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Self-assembly of reconfigurable colloidal
molecules†

Daniel Ortiz,a Kevin L. Kohlstedt,b Trung Dac Nguyenb and Sharon C. Glotzer*ab

The lock-and-key colloidal particles of Sacanna et al. are novel “dynamic” building blocks consisting of a

central spherical colloidal particle (key) attached to a finite number of dimpled colloidal particles (locks)

via depletion interactions strong enough to bind the particles together but weak enough that the locks

are free to rotate around the key. This rotation imbues a mechanical reconfigurability to these colloidal

“molecules”. Here we use molecular simulation to predict that these lock-and-key building blocks can

self-assemble into a wide array of complex crystalline structures that are tunable via a set of

reconfigurability dimensions: the number of locks per building block, bond length, size ratio,

confinement, and lock mobility. We demonstrate that, with reconfigurability, ordered structures – such

as random triangle square tilings – assemble, despite being kinetically inaccessible with non-

reconfigurable but similar building blocks.
1. Introduction

The use of anisotropic colloidal particles in the self-assembly of
crystalline materials with non-trivial structures has grown
tremendously with the development of new synthesis techniques
that offer unprecedented control over colloidal geometry and
interactions.1These advanceshave openedupmanynewdirections
for the self-assembly of functional materials made from “colloidal
molecules”, bio-inspiredaggregates andhierarchical assemblies.2–4

Colloidal molecules with valence and specic directional binding
allow the synthesis of low-coordination building blocks that are
common in smallmolecular systems.5Using lock-and-key colloidal
synthesis, colloidal “atoms” can be built from the bottom up,
allowing for the development of materials with tuneable and
multifunctional properties.1Colloidalmolecules have been used to
create antireective materials6 and plasmon sensors,7 and as the
building blocks for 3D photonic crystals.8

The rational design of functional materials allows individu-
ally designed attributes to be programmed prior to assembly.9,10

Although self-assembly has proven to be a worthy candidate to
organize these complex building blocks, competitive structures
can become kinetically trapped, inhibiting desirable, stable
crystalline structures.11

Shape change at the building block level can facilitate the
self-assembly of kinetically hindered congurations.12 In a
similar manner to driven systems, where emergent behavior is
eering, University of Michigan, Ann Arbor,

ersity of Michigan, Ann Arbor, MI 48109,
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tion (ESI) available. See DOI:
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readily seen,13–15 recongurable colloidal building blocks with
an intrinsic dynamism may also exhibit emergent phases that
are not available to the static building block. The changes in
shape or interaction can further lead to signicantly different
macroscopic properties such as mechanical and rheological
properties.16 Building block shape reconguration plays a key
part in achieving programmable building blocks with the ability
to assemble complex hierarchical structures.17,12 Beyond the
progress gained using mixtures of charged spherical colloids,
hard shapes, and patchy particles to stabilize atomic crystals18,19

and quasicrystalline structures,20 recongurability in colloidal
molecules adds a new design dimension for colloids.

In this study, we predict that lock-and-key colloidal particles,
like those described in ref. 1, are able to self-assemble into non-
trivial ordered structures depending on the building block
geometry and boundary conditions. These building blocks are
intrinsically recongurable because the locks can rotate freely
around the keys. The paper is organized as follows. In Section 2,
we introduce the model and simulationmethods. In Section 3, we
organize our results into subsections of increasing complexity.
The assembled structures are organized into geometric phase
diagrams of recongurable colloidal molecules. In Section 4, we
provide a discussion and outlook. The results presented here
serve as proofs of concept that recongurable colloids are prom-
ising candidates for engineering recongurable nanostructures
from the bottom up, and thus motivate further experimental
exploration of this unique family of building blocks.
2. Model

We classify the lock-and-key colloids by ve recongurabilty
dimensions: number of locks (NL), lock–key “bond” length
Soft Matter, 2014, 10, 3541–3552 | 3541
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Fig. 2 Model lock-and-key colloidal molecule with interactions is
shown. The model lock-and-key building block is shown for two-lock
building blocks with lock and key diameters DL ¼ 1.3 and DK ¼ 1.0,
respectively (a). The bond length between the lock and key is shown to
be dLK ¼ 0.3. The reconfigurability of the building block is shown for
four states. (b) The interactions between the building blocks can be
broken down as pair interactions between two locks, two keys, and
lock–key. The depletion attraction between the pair interacting
colloids changes for different building block geometry.

Soft Matter Paper

Pu
bl

is
he

d 
on

 2
4 

Ja
nu

ar
y 

20
14

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

M
ic

hi
ga

n 
L

ib
ra

ry
 o

n 
10

/1
0/

20
14

 2
0:

11
:1

6.
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(dLK), lock–key size ratio (DL/DK), building block connement
(2D-, quasi3D-, and 3D-), and building block lock mobility (gr).
These recongurability dimensions are summarized in Fig. 1.

We use the following model to represent the lock-and-key
building blocks (Fig. 2a). Each building block consists of NL

locks of diameter DL connected by a central key of diameter DK.
We consider only building blocks with one key connected to NL

identical locks. We x DK ¼ 1 for all simulations and report the
size ratio as simply DL. Thus, DK is the unit of length in our
simulations. The bond distance d is related to dLK by 2d¼ 1 + DL

� 2dLK. Because the depletion attraction strength between the
dimpled locks and the key is on the order of �10 kBT,1 it is
reasonable to assume that the locks permanently attach to the
key, and thus we constrain the centre-to-centre distance
between the lock and the key throughout our simulations
(Fig. 2b).

In all simulations, we assume that the depletion mediated
binding of locks to keys has already occurred, and focus our
attention on the assembly of the resulting building blocks.
Modeling of the binding event is reported in ref. 21. The
interaction between the locks and keys is modeled by an
excluded volume interaction due to the double-layer repulsion
between the charged colloids and a short-range attraction due
to depletion interactions between intra- and inter-building
block volume overlaps.1 The excluded volume electrostatic
repulsion (Ue) is modeled by the Yukawa potential, integrated
over the surface of the spherical colloid in the Derjaguin limit,22

and shied to the colloid surface where Z is an energetic
constant based on the strength of the double-layer repulsion, k
is the inverse screening length of the solvent, and Di is the sum
of the radii of the pair of interacting colloids

Ue ¼ Ze�k(r�Di/2). (1)

The lock–lock, lock–key and key–key repulsion strengths are
chosen to be consistent with experimental zeta potential
Fig. 1 Reconfigurability dimensions of colloidal molecules are
described above. The building blocks have a rich design space that can
be accessed and toggled during the assembly process. The first three
parameters: lock number, bond length, and the size ratio directly
control the geometry of the cluster, while the particle confinement
and lock mobility control the configurations the cluster can access.

3542 | Soft Matter, 2014, 10, 3541–3552
conditions.1 We summarize the interaction parameters in the
ESI.†

The depletion interaction (Ud) between two spherical
surfaces is modeled by:

Ud ¼ �43
� s

r� D

�a

; (2)

with 3 the strength of the interaction, D the interaction shi
distance to the surface of the colloid, s the range of interaction
(Fig. 2b), and a the steepness of the well. The lock–lock, lock–
key and key–key attraction strengths between different building
blocks are chosen tomatch that of the depletion strengths listed
in Sacanna, et al.,1 so that the net attraction energy is consistent
with experiments, e.g. on the order of 1.0–2.0 kBT, which is
considerably smaller than the lock–key depletion attraction.

For convenience, we express all quantities in dimensionless
form, namely the distance r ¼ �r/DK, time s ¼ t=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DK

2mK=kBT
p

,
pressure P ¼ �PDK

3/kBT, and energy U ¼ Ū/kBT. The mass of the
beads is set to be mK ¼ mL ¼ 1 and the bonded locks are able to
freely rotate with respect to each other as shown in Fig. 1a. We
consider the bond to be of zero mass and do not include
lubrication forces in the lock cavity. We constrain the bond
distance using a constrained molecular dynamics (MD) proce-
dure similar to the SHAKE algorithm.23
This journal is © The Royal Society of Chemistry 2014
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We use hard interactions to investigate the role of shape.
Hard interactions are purely repulsive excluded volume inter-
actions, which allow us to isolate the role of entropy in the
stabilization of observed crystal structures. The hard interaction
model enforces excluded volume interactions between lock–
lock, and key–key interactions. It is assumed that the bond
between the lock–key is permanent, which is reasonable given
the 10 kBT “bond” strength,1 but permits a hinge-like motion.
2.1. Simulation methods

We run both MD simulations in the NVT ensemble using a
Langevin thermostat and NPT Monte Carlo simulations to
assemble all the phases presented here. We construct the model
building blocks and create a bond topology network to keep
track of each lock–key bond. Periodic boundary conditions are
used in the x–y plane. A typical run includes 106 time steps of
athermal conditions for the building blocks to randomize the
positions and orientations. Equilibration runs were achieved in
�1–2 � 107 time steps.

For efficiency, Metropolis Monte Carlo simulation methods
were utilized to generate the phase diagrams, while MD was
used to check that each phase was kinetically achievable. The
MC simulations include a pivot move to model the recongur-
ability of the lock–key colloids. The recongurability move
randomly samples a disk or sphere of radius dLK with a proba-
bility equal to standard rotation and translation moves. Again,
the MC systems are initialized in athermal conditions, i.e. all
interactions are purely repulsive, leading to a well-thermalized
distribution of building blocks. In the NPT simulations, the box
is gradually compressed or rescaled until crystallization is
observed. To relieve defects, the box might be slightly expanded
in a short time period, and then re-compressed. During the
dilute simulations, we generate the condensed phase by
rescaling the box until the packing density reaches 0.1–0.5 to
facilitate the aggregation of the particles, then T is lowered into
the coexistence region.

The simulated systems size varied from 500 to 9000 building
blocks or 1000 to 45 000 particles. Larger simulations were used
to conrm that nite size effects do not affect the equilibrium
structure. For certain cases, we performed independent simu-
lation runs to ascertain that the resulting structures are repro-
ducible, and not kinetically trapped states. The MD simulations
were performed using HOOMD-Blue, our general-purpose open-
source code optimized for graphics processing units,24,25 and
LAMMPS.26 The Monte Carlo simulations were performed with
in-house code.
3. Results and discussion

We present the representative results obtained from the range
of the parameters that are readily accessible by the experimental
conditions presented in ref. 1 The independent and combined
effects of each of the ve recongurability dimensions on the
formation of the self-assembled structures are shown with an
emphasis on assemblies with unique tilings and degeneracies.
Because of the enormous parameter space, we choose to x one
This journal is © The Royal Society of Chemistry 2014
parameter while varying the other in certain cases as indicated
in the below subsections.
3.1. Geometric phase diagrams of lock–key colloids conned
to a plane

The assembled structures are organized into phase diagrams
plotted as functions of NL, DL, and dLK. Cross-sections of the
phase diagram highlight essential features of the assembly of
different colloidal molecules. We highlight the results for theNL

¼ 1, 2, 3, and 4 colloidal molecules. We introduce a naming
convention LNCKC where N ¼ NL, K the key sublattice, L the lock
sublattice, and C is a shorthand for the crystalline sublattice.

We nd that the lock–key distance is an important parameter
in the crystallization of different crystal structures. The lock–key
“bond” distance is dened as the amount of bond distance d or
nonadditivity27 between the lock–key particles. As d increases,
the deviation from regular additive colloidal spheres increases
as well. We nd that as the nonadditivity increases between the
lock–key particles the ability for the system to order increases
(Fig. 3 and 4). Furthermore, as the size ratio between the lock
and key increases, the range of ordered structures increases.
This phenomenon can be explained by the decreasing inuence
of the excluded volume of the key particle as the lock–key
distance and size ratio increases. The excluded volume of the
building block assembly takes on the shape of the combined
excluded volume of the locks, which can readily self-assemble
some of the crystal structures depicted in the phase diagram.

Another important factor in the stabilization of the assem-
bled structures with small lock–key bond distance is the rota-
tional free volume. We dene the rotational free volume as the
amount of free volume available for lock recongurability and
use it as a simple model to describe steric hindrances to self-
assembly at high volume fractions. Rotational free volume
affects the self-assembly properties in a similar way to poly-
dispersity. High polydispersity is known to act as a crystalliza-
tion barrier for hard spheres.28 Similarly, high rotational free
volume allows recongurability to stabilize mixtures of shapes,
which can inhibit crystallization. The continuum of shapes
becomes incommensurate with any Bravais lattice and acts as a
steric barrier to self-assembly. We nd this phenomenon
explains the large areas of disorder at small bond distance (Fig. 3
and 4). Crystal structures can form at smaller bond distances,
but it implies that the conguration of the colloidal molecule
has a large free energy gain (Fig. 3 and 4). We show later that the
range of stability of recongurable colloidal molecules is much
smaller than for rigid colloidal molecules (Fig. 6).

At small bond distance d, disordered phases compete with
the crystal structures. These disordered phases (Dis) in Fig. 3–5
have different characteristics depending on their location in the
geometric phase diagram. The local coordination depends on d

and DL. We observe disordered phases with 4-fold or 6-fold local
order. Aer this discussion, these phases are grouped as one.
We also observe at small d islands of stable phases within the
disordered regions of the phase diagrams. This is not surprising
given that d considerably constrains the recongurability of the
colloidal molecule. As a result, there are geometric sweet spots
Soft Matter, 2014, 10, 3541–3552 | 3543
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Fig. 3 Phase diagram for NL ¼ 3 particle showing stability regions as a function of size ratio (DL where DK ¼ 1), and bond distance (d). A
representative slice of the phase diagram is shown above along with all crystal structures observed. For each crystal, the inset highlights the
configuration of themolecular colloids (white). We show the vertex configurations of the lock (black) and keys (yellow). A representative snapshot
of each crystal structure is shown. The crystalline structures observed forNL¼ 3 are triangular degenerate crystalline with a hexagonal lock tiling,
and a disordered key lattice (L3HKDH) (b), random triangle, square lock tiling with disordered keys at DL ¼ 1.7, d ¼ 0.2 (L3ATSKD) (c), the Archimedean
elongated triangular lock tiling (33, 42) with a binary rhombus key tiling keys at DL ¼ 1.8, d ¼ 0.05 (L3ETKR) (d), a (3.4.5.4,(3.4.52)2) lock tiling with an
alternating rhombus key tiling keys at DL ¼ 1.3, d ¼ 0.05 (L3PTSKR) (e), an elongated hexagon, square, triangle lock tiling with a binary rhombus key
tiling at DL ¼ 1.6, d ¼ 0.25 (LEHKR) (f).
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for assembly of ordered phases. At larger values of d, no disor-
dered phases are observed.

3.1.1. Crystal structures for the NL ¼ 3 colloidal molecule.
The colloidal molecule with NL ¼ 3 self-assembles into ve
different crystal structures. Shown in Fig. 3a is the geometric
phase diagram between DL and d at xed density f and
temperature. The cross-section is representative of the crystal
structures observed in the larger DL vs. d vs. kBT vs. f phase
diagram. The phase diagram shows ve different crystalline
structures, which are L3HKDH, L

3
ATSKD, L

3
ETKR, L

3
PTSKR and L3EHKR

(Fig. 3b–f). Notably, the disordered quasicrystal L3ATSKR is
reminiscent of the dodecagonal triangle square quasicrystals,
and the L3PTSKR and L3EHKR crystal structures are observed, to our
knowledge, for the rst time. The latter two structures, as
characterized below, have the complexity of alloys but are
assembled with surprisingly simple design rules.

At larger bond distances (d > 0.3), the NL ¼ 3 molecular
colloid self-assembles the L3HKDH crystal structure. (Fig. 3b) In
the L3HKDH crystal structure, the locks form a hexagonal sub-
lattice and the keys form a frustrated sublattice. By increasing
the d between lock and key, the effective excluded volume of the
key decreases, and triangular trimers are free to self-assemble
3544 | Soft Matter, 2014, 10, 3541–3552
without steric hindrance. The assembly of the L3HKDH is not
unexpected since hard trimers form an aperiodic hexagonal
crystal.29 The aperiodicity of the locks is due to the keys being at
the center of the molecule. Aperiodic crystals of hard trimers
have negative Poisson ratios,29 implying that minor changes in
the geometry of themolecular colloid such as changing the bond
distance from d¼ 0.3 to d¼ 0.25 at DL ¼ 1.7 (Fig. 3) could have a
dramatic effect on the mechanical properties of assemblies.

At large bond distance (d > 0.3) and small size ratio (DL ¼ 1.2)
the NL ¼ 3 colloidal molecule self-assembles the L3ETKR crystal
structure (Fig. 3d). The elongated triangular (ET) lock tiling in
the L3ETKR crystal structure occurs in different alloys as a cross-
section of TlI,30 which is used to improve the performance of
mercury lamps.31 The ET Archimedean tiling is observed in the
binary nanoparticle superlattices of Au and Fe colloids.20 The
ubiquity of the ET tilings in so and hardmatter systems makes
their discovery in molecular colloids less surprising. The key
sublattice lies on the projected Tl sublattice with systematic
vacancies, and the lock sublattice lies on the I sublattice. The
lock sublattice for the L3ETKR crystal structure is the same as
L4ETKR, crystal structure (Fig. 5), but the key sub lattice of L3ETKR

has fewer systematic defects than L4ETKR.
This journal is © The Royal Society of Chemistry 2014
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Fig. 4 The geometric phase space for NL ¼ 2 molecular colloid is shown above. For each crystal, the inset highlights the configuration of the
molecular colloids (white). We show the vertex configurations of the lock (black) and keys (green). A representative snapshot is shown of each
crystal structure. We show a cross-section at fixed density (F ¼ 0.7) as a function of the geometric parameters size ratio (DL where DK ¼ 1) and
bond distance (d). The crystal structures for dilute NL ¼ 2 are a hexagonal lock tiling and a substitutionally disordered kagome key tiling (L2HKK), (b)
a sheared Archimedean elongated triangular lock tiling (33,42) and a rhombic key tiling atDL ¼ 1.2, d¼ 0.5 (L2ETKR) (c), a hexagonal lock tiling and a
disordered key tiling (L2HKD), (d) and (32.42.3,(33,42)3) triangle square tiling atDL ¼ 1.5, d¼ 0.45 (L2TSKD) (e), a random square triangle lock tiling atDL

¼ 1.2, d¼ 0.5 (L2ATSKD) (f), a binary rhombic lock tiling with a binary rhombic key tiling (L2RTKR) atDL¼ 1.2, d¼ 0.4 (g), an elongated hexagon triangle
square lock tiling with a binary rhombic key tiling atDL¼ 1.2, d¼ 0.5 andF¼ 0.3 (L2EHSKR) (h) an elongated hexagon chain triangle tiling atDL¼ 1.3,
d ¼ 0.3 (L2EHCKR), (i) and a shield square triangle tiling at DL ¼ 1.7, d ¼ 0.05 and (L2SSTKD) (j).

This journal is © The Royal Society of Chemistry 2014 Soft Matter, 2014, 10, 3541–3552 | 3545
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Fig. 5 The geometric phase space of the clusters is summarized as
phase diagrams of DL and d for (a) one- and (c) four-lock particles.
Each phase diagram is a slice of phase space at constant density. In the
one-lock cluster (a) we show a large frustrated/glassy (Dis) assembly
that with increasing bond distance transforms into a partially ordered
hcp phase (L1HKD). (h) Four-lock clusters assemble into rhombic lattice
(L4ETKR) from a small Dis phase via rhombic partially ordered phase
(L4DKR). Geometrically inaccessible regions arise for NL ¼ 4 and are
shown as red diagonals. Representative snapshots for the two
observed crystalline phases in the phase diagrams are shown. Addi-
tionally, we show the spacing and symmetry of the phases with the
diffraction pattern for each structure. In the one-lock case (a) we show
the L1HKD crystal structure for DL ¼ 1.8, d¼ 0.5 (b). In the four lock case,
we show the and L4ETKR crystal structure (j) at DL ¼ 1.6, d ¼ 0.15.
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At intermediate size ratio DL ¼ 1.4 and low bond distance
(d < 0.05), the NL ¼ 3 colloidal molecule self-assembles the
L3PTSKR crystal structure (Fig. 3e). The L3PTSKR crystal structure
has a (3.4.5.4,(3.4.52)2) lock sublattice and a rhombic key sub-
lattice. The (3.4.5.4,(3.4.52)2) tiling is characteristic of a cross-
section of the UVO5 crystal structure;32 the key sublattice lies on
the projected uranium atomic positions, the lock sublattice lies
on the oxygen atomic positions, and the V atoms are vacant.32

Mixed oxides of uranium with transition metals (V, Ti) can be
used as intercalation compounds for small cations.33 The
L3PTSKR crystal structure has a structure similar to known
intercalation materials (UVO5), which implies that layers of this
colloidal crystal could be useful for energy storage materials,
but a more through study would need to be done on the ther-
modynamics and kinetics of diffusion of ions through the
material.

At large size ratio DL > 1.3, and intermediate bond distance d
¼ 0.15–0.3, a random triangle square lock sublattice and a
disordered key sublattice form (L3ATSKD) (Fig. 3c). Random
triangle square tilings occur in disordered dodecagonal quasi-
crystals, such as Ta1.6Te.34 Unlike in normal triangle square
dodecagonal quasicrystals, the disordered dodecagonal quasi-
crystals have a square triangle ratio that has a small deviation
from the perfect square triangle ratio of the perfect quasi-
crystal.34,35 Since dodecagonal quasicrystals and certain classes
of hyperuniform disordered points sets have complete photonic
3546 | Soft Matter, 2014, 10, 3541–3552
band gaps,36,37 disordered dodecagonal quasicrystals are
expected to have interesting photonic properties.

At small bond distance (0.05 < d < 0.2) and intermediate size
ratio DL ¼ 1.4 and lower kBT, the NL ¼ 3 colloidal molecule self-
assembles the L3EHKR crystal structure (Fig. 3f). The L3EHKR

crystal structure has an elongated hexagon square triangle
(3.4.6.4, 32.4.6, 33.4.6) lock sublattice, and rhombic key sub-
lattice (L3EHKR). The lock sublattice is related to the Archime-
dean rhombitrihexagonal tiling (3.4.6.4) by elongating the
hexagon along its apothem. Elongated hexagons occur in
projections of complex metal alloys, such as Ti–Al–Mn–Pd38

along the [010] direction and have been predicted to occur in
binary hard sphere systems using genetic algorithms.39 To our
knowledge, the crystal structure L3EHKR has analogues in
complex metal alloys, but no knownmaterial systems reproduce
this crystal structure exactly.

3.1.2. Crystal structures for the NL¼ 2 lock-and-key colloid.
The lock-and-key colloids with NL ¼ 2 self-assemble into nine
different crystal structures. We show a geometric phase diagram
for the size ratio (DL with DK ¼ 1) and bond distance d, at xed
density f and temperature (Fig. 4a). Two of the nine crystal
structures are unexpected random crystals and several are
characteristic of complex metal alloys. All of these crystal
structures are accessible by tuning the bond distance and size
ratio of the NL ¼ 2 colloidal molecule (Fig. 4).

Structure 1. At both high and intermediate values of lock–key
bond distance (d¼ 0.3–0.5), the NL¼ 2 colloidal molecule forms
the L2HKK crystal (Fig. 4b). In the L2HKK crystal structure, the
locks form a triangular sublattice and the keys lie on a frac-
tionally lled kagome sublattice (see ref. 9 for more detail of the
kagome phase). The fractionally lled degenerate kagome key
sublattice (L2HKK) has been observed in frustrated spin systems40

and colloids with highly directional interactions.41 The
assembly of the L2HKK is not surprising since the center of mass,
which is where the keys lie, of hard dimers are known to lie on
the Kagome lattice.42 The aperiodic crystal of dimers is known
to have a negative Poisson ratio.29

Structure 2. At high bond distance d ¼ 0.45 and DL ¼ 1.2, the
NL ¼ 2 colloidal molecule forms the L2ETKR crystal structure
(Fig. 4b). The locks form a sheared Archimedean elongated
triangular (33.42) sublattice, and the keys form a rhombic sub-
lattice (L2ETKR) (Fig. 4b). The sheared Archimedean tiling is an
intermediate tiling between the elongated triangular (33.42) and
the triangular (36) tiling. By increasing the size ratio to DL ¼ 1.3,
we can transform the L2ETKR into the triangular L2HKK. It is
interesting to note that this transformation, with respect to the
lock sublattice, corresponds approximately to the trans-
formation between rutile and monoclinic zirconia.30

Structure 3. At high bond distance (d ¼ 0.45) and high size
ratio (DL ¼ 1.8), the NL ¼ 2 colloidal molecule forms the L2HKD

crystal structure (Fig. 4d). In the L2HKD crystal structure, the
locks form a triangular sublattice, and the keys are disordered.
The proximity of the L2HKD and L2HKK crystal structures on the
phase diagram motivates the altering of the bond distance
(from d ¼ 0.45 to d ¼ 0.4 at DL ¼ 1.7) (Fig. 3) to switch between
assemblies of a partially ordered crystal (L2HKD) to a perfect
crystal (L2HKK).
This journal is © The Royal Society of Chemistry 2014
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Structure 4. At high bond distance (d¼ 0.4–0.45) and high size
ratio (DL ¼ 1.5–1.8), the NL ¼ 2 colloidal molecule forms the
L2TSKR crystal structure (Fig. 4e). In the L2TSKR crystal structure,
the locks form a (32.42.3,(33,42)3) triangle square lock sublattice
and a rhombic key sublattice. The lock sublattice is a 4-uniform
tiling, meaning it is an edge–edge tiling made of regular poly-
gons with four different vertex congurations. To our knowl-
edge, the crystal structure observed has no known material
equivalent.

Structure 5. At small size ratio (DL ¼ 1.2), the L2RTKR crystal
structure forms (Fig. 4g) with the locks occupying a triangle
rhomb sublattice and keys a rhombic sublattice. To our
knowledge, neither the L2TSKR and L2RTKR crystal structures
observed have known material equivalents.

Structure 6. At intermediate bond distance (d ¼ 0.2–0.4), the
NL ¼ 2 colloidal molecules form the L2ATSKD crystal structure
(Fig. 4f). The L2ATSKD crystal structure has a random triangle
square lock sublattice and a disordered key sublattice. The
random triangle square tiling L2ATSKD is similar to the L3ATSKD

except that the density of the keys is much higher due to the
lock number. The triangle square ratios in the disordered
quasicrystals are different between L2ATSKD and L3ATSKD due to
the lock number. It is interesting that both L2ATSKD and L3ATSKD

reside on the geometric phase diagram between disorder and a
hexagonal crystal L3HKDH and L2HKK (Fig. 3 and 4). The random
crystal structure arises from the geometry of the particle
(smaller d) and the recongurability from the increased rota-
tional free volume destabilizing the hexagonal crystal.

Structure 7. The disordered region of the phase diagram
competes with the L2EHSKR crystal structure. The L2EHSKR crystal
structure has an elongated hexagon square triangle lock sub-
lattice and a rhombic key sublattice (L2EHSKR) (Fig. 4h). The
L2EHSKR is related to the 2-uniform (3.6.3.6,(32.62)2), or the b-W
net,30 by elongating the hexagon along the shared apothem
between neighboring hexagons. The b-W net, which exists in the
Cr3Si crystal structure, was found in experiments of oppositely
charge colloids.43

Structure 8. The disordered region of the phase diagram also
competes with the L2EHCKR crystal structure (Fig. 4i). The L

2
EHCKR

crystal structure has an elongated hexagon triangle lock sub-
lattice and a rhombic key sublattice. The tiling is related to the
b-W net, and the elongation occurs along the hexagon apothem
in the direction of the triangle. It is interesting to note that two
different elongated hexagonal crystals L2EHCKR and L2EHSKR are
proximal on the phase diagram. By increasing the size ratio to
DL ¼ 1.3, we can transform the L2EHSKR into the triangular
L2EHCKR. The implication is that two crystal structures charac-
teristic of complex metal alloys can be toggled by a simple
geometric parameter.

Structure 9. At small bond distance (d ¼ 0.0) and high size
ratio, the NL ¼ 2 colloidal molecule forms the L2SSTKD crystal
structure (Fig. 4j). In the L2SSTKD crystal structure, the lock forms a
random shield triangle square sublattice, and the locks are
disordered. A dodecagonal quasicrystal, the shield tiling,44 closely
related to the aperiodic shield triangle square lock sublattice, is
potentially applicable to photonic band gap materials.45
This journal is © The Royal Society of Chemistry 2014
3.1.3. Crystal structures for the NL ¼ 1 and NL ¼ 4 colloidal
molecules. Fig. 5 shows the geometric phase diagrams obtained
for lock-and-key building blocks of NL ¼ 1,4 conned in 2D. The
phase diagrams depicted in Fig. 5 show the crystal structures
found as one varies DL and the bond distance d, which is related
to dLK by 2d ¼ 1 + DL � 2dLK, for each lock in the building block.

Far from DL ¼ 1 and at large bond distance (d z 0.40) a
frustrated hexagonal phase, (L1HKD), that is similar to frustrated
dipoles conned to a triangular lattice,46 forms for the NL ¼ 1
building block (Fig. 5a and b). In the L1HKD phase, the locks form
a frustrated hexagonal sublattice, and the keys are disordered.
In the limit where the key is completely overlapped by the lock,
the frustration diminishes, and a hexagonal lattice emerges
(d[ 0.5). Thus, the single lock acts as a steric hindrance to the
assembly of a hexagonal lattice.

For the NL ¼ 4 colloidal molecule, the Archimedean elon-
gated triangular tiling is observed at large d. At d� 0.15, a crystal
structure (L4ETKR) forms with the locks on an Archimedean
elongated triangular (33.42) sublattice and the keys on a
rhombic sublattice (Fig. 5d). The L4ETKR structure is entropically
stabilized by the shape of the building block.
3.2. Recongurability and assembly

The lock mobility gr determines the shape-shiing rate of the
lock–key assemblies. By increasing the lock mobility, building
blocks sample a continuum of shapes at a faster rate. We
explore how hinge-like recongurability in the NL ¼ 2 building
block affects the stability of a partially ordered crystal structure
(L2HKD) as a function of bond length and size ratio. We nd that,
as a function of bond length, the stability region for the L2HKD

crystal structure is smaller for the recongurable building block
than the rigid building block. This variable stability region
controlled by recongurability opens opportunities for nely
controlled rate-dependent crystal-disorder transformations.

Lock mobility gr changes the stability range of the crystal
structures. For a given size ratio DL, increasing the bond length
d causes the rotational free volume to increase. We focus on the
two-lock building blocks as a representative case. We choose a
well-ordered L2HKD structure for a given value of DL as the
reference crystal structure and calculate a shape-matching
order parameter with respect to assembled equilibrium crystal
structures as a function of building block geometric parameters
(DL, d). Because the locks lie on a hexagonal lattice in the L2HKD

crystal structure, it is natural to use the six-neighbour bond
order parameter F6 as our shape matching criterion.47 The
order parameter F6 is unity if the crystal structure is a perfect
hexagonal lattice. For both building blocks, the stability region
(the geometric state points such that F6 > 0.95 highlighted in
grey) is determined by the lock's ability to efficiently “nest” for a
given DL. For both building blocks, the cutoff for good assem-
blers (F6 > 0.95) is shied to higher values of d as the size ratio
DL increases (Fig. 6a and b). Outside of this stability range, the
lock mobility stabilizes an amorphous solid (Dis).

For the recongurable building block, the rotational free
volume of the locks allows the lock mobility to cause additional
packing frustration between lock and keys. By comparing the
Soft Matter, 2014, 10, 3541–3552 | 3547
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Fig. 7 Assembled tetragonal monolayer from four-lock clusters with
quasi-3D confinement. The cluster geometry is DL ¼ 1.33 and dLK ¼
0.75. The clusters form an ABC stacked layer with the locks forming a
square lattice on the top and bottom layers (a), while the keys form a
hexagonal lattice. We allow the monolayer of locks to freely rotate in
the z-direction (b). The 2-D diffraction image shows the four-fold
square symmetry of the locks and the six-fold hexagonal symmetry of
the keys while looking down (001) plane (c).
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recongurable building block to the rigid building block, we
can understand the role that lock mobility plays in the stabili-
zation of the L2HKD. Because the building blocks adopt a linear
shape in a L2HKD phase (Fig. 3d), we use rigid linear particles for
the rigid case. Fig. 7 shows the F6 order parameter for recon-
gurable and rigid particles as a function of DL and d.
Comparing the F6 order parameter in Fig. 4b with that in
Fig. 4a, we observe a similar behaviour, i.e. there is an optimal
range of d for each value of size ratio DL in which the locks form
an ordered L2HKD structure. For the rigid building blocks, the
optimal range is broadened towards higher values of dLK for a
given value of DL. For example, the rigid DL ¼ 1.3 building block
assembles into a L2HKD structure for d > 0.2. The recongurable
building blocks can retain the L2HKD structure only up to d ¼ 0.4
(Fig. 6a and b). The broadened stability range of rigid particles
suggests that lock mobility promotes local packing frustration
and steric barriers for assemblies at high density and pressure.
Small kinks in the yield are expected since the rotational free
volume changes with geometric parameters, which subtly
affects the crystalline yield. The majority of the kinks arise in
the stability region of the L2HKD crystal structure, highlighting
how certain geometric state points have favourable kinetics.
One can imagine using the lock mobility, or toggling the bond
distance between the locks and key, to directly recongure
between crystalline and disordered states to change the
mechanical properties of the assembly.
Fig. 6 We highlight the effect of reconfigurability on the stability of
crystalline structures for the NL ¼ 2 building block. An HCP shape
matching order parameter F6 is used as a function of bond length dLK
for different lock–key sizes (DL). Each curve is obtained by averaging
across several independent runs. Error bars are smaller than themarker
size. We compare the order parameter behavior for (a) locks that are
able to move around the key and for (b) rigid building blocks fixed in a
linear trimer geometry. (c) We show a representative shapshot of a
good assembler with order parameterF6¼ 0.97 and d¼ 0.45 andDL¼
1.3. (d) Also, a representative snapshot for a poor assembler is shown
with order parameter F6 ¼ 0.85 and d ¼ 0.1 and DL ¼ 1.3.

3548 | Soft Matter, 2014, 10, 3541–3552
3.3. Lock-and-key colloids in quasi-3D

We extend the spatial connement from 2-D to quasi-3D, where
the keys are still conned in the x–y plane, but now the locks are
able to rotate out of the plane. The quasi-3D connement
reproduces the experimental conditions where the particles can
move within a thin lm or on a substrate without diffusing
normal to the surface. In order for the out of plane rotations to
be unconstrained, the periodic boundary conditions are only
applied to x- and y-directions.

By changing the connement characteristics from 2D to
quasi-3D, we show how frustrated crystal structures in 2D can
order in quasi-3D. In quasi-3D, the crystal structures can either
resemble the crystal structures observed in 2D (Fig. 8), or take
on characteristics that are fundamentally different (Fig. 7 and
8). We then focus on the cases where the assembled structures
are fundamentally different from 2D assembly.

In 2D, there are regions of the geometric phase diagram that
are disallowed for NL ¼ 3 and NL ¼ 4 (Fig. 4). Considering these
geometric state points in quasi-3D would demonstrate how
altering the connement characteristics affects the assembled
structures. For instance, the NL ¼ 4 building blocks can locally
relax into tetrahedral coordination. The results for NL ¼ 4
outside the permitted 2-D geometrical connement with DL ¼
1.33 and dLK ¼ 0.75 are shown in Fig. 6. This geometry provides
us with a model tetrahedron, as the locks cannot all become
coplanar. We observe an interesting ABC stacking where three
layers emerge with a key layer sandwiched between two lock
layers. The top and bottom lock layers form a square lattice S
offset from each so that the top layer is in the interstitials of the
bottom layer. The middle layer of keys then lies on a hexagonal
lattice H shown in Fig. 7a (blue and orange, respectively). The
monolayer is shown from perspective in Fig. 5b to show the
offset lock layers (L4HKS). The structure is similar to the zinc
blende structure seen in binary alloys.25 The long-range nature
of the lattice is revealed by the 2D diffraction image taken along
(001) plane as shown in Fig. 7c. Regions of phase space inac-
cessible in 2D due to geometric constraints can form crystalline
structures such as tetrahedrally coordinated monolayers.
This journal is © The Royal Society of Chemistry 2014
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Fig. 8 The effect of confinement on 2-lock and 1-lock clusters is
summarized above. Representative snapshots of crystal structures
under quasi-3D confinement are shown above (a and b). The inset for
quasi-3D confinement show both lock and keys in the right half, only
locks in the top left, and only keys in the bottom left. We show the
diffraction pattern for each representative snapshots. For the one-lock
case, the 2 quasi-3D crystal structure L1TKS is shown forDL¼ 1.7, d¼ 0.5
(a). For the two-lock case, the quasi-3D crystal structure L2HHKD is
shown for DL ¼ 1.5, d ¼ 0.5 (b).
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In regions that are shared in both 2D and quasi-3D, we take a
collection of geometric state points (Table S2†) from the NL ¼ 1
phase diagram (Fig. 5a) and change the connement from 2-D
to quasi-3D. We nd that the NL ¼ 1 building block in 2D can
self-assemble a frustrated hexagonal crystal structure (L1HKD)
and a disordered phase (Fig. 3a). We observe a crystalline
monolayer isostructural to PbO in the region of frustrated Hp

region (L1TKS). The PbO crystal structure consists of three layers
of lock and keys (Fig. 8a). The building blocks align into two
rows with antiparallel orientation. The top and bottom layer of
locks form a square lattice, while the key middle layer forms a
square lattice with different lattice spacing (Fig. 8b). By
changing the connement characteristics of NL ¼ 1, we can
switch between a L1TKS crystal and a frustrated L1HKD phase
(Fig. 8a and b). The NL ¼ 1 building block is representative of a
building block that is sensitive to the connement character-
istics of the assembly.

For the NL ¼ 2 building block, connement does not
dramatically change the crystal structure. At geometric state
points where the L2HKK and L2HKD are stable (Table S2†),
changing the connement stabilizes a L2HHKD crystal structure.
The L2HHKD crystal structure contains two hexagonal layers with
a disordered key layer in between (Fig. 8b). The L2HHKD crystal
structure resembles the lock L2HKD crystal structure in that both
crystal structures have locks arranged with hexagonal order and
keys that are disordered (Fig. 5d and 8b). Spatial connement in
shared regions of the geometric phase diagram can lead to
transitions where the both crystal structures are similar (L2HKD–

L2HHKD), or whose structurally characteristics are unrelated
(L1HKD–L

1
TKS).
3.4. Recongurable crystals

Binary nanoparticle superlattices48,20 (BNSL) are promising
materials for their electronic49 magnetic50 and uorescence51

properties. We expand upon previous work on BNSL by
This journal is © The Royal Society of Chemistry 2014
reporting the self-assembly of a switchable BNSL (SBNSL),
which toggles between a binary mixture and a partially ordered
crystal with alternating layers of order and disorder. Changing
the effective bond length or the size ratio of the recongurable
molecular molecules toggles the SBNSL structures. Although
DNA has been used to switch between two different BNSL,52 we
show that through shape change via recongurability dimen-
sions we can toggle between a BNSL and a partially ordered
binary nanoparticle crystal. Through shape change, the tetra-
hedral coordination of a BNSL becomes frustrated, which leads
to the stabilization of partially ordered structures. The ability to
design molecular switches with dual material properties, such
as surface plasmon resonance,53 opens up a great opportunity
for the development of multifunctional nanomaterials.
Colloidal molecules that stabilize BNSL with crystal–crystal
transformations could be used in photonic, optical, and sensor
applications.

Switchable binary nanoparticle superlattices use the
recongurability dimensions of the lock-and-key colloidal
molecules to inuence the thermodynamic equilibrium
structure. We investigated the effect of the bond length and
size ratio on the tetrahedrally coordinated NL ¼ 4 case to
understand how this coordination can be distorted by shape
change to stabilize partially ordered structures in the pres-
ence of spatial connement, i.e. in quasi-3D. In principle, the
distortion of the quasi-3D tetrahedrally coordinated building
block is similar to the high packing fraction crystal transi-
tions (L2HKD / L2HKK) where a sublattice disorders by
changing the size ratio and bond distance (Fig. 3). Indeed, the
changes in the bond length or size ratio to give rise to struc-
tural transformations (Fig. 9a–c). The base radius ratio and
bond length leave the locks rigid and inhibit the excluded
volume of the key from affecting the assembly of colloids. By
transforming the size ratio, or bond length, we alter the
relative importance of the excluded volume of the key in
comparison to the lock and stabilize different structures. The
transformations distort the tetrahedral coordination of the
locks and keys, facilitating two possible crystal–crystal
transformations. The rst crystal structure transformation
converts a hexagonal monolayer sublattice of locks with a
square monolayer sublattice of keys (L4HKS) to a hexagonal
monolayer sublattice of locks with a disordered sublattice of
keys (L4HKD) (Fig. 9d and e). The proximity of the two state
points lends itself to switchable materials due to the small
change (7%) in bond length needed to activate the transition.
The second transformation converts the L4HKS structure with
DL ¼ 1.33 and dLK ¼ 0.75 into a L4HKD structure with DL ¼ 1.18,
but with a different lattice spacing from the above crystal–
crystal transformation (Fig. 9e and f). These tetrahedral
geometric transformations provide a simple mechanism to
selectively disorder a single monolayer within a crystal
structure.

4. Summary

The results shown here suggest that recongurable lock-and-
key colloidal building blocks have a rich phase space containing
Soft Matter, 2014, 10, 3541–3552 | 3549
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Fig. 9 Schematic of quasi-3D partially ordered crystal–crystal transformation using molecular colloids reconfigurability dimensions and
representative snapshots of the transformation are shown above. Tuning the size ratio or bond length of the tetrahedrally coordinated molecular
colloid act as geometric knobs that distort the assembly of a crystalline structure. (a–c) By transforming the cluster geometry from dLK ¼ 0.75 to
dLK ¼ 0.80 at DL ¼ 1.33, we can transform the crystal structure from an ABC stacked layer of with four fold symmetric locks, and six fold
symmetric keys (e) (Fig. 6) into a systemwhere locks preserve their four fold order, but the keys are disordered (d). By changing the size ratio from
DL ¼ 1.33 to DL ¼ 1.18 (f), we can reproduce the same crystal structure transformation above, but through a different mechanism.
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structures not seen previously in colloidal crystals. We
demonstrate how the combined use of anisotropic and dynamic
colloids allow for the design of nontrivial crystal structures such
as aperiodic crystals, mixed shaped tiles, and non-compact
porous assemblies.

Importantly, we have described possible phases of a
recently proposed new class of colloidal molecules5 with
recongurability dimensions that can be toggled on demand
such as number of locks NL, bond length dLK, size ratio DL/DK,
recongurability rate, and spatial connement. These
dimensions allow for control over particle coordination,
nonadditivity and geometric isomerization, and lead to many
exciting, unexpected, and potentially functional, structures.
Additionally, design paths for switchable materials, due to the
proximity of photonically active geometric state points such
as L2ATSKD (Fig. 3 and 4), highlight how recongurability
dimensions such as bond distance or size ratio could be
toggled to create colloidal materials with switchable proper-
ties (Fig. 10). Responsive thin lms such as these could have
desirable photonic properties.54,55 By altering the connement
3550 | Soft Matter, 2014, 10, 3541–3552
of the assemblies, recongurable binary nanoparticle super-
lattices can be assembled. Recongurability dimensions
provide a framework for the emergence of new crystalline
structures, and the rational design of multifunctional
colloidal materials.

Finally, even with the systematic study of several recon-
gurability dimensions presented here, there remain large tracts
of phase space to explore. Switching between two-dimensional
and three-dimensional building blocks looks to be a promising
direction for the design of omnidirectional optically active
materials. Additional degrees of freedom available in three
dimensions may relieve packing frustration in 2D assemblies.
The incorporation of higher degrees of shape anisotropy into
the lock-and-key building blocks has the potential to generate
novel materials and unlock new recongurability dimensions.
Next-generation building blocks could include the use of ellip-
soidal keys with matching locks, patchy keys that allow for
tighter control of the coordination of the building blocks, and
even the incorporation of colloidal locks that have shape-shi-
ing properties.
This journal is © The Royal Society of Chemistry 2014
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Fig. 10 The effect of reconfigurability, bond length, and size ratio on
molecular colloids is summarized above. Representative building
blocks for a range of size ratio and bond length are shown for 2-lock
building block. Two different planes of reconfigurability highlight the
new crystalline structures that emerge, and the effect of reconfigur-
ability on stability regions. Crystalline structures (red), plastic crystals
(yellow), and disorder (green) form. State points (purple and black dots)
are chosen from the high reconfigurability layer to highlight how
switchable multifunctional nanoparticles are designed. An inset high-
lights the switchable dimensions of the extended reconfigurability
diagram.
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