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ABSTRACT: Colloids with internally structured geome-
tries have shown great promise in applications ranging from
biosensors to optics to drug delivery, where the internal
particle structure is paramount to performance. The
growing demand for such nanomaterials necessitates the
development of a scalable processing platform for their
production. Flash nanoprecipitation (FNP), a rapid and
inherently scalable colloid precipitation technology, is used
to prepare internally structured colloids from blends of
block copolymers and homopolymers. As revealed by a
combination of experiments and simulations, colloids
prepared from different molecular weight diblock copoly-
mers adopt either an ordered lamellar morphology
consisting of concentric shells or a disordered lamellar morphology when chain dynamics are sufficiently slow to prevent
defect annealing during solvent exchange. Blends of homopolymer and block copolymer in the feed stream generate more
complex internally structured colloids, such as those with hierarchically structured Janus and patchy morphologies, due to
additional phase separation and kinetic trapping effects. The ability of the FNP process to generate such a wide range of
morphologies using a simple and scalable setup provides a pathway to manufacturing internally structured colloids on an
industrial scale.

KEYWORDS: flash nanoprecipitation, colloids, block copolymer, experiments, simulation

Colloids with complex internal structures have generated
a significant amount of interest in life sciences and
analytical technologies.1−3 For instance, core−shell

and layered particles have shown promise in medicine to detect
specific tissues and release therapeutic molecules.4,5 Porous
particles are also currently used extensively to separate
compounds in chromatography.6,7 Additional functionality
and directionality in self-assembly can be incorporated into
colloids through shape and compositional anisotropy.8−11 For
example, Janus colloids exhibit two distinct “faces”, and these
particles have been exploited for their self-assembly behavior in
electronic devices and at fluid interfaces.12−15 Driven by the
demand for such structured colloids, several fabrication
processes have been developed for this purpose in the past

decade, yet challenges remain for bulk production of these
colloids.16−20 As a result, a scalable, one-step process to
generate internally structured colloids at industrial scales
remains highly desirable.
Flash nanoprecipitation (FNP) has previously been demon-

strated to produce core−shell and Janus polymer colloids from
homopolymer blends.21−24 In this process, hydrophobic
polymers initially dissolved in a good solvent are rapidly
mixed with a miscible aqueous antisolvent in a confined
environment on a millisecond time scale, leading to super-
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saturation and precipitation of the polymers.25−28 This
technique has many advantages, including its scalability, short
processing times, low energy requirements, and operation at
room temperature.23,29 Polymer colloids can be produced with
sizes ranging from 50 to 1000 nm and with narrow size
distributions. Additionally, the colloid composition and
geometry can be independently controlled, illustrating the
flexibility of the FNP process.21−24 While prior work has sought
to understand the morphologies generated from blends of
homopolymers, structural complexity can also be incorporated
by exploiting block copolymer microphase separation within
the precipitated polymer colloids. Polymer colloids with core−
shell, lamellar, and nonspherical structures at equilibrium have
been generated from block copolymers using self-organized
precipitation (SORP) and emulsion self-assembly, demonstrat-
ing that complex internal geometries can be attained from
microphase separation of dissimilar polymer blocks.30−40 We
take advantage of a defining feature of FNP, that is, rapid
mixing, to produce colloids with both equilibrium and
kinetically trapped morphologies using the same equipment.
Complementary simulations are performed to enhance our
mechanistic understanding of the experimental systems by
accessing time scales that cannot be observed experimentally.
During the FNP process, schematically illustrated in Figure

1a, rapid solvent exchange in a confined impinging jet (CIJ)
mixer leads to polymer precipitation and microphase
separation, forming colloids, which are collected in an
antisolvent reservoir. For homopolymer blends, the final
structure of the colloids is primarily dictated by the volume
fraction of the polymers and the surface tensions between the
various components.21−24 A blend of two hydrophobic
homopolymers that have a low surface tension between them
in the feed stream results in the formation of a Janus colloid in
an aqueous environment, as sketched in Figure 1b. In contrast,
a block copolymer solution in the feed stream results in a
lamellar colloid, as illustrated in Figure 1c, due to the chemical
incompatibility and connectivity of the dissimilar blocks of the
copolymer. This phase separation behavior has been studied in
both bulk and confined systems and can be described by the
Flory−Huggins interaction parameter, χ, the degree of
polymerization, N, and the composition of the block
copolymer, indicated by f = NB/N where NB is the degree of
polymerization of one block of the copolymer.41,42 By varying

these parameters, bulk systems of diblock copolymers can
adopt lamellar, spherical, or cylindrical morphologies when the
system is equilibrated below its order−disorder temperature. As
we study the phase separation behavior of block copolymer
systems under the confinement of a colloid, we will explore the
effects of the same parameters and use previous knowledge of
bulk systems to guide our understanding.
A feature of the FNP process is the ability to access

kinetically trapped morphologies in nonequilibrium states due
to its significantly faster mixing times, on the order of
milliseconds, relative to other precipitation-based techniques.
This kinetic trapping occurs when a glassy polymer component
vitrifies before the polymer chains can achieve an equilibrium
morphology during phase separation. We previously demon-
strated the formation of patchy particles in experiments and
simulations via the incorporation of a glassy homopolymer in
the feed stream.24,43 The patch distribution on each particle was
shown to be controlled independently of particle size, providing
a scalable route to colloids with nonequilibrium structures.
In this article, we demonstrate the ability of FNP to advance

the state of the art in structured colloid formation by exploiting
the microphase separation of diblock copolymers. With short
symmetric block copolymers in the feed stream, we find, for
example, onion-like colloids consisting of concentric shells.
However, an increase in polymer molecular weight, M, leads to
disorder in the lamellar orientation. Complementary molecular
dynamics (MD) simulations show that the slower chain
dynamics of longer polymer chains impede their ability to
collectively migrate to eliminate such defects. We also
demonstrate that colloid complexity can be enhanced by the
addition of low-M homopolymer to the feed stream, swelling
the lamellae at low weight percent but inducing a transition to a
micellar morphology above a threshold concentration. We
show that the onset of this transition is dependent on the block
copolymer M. Finally, with the addition of high-M homopol-
ymer to the feed stream, we are able to kinetically trap colloids
in nonequilibrium patchy morphologies as the homopolymer
vitrifies before complete phase separation can occur, expanding
the morphology space that can be accessed with this scalable
process.

Figure 1. (a) Schematic illustration of the FNP process, (b) a Janus colloid formed from a blend of homopolymers in the feed stream, and (c)
concentric lamellar colloids resulting from a diblock copolymer solution being injected in the feed stream. Polystyrene domains are light gray
and polyisoprene domains stained by OsO4 are dark gray in TEM images. Scale bars are 200 nm.
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RESULTS AND DISCUSSION
Solutions of a pure diblock copolymer were initially tested in
FNP. A solution of low-M poly(styrene-b-isoprene) (PS-b-PI)
(Mn = 16.1-b-11.2 kg/mol) block copolymer was injected in the
feed stream of the CIJ mixer, varying the concentration from
0.1 mg/mL to 1.0 mg/mL and resulting in colloids of

increasing diameter, as has been previously observed for
homopolymer systems.28 Figure 2a,b shows that the resulting
colloids exhibited a lamellar morphology with concentric
spherical layers for all polymer feed concentrations tested.
The diameter of the colloids from dynamic light scattering
(DLS) measurements increased with polymer concentration in

Figure 2. (a) In experiments and simulations of low-M diblock copolymers, as colloid diameter (D, nm) increased, the lamellar period (L, nm)
remained nearly constant. Red scale bars in TEM images are 200 nm, and blue scale bars in simulation snapshots are 50 nm. (b) In
experiments, lamellar period remained constant at L ≈ 18.2 nm, indicated by the red arrows, and (c) in simulations remained constant at L ≈
13.6 nm, indicated by the black arrows. The smaller lamellar period in simulations is due to the shorter chains used. Dark gray regions in
TEM images are PI stained with OsO4. In MD simulations, PS is blue and PI is red. Snapshots rendered using Visual Molecular Dynamics
1.9.2.44

Figure 3. (a) Colloid diameter (D, nm) increased with concentration of polymer in the FNP feed stream, for high-M diblock copolymer. Red
scale bars in TEM images are 200 nm. (b) In experiments, lamellar period remained constant at L ≈ 71 nm, indicated by the red arrows. (c)
Simulation results show a disordered lamellar internal structure at various particle sizes, corresponding to different numbers of high-M
diblock copolymer chains in the initial simulation box. Blue scale bars in the simulation snapshots are 50 nm. (d) The lamellar period in
simulations remained constant at L ≈ 13.6 nm, indicated by the black arrows. L is smaller than the experimentally observed value because a
shorter chain of N = 23 was studied here in order to access the range of particle sizes studied in the experiments. Dark gray regions in TEM
images are PI stained with OsO4. In MD simulations, PS is blue, and PI is red.
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the feed stream while the lamellar period within each particle,
measured by analyzing transmission electron microscopy
(TEM) images of over 100 particles from each sample using
ImageJ software, remained constant across all concentrations at
L ≈ 18.2 nm (Figure 2b). The lamellar period within the
colloids is consistent with small-angle X-ray scattering (SAXS)
measurements performed on the bulk block copolymer powder,
which measured a domain spacing of L = 17.5 nm. With χN ≈
20.5, and f = 0.52, this nearly symmetric block copolymer is
expected to microphase separate into a lamellar morphology,
which has indeed been observed for similar values of χ, N, and f
in bulk systems and particles generated via SORP at
equilibrium.31,41

In order to gain insights into the mechanism of copolymer
colloid formation, explicit-solvent MD simulations of linear
bead−spring chains were also performed. Details on the
simulations can be found in the Materials and Methods section.
The low-M PS-b-PI system was used to verify our interaction
parameters and validate the agreement of simulations with
experiments. We mapped the low-M PS-b-PI to our model and
obtained N = 48 with NA = 23 and NB = 25. Simulations of
these chains in a bulk system resulted in a phase separated
system with a lamellar period of L = 20 nm, which is in good
agreement with the experiments. For the sake of computational
efficiency, we performed the majority of our simulations with
slightly shorter chains where N = 23, NA = 11, and NB = 12
(A11B12) with the same interactions as the longer chains. While
these shorter chains result in a system with a smaller lamellar
period of L ≈ 13.6 nm, the morphologies produced are in
qualitative agreement with those observed experimentally. The
smaller chain length enables us to access the morphologies and
dynamics of larger colloids over longer times to allow more

direct comparisons with experimental results. Simulations of an
increasing number of chains in the system, from 256 to 65 536
chains, are presented alongside the experimental data in Figure
2a. It can be seen that the lamellar period remained constant at
L = 13.6 ± 0.4 nm (Figure 2c) as the particle diameter
increased, qualitatively matching the results of experiments
using low-M block copolymer in the FNP feed stream.
With agreement between experiments and simulations for a

low-M block copolymer system, the agreement of higher M
systems was then tested. A solution of a higherM PS-b-PI block
copolymer (Mn = 118-b-107 kg/mol) was fed to the FNP
system with an increase in χN to approximately 174. The
resulting colloids increased in diameter across a range of
concentrations, as seen in Figure 3a, and adopted lamellar
structures with a constant lamellar period of L ≈ 71.0 nm at all
concentrations tested (Figure 3b), consistent with SAXS
measurements of L ≈ 77 nm. However, the lamellae were no
longer consistently oriented in concentric layers, as they were
when prepared from lower-M block copolymer. Rather, defects
in the phase separated structures led to a disordered lamellar
morphology, as has been previously observed in block
copolymer films.45−47 In one example, spin-coated films of
cylinder-forming polystyrene-b-poly(n-hexyl methacrylate)
block copolymers (PS-b-PHMA) formed polygrain structures
with defects.48,49 In our system, the change in morphology from
concentric lamellar to disordered lamellar upon an increase in
M with no change in the chemical identities of the two blocks
may have its roots in the increase in χN and the resulting slower
chain diffusion.
In order to elucidate the mechanism behind this change in

morphology upon increasing M, we again turned to MD
simulations. When simulating the phase separation of block

Table 1. Cross Interaction of Phases (εAB), χ, Chain Length (N), and χNeff and Estimated Time (μs) To Achieve Each Stage of
Phase Separationa

εAB χ N χNeff
b Microphase Separation Domain Coarsening Defect Annealing

Constant χ, Increasing χNeff

0.7 3.4 12 22.2 0.08 0.3 390
0.7 3.4 23 36.3 0.2 0.8

>10000.7 3.4 48 68.5 0.6 5
0.7 3.4 64 89.2 4 8

Constant N, Increasing χNeff

0.92 0.8 48 16.8 0.5 7 157
0.9 1.1 48 21.5 0.35 10 330
0.8 2.2 48 45.0 0.3 4

>10000.7 3.4 48 68.5 0.6 5
0.5 5.7 48 115.6 0.2 4

Constant χNeff, Increasing N
0.86 1.5 23 16.8 0.3 2 43
0.92 0.8 48 16.8 0.5 7 157
0.94 0.6 64 16.8 6 19 800

aIllustrations show the stages in bulk phase separation of block copolymers: (a) initial disordered state, (b) microphase separation, (c) domain
coarsening, and (d) annealing of defects. The estimated time scales have a 10% to 30% statistical uncertainty. The method used to estimate the time
scales is outlined in the Supplementary Information. bχNeff values were calculated using the method outlined by Chremos et al.,50 and they are the
effective segregation parameter of our coarse-grained model.

ACS Nano Article

DOI: 10.1021/acsnano.8b01260
ACS Nano 2018, 12, 4660−4668

4663

http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b01260/suppl_file/nn8b01260_si_001.pdf
http://dx.doi.org/10.1021/acsnano.8b01260


copolymers in bulk, we observed three stages of phase
separation from a disordered state: microphase separation,
domain coarsening, and defect annealing, illustrated in Table
1a−d. Microphase separation, where there is clear separation of
A and B domains in the system, and domain coarsening, where
lamellar structures start to emerge on a local scale, were
complete on the order of 1−10 μs for the systems studied. In
contrast, defect annealing could take up to several milliseconds,
or 3−4 orders of magnitude longer than initial microphase
separation, to achieve longer-ranged order and a perfect
lamellar structure. We compared time scales for phase
separation of block copolymers with increasing values of
χNeff

50 by increasing either the chain length, N, or the
incompatibility between A and B blocks (decreasing εAB). As
shown in Table 1, increasing values of χNeff lead to slower
defect annealing, which can be explained by a higher energy
barrier.51 In addition, we also studied chains with lengths
between N = 23 and 64 at constant χNeff = 16.8 since previous
simulations52,53 have indicated that the reduced parameter χN
is not sufficient to describe different block copolymers. Here,
we found that the time required for all stages of phase
separation increased with N, which can be attributed to the
slower dynamics of longer chains. These two effects slow down
phase separation and explain the disordered lamellar structures
observed for high-M block copolymers in the experiments. The
time scales reported in Table 1 were estimated both by visual
inspection and by tracing the structure factor of the system.
Each value was obtained from 3 independent runs (see SI for
more details).
While it is computationally too taxing to directly simulate

colloid formation from the high-M block copolymer where the
chain length would be N = 350, the slower dynamics of the
high-M system can be mimicked by imparting glassy dynamics
to one of the blocks. Here, the glassy dynamics mimic the
increase in viscosity that chain entanglements would cause at
higher M. Glassy dynamics were achieved by tuning the
intraspecies interaction parameters of A and B blocks so that A
was glassy, while B remained rubbery at the temperature of the
simulations (see SI for more details). The glassy dynamics were
assigned to only the PS blocks although both PS and PI of the
high-M block copolymer should exhibit slower dynamics in the
experiments compared to their low-M counterpart. This
approximation was done because having both blocks glassy
would slow down the dynamics too much and thus limit the
degree of phase separation accessible to the simulation time
scale. Therefore, only the PS blocks, which have a significantly
higher glass transition temperature than PI, were made glassy in
the simulations to illustrate the effect of slow dynamics on
phase-separated morphologies. Preformed spherical colloids
with well-mixed, disordered A and B segments were prepared as
the initial structures and allowed to evolve for up to 0.5 ms in
physical time. As can be seen in Figure 3c,d, the structures were
unable to evolve to concentric lamellae, and they matched the
experimentally obtained morphology of disordered lamellar
colloids with a constant lamellar period as the colloid diameter
increased. We therefore conclude that the slower dynamics of
the higher M chains, due to the higher viscosity of the system,
impede the defect annealing necessary to form concentric
lamellar colloids in the limited mixing time provided by FNP,
thus leading to colloids with disordered lamellar internal
morphologies.
Having examined the effect of varying χN in systems of pure

block copolymers by increasing M and slowing the chain

dynamics, we then added complexity to our system by
incorporating homopolymers in the feed stream. While
extensive research has been performed on the phase behavior
of block copolymer and homopolymer blends in thin films and
in bulk, less has been done to exploit the confinement of a
colloid to generate new morphologies. The phase behavior of
blends of block copolymer and homopolymer has been found
to depend not only on χN and f, but on two additional factors
as well: the ratio of the degree of polymerization of the
homopolymer to the degree of polymerization of the block
copolymer, α, and the volume fraction of homopolymer in the
system, Φ.54 In the discussion that follows, the trends observed
for blends of block copolymer and homopolymer in thin films
and in the bulk are used to guide our explanation of the
morphological behavior observed in colloids generated via
FNP.
The effect of added homopolymer was explored by

introducing a homopolymer polystyrene (hPS, Mn = 16.0 kg/
mol) into the feed stream with the low-M PS-b-PI block
copolymer (Mn = 16.1-b-11.2 kg/mol) so that the M of the hPS
was matched to the M of the PS block of the copolymer. The
volume fraction of homopolymer in the system, Φ, was varied
from 0, where there is no hPS, to Φ = 0.414 with α held
constant at 0.482. As seen in Figure 4a, for values of Φ from 0
to 0.2, the morphology remained concentric lamellar, while for
Φ > 0.25, the morphology transitioned into disordered and
then micellar morphologies. In Figure 4b, we have plotted the

Figure 4. (a) TEM images and cross sections of MD simulated
colloids at increasing volume fractions of homopolymer, Φ.
Colloids from experiments are shown for Φ = 0.12, 0.38, and
0.57. Cross sections of colloids from MD simulations are shown for
Φ = 0.15 and 0.60. At Φ ≈ 0.1, colloids were concentric lamellar.
As Φ increases, colloids transitioned to disordered and then
micellar morphologies where the homopolymer encapsulated
micelles of the block copolymer. The PS and PI chains from the
block copolymers are colored blue and red, respectively, and the PS
homopolymers are colored yellow. In TEM images, scale bars are
200 nm, and dark gray regions are PI domains stained with OsO4.
(b) Lamellar period, L, reduced by its value at Φ = 0, vs Φ for
concentric lamellar structures. (c) Fraction of each species (PS and
PI in block copolymers, and PS homopolymers), F, vs distance to
the nanoparticle center, R, for Φ = 0.1 from MD simulations.
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lamellar period, as measured by analyzing TEM images of over
100 particles, within the range of ratios for which a concentric
lamellar morphology was observed. As homopolymer was
added to the system, the lamellar spacing increased from L0 =
18.2 nm to L = 25.7 nm when Φ was raised to 0.2, an increase
of 41%. A similar trend in the lamellar period was observed
when increasing Φ in the MD simulations for blends of a
rubbery block copolymer, A11B12, and homopolymer A11.
Results are shown side by side with experimental data in
Figure 4a,b. Upon close examination, snapshots of the MD
simulation reveal that the homopolymer chains were located
within the PS lamellar domains at low volume fractions of PS,
which can also be seen by plotting the fraction of PS and PI
components, F, vs distance to the colloid center, R, in Figure
4c. This finding is also consistent with experimental studies in
bulk films where the addition of low concentrations of hPS in
the system swells the lamellar period.55 The transition from a
lamellar to disordered or micellar morphology with increasing
Φ was also observed in our MD simulations where the
homopolymer chains encapsulated the block copolymer
micelles. This transition has been predicted and observed for
moderate values of χN in bulk and can be explained by free
energy arguments.54−56 In bulk systems, the addition of a small
amount of homopolymer to a block copolymer first swells the
similar block, creating undulations in the lamellar structure and
incurring free energy penalties. At a tipping point, the penalty
from perturbing the copolymer chains is greater than the
penalty from the curvature produced, and the morphology
transitions first to a disordered and then to a micellar phase as
the interface between the phases adopts a more extreme
curvature.
In addition to varying the value of Φ in the system, α can

also be changed by incorporating a homopolymer of a higher
M. Blends of PS-b-PI (Mn = 16.1-b-11.2 kg/mol) block
copolymer with hPS (Mn = 1500 kg/mol) significantly
increased the value of α from 0.482 to 45.1. These blends
were injected in the feed stream of FNP together at a total
concentration of 0.5 mg/mL. As shown in Figure 5, the
resulting colloids adopted two-phase lamellar Janus morphol-
ogies with one phase rich in hPS and the other in block
copolymer across all values of Φ tested from 0.191 to 0.679.
The two-phase morphology has been predicted in bulk as the
uniform lamellar morphology becomes confined to lower Φ at
higher values of α, and the Janus morphology has been
observed as a result of SORP.54,57 However, unlike SORP,
which produces the equilibrium colloid structure due to its slow
rate of solvent exchange, FNP was able to produce patchy
lamellar particles at the highest value of Φ. The kinetic trapping
phenomenon of FNP allowed the vitrification of the glassy PS
domain to freeze the particle in a multifaced nonequilibrium
state, separating the block copolymer domains before they
could diffuse across the colloid. Similarly, when the value of Φ
was held constant at 0.414, patchy particles formed at higher
total concentrations of polymer in the feed stream of FNP,
providing an additional pathway to achieve such kinetically
trapped patchy particles.
Further, we examined blends of high-M PS-b-PI (Mn = 118-

b-107 kg/mol) block copolymer with hPS of varying M. The
value of χN ≈ 174 for this block copolymer system was
significantly higher than that of the system discussed above (χN
≈ 20.5). For all values of Φ and α tested at this higher value of
χN, the resulting morphology consisted of a continuous phase
of hPS containing internal micelles of block copolymer. Shown

in Figure 6, as the hPS (Mn = 121 kg/mol) content increased,
the size of the micelles and the overall particle size was

maintained, but the micelles became more dilute and their
positions relative to one another within the colloid became less
uniform, mimicking the behavior observed in spherical block
copolymer micelles in a selective solvent.58 Whereas the blend
with a lower value of χN displayed the micellar morphology
only at significantly higher values of Φ > 0.5, this system
adopted the micellar structure at all values of Φ, even as low as
0.184. The increase in the value of χN in this system resulted in
a decrease in the maximum value of Φ at which a lamellar
morphology was preferred over a two-phase morphology.54

Again, this behavior can be compared to observations in bulk
and thin films and can be explained by the free energy
arguments presented above.59−63 In this case, where the cost of
chain stretching was higher for the higher M copolymer than
for the lower M copolymer, the energy penalty of stretching the

Figure 5. Blends of low-M PS-b-PI (Mn = 16.1-b-11.2 kg/mol)
block copolymer with hPS (Mn = 1500 kg/mol) at volume fractions
of hPS, Φ, values of 0.191, 0.414, and 0.679 and total polymer
concentrations of 0.1, 0.5, and 1.0 mg/mL in the feed stream
created two-phase Janus or patchy colloids. Scale bars are 200 nm
and dark gray regions are PI stained with OsO4.

Figure 6. High-M PS-b-PI block copolymer (Mn = 117-b-108 kg/
mol) with hPS (Mn = 121 kg/mol) at increasing values of the
volume fraction of hPS, Φ. Colloids at all values of Φ display
micelles within a matrix of hPS. Scale bars are 200 nm, and dark
gray regions are PI stained with OsO4.
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block copolymer chains was alleviated by increasing the
curvature of the phase boundary to form micelles.

CONCLUSIONS

Using a simple system of homopolymers and symmetric
diblock copolymers, a wide variety of colloid morphologies has
been generated via the cost-effective, scalable, and flexible FNP
process, many of which have not been previously observed. For
example, lamellar multifaced colloids were produced when
glassy polymers vitrify before the equilibrium morphology can
be attained. MD simulations have been employed to provide a
microscopic understanding of the phase separation behavior
observed in experiments on length and time scales that cannot
be directly observed experimentally. Future studies will aim to
further explore the morphology space by varying the number of
blocks, the length, and the ratio of the blocks in the copolymer
and to move toward using these complex colloid morphologies
for encapsulation and controlled release applications.

MATERIALS AND METHODS
Low-M PS-b-PI (Mn = 16.1-b-11.2 kg/mol, dispersity (Đ) = 1.03) and
high-M PS-b-PI (Mn = 118-b-107 kg/mol, Đ = 1.07) as well as low-M
hPS (Mn = 16.0 kg/mol, Đ= 1.03), medium-M hPS (Mn = 121 kg/mol,
Đ = 1.05), and high-M hPS (Mn = 1500 kg/mol, Đ = 1.10) were all
purchased from Polymer Source Inc. (Dorval, Quebec, Canada).
Polymer solutions in tetrahydrofuran (THF, Fisher Scientific) were
used in the feed stream of the CIJ mixer and were manually injected at
the same time that DI water, filtered through a 0.2 μm filter using a
NANOpure Diamond filtration system, was injected in the antisolvent
stream at a total rate of approximately 2 mL/s. The effluent of the
system was deposited in a reservoir of DI water for a final volume ratio
of 1:1:1 feed stream/antisolvent stream/antisolvent reservoir.
Colloid size was measured by DLS on a Malvern ZetaSizer

(Malvern Instruments, Malvern, U.K.) with a 633 nm laser and a
backscatter detection angle of 173°. The diameters reported are the
harmonic intensity averaged particle diameters. Colloids were stained
with osmium tetraoxide (OsO4) for imaging by mixing 500 μL of the
polymer colloid suspension with 500 μL of an aqueous 0.2 wt % OsO4
solution from Electron Microscopy Sciences. After staining for at least
2 h, the colloids were centrifuged and washed with DI water three
times. An 8 μL drop of the stained colloid suspension was deposited
on a carbon-coated copper TEM grid (CF-200-Cu from Electron
Microscopy Sciences) and left to dry overnight under ambient
conditions. Imaging was performed on a CM200 TEM with an
accelerating voltage of 200 kV. Lamellar spacing was measured by
analyzing over 100 particles using ImageJ image processing software.
SAXS measurements were conducted using a PANalytical PW3830

X-ray generator with a long-fine-focus copper tube producing Cu Kα
rays (λ = 0.15418 nm), which were collimated using an Anton-Paar
compact Kratky camera, and measured via a MBraun OED-50 M
position sensitive detector. Cu Kβ radiation was selectively removed
by passing through a nickel filter upstream of the collimator. Sample
powders as-received from Polymer Source were loaded into copper
holding cells with a thickness of ∼1.6 mm, contained between ∼20 μm
thick mica windows (Asheville-Schoonmaker Mica Co.). Scattering
data were corrected for detector linearity and sensitivity, empty beam
scattering, sample thickness, and transmittance and desmeared for slit
length. Scattered intensity was calibrated using a polyethylene
standard, and the scattering angle was calibrated using silver behenate.
Results are included in the Supporting Information.
In the MD model, a polymer chain was described as a bead−spring

chain with a total number of N beads of either type A (PS) or B (PI).
Each A bead represents one Kuhn segment of the PS chain, which led
to NA = 23 when simulating the low-M PS-b-PI (Mn = 16.1-b-11.2 kg/
mol) block copolymer used in experiments. The mole fraction of the
PI block was matched to the experimental value, f = 0.52, leading to NB
= 25 (N = 48 total beads per polymer). The bonded interactions

between polymer beads were modeled via the finitely extensible
nonlinear elastic (FENE) potential with the standard Kremer−Grest
parameters.64 In addition, the polymer beads interact with one another
through standard Lennard-Jones (LJ) potentials. Solvent particles were
also modeled as LJ particles, and the interactions between solvent and
polymer particles were adjusted to match ratios between exper-
imentally measured surface tensions between water, PS, and PI. We
used the semiempirical relationship between χ and the parameters
related to bead−spring models of Lennard-Jones particles reported by
Chremos et al. and obtained a χNeff value of 21.5 for chains where N =
48.50 Both L and χN matched the low-M PS-b-PI block copolymer
used in experiments, indicating that the interactions in the simulation
are representative of those in the experimental system. More details on
the model and the conversion between simulation length and time
scales and experimental ones can be found in the Supporting
Information.

Typical simulation boxes had an edge length of 100−400 nm and
contained up to 2 000 000 interaction sites. All simulations were
performed in the canonical ensemble with a Nose−́Hoover thermo-
stat. The velocity Verlet algorithm with a time step of Δt = 0.01 was
employed to solve the equations of motion. Simulations were carried
out using the HOOMD-blue simulation package.65

To simulate the FNP process, a predetermined number of block
copolymer chains (A11B12) were initiated in a good solvent and
subsequently underwent solvent exchange. The mixing and solvent
exchange in FNP was mimicked by tuning all polymer−solvent
interactions simultaneously within a given time, τmix, to achieve the
transition from good to poor solvent conditions. A larger τmix
corresponds to a slower mixing rate in the experiments.

ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsnano.8b01260.

Extended simulation model details and methods, colloid
formation mechanism from simulations, estimation of the
characteristic time of phase separation from simulations,
SAXS measurements of pure block copolymer powders,
and DLS traces of pure diblock copolymer colloids
(PDF)

AUTHOR INFORMATION
Corresponding Authors
*rpriestl@princeton.edu
*azp@princeton.edu
ORCID
Rui Liu: 0000-0002-5422-980X
Richard A. Register: 0000-0002-5223-4306
Arash Nikoubashman: 0000-0003-0563-825X
Robert K. Prud’homme: 0000-0003-2858-0097
Athanassios Z. Panagiotopoulos: 0000-0002-8152-6615
Rodney D. Priestley: 0000-0001-6765-2933
Author Contributions
⊥L.S.G., V.E.L., and N.L. contributed equally to this work.
Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS
Financial support for this work was provided by the Princeton
Center for Complex Materials (PCCM), a U.S. National
Science Foundation Materials Research Science and Engineer-
ing Center (Grant DMR-1420541). N.L. acknowledges funding
from the Agency for Science, Technology and Research
(A*STAR), Singapore. A.N. acknowledges financial support

ACS Nano Article

DOI: 10.1021/acsnano.8b01260
ACS Nano 2018, 12, 4660−4668

4666

http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b01260/suppl_file/nn8b01260_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b01260/suppl_file/nn8b01260_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b01260/suppl_file/nn8b01260_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsnano.8b01260
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b01260/suppl_file/nn8b01260_si_001.pdf
mailto:rpriestl@princeton.edu
mailto:azp@princeton.edu
http://orcid.org/0000-0002-5422-980X
http://orcid.org/0000-0002-5223-4306
http://orcid.org/0000-0003-0563-825X
http://orcid.org/0000-0003-2858-0097
http://orcid.org/0000-0002-8152-6615
http://orcid.org/0000-0001-6765-2933
http://dx.doi.org/10.1021/acsnano.8b01260


by the German Research Foundation (DFG) under Grant No.
1487/2-1.

REFERENCES
(1) Correa, S.; Dreaden, E. C.; Gu, L.; Hammond, P. T. Engineering
Nanolayered Particles for Modular Drug Delivery. J. Controlled Release
2016, 240, 364−386.
(2) Shahravan, A.; Matsoukas, T. Encapsulation and Controlled
Release from Core−Shell Nanoparticles Fabricated by Plasma
Polymerization. J. Nanopart. Res. 2012, 14, 668.
(3) Yi, Y.; Sanchez, L.; Gao, Y.; Yu, Y. Janus Particles for Biological
Imaging and Sensing. Analyst 2016, 141, 3526−3539.
(4) Bae, Y.; Fukushima, S.; Harada, A.; Kataoka, K. Design of
Environment-Sensitive Supramolecular Assemblies for Intracellular
Drug Delivery: Polymeric Micelles that are Responsive to Intracellular
pH Change. Angew. Chem., Int. Ed. 2003, 42, 4640−4643.
(5) Dang, X.; Gu, L.; Qi, J.; Correa, S.; Zhang, G.; Belcher, A. M.;
Hammond, P. T. Layer-by-Layer Assembled Fluorescent Probes in the
Second Near-Infrared Window for Systemic Delivery and Detection of
Ovarian Cancer. Proc. Natl. Acad. Sci. U. S. A. 2016, 113, 5179−5184.
(6) Qu, Q.; Si, Y.; Xuan, H.; Zhang, K.; Chen, X.; Ding, Y.; Feng, S.;
Yu, H.-Q. Synthesis of Core-Shell Silica Spheres with Tunable Pore
Diameters for HPLC. Mater. Lett. 2018, 211, 40−42.
(7) Jiang, Z.; Zuo, Y. Synthesis of Porous Titania Microspheres for
HPLC Packings by Polymerization-Induced Colloid Aggregation
(PICA). Anal. Chem. 2001, 73, 686−688.
(8) Yi, Y.; Sanchez, L.; Gao, Y.; Lee, K.; Yu, Y. Interrogating Cellular
Functions with Designer Janus Particles. Chem. Mater. 2017, 29,
1448−1460.
(9) Hu, H.; Ji, F.; Xu, Y.; Yu, J.; Liu, Q.; Chen, L.; Chen, Q.; Wen, P.;
Lifshitz, Y.; Wang, Y.; Zhang, Q.; Lee, S. T. Reversible and Precise
Self-Assembly of Janus Metal-Organosilica Nanoparticles through a
Linker-Free Approach. ACS Nano 2016, 10, 7323−7330.
(10) Chen, Q.; Yan, J.; Zhang, J.; Bae, S. C.; Granick, S. Janus and
Multiblock Colloidal Particles. Langmuir 2012, 28, 13555−13561.
(11) Sacanna, S.; Korpics, M.; Rodriguez, K.; Colon-Melendez, L.;
Kim, S. H.; Pine, D. J.; Yi, G. R. Shaping Colloids for Self-Assembly.
Nat. Commun. 2013, 4, 1688.
(12) Nisisako, T.; Torii, T.; Takahashi, T.; Takizawa, Y. Synthesis of
Monodisperse Bicolored Janus Particles with Electrical Anisotropy
Using a Microfluidic Co-Flow System. Adv. Mater. 2006, 18, 1152−
1156.
(13) Park, B. J.; Brugarolas, T.; Lee, D. Janus Particles at an Oil−
Water Interface. Soft Matter 2011, 7, 6413−6417.
(14) Glaser, N.; Adams, D. J.; Boker, A.; Krausch, G. Janus Particles
at Liquid-Liquid Interfaces. Langmuir 2006, 22, 5227−5229.
(15) Walther, A.; Matussek, K.; Müller, A. H. E. Engineering
Nanostructured Polymer Blends with Controlled Nanoparticle
Location using Janus Particles. ACS Nano 2008, 2, 1167−1178.
(16) Love, J. C.; Gates, B. D.; Wolfe, D. B.; Paul, K. E.; Whitesides,
G. M. Fabrication and Wetting Properties of Metallic Half-Shells with
Submicron Diameters. Nano Lett. 2002, 2, 891−894.
(17) Yoon, K.; Lee, D.; Kim, J. W.; Kim, J.; Weitz, D. A. Asymmetric
Functionalization of Colloidal Dimer Particles with Gold Nano-
particles. Chem. Commun. 2012, 48, 9056−9058.
(18) Suzuki, D.; Kawaguchi, H. Janus Particles with a Functional
Gold Surface for Control of Surface Plasmon Resonance. Colloid
Polym. Sci. 2006, 284, 1471−1476.
(19) Sheridon, N. K.; Richley, E. A.; Mikkelsen, J. C.; Tsuda, D.;
Crowley, J. M.; Oraha, K. A.; Howard, M. E.; Rodkin, M. A.; Swidler,
R.; Sprague, R. The Gyricon Rotating Ball Display. J. Soc. Inf. Disp.
1999, 7, 141−144.
(20) Yabu, H.; Higuchi, T.; Shimomura, M. Unique Phase-Separation
Structures of Block-Copolymer Nanoparticles. Adv. Mater. 2005, 17,
2062−2065.
(21) Sosa, C.; Liu, R.; Tang, C.; Qu, F.; Niu, S.; Bazant, M. Z.;
Prud’homme, R. K.; Priestley, R. D. Soft Multi-Faced and Patchy
Colloids by Constrained Volume Self-Assembly. Macromolecules 2016,
49, 3580−3585.

(22) Lee, V. E.; Sosa, C.; Liu, R.; Prud’homme, R. K.; Priestley, R. D.
Scalable Platform for Structured and Hybrid Soft Nanocolloids by
Continuous Precipitation in a Confined Environment. Langmuir 2017,
33, 3444−3449.
(23) Li, N.; Panagiotopoulos, A. Z.; Nikoubashman, A. Structured
Nanoparticles from the Self-Assembly of Polymer Blends through
Rapid Solvent Exchange. Langmuir 2017, 33, 6021−6028.
(24) Li, N.; Nikoubashman, A.; Panagiotopoulos, A. Z. Controlled
Production of Patchy Particles from the Combined Effects of
Nanoprecipitation and Vitrification. Soft Matter 2017, 13, 8433−8441.
(25) Johnson, B. K.; Prud’homme, R. K. Chemical Processing and
Micromixing in Confined Impinging Jets. AIChE J. 2003, 49, 2264−
2282.
(26) Saad, W. S.; Prud’homme, R. K. Principles of Nanoparticle
Formation by Flash Nanoprecipitation. Nano Today 2016, 11, 212−
227.
(27) Zhang, C.; Pansare, V. J.; Prud’homme, R. K.; Priestley, R. D.
Flash Nanoprecipitation of Polystyrene Nanoparticles. Soft Matter
2012, 8, 86−93.
(28) Nikoubashman, A.; Lee, V. E.; Sosa, C.; Prud’homme, R. K.;
Priestley, R. D.; Panagiotopoulos, A. Z. Directed Assembly of Soft
Colloids Through Rapid Solvent Exchange. ACS Nano 2016, 10,
1425−1433.
(29) Johnson, B. K.; Prud’homme, R. K. Flash NanoPrecipitation of
Organic Actives and Block Copolymers using a Confined Impinging
Jets Mixer. Aust. J. Chem. 2003, 56, 1021−1024.
(30) Yabu, H.; Koike, K.; Motoyoshi, K.; Higuchi, T.; Shimomura, M.
A Novel Route for Fabricating Metal-Polymer Composite Nano-
particles with Phase-Separated Structures. Macromol. Rapid Commun.
2010, 31, 1267−1271.
(31) Higuchi, T.; Tajima, A.; Yabu, H.; Shimomura, M. Spontaneous
Formation of Polymer Nanoparticles with Inner Micro-Phase
Separation Structures. Soft Matter 2008, 4, 1302−1305.
(32) Motoyoshi, K.; Tajima, A.; Higuchi, T.; Yabu, H.; Shimomura,
M. Static and Dynamic Control of Phase Separation Structures in
Nanoparticles of Polymer Blends. Soft Matter 2010, 6, 1253−1257.
(33) Higuchi, T.; Tajima, A.; Motoyoshi, K.; Yabu, H.; Shimomura,
M. Frustrated Phases of Block Copolymers in Nanoparticles. Angew.
Chem., Int. Ed. 2008, 47, 8044−8046.
(34) Hirai, Y.; Wakiya, T.; Yabu, H. Virus-Like Particles Composed
of Sphere-Forming Polystyrene-block-Poly(t-Butyl Acrylate) (PS-b-
PtBA) and Control of Surface Morphology by Homopolymer
Blending. Polym. Chem. 2017, 8, 1754−1759.
(35) Jeon, S.-J.; Yi, G.-R.; Yang, S.-M. Cooperative Assembly of Block
Copolymers with Deformable Interfaces: Toward Nanostructured
Particles. Adv. Mater. 2008, 20, 4103−4108.
(36) Ku, K. H.; Shin, J. M.; Klinger, D.; Jang, S. G.; Hayward, R. C.;
Hawker, C. J.; Kim, B. J. Particles with Tunable Porosity and
Morphology by Controlling Interfacial Instability in Block Copolymer
Emulsions. ACS Nano 2016, 10, 5243−5251.
(37) Zhang, L.; Eisenberg, A. Multiple Morphologies of ″Crew-Cut″
Aggregates of Polystyrene-b-Poly(Acrylic Acid) Block Copolymers.
Science 1995, 268, 1728−1730.
(38) Jang, S. G.; Audus, D. J.; Klinger, D.; Krogstad, D. V.; Kim, B. J.;
Cameron, A.; Kim, S. W.; Delaney, K. T.; Hur, S. M.; Killops, K. L.;
Fredrickson, G. H.; Kramer, E. J.; Hawker, C. J. Striped, Ellipsoidal
Particles by Controlled Assembly of Diblock Copolymers. J. Am.
Chem. Soc. 2013, 135, 6649−6657.
(39) Yang, H.; Ku, K. H.; Shin, J. M.; Lee, J.; Park, C. H.; Cho, H.-H.;
Jang, S. G.; Kim, B. J. Engineering the Shape of Block Copolymer
Particles by Surface-Modulated Graphene Quantum Dots. Chem.
Mater. 2016, 28, 830−837.
(40) Yabu, H. Self-Organized Precipitation: An Emerging Method for
Preparation of Unique Polymer Particles. Polym. J. 2013, 45, 261−268.
(41) Khandpur, A. K.; Forster, S.; Bates, F. S.; Hamley, I. W.; Ryan,
A. J.; Bras, W.; Almdal, K.; Mortensen, K. Polyisoprene-Polystyrene
Diblock Copolymer Phase Diagram near the Order-Disorder
Transition. Macromolecules 1995, 28, 8796−8806.

ACS Nano Article

DOI: 10.1021/acsnano.8b01260
ACS Nano 2018, 12, 4660−4668

4667

http://dx.doi.org/10.1021/acsnano.8b01260


(42) Bates, F. S.; Fredrickson, G. H. Block Copolymers-Designer Soft
Materials. Phys. Today 1999, 52, 32−38.
(43) Sosa, C.; Lee, V. E.; Grundy, L. S.; Burroughs, M. J.; Liu, R.;
Prud’homme, R. K.; Priestley, R. D. Combining Precipitation and
Vitrification to Control the Number of Surface Patches on Polymer
Nanocolloids. Langmuir 2017, 33, 5835−5842.
(44) Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual Molecular
Dynamics. J. Mol. Graphics 1996, 14, 33−38.
(45) Angelescu, D. E.; Waller, J. H.; Adamson, D. H.; Deshpande, P.;
Chou, S. Y.; Register, R. A.; Chaikin, P. M. Macroscopic Orientation of
Block Copolymer Cylinders in Single-Layer Films by Shearing. Adv.
Mater. 2004, 16, 1736−1740.
(46) Pujari, S.; Keaton, M. A.; Chaikin, P. M.; Register, R. A.
Alignment of Perpendicular Lamellae in Block Copolymer Thin Films
by Shearing. Soft Matter 2012, 8, 5358−5363.
(47) Jeong, J. W.; Hur, Y. H.; Kim, H.-j.; Park, W. I.; Kim, M. J.; Kim,
B. J.; Jung, Y. S.; Kim, J. M. Proximity Injection of Plasticizing
Molecules to Self-Assembling Polymers for Large-Area, Ultrafast
Nanopatterning in the Sub-10-nm Regime. ACS Nano 2013, 7, 6747−
6757.
(48) Nikoubashman, A.; Davis, R. L.; Michal, B. T.; Chaikin, P. M.;
Register, R. A.; Panagiotopoulos, A. Z. Thin Films of Homopolymers
and Cylinder-Forming Diblock Copolymers under Shear. ACS Nano
2014, 8, 8015−8026.
(49) Davis, R. L.; Michal, B. T.; Chaikin, P. M.; Register, R. A.
Progression of Alignment in Thin Films of Cylinder-Forming Block
Copolymers upon Shearing. Macromolecules 2015, 48, 5339−5347.
(50) Chremos, A.; Nikoubashman, A.; Panagiotopoulos, A. Z. Flory-
Huggins Parameter Chi, from Binary Mixtures of Lennard-Jones
Particles to Block Copolymer Melts. J. Chem. Phys. 2014, 140, 054909.
(51) Hur, S. M.; Thapar, V.; Ramírez-Hernańdez, A.; Khaira, G.;
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