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ABSTRACT: A new technology platform built on the integration of theory and

Block Copolymer Content >

experiments to enable the design of Janus colloids with precision control of surface
anisotropy and amphiphilicity could lead to a disruptive transformation in the next
generation of surfactants, photonic or phononic materials, and coatings. Here, we
exploit molecular dynamics (MD) simulations to guide the rational design of
amphiphilic polymer Janus colloids by Flash NanoPrecipitation (FNP), a method
capable of the production of colloids with complex structure without the compromise
of reduced scalability. Aided by in silico design, we show in experiments that
amphiphilic Janus colloids can be produced using a unique blend of hydrophobic
homopolymers and the addition of an amphiphilic block copolymer. The final
structure of the colloids depends on the mass fraction of each homopolymer as well as
the concentration and composition of the block copolymer additive. To confirm the
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surface activity of the colloids, we demonstrate their potential to stabilize Pickering

emulsions. This hybrid approach of simulations and experiments provides a pathway to designing and manufacturing complex

polymeric colloids on an industrial scale.

B INTRODUCTION

Polymeric colloids with structural complexity, including Janus
colloids with two distinct surface domains, have shown promise
in applications ranging from theragnostic nanomedicine to
smart displays.l_5 In his 1991 Nobel lecture, Pierre-Gilles de
Gennes highlighted the potential of amphiphilic “Janus grains”
that have similar features to molecular surfactants.” From this
viewpoint, Janus colloids may be thought of as next generation
surfactants. Homogeneous colloids may already adsorb to an
oil/water interface, forming a so-called Pickering emulsion in
which the colloids form a layer on the surface of the dispersed
droplets.”~"* With increasing the amphiphilicity of the colloids,
thereby creating a Janus structure, they more effectively reduce
the interfacial tension'”'* with an adsorption energy triple that
of homogeneous colloids.'>'® The large adsorption energy
essentially traps amphiphilic Janus colloids at the oil/water
interface. Therefore, unlike emulsions stabilized by molecular
surfactants which adsorb reversibly onto a droplet surface,
amphiphilic Janus colloids adsorb irreversibly at oil—water
interfaces, forming a physical barrier that hinders droplet
coalescence.' """

Despite the manifold potential applications of amphiphilic
Janus colloids, producing such surface-active colloids in
sufficient quantity remains challenging, which has slowed their
implementation at industrial scales.”””>’ Current synthetic
approaches can involve multiple complex steps, leading to low
production yields and the formation of colloids with limited
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chemical diversity. Therefore, it is essential to develop a facile
approach to produce amphiphilic Janus colloids with ease of
tunability and scalability. Such an approach opens the doors to
generate amphiphilic Janus colloids for Pickering emulsions and
other applications at commercial scales.

Previously, we experimentally and theoretically demonstrated
that the rapid mixing of a binary solution of hydrophobic
homopolymers against an aqueous antisolvent stream resulted in
the assembly of polymeric Janus colloids.”*">*** Using this
technique, termed Flash NanoPrecipitation (FNP), as shown
schematically in Figure la, both colloid size and surface
anisotropy were independently controlled. Unlike other
precipitation-based methods, FNP induces precipitation of the
polymers upon solvent exchange within a confined volume on a
millisecond time scale. By controlling the polymer concentration
in the feed streams and the rate of mixing, colloids with tunable
sizes and with a narrow size distribution could be produced.”’
Moreover, the FNP technique is capable of continuous
operation—the preferred operation mode for large-scale
production of polymeric colloids. In spite of the ease of
operation and flexibility of the FNP technique, so far only Janus
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Figure 1. (a) Schematic illustration of the Flash NanoPrecipitation (FNP) technique for producing amphiphilic Janus colloids. (b) MD simulations
and experimental design space to investigate the effects of block copolymer content and the volume fraction of the hydrophilic block on the polymer

colloid structure produced via FNP.

colloids comprising two dissimilar hydrophobic polymers (A
and B) have been successfully produced, and the formation of
amphiphilic Janus colloids via FNP remained a technical
challenge.

One strategy to produce amphiphilic Janus colloids using the
FNP technique, without any loss in process scalability, would be
to functionalize one side of the hydrophobic Janus colloids with
an amphiphilic A-b-C block copolymer (BCP). The addition of a
BCP, however, introduces several parameters, which could
potentially alter the assembly process of the polymers and thus
influence the final structure of the precipitated colloids. Among
the numerous parameters, the final morphology of the
structured colloids in the presence of BCP depends strongly
on the BCP concentration and volume fraction of the
hydrophilic block. These factors lead to a large parameter
space for producing various amphiphilic colloids using FNP and
thus necessitate an extensive searching-and-screening approach
that is impracticable in experiments.

To develop a feasible strategy to design amphiphilic Janus
colloids, we first screened the parameter space via a series of
computational studies of the FNP process. With guidance from
simulations, we drastically reduced the number of experiments
required to develop a formulation to produce amphiphilic Janus
colloids by FNP. A design space was, therefore, developed
outlining optimal ranges of BCP concentration and composition
to be employed in the FNP experiments—see Figure Ib.
Furthermore, the partnership between computational and
experimental studies allows for a synergistic approach in
understanding the mechanisms of amphiphilic Janus colloid
formation as well as the molecular-scale characterization of the
colloid structure. Finally, we show the potential of amphiphilic
Janus colloids produced by FNP in generating Pickering
emulsions.

B RESULTS AND DISCUSSION

To design amphiphilic colloids through an approach that is both
scalable and tunable, we exploited the solubility properties of
homopolymer-BCP blends in the FNP technique. In both
experiments and simulations, blends of two hydrophobic
homopolymers and one amphiphilic BCP were incorporated
into the feed stream of the FNP system, as shown in Figure la.
The two hydrophobic homopolymers used were polystyrene
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(PS) and polyisoprene (PI). We used the amphiphilic BCP
polystyrene-block-polyethylene glycol (PS-b-PEG). In order to
efficiently survey the design space and evaluate key process
parameters, we performed molecular dynamics (MD) simu-
lations using a bead—spring polymer model in an explicit
solvent’’—see the methods section for more details. In
particular, we systematically studied the effects of BCP content
and composition on the colloid morphology. In all cases, PI
formed 50% of the final colloid mass, and the other 50% of the
colloid mass contained either PS or PS together with PS-b-PEG.
The mass fraction of BCP relative to the total colloid mass, Cyp,
was increased by replacing homopolymer PS in the system. The
BCP composition, f,, is quantified by the ratio of the volume of
the PEG block (Vpgg) to the total volume of a BCP chain

(Vvtotal) :

f phil —

Veeg
|

total

(1)

Both parameters f,,; and Cpcp could be utilized to tune the
degree of amphiphilicity of the precipitated polymer colloids, as
the former controls the volume fraction of the hydrophilic block
per BCP, while the latter sets the overall fraction of BCP in the
system (and thus in each precipitated polymer colloid). Five
BCP compositions were initially examined in our simulations,
fphﬂ =0.09,0.26, 0.39, 0.70, and 0.91 corresponding to 2, 6, 9, 16,
and 21 hydrophilic monomers, respectively, out of 23 in the
BCP. Also, five BCP contents, Cycp = 10, 20, 30, 40, and 50%
were considered, while the amount of PI was kept constant at Cp;
= 50%, as explained earlier. We initially equilibrated the
polymers in a good solvent, which was then replaced
instantaneously by the antisolvent, resulting in the collapse
and aggregation of the hydrophobic polymers. In all simulations,
the molecular weights of the polymers were less than their
entanglement M,,. Furthermore, all simulations were conducted
at a temperature above the glass transition temperature of all
polymers. Thus, the polymers could move freely within the
polymeric colloid to optimize their arrangement. Once the
systems reached equilibrium, we analyzed both the resulting
morphology of the colloids as well as the spatial distribution of
each of the three components in the polymeric colloidal domain.

Figure 2 shows the resulting morphology diagram from
simulations, indicating that for the BCPs with the shortest
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Figure 2. Equilibrium morphologies of simulated colloids as a function
of the BCP composition, fy;, and content, Cycp. The lines in the
morphology diagram are intended as guides to the eye. Representative
simulation snapshots are shown at the bottom of the ﬁ§ure and have
been rendered using Visual Molecular Dynamics v.1.9.>° PS beads are
colored yellow, PI beads are colored blue, and PEG beads are colored
orange. A cross-sectional view was chosen for the core—shell colloid to
better visualize its morphology.

hydrophilic block, f,; = 0.09, a Janus morphology was observed
for the entire range of Cycp with the amphiphilic BCPs adsorbed
only atop the PS domain of the Janus colloid. In this case, the
influence of the hydrophilic block on the colloid morphology
was negligible, and we observed the same Janus morphology as
for the system of two homopolymers alone.** For foni =026 and
0.39, similar behavior was found for Cycp < 40%, until a
morphology change from Janus to a transitional state occurred at
Cgcp = 50%. In this transitional state, colloids contained a core

made of PI which was partly covered by the amphiphilic BCPs.
Upon increasing f y; further to 0.70, amphiphilic Janus particles
were observed up to Cycp = 20%, followed by a transition to a
core—shell morphology at Cycp = 30%. In the transition state,
the two homopolymers formed the core of the colloid and
phase-separated into a Janus morphology, but the BCP adsorbed
on the entire colloid surface regardless of the homopolymer
beneath (see simulation snapshots in Figure 2). A rather
different behavior was observed for the highest value of f,; =
0.91, where no core—shell morphologies developed at any value
of Cycp. For this case, the behavior of the BCPs was dominated
by their hydrophilic block, keeping the majority of BCPs
dispersed in the solution. Only a small fraction of them adsorbed
atop the colloid surface, and this fraction monotonically
decreased with increasing Cycp (see Figure S2 in the Supporting
Information). For all other systems in our study, all BCP chains
adsorbed on the colloid surfaces.

On the basis of the design space explored through our MD
simulations, BCPs with f ;) values between 0.2 and 0.8 appear to
offer the most flexibility in colloid morphology and amphiphi-
licity. Therefore, BCPs with f;; values of 0.27, 0.5S, and 0.74
were used in our experimental studies. When blends of PS and PI
together with an amphiphilic PS-b-PEG BCP with f,; = 0.74
were employed, similar to our simulation results, we observed
shifts in colloid morphology as a function of BCP content—see
Figure 3. With no BCP in the feed stream, Janus colloids with
two hemispheres separated by a flat interface were observed. As
the BCP content was increased to Cpcp = 20%, the diameter of
the colloids decreased; yet, the interface between the PS and PI
domains remained flat. At even higher BCP content, Cpcp =
40%, core—shell colloids were formed where the PI core was
completely covered by the PS-b-PEG BCP. The morphologies
observed experimentally are in excellent agreement with the
findings of the MD simulations at the same processing
conditions (see Figure 2) and indicate that the BCP was indeed
adsorbing atop the PS domain.

Janus colloids prepared without BCP had a diameter of
approximately 660 nm and a {-potential of —26 mV—see Figure
4a,b. As Cgcp increased from 1% to 50%, for all BCP
compositions ranging from f; = 0.27 to 0.74, the size of the
colloids decreased, and the {-potential of the particles became
more neutral. We attribute the decrease in the size of colloids,
with increasing the BCP content, to the formation of a
hydrophilic corona on the colloid surface which sterically
stabilized the particles against further aggregation. Similarly, the
decrease in the magnitude of the colloid {-potential indicates
that the BCP must have adsorbed atop the colloid surfaces,” as
expected from the MD simulations. Changes in {-potential for
samples with f ;) = 0.74 were more significant than those for f,;
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Figure 3. TEM images of polymer colloids prepared from mixtures with Cycp increasing from 0% to 40%, as indicated, for BCPs with f,,; = 0.74. Scale
bars indicate 200 nm. In the illustrations, PS is colored yellow, PI is colored blue, and PEG is colored orange.
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Figure 4. (a) Average particle diameter, d, measured via dynamic light scattering (DLS) as a function of Cpp in the feed stream for three different BCP
compositions, as indicated. (b) {-Potential of colloids shown in (a) as a function of Cycp. The magenta pentagon in both panels shows the result for

purely hydrophobic Janus particles (Cycp = 0).

= 0.27. In the former, the isoelectric point was obtained at
moderate BCP content, while in the latter, the magnitude of the
{-potential decreased gradually to an average value of —5 mV at
high BCP content. This effect might originate from the inability
of the shorter PEG blocks to completely screen out the negative
surface charges or from the partial PEG coverage on the colloid
surface, which allows for the adsorption of negative charges on
the bare PI hemisphere (see snapshots in Figure 2).

The location of the hydrophilic blocks in BCP on one-half of
the Janus surface has been confirmed from snapshots of the MD
simulations (see Figure 2). However, the amphiphilicity of the
entire Janus colloid and thus its effectiveness as an emulsifier
strongly depend on the density of BCP on the surface of colloids.
The density of BCP, Z, can be estimated from™

z= em'Rg2 2)
where R, is the radius of gyration of the adsorbed hydrophilic
block, and o is the BCP surface density defined as ¢ = n/
(47R_..2). In this definition, n is the number of BCP chains
adsorbed on the surface of colloids, and R, is the radius of the
hydrophobic colloid core. The transition from a low grafting
density “mushroom” state to a hi(gher density “brush” state is
defined as the point when ¥ = 1.°" Figure 5 shows that a brush
state occurred in the simulations only for f,; = 0.70 at Cgcp >
30%, which coincides with the morphology transition from a
Janus to a core—shell configuration; see Figure 2.

Further, we investigated the orientation of the hydrophilic
blocks at the colloid surface. An analysis of the eigenvectors
describing the directionality of the hydrophilic block of the BCP
was performed to elucidate the conformation of the polymer
with respect to the radius of the colloid core. Details of the
analysis can be found in the Supporting Information, and we
discuss here only the salient features. Figure 6 shows the
probability distribution of the angle Icos ®l formed between the
director of the hydrophilic block, n, and its adsorption point, r,
when fo; = 0.70 (a value of Icos ®l = 1 corresponds to a
stretched out brush layer, whereas a value of Icos ®| = 0 indicates
that the hydrophilic block lies flat on the colloid surface). For
Cgcp = 10%, we identified a maximum at Icos Ol = 0; i.e., the
hydrophilic PEG block spread onto the hydrophobic PS surface
to minimize the surface tension with the surrounding liquid
phase. As Cycp increased, the probability distribution became
more uniform, indicating that the hydrophilic blocks started to

169

T T T T
10%  -A- 40%
L5 @ 20% -@ 50% /,'s\\\
/
-§ 30% /,:/ R
VR4
’ //
1.0 o A e
7/ /, \\\
N /./, L _:
R
0.5F /.// " ”,’ i
I’/ /” .”,
,,,’,:’:/’i,f’
0.0F g , , , . i
0.0 0.2 0.4 0.6 0.8 1.0

Sonil

Figure 5. BCP density, %, as a function of fy; for various Cycp, as
indicated. The transition from the “mushroom” state to the “brush”
state is indicated by the horizontal line at ¥ = 1.0.

form a more “pancake”-like layer on the PS surface due to
excluded volume effects. A similar behavior was observed for
BCPs with f; = 0.39 and 0.91 (data not shown for brevity). For
BCPs with f; = 0.09, the analysis described above was not
applicable since the hydrophilic BCP tail was too short.
Amphiphilic colloids have been shown to be effective
stabilizers from extensive studies of Pickering emulsions in the
literature, where the most effective stabilizers were hydrophilic
silica particles grafted with surfactants or BCPs."” In this work,
amphiphilic Janus colloids were prepared using FNP with a
blend of 50% PI, 40% PS, and 10% amphiphilic BCP in the feed
stream, as demonstrated earlier in experiments and MD
simulations. To examine the ability of amphiphilic Janus colloids
as emulsifiers, a vortex mixer was used to mix aqueous
suspensions of the amphiphilic Janus colloids at a particle
concentration of 0.05 wt % with decane at a volume ratio of 2-to-
1 for aqueous-to-oil. The volume and stability of any resulting
emulsion were assessed over the course of several hours. Oil/
water mixtures without polymer colloids phase separated
spontaneously after mixing with no emulsion phase, as shown
in Figure 7a. When oil was mixed with water containing non-
amphiphilic Janus colloids (i.e., bare PS/PI Janus colloids), a
small emulsion phase was obtained which was stable for less than
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Figure 6. (a) Schematic describing the director of the hydrophilic block
n, and its adsorption point, r. (b) Representative simulation snapshots
for systems with f;; = 0.70 at Cycp = 10% and 50%. Only selected
hydrophilic blocks have been rendered to improve clarity. (c)
Probability density distributions, P(lcos ©I), of the average angle
between n and r in the systems where f ;= 0.70 and Cpcp is varied from
10% to S0%.

3 h after mixing (see Figure 7b). For the same amount of time,
mixtures with colloids containing amphiphilic BCPs with an f i,
0f0.27, 0.5S, or 0.74 exhibited a distinct emulsified phase even at
low BCP content (Cpcp = 10%) and low particle concentration
(0.05 wt %); see Figure 7c—e. The stability of Pickering

emulsions generated with amphiphilic Janus colloids is a
function of the composition of the BCPs. Formulations with
short hydropbhilic blocks ( foni= 0.27) created a smaller emulsion
phase, 38% of the total volume, whereas the colloids prepared
with a more hydrophilic BCP ( fohit = 0.74) resulted in a larger
emulsion phase, up to 60% of the total volume; see Figure 7c—e.
The higher PEG content of the more hydrophilic BCPs
increased the amphiphilicity of the Janus colloid, making those
colloids more effective in stabilizing Pickering emulsions than
those prepared with a more hydrophobic BCP. This is direct
evidence showing that the amphiphilic Janus colloids were
indeed surface-active. Because amphiphilic Janus colloids
adsorbed strongly to the oil/water interface, they were able to
stabilize the emulsion phase better than the purely hydrophobic
Janus particles.

B METHODS AND MATERIALS

Materials. Polystyrene (PS, M, = 16.0 kg/mol, dispersity
(D) =1.03), polyisoprene (PI, M, = 11.0 kg/mol, D = 1.06), and
all polystyrene-block-polyethylene glycol (PS-b-PEG) diblock
copolymers (f, = 0.27, M, = 5-b-2 kg/mol, B = 1.09; f,; =
0.54, M, = 3.8-b-5 kg/mol, D = 1.06; and f 4y = 0.74, M,, = 1.6-b-
S kg/mol, D = 1.10) were purchased from Polymer Source Inc.
(Dorval, Quebec, Canada). Tetrahydrofuran (THF) was
purchased from Fisher Scientific, and DI water was filtered
through a 0.2 ym filter using a NANOpure Diamond filtration
system. Decane was purchased from Alfa Aesar and purified over
Florisil purchased from Sigma-Aldrich for 12 h.

Experimental Methods. Flash NanoPrecipitation (FNP)
was performed using a confined impingement jet (CIJ) mixer
with the given polymers in the desired mass ratios dissolved in
THE in the feed stream at a total polymer concentration of 1
mg/mL. The feed stream was mixed with the antisolvent stream
composed of DI water at a total flow rate of 2 mL/min, and the
effluent was quenched in an antisolvent reservoir of DI water at a
feed stream/antisolvent stream/antisolvent reservoir volume
ratio of 1:1:1. The residual THF was removed from the system
by rotary evaporation at a temperature of 37 °C and a pressure of
100 Torr for 30 min.

Colloids were prepared for imaging after removal of residual
THF by staining with osmium tetraoxide (OsO,). A 500 uL
sample of the colloidal suspension was added to 500 #L of a 0.2
wt % OsO, aqueous solution and left for 2 h to stain at room
temperature. The resulting mixture was centrifuged at 4000 rpm

a) b) <)

d) e)
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Figure 7. (a) Decane/water mixtures containing no colloids, (b) PS/PI Janus colloids, and (c—e) Janus colloids prepared from PS/PI/PS-b-PEG
mixtures in FNP with Cycp = 10%. All images have been taken 3 h after mixing except for (a) which was right after mixing. The upper phase is decane,
the lower phase is water, and the middle phase is the emulsion with the volume fraction of the emulsion indicated below the images.
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at 5 °C for 10 min, and a 0.8 uL drop of the supernatant was
deposited on a carbon-coated copper grid (CF-200-Cu, Electron
Microscopy Sciences) and air-dried for transmission electron
microscopy (TEM) imaging. TEM imaging was performed on a
CM200 TEM with an accelerating voltage of 200 kV.

Colloid size was measured after THF removal using dynamic
light scattering (DLS) on a Malvern ZetaSizer (Malvern
Instruments, Malvern, UK) with a 633 nm laser and backscatter
detection angle of 173°. Stability of the colloids in the presence
of salt was tested using DLS by preparing aqueous KCl solutions
ranging in concentration from 0.3 mM to 3 M. An 80 yL sample
of the colloidal suspension to be tested was added to 160 uL of
the desired salt solution in a centrifuge tube. The suspension was
mixed and left to sit for at least 30 min. The sample was further
diluted in DI water before measuring colloid size via DLS. (-
Potential results were also obtained on the Malvern ZetaSizer by
diluting the colloidal suspension in PBS (0.1x) to achieve
sufficient conductivities for measurement in a folded capillary
cell.

Emulsion testing was performed using mixtures of the
aqueous colloidal suspensions after removal of the residual
THE by rotary evaporation and decane that had been purified
over Florisil for at least 12 h. Two milliliters of the colloidal
suspension with a final colloid concentration of 0.05 wt % was
added to 1 mL of decane, and the mixture was agitated on a
digital vortex mixer (FisherScientific) for 1 min at 2000 rpm.
After mixing, pictures were taken from the samples after 3 h
sitting on the benchtop at room temperature. Image analysis was
performed using Image] analytical software to determine the
emulsion phase volume fraction. To do so, the projected side
area by the emulsion was normalized by the total projected side
area by all the phases (water, oil, and emulsion). There is no
unexpected or unusually high safety hazards encountered with
the materials or experimental procedures. Extra caution,
however, must be given to handle osmium tetraoxide (OsO,)
according to its safety data sheets.

Simulation Model. We performed coarse-grained molec-
ular dynamics (MD) simulations of the FNP process using two
types of hydrophobic homopolymers, polymer A (PS) and
polymer B (PI), and an amphiphilic diblock copolymer A-b-C
(PS-b-PEG). Our previous MD model for homopolymers in the
ENP technique serves as a foundation for the current study.”’” In
this model, a polymer is described as a linear bead—spring chain
with N beads, each with unit diameter, a, and unit mass, m. Each
bead represents a Kuhn segment of the polymer chain. The PS
chains employed in the experiments have a molecular weight of
16.0 kg/mol, and thus consist of N = 23 Kuhn segments 1given
the mass of a PS Kuhn segment My = 0.72 kg/ mol.>" For
simplicity, we used the same number of beads for the PI and PS-
b-PEG polymers. The covalent bonds between monomers are
modeled via the finitely extensible nonlinear elastic (FENE)
potential.”> The standard Kremer-Grest parameters were
adopted to prevent unphysical bond crossing.” The nonbonded
interactions between the beads are described via the standard
Lennard-Jones (LJ) potential, Uy :

U(r) = 48’[(_) - (_)6

0,r=>r

cut

g < Ty

(3)

where r is the distance between the pair of particles, r.,, = 3a is
the cutoff radius of the potential, and ¢; controls the interaction
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strength between particles of types i and j. Three types of
polymer beads were considered in the current work, and we set
the intraspecies L] interaction strength of all the types equal such
that e,4 = €55 = €cc = kgT = €, where kg is the Boltzmann
constant and T = 1 is the temperature. The interspecies
interaction strength between the two hydrophobic homopol-
ymers, €45 = 0.9 €, was taken from our previous simulation study
of PS—PI polymer blends.”>** We determined A—C and B—C
interspecies interaction strengths, €,c and epc, respectively,
using y-parameter estimates (i.e, y = 0.9 and y = 2.82 for PS-b-
PEG®® and PI-b-PEG” block copolymers, respectively) in
combination with the procedure proposed by Chremos et al.*®
The resulting values are €, = 0.92 € and e3¢ = 0.75 €.

Following our previous works,”*”*> we did not use separate
particle types for the solvent and antisolvent molecules, but
rather grouped those into effective L] particles with the same size
and mass as the polymer beads. In this simplified representation,
solvent exchange can be mimicked by (gradually) changing the
interaction between the polymer beads and all solvent particles
in the system. Here, the solvent—solvent interaction strength
was fixed to €43 = €, while the interaction between solvent
particles and monomers, Uyg, was controlled via the
dimensionless parameter, 0 < 1 < 1:

Unis(r) = AUyca(r) + (1 = ) Uyy(r) (4)
where Uyca(r) is the purely repulsive Weeks—Chandler—
Andersen (WCA) potential.’” In the beginning of a simulation
run, the system was equilibrated at 4 = 0 for all polymers,
corresponding to good solvent conditions. In order to model
worsening of the solvent quality during the FNP process, we
instantaneously changed A to 0.5 for the interactions between
solvophobic monomers A and B and solvent particles, while
keeping A = 0 for the hydrophilic C species.”’

The simulations were performed using the HOOMD-blue
simulations package.*”*" A simulation box with an edge length
of 82.7 a containing a total 373248 particles, consisting of
solvent particles and 1024 polymers at various Cpcp was
adopted. For all simulations, the reduced particle number
density was fixed to p = 0.66 a—*, which leads to a pressure close
to zero in the pure solvent systems (P ~ 0.02 £/4*) and in the
systems containing a polymer colloid (P ~ 0.07 ¢/a*). A Nosé—
Hoover thermostat was employed to maintain the temperature
at T = 1, and the equations of motion were integrated using the
MTTK algorithm at a time step of At = 0.0057, where

T = y/m/¢ga is the intrinsic MD unit of time. Each simulation
was conducted for at least 1.5 X 10® time steps, and snapshots
were saved every 30 000 time steps for analysis. Measurements
were taken only once the systems reached equilibrium (typically
after S X 107 time steps), which was determined by monitoring
the structure of the precipitated colloid and the potential energy
of the system over time. Figure S6 in the Supporting Information
shows the temporal evolution of the potential energy for two
selected cases. Moreover, simulation trajectories demonstrating
the dynamics of self-assembly are shown in the Supporting
Information for Cpcp = 10% and f,; = 0.26, and CBz%P =50% and
fent = 0.39. Unlike our previous simulations™ where an
electrostatic repulsion was applied to stabilize the precipitated
colloids, such a repulsion was not used in the current study since
we are mainly interested in the equilibrium morphologies of
colloids formed in the system. In this model, the size of the final
polymer colloids is only dictated by the total number of
polymers in the system, and we found colloid diameters d & 36 a

https://dx.doi.org/10.1021/acscentsci.9b00974
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in our simulations. Following the mapping established in ref 27,
this value corresponds to a particle diameter of d & 54 nm, which
is comparable to the average particle diameters measured in the
experiments (cf. Figure 4a).
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