based on these observations, we
hypothesize that the greater difference in orientational freedom
between host and guest particles for the square and small-hexagon
systems versus the rectangle and large hexagon systems indicates a
greater degree of entropy compartmentalization.

To decompose the systems into host and guest subsystems,
we analyzed the systems within a mean field approximation
(MFA). Under the MFA, each particle in the unit cell is caged by
its neighboring particles, which are assumed to have a constant
orientation and position. We take this as a reasonable assump-
tion because the hosts are orientationally restricted through a
combination of edge-edge alignment with neighboring hosts
and the guest particle at the center of each pore preventing the
hosts from accessing free volume in the pore center. The guest
particles are surrounded by hosts, which are orientationally
restrained, allowing each guest to only access the free volume of
a single pore. Given the athermal nature of these systems, the
entropy (and therefore the free energy) of each species is
directly proportional to the logarithm of the free volume
available to it. We thereby compute the free volume associated

Soft Matter, 2023,19, 7011-7019 | 7015
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Fig. 4 Influence of guest particle shape on HG self-assembly. Snapshots show systems with rectangular guest particles (a)—(c), large hexagonal guest
particles (d)—(f), and shield-shaped guest particles (g)—(i). (a), (d) and (g) System snapshots colored the same as Fig. 2a and d. Insets show small subsets of
each system, and selected pores in g are colored consistently with Fig. 1. (b), (e) and (h) System snapshots showing only the host particles, colored by their
hexatic bond-orientational order parameter ;. Contiguous regions of similar color indicate regions of similarly shaped pores, which are apparent in (b)
and (e) but less prominent in (h), consistent with the formation of homoporous (heteroporous) host structures in the presence of rectangular and
hexagonal (shield-shaped) guests. Insets show diffraction patterns of the host particle positions, whose bright peaks indicate crystalline order in all
systems. (c), (f) and (i) System snapshots showing only the guest particles, colored by their body orientation as indicated by the reference particles below
each column. The large regions of low variability in color are consistent with orientational order of the guest particles. Insets show the diffraction patterns
of the guest particle positions, whose sharp peaks are consistent with crystalline order of the guest particles.
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Fig. 5 Summary of free volume calculations, where each row corre-
sponds to a guest shape; (a) large hexagons; (b) rectangles; (c) small
hexagons; and (d) squares. The plots on the left of each row show the free
volume Ay available to host (blue) and guest (gray) particles as a function of
orientation 0 in hexagon (dashed lines) and stretched pores (solid lines). The
plots on the right show the average free volume A for guest (gray bars) and
host (blue bars) particles in hexagon (striped bars) and stretched (solid bars).
¢ indicates the degree of entropy compartmentalization defined as the
average free volume available to the guests relative to that of the hosts;
higher values indicate more entropy compartmentalization.

with each species and in turn estimate the entropy contribu-
tions of host and guest subsystems to the total system entropy.

For the large-hexagon-guest system (Fig. 5a), we see the least
entropy compartmentalization, with ¢ ~ 4.1. The rectangle-
guest system (Fig. 5b) also has relatively little entropy compart-
mentalization (¢ ~ 8.2) in the stretched pore, as expected from
the orientational distribution functions of the host and guest
particles (Fig. S1, ESIt). The small-hexagon guests, which are
shape complementary to the hexagon pores, show slightly
higher compartmentalization for both hexagon (¢ ~ 12.0) and

This journal is © The Royal Society of Chemistry 2023
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stretched pores (¢ ~ 9.6). Comparison of the large and small
hexagon guest systems shows that entropy compartmentalization
increases with decreasing guest size due to increased free volume
of the smaller guest particles. The entropy compartmentalization
is highest when the guest shape does not match the shape of the
pores. For square guests, which have the same circumcircle radius
as small-hexagon guests, ¢ ~ 17.3(32.3) for hexagon (stretched)
pores. As in previous work on 3D convex particles,** for shapes of
the same size, entropy compartmentalization increases with
increasing symmetry mismatch between the shape of the guest
particles and the shape of the pores. These calculations show that
guest-pore shape complementarity can also be used in 2D HG
systems to tune HG entropic contributions.

In addition to estimating entropy compartmentalization,
free volume calculations allow us to rationalize two key aspects
of HG assembly for square vs. small-hexagon guest particles:
(1) the formation of a rotator versus a discrete rotator and
(2) the higher prevalence of hexagon pores for small-hexagon guests
vs. square guests. Fig. 5¢ shows overlap in the peaks of the
orientation-dependent free volumes available to small-hexagon
guest particles (4¢g(0)) in the different pore shapes. Due to this
overlap, in a self-assembled structure where a low thermodynamic
driving force between pore types results in a heteroporous host
network, we still expect the guest particles to have strongly localized
orientations, resulting in the discrete rotator guest phase we
observed in Fig. 2f. Conversely, Fig. 5d shows misaligned peaks in
Agguest(0)) for square guests. When averaged, the two Agges(0) curves
for square guests (gray lines in Fig. 5d) result in a relatively flat
Agguest(0), and hence the guest rotator crystal observed in Fig. 2c.

Our calculations also help rationalize why the small-
hexagon-guest systems form more hexagon pores compared
to the square-guest systems and why we observe the assembly of
heteroporous structures. If we take the difference Af in per
particle free energy of the hexagon and stretched pore systems
for each guest shape, the small-hexagon guests have AfS™he ~
—1.45kT. Af for the square guests is less negative, Af*? =~
—1.05kT, showing that the squares have a lower thermody-
namic driving force to form hexagon motifs. We also observe
this difference in the HPMC simulations, which show small-
hexagon-guest systems assembling more hexagon pores than in
the square-guest systems (Fig. 2b and e). Despite a negative Af for
hexagon versus stretched hexagon pores in both systems (indicating
thermodynamic preference for hexagon pores), it is small, on the
order of thermal fluctuations, and self-assembly yields a heteropor-
ous structure. The resulting heteroporosity means the shape of the
Aggues(0) curves in the different pore shapes determines the dis-
creteness of the guest rotator phase, as discussed above.

4 Conclusions

We have shown that binary mixtures of hard, star-shaped host
particles and convex polygonal guest particles can self-assemble
into a variety of open, homoporous and heteroporous, HG
structures. Notably, the host particles in this system can be
synthesized without nanolithography. For example, “tripod”
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nanoplates, similar in shape to the star particles considered in
this work, have been synthesized,48 and are therefore a candi-
date for experimental realization of this HG-mediated self-
assembly strategy. Additionally, all guest shapes (except for
the shields) can be readily synthesized as nanoplates.**>' These
HG systems thereby provide a promising platform to assemble
both homo- and heteroporous host crystals via a simple guest
shape change. The rules for assembly and thermodynamic
properties of these HG lattices are intuitive and guest-pore
combinations can be designed via simple geometric and sym-
metry considerations, opening the door for the design of a new
class of self-assembled nanoparticle superlattices.
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Figure S1: Structural analysis of self-assembled host—guest systems. Each row corresponds to a system
with a specific guest shape shown in the inset in the middle column. Left columns: distributions of
body orientations of host and guest particles for systems shown in Figs. 2 and 4 in the main text.
Middle columns: distributions of the hexatic bond orientational order parameter ; for host and guest
particles. For the host we assumed 3 nearest neighbors and for the guests 6 nearest neighbors. Right
columns: spatial correlation functions of body orientations of host and guest particles. Data for each
distribution (correlation function) was collected from (averaged over) the final 5 x 105 steps of the
simulation.
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Figure S2: Snapshot of a system containing only hard star particles at P* = 3.5 showing that hexamer
pores do not assemble in the absence of guest particles.
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Figure S3: Tiling the plane with hexameric shield-shaped pores results in hexagon pores. To illustrate
this we place a single shield pore and then add additional shield pores (number denoting the number
of shield pores) with edge-edge connections that make more shield pores. Placing three shield pores
in this way results in an additional emergent shield pore shown in 3. However, placing a 4th shield

pore results in the emergence of a hexagon pore, indicating that hexamer shield pores alone cannot
tile space.
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