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Universal reshaping of arrested colloidal gels via active doping
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Colloids that interact via a short-range attraction serve as the primary building blocks for a broad
range of self-assembled materials. However, one of the well-known drawbacks to this strategy is that
these building blocks rapidly and readily condense into a metastable colloidal gel. Using computer
simulations, we illustrate how the addition of a small fraction of purely repulsive self-propelled
colloids, a technique referred to as active doping, can prevent the formation of this metastable gel
state and drive the system toward its thermodynamically favored crystalline target structure. The
simplicity and robust nature of this strategy offers a systematic and generic pathway to improving
the self-assembly of a large number of complex colloidal structures. We discuss in detail the process
by which this feat is accomplished and provide quantitative metrics for exploiting it to modulate
self-assembly. We provide evidence for the generic nature of this approach by demonstrating that it
remains robust under a number of different anisotropic short-ranged pair interactions in both two
and three dimensions. In addition, we report on a novel microphase in mixtures of passive and
active colloids. For a broad range of self-propelling velocities, it is possible to stabilize a suspension
of fairly monodisperse finite-size crystallites. Surprisingly, this microphase is also insensitive to the
underlying pair interaction between building blocks. The active stabilization of these moderately-
sized monodisperse clusters is quite remarkable and should be of great utility in the design of
hierarchical self-assembly strategies. This work further bolsters the notion that active forces can

play a pivotal role in directing colloidal self-assembly.

I. INTRODUCTION

The directed self-assembly of a well-defined micro-
scopic structure is a complex process that is difficult to
control with any degree of precision. This has prompted
the ongoing challenge of designing colloidal building
blocks which can spontaneously and deliberately orga-
nize into functional microstructures with desired material
properties [IH7]. Many of the current design strategies
rely on colloidal building blocks that interact via a short-
ranged attraction where the range of interaction does not
exceed the colloids own diameter. Inspired by the precise
self-assembly of protein complexes, virial capsids, and
other molecular systems, it is becoming increasingly pos-
sible to drive the monodisperse self-assembly of specific
colloidal structures by either altering the shape of the
colloids or by introducing highly selective interactions.
Prominent examples of synthetic building blocks include:
Janus and patchy particles [8HI1], lock and key colloids
[12H14], and DNA decorated colloids [I5HI9]. This ap-
proach has been particularly fruitful, and a variety of
colloidal materials with promising mechanical and opti-
cal properties have been synthesised in this manner over
the past decade.

As part of this effort, it has been well-documented that
high yield self-assembly only occurs for very specific par-
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ticle shapes and interaction strengths, making the search
for the optimal self-assembly conditions rather cumber-
some [20H22]. For most colloidal systems that interact via
sufficiently short-ranged pair interactions, there exist an
ensemble of competing metastable or kinetically arrested
structures (i.e. gels) that directly compete with the for-
mation of the desired target structure [23H28]. Unless
the self-assembly pathway is fully understood and sys-
tem conditions are highly optimized, the time required
to form the target structure can become prohibitively
long, if accessible at all.

Through recent advances in colloidal synthesis, a new
class of colloid has been developed with the unique capa-
bility of exploiting local energy or chemical gradients to
propel themselves at speeds of tens of microns per second
[29-35]. These synthetic particles can be thought of as
the colloidal analog of swimming bacteria. Crucially, a
major benefit of these synthetic variants over their bio-
logical counterpart is the ability to systematically tailor
interparticle interactions and dynamically modulate both
the mechanism and speed of self-propulsion. The inher-
ent non-equilibrium nature of these active colloids and
their rich collective behavior have inspired a large body
of work in the field of non-equilibrium statistical physics
[36H44]. From a materials engineering perspective, an ac-
tive particle’s ability to autonomously navigate complex
microfluidic environments conjures up a host of appealing
applications. Due to their unique self-driven nature, and
ability to sense their environment at a scale comparable
to their size, active particles are potentially the ideal tool
to manipulate and transport matter at the microscale. It
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has already been shown by multiple research groups that
active colloids are a powerful medium for mediating the
effective interactions between suspended microstructures
[45H54].

In the context of active colloidal self-assembly, a se-
ries of recent studies have shown that a judicious use
of self-propulsion can be extremely beneficial when self-
assembling both finite-size and macroscopic crystalline
structures from single colloidal units [55H63]. The central
theme throughout these studies is that by self-propelling
each individual building blocks it is possible to drive the
system away from some metastable, kinetically frustrated
state into the desired final configuration. The success of
such a strategy hinges on the ability of controlling simul-
taneously both the strength and anisotropy of interpar-
ticle interactions as well as the strength and direction of
the active forces for all self-assembling building blocks.
There has been some impressive experimentally work in
this direction [29] [64] [65]. However, it is not necessarily
obvious how to synthesize colloids with full control over
both the nature of the pair interaction and active forces.

In this work, we leverage an alternative technique
which circumvents this issue, and demonstrates that ex-
cellent self-assembly can be achieved by simply adding
a relatively small number of purely-repulsive active par-
ticles to a solution of complex colloidal building blocks.
This strategy of active doping has been explored both ex-
perimentally and theoretically by several research groups
[66H76]. Tt has been shown to be an effective strategy
for a range of microscopic task ranging from healing de-
fects in colloidal crystals to modulating the structure of
isotropic colloidal gels and glasses. Prior active doping
studies have predominately focused on dense suspensions
of passive colloidal building blocks that interact through
isotropic pair interactions. One of the central findings
in this study, is that active doping is insensitive to the
details of the pair interaction between passive colloidal
building blocks as long as it is sufficiently short-ranged.
The significance of this cannot be overstated as these
are the class of building block required to build complex
colloidal structures that go beyond simple closed packed
geometries.

We apply the active doping strategy to three differ-
ent colloidal self-assembly problems to illustrate that it
provides a systematic and generic pathway to improving
the self-assembly of a large number of complex colloidal
structures. The first is the formation of a hexagonal crys-
tal using colloids with a short-ranged isotropic attraction
as the building block. The second example are triblock
Janus colloids which are designed to self-assembly into a
colloidal kagome lattice. Even this difficult self-assembly
problem of constructing an open-cell structure can be
significantly enhanced using the protocol we detail. The
final example is the formation of a two dimensional cubic
crystal with square symmetry formed with patchy col-
loids equipped with four orthogonal attractive patches.
This simple strategy offers a higher level of control over
system conditions in comparison to methods where each

individual building blocks is active. We should also stress
that our results can be easily tested experimentally as
purely-repulsive active colloids are readily available ex-
perimentally. Lastly, we uncovered a previously unre-
ported microphase in mixtures of passive and active col-
loids. For a range of self-propelling velocities, it is possi-
ble to stabilize a suspension of fairly monodisperse finite-
size crystallites (See Fig. 1C). Interestingly, the stability
of this phase also seems to be insensitive to the underly-
ing pair interaction between passive building blocks. We
discuss the physical mechanism underlying the stabiliza-
tion of this novel phase.

II. MODEL

Both active and passive colloids are modeled as spheres
of diameter o that undergo Brownian dynamics at a
constant temperature T according to the coupled over-
damped Langevin equations:

#(t) = Un(t) + V2D E(t) + v~ L F (1)

n(t) = /2Dr€r(t) x n(t) + 75 Ty (2)

where the translational diffusion of the colloid is given by
the Stokes-Einstein relation D = kgTy~! with v being
the translational friction due to the fluid. Unless stated
otherwise, it can be assumed that all colloids are confined
to move in the xy-plane (including the orientation vec-
tor of all active colloids). Each active colloid swims at a
fixed speed U along a predefined orientation unit vector
n(t), while for all passive colloids U = 0. For spheri-
cal colloids in a low Reynolds number environment it is
reasonable to assume rotational diffusion is thermal in
origin and given by D = kBT’ygl = 3Do 2 where the
rotational friction is given by vg. The random Brownian
forces and torques acting on each colloid are modeled as
Gaussian white-noise and are characterized by (£(t)) = 0
and (€. (D€5(t))) = bapd(t — ¢') and (€a(t)) — 0 and
(€ra(t)ERp(t")) = 04p30(t —t'), respectively. The inter-
particle forces and torques that arise from the chemical
patterning of the colloid’s surface are given by Fj; and
T;;, respectively. A more complete discussion of the dif-
ferent pair potential and their functional form can be
found in the Supplemental Material.

All simulations consist of a binary mixture of N at-
tractive passive colloids and M purely repulsive active
colloids confined to a periodic box of dimension L. We
considered three different types of passive colloidal build-
ing blocks: 1) spherical particles with a steep short range
attraction, 2) triblock Janus colloids with two attractive
patches located at the poles such that they self-assembly
into a kagome lattice, and 3) spherical particles equipped
with four attractive patches oriented in such a way to
form a square crystal in two dimensions. As we are in-
terested in the low-dosage regime where M < N, we con-
sider ratios y = M/N in the range of 0.05-0.2. The length



.
-

FIG. 1. Representative snapshots of the isotropic system with
short-ranged attraction for different state points. The total
volume fraction is fixed at ¢ = 0.2, and the ratio of purely
repulsive active colloids x = 0.1 for a total of 16384 particles.
(A) Snapshot of the gel-like network characteristic of the equi-
librium system (U = 0). (B) Collapsed gel-like network for
low to moderate self-propelling velocities U = 20 (C) Stable
microphase of a fairly monodisperse suspension of crystallites
for U = 100, and (D) a single crystal coexisting with its own
fluid for U = 127. The system completely melts for higher
velocities. The passive particles are depicted with the color
blue, while the active colloids are shown in orange.

and energy scale are chosen to be ¢ and kg7, respec-
tively, while 7 = 02D~! is the unit of time. All simula-
tions were run for 109 —10'° timesteps with a timestep of
At = 10~°7. All results are reported in reduced Lennard-
Jones units. As a useful reference, an active colloid in
our simulations with swim speed U = 1 corresponds to
a swim speed of &~ 1 pm/sec for an active colloid with a
diameter of &~ 1 um. All system snapshots were rendered
with the OVITO visualization package [77].

III. RESULTS & DISCUSSION

As previously noted, finding the thermodynamic pa-
rameters for which self-assembly is optimal can be quite
cumbersome. The geometry and strength of the interac-
tions need to be carefully engineered to ensure that once a
cluster begins to form it can locally reorganize to heal any
local defect that may get trapped in the growing struc-
ture. Usually, the window in this parameter space where
self-assembly is successful is rather narrow. Even for a
simple colloidal suspension with particles interacting via
a generic short-range attraction, optimal self-assembly is

obtained only when /kgT 2 1. In fact, when thermal
forces dominate (¢/kgT < 1), the system structurally
remains in a gas phase where only small and short-lived
clusters are observed. In the opposite limit, when attrac-
tive forces dominate (¢/kgT > 1), the system can eas-
ily become trapped in a malformed, metastable gel-like
configuration. This simple picture of self-assembly does
not rely on microscopic system-specific details, provided
the geometry of the interparticle interactions is compat-
ible with the desired target structure, and thus applies
broadly to any colloidal system with a short-range at-
tractions.

To understand the overall effect a small number of
purely-repulsive active particles has on the stability of a
metastable gel, we first consider the case of a small frac-
tion of purely-repulsive active colloids added to a sus-
pension of passive colloids interacting via an isotropic
short-ranged attraction. This is implemented using a Mie
potential (i.e. generalized Lennard-Jones) of the form

ver-e(5)-(5) ) o

For passive colloids, the potential is cut off at a distance
of r. = 1.50 and € = 6kgT. This gives rise to a rather
short-ranged attraction that favors the formation of ki-
netically frustrated gel-like structures for relatively weak
interactions strengths. The active colloids that we add in
solution are purely repulsive and only interact via their
excluded volume. This purely repulsive interaction is re-
alized by setting the cutoff of the potential in Eq. |3| to
r. = 2180 for all pair interactions involving active col-
loids.

The results for the isotropic case in two dimensions
are summarized in Figs. 1-3. Figure 1 highlights dif-
ferent snapshots of the typical steady state configura-
tions obtained for a low density system (¢ = 7/4(N +
M)(o/L)?=0.2) of isotropically attractive particles self-
assembling in the presence of a 10% fraction of purely-
repulsive active particles (x = 0.1). The results are quite
remarkable. Figure 1(A) shows the extended colloidal
gel formed by the passive building blocks when activity
is turned off (U = 0). Figures 1(B-C) show how the gel is
dissolved in favor of a stable cluster phase of intermediate
sized crystals for activities U € (40 — 100). The number
of clusters increases and become more isotropic in shape
as activity is increased. Finally, Fig. 1(D), obtained for
U ~ 125 shows a single perfect crystal coexisting with
its own fluid. For even larger values of the active forces,
the system melts completely into a gas, permitting just
a few small and short-lived clusters.

To quantitatively characterize the morphology of the
aggregates as a function of the self-propelling speed, we
compute a normalized surface to volume ratio of the pas-
sive structures. By considering the total perimeter of
the condensed structures in the system and dividing that
length by the perimeter of an ideal perfect hexagonal
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FIG. 2. (Top) Order parameter A indicating the length of
the boundary of aggregates formed by the passive particles
relative to that of an ideal hexagon structure as a function
of the active velocity U, for different values of the ratio x
between active and passive particles in the system, at constant
volume fraction ¢ = 0.2. (Bottom) Phase ratio, p, of passive
particles in the solid state divided by the total number of
passive particles as a function of the active velocity U, for
different values of x, at constant volume fraction ¢ = 0.2.

crystal having the same number of particles [78]. This
order parameter, \, acquires a value much larger than
one when the passive particles form an extended gel, and
tends to one when in the presence of a single defect-
free hexagonal crystal. As activity is increased, more
and more passive colloids are found in the gas phase or
form small dynamic crystallites of only tens of colloids.
We exclude small short-lived clusters that contain less
than (N¢,: = 40) in our statistical analysis. The results
are rather insensitive to the specific values of N¢,; when
taken within the range N.,; = 20 — 60. The top panel
of Fig. 2] shows the dependence of A on U for three dif-
ferent ratios of active and passive particles x at a fixed
system volume fraction ¢ = 0.2. Whereas the top panel
of Fig. [3] shows the dependence of A on U for three dif-
ferent volume fractions ¢ at a fixed ratio y = 0.1. We
also report in the bottom panel of Figs. P] and [3] the
corresponding phase fraction p defined as the fraction of
passive particles that belong to a cluster larger than N,
as a function of U.

As anticipated from the simulation snapshots, the over-
all behavior for all values of ¢ and x indicates that A
rapidly decays as soon as activity is introduced in the
system. This rapid drop, which physically corresponds to
the collapse of the gel network, is followed by a plateau-
ing region where A is only weakly dependent on U. This
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FIG. 3. (Top) Order parameter A indicating the length of

the boundary of aggregates formed by the passive particles
relative to that of an ideal hexagonal structure as a function
of the active velocity U, for different volume fractions ¢ at
constant x = 0.1. (Top) Phase ratio, p, of passive particles in
the solid state divided by the total number of passive particles
as a function of the active velocity U, for different values of
¢ at constant x = 0.1.

flat region in A corresponds to an ensemble of crystallites
which become increasing more monodisperse and numer-
ous as U is increased. At sufficiently large U, A\ obtains
the nearly ideal value of one, where a single or only a
few crystals of passive particles are present in solution.
It is important to note how the phase fraction p remains
constant and nearly one until the final decay of A. This
indicates that for most values of U every passive build-
ing block in the system belongs to a cluster of at least
size Ngyt, be that a part of some extended gel network or
compact crystallite. The decrease in the number of clus-
ters which accompanies the final decay of A is followed by
a sharp decay p, indicating that most particles are now
in highly dynamic clusters that contains less than N¢,:
particles.

The behavior of A at a fixed volume fraction, as shown
in Fig. 2, illustrate that larger values of x require smaller
active velocities before the system is fully fluidized. This
is expected, as more active colloids can collective exert
larger forces on a particular region of the passive struc-
ture and have a higher tendency of locally reshaping it
or breaking it down. The results at fixed x as provided
in Fig. 3 indicate that larger activities are required to
drive the system into the gas phase as the volume frac-
tion of the system is increased. This result is also easily
rationalized by appreciating that the larger the volume
fraction, the more readily passive particles can find each
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FIG. 4. Log-log plot of the size of the largest cluster in the
system over time for ¢ = 0.2, x = 0.1 and U = 127. Here
the total number of particles is 8192. The inset shows typical
finite size clusters of passive particles (in blue) shielded by
active particles (in orange) for ¢ = 0.2, x = 0.2.

other and rebind. Thus faster particles are required to
prevent this recombination and break down the passive
structures.

There are two nontrivial aspects of our results which
require further investigation. (1) The behavior of the sys-
tem for intermediate values of U, which are characterized
by an ensemble of similarly-sized stable hexagonal crys-
tallites. (2) The crystal growth dynamics associated with
the formation of the single crystal for the largest values of
U prior to the complete fluidization of the system which
follows what appears to be a traditional crystal nucle-
ation pathway.

To test whether the finite-size crystallites are not a
mere transient step in a slow cluster-to-cluster associa-
tion dynamic, we extend the duration of our simulations
up to 100 timesteps. Within this extended duration of
1057, clusters have had the opportunity to merge with
one another numerous times, yet once they acquire a well
defined size, their growth appears to stop. A detailed
analysis of the particle configurations reveals that once
the clusters are sufficiently large, their surfaces become
partially covered by a corona of mobile active colloids,
and their presence effectively passivates their surface by
providing a layer of hard-sphere particles that shields
them against coalescence with other clusters. The in-
set in Figure 4| shows a pair of typical crystallites with
a dynamic corona of active colloids around each. This
is reminiscent of the addition of a passivating ligand in
nanocrystal self-assembly to prevent further growth and
allow stabilization of preferred crystal size.

This behavior is in good agreement with several stud-
ies that have looked to characterize the accumulation of
active particles on flat and curved surfaces [T9H87]. Sur-
face accumulation of active Brownian particles is char-
acterized by a density profile that peaks at the surface
and decays exponentially as one moves away from it. In
most of these studies, infinitely long surfaces with non-

interacting spherical active particles were considered. In
order to capture the role of finite size effects and vol-
ume exclusion on the accumulation of active particles on
the surface of a passive cluster, we performed a series of
simulations where we construct a fixed surface by laying
down N particles next to each other at a distance of 018
in a linear formation and add a small fraction of active
particles in solution. We then measure the probability
that no active particle is found in contact with the sur-
face (i.e. within a distance 215¢ from any of the fixed
surface particles). P(N) as a function of N, for different
values of U at an active particle volume fraction of 0.1
are shown in Fig. | The results indicate that already for
moderate active velocities, P(N) quickly decays to zero.
In other words, once a cluster reaches a characteristic size
there will always be some number active particles shield-
ing the clusters, and the larger the clusters become, the
more probable it is for the active particles to fully passi-
vate them forming an inert layer at the surface.

This is an important result for two reasons. First, it
suggests a simple physical mechanism to understand the
possible stabilization of the finite size clusters. The sec-
ond is that it explains the nucleation-like crystal forma-
tion observed for large activities. In this limit, only a suf-
ficiently large isotropic cluster can withstand the strength
of the active forces. Starting from a homogeneous uni-
form state, the formation of such a large cluster is rare
and can take a long time (See Fig. 4). However, once it
forms, its growth can be easily fueled by the addition of
either single particles, or very small clusters (for which
the surface passivisation effect is weak). The final con-
figuration in this case is a large cluster coexisting with
its own fluid. In Fig. [d a typical time trace for the size
of the largest crystal over time in a system of 8196 par-
ticle with x = 0.1, at ¢ = 0.2. This is for a value of
the active velocity U = 127 where the system exhibits
nucleation-like behavior. By inspection, the size of the
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FIG. 5. Probability of finding no active particle, P(N), within

278 from a frozen interface build by placing N particles of
diameter o next to each other in linear formation. Different
curves correspond to different speeds. The volume fraction of
active particles is 0.1.



FIG. 6. Additional examples of the reshaping and healing of colloidal gels with complex building blocks. The top panel of
figure A and B correspond to the equilibrium structure (U = 0) of triblock Janus particles and four-patch particles for a volume
fraction of ¢ = 0.2 and active doping fraction xy = 0.016. The bottom panel of Fig A and B highlight the stable cluster of the
kagome lattice and square symmetry crystal, respectively. Here, the active velocity is U = 50 and U = 55, respectively. The
top panel of Fig. [6IC depicts the extended gel for isotropically attractive particles in three dimensions and the bottom panel
shows the suspension of monodisperse crystallites for the same building block. In the three dimensions case, ¢ = 0.1, x = 0.1,

and U = 100

critical nucleus is between 100-120 particles. Any clus-
ter with a size below this will melt, but once it becomes
larger than that onset value it can easily grow.

It would be incorrect to think of the small concentra-
tion of active colloids as simply generating larger tem-
perature fluctuations in the solution. This effective tem-
perature mapping is only reasonable in the large activ-
ity limit where crystallization proceeds via the process
of nucleation. To confirm this, we performed a series of
simulations where the fraction of purely-repulsive active
colloids are replaced with purely Brownian particles fluc-
tuating at temperatures on the order of ~ U2. For large
values of this effective temperature, we indeed observed
crystal nucleation from a fluid phase. The phenomenol-
ogy is however rather different for lower effectively tem-
peratures. In the regime where the active system exhibits
the stable microphase of long lived finite-size crystals the
temperature-mapped system consistently shows contin-
uous cluster aggregation. In the active case the doped
particles accumulate at the surface of passive clusters and
serve as a shield preventing further cluster aggregation.
In the case where the doped particles are Brownian with
an effective higher temperature there is no surface ac-

cumulation and these particles serve as a non-adsorbing
depletant. The net effect is an attractive depletion inter-
action between the clusters that encourages coalescence.
What makes active particles particularly unique and is
the driving factor for much of the phenomenology in this
study is that their motion is correlated over a length scale
¢ = U/Dg, which is often called the run length and is
comparable to persistence length in polymer physics. An
understanding of the role of this length scale can be used
to great effect to exhibit further control over the self-
assembly process.

As a poignant example of this control we outline two
different procedures which can be implemented to in-
crease the size of the largest crystals once the system
reaches steady-state. These strategies are most effec-
tive when U is sufficiently large such that the system
is either in the phase of monodisperse crystallites or is
a single cluster coexisting with its own fluid. The first
strategy is to slowly increase the rate of rotational diffu-
sion of the active colloids, which in effect decreases their
run length. This has the net result of reducing the ac-
cumulation of the particles on the crystal surfaces and
promoting its growth. In this limit £ — 0, the active sys-



tem becomes analogous to the thermally-mapped system
discussed above. In simulation, modulating the rate of
rotational diffusion of the active colloids is trivial. How-
ever, experimentally this proves to be more challenging
and is an area of research that has garnered consider-
able interest. Control over the rotational degrees of free-
dom of active colloids has been shown to be dependent
on the specific propulsion mechanism through the asso-
ciated phoretic and near-field hydrodynamic interactions
which can vary widely. We find it highly intriguing that
in most instances phoretic and near-field hydrodynamic
effects are highly and orthogonally tunable suggesting an-
other powerful handle to modulating system conditions.
A natural extension of this work would be to explic-
itly model and quantify these contributions for a variety
of active colloids with different propulsion mechanisms.
The second strategy is currently more easily experimen-
tally accessible and that is simply to slowly decrease the
active speed of the particles. This type of control over
the active velocity has already been demonstrated for
light-activated active colloids. In a similar fashion to de-
creasing the rate of rotational diffusion, this also has the
effect of decreasing the number of particles shielding the
clusters promoting its grows, and simultaneously lowers
the crystal nucleation barrier. In both cases we observe
that the size of the largest cluster in the system can be
easily doubled or tripled.

Perhaps the most appealing features of active doping
is that the mechanism appears to be independent of the
details of the interparticle interaction between passive
building blocks as long as it is sufficiently short ranged.
These more sophisticated building blocks with patchy or
anisotropic pair interaction allow for the self-assembly
of structures of increased complexity. To illustrate the
generic nature of this approach, we considered two dif-
ferent self-assembly problems with patchy particles. The
first are triblock Janus colloids with an attractive patch
at each pole which spontaneously self-assemble into a
kagome lattice and the second are particles with four
short ranged attractive patches designed to form a sim-
ple square lattice in two dimensions. In similar spirit to
the isotropic case, the binding energy between patches
for both sets of patchy particles were chosen to be suffi-
ciently strong such that the system rapidly evolves into a
metastable extended gel configuration. The steady state
configuration are shown in the top panels of Fig. 6A
and Fig. 6B for the triblock and four-patch particles,
respectively. The active force is chosen such that it is
larger than the binding energy between two patchy par-
ticles. For the triblock and four patch system U = 50 and
U = 55, respectively. This creates conditions such that
a single active colloid can break the strands that charac-
terize the gel, but is unable to destroy larger aggregates
as they form and can only reshape their surface. The
volume fraction for both systems here is ¢ = 0.2 and the
doping fraction is y = 0.016. The phenomenology for
these patchy particle system follows the same trend as
laid out for the isotropic case. As activity is increased,

the gel collapses and the system is driven into a configu-
ration of finite crystallites. This microphase is shown in
the bottom panels of Fig. 6A and Fig. 6B for the triblock
and four-patch particles, respectively. These crystals can
be made more numerous and regular in shape by further
increasing the active velocity. Both of these systems are
amenable to the protocols laid out in the previous sec-
tion to increase the size of the clusters. Additionally,
if activity is further increased, both systems will be flu-
idized and it will only be possible to form small transient
clusters. Similar phenomenology and phase behavior
is also observed for building blocks interacting through
an isotropic potential in three dimensions, as shown in
Fig. [6C which depicts the extended gel in the top panel
and the suspension of monodisperse crystallites in the
bottom panel. The building blocks here interact through
the same Mie potential as the two dimensional case. In
the three dimensions case shown in in Fig. [6IC the system
parameters are: ¢ = 0.1, x = 0.1, and U = 100. Lastly,
we have predominately considered building blocks with
a fairly short range interaction which promotes the for-
mation of kinetically frustrated aggregates, we have also
performed a series of simulations with a (12-6) Lennard-
Jones potential with a cut-off at 2.50, and found that an
analogous mechanism of stabilization exists even in this
case with a longer range interaction.

IV. CONCLUSION

Our results indicate that it is always possible to add
a sufficient number of purely-repulsive active colloids at
the appropriate self-propelling speed to break apart any
arrested colloidal gels and allow the exclusive and con-
trolled formation of isotropic, ordered structures. This is
possible because the persistent active forces can rapidly
collapse and reshape the elongated linear strands making
up the gel network into large isotropic clusters. Remark-
ably, this mechanism is independent of the specific pair
interaction between the passive building blocks. Interest-
ingly for all cases considered, it is possible to stabilize a
suspension of fairly monodisperse finite-size crystals for
a range of intermediate self-propelling velocities. The
overall size of the clusters decreases with an increase in
strength of the active forces, while their overall number
increases, until, beyond an onset value of the active force
the system completely melts into a fluid. We study in
detail the mechanism by which these finite size clusters
are stabilized and discovered two important contribution
which promote their stability. The first is a steric stabi-
lization due to the presence of a layer of active colloids at
the boundary of each crystallite. This dynamic but per-
sistent layer prevents individual clusters from coming in
contact and merging. The second contribution is related
to the emergence of the swim pressure [88H90] as the clus-
ters grow to a size comparable or much larger than the
persistence length of an active colloid. Once the clusters
have achieved this sufficiently large size, there is a sta-



tistical force, similar in spirit to depletion in equilibrium
system, which is extremely repulsive at short interaction
distances and weakly attractive at longer distances. This
effect in active matter systems has been studied in some
detail elsewhere [80) [81] 84, [@1]. The active stabiliza-
tion of these clusters is quite remarkable and cannot be
described by mapping the active forces into an effective
temperature of the solution. Furthermore, the mecha-
nism of stabilization is significantly different than the
one proposed for the stabilization of “living” crystals in
solutions of all-active colloidal particles [92].

Lastly, it is important to emphasize that whether we
implement the active doping strategy once the colloidal
gel has already formed or from a random fluid state of
the passive particles, the final results are the same. In
systems where activity can be dynamically modulated,
our results suggest a number of protocols that can be
implemented to maximize self-assembly. One can think

of self-propulsion in these systems as a very selective filter
that only allows for the stabilization of certain structures.
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