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ABSTRACT: Molecular dynamics simulations were performed
to study systematically the rapid mixing of a polymer blend in
solution with a miscible nonsolvent. In agreement with
experiments, we observe that polymers self-assemble into
complex nanoparticles, such as Janus and core−shell particles,
when the good solvent is displaced by the poor solvent. The
emerging structures can be predicted on the basis of the surface
tensions between the polymers as well as between the polymers
and the surrounding liquid. Furthermore, the size of the nanoparticles can be independently tuned through the mixing rate and
the polymer concentration in the feed stream; meanwhile, the composition of the nanoparticles can be controlled by the polymer
feed ratio. Our results demonstrate that this process is highly promising for the production of structured nanoparticles in a
continuous and scalable way with independent and precise control over particle size, morphology, and composition. Such tailored
nanoparticles are highly sought after in various scientiﬁc and industrial applications, and our theoretical ﬁndings provide
important guidelines for designing appropriate experimental fabrication processes.

■

INTRODUCTION
Structured nanoparticles are important for many applications,
including pharmaceuticals,1,2 electronics,3,4 and photonics.5,6
Among various types of nanoscale structures, Janus and core−
shell particles have attracted signﬁcant attention; Janus
nanoparticles, which are characterized by their two distinct
domains, can be used as interfacial stabilizers and pigments in
electronic paper,7−9 whereas core−shell particles ﬁnd applications in bioimaging and as carriers in drug delivery systems.10
These applications require well-deﬁned properties with narrow
particle size and morphology distributions. However, these
requirements pose a signiﬁcant challenge for most existing
manufacturing techniques. In addition, manufacturing techniques also need to be scalable to move beyond laboratory scales
and to achieve commercially driven applications of these
nanoparticles.
Various experimental methods have been developed for the
fabrication of Janus or core−shell particles, such as seeded
polymerization (lacks size and structure control), 11−13
templating (good size and shape control but involves multiple
manual steps),14,15 particle lithography (allows coating of
particles but is limited by scale-up issues),16,17 synthesis in
microﬂuidic reactors (can scale up and operate in a continuous
fashion, but the particle size distribution is wide and
morphology control is diﬃcult),18−20 and internal phase
separation, e.g., the self-organized precipitation (SORP)
method21 and miniemulsion polymerization.22 In particular,
the SORP method has demonstrated the ability to produce
Janus and core−shell particles from diﬀerent combinations of
homopolymers depending on their solubilities in the poor
solvent, and the relation has also been conﬁrmed by a
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computational study using dissipative particle dynamics
simulations.23 The SORP method has also been applied to
block copolymers, for which morphologies including lamellar
and onionlike structures were formed.24−26 However, most of
the aforementioned processes involve batch processing steps,
and the fabricated nanoparticles cannot always be readily
available with high accuracy. It is thus clear that further research
is required to develop fabrication methods that are both
scalable and allow for precise control over particle size,
morphology, and composition.27,28
The present work has been motivated by a novel
experimental approach for creating structured particles, namely,
ﬂash nanoprecipitation (FNP),29,30 where a polymer solution is
rapidly mixed with an excess amount of a nonsolvent to induce
aggregation into nanoparticles. Compared to other competing
methods, FNP stands out as a one-step continuous process that
operates at room temperature, consumes little energy, and has
scale-up potential. Previously, FNP was used to embed small
hydrophobic drug molecules into nanoparticles, stabilized via
amphihilic block copolymers,31−34 as well as to produce
homopolymer nanoparticles.35,36 Recently, it has been experimentally demonstrated that the FNP technique can be used to
produce Janus and multifaced nanoparticles from blends of
commercially available homopolymers.37,38 Most importantly,
the process was shown to provide precise and independent
control over particle size, morphology, and composition.
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to mimic the transition from good to poor solvent conditions. In our
studies, we control the interaction between solvent particles and
monomers by a dimensionless parameter λ42

The underlying microscopic mechanisms responsible for the
self-assembly are still elusive because the FNP process takes
place on nanometer length scales and millisecond time scales,
which makes the experimental study of this process diﬃcult.
Furthermore, it is an expensive and time-consuming task to
systematically search and screen in the experiments all relevant
process parameters, such as the feed ratio, feed concentration,
ﬂow rate, and molecular properties. Computer simulations can
provide considerably more microscopic-level information than
experiments and are therefore useful tools in the study of
complex mechanisms and morphologies. They also oﬀer
advantages in eﬃcient parameter space searching. Previous
eﬀorts have focused on the self-assembly of polymer-protected
nanoparticles33,34 and neutral homopolymers in FNP,36 and the
current study expands previous models to account for polymer
blends.
In the present work, molecular dynamics (MD) simulations
are performed to explore systematically how diﬀerent
processing parameters in FNP such as the hydrophobicity
and chemical compatibility of the polymers, mixing rate,
polymer feed concentration, and ratio aﬀect the size and
morphology of the precipitated nanoparticles. The structure of
this article is as follows: we will ﬁrst summarize the MD
simulation model and methods used in the present work. Next,
we present and analyze our simulation results, focusing on how
the particle morphology, size, and composition can be
independently tuned by the aforementioned parameters.
Finally, we summarize our results and comment on the future
directions we will take to study nanoparticle production from
the FNP process.

■

UMS(rij) = λUWCA(rij) + (1 − λ)ULJ(rij)

where UWCA(rij) is the purely repulsive Weeks−Chandler−Anderson
(WCA) potential.43 As λ increases from 0 to 1, the solvent quality
changes from good to poor.
To make meaningful comparisons between our simulations and
experimental results, it is important to establish a connection among
units of energy, length, and time in the two domains, which has been
done in ref 36 for the homopolymer−solvent model. The experiments
were performed at room temperature Troom = 298 K, and thus ε =
kBTroom = 4.11 × 10−21 J for the characteristic energy. For the length
scale, the radius of gyration of a single polymer chain in a Θ solvent,
Rg,Θ = 2.35σ, was compared to Rg,Θ of the corresponding PS chain (3.5
nm), leading to σ = 1.5 nm. For the time scale, the diﬀusion coeﬃcient
of a polymer chain under good solvent conditions, i.e., λ = 0, was
compared to the experimental diﬀusion coeﬃcient of a PS chain
(extrapolated to the same molecular weight as in the simulations) in
THF at room temperature (1.4 × 10−6 cm2/s),44 which led to a time
conversion factor of τ = 0.28 ns.
During the FNP process, the polymer chains aggregate to
nanoparticles in order to minimize the contact surface with the
surrounding poor solvent. Without a stabilizing mechanism, all
polymers eventually form a single aggregate because this conﬁguration
provides the lowest surface tension. However, in our case, nanoparticle
stability is provided by a negative surface potential of between −30 and
−40 mV, which was measured experimentally on particles of radii
between 45 and 135 nm using electrophoretic light scattering.36
Therefore, in addition to the bonded and nonbonded potentials
between polymer beads, we also included a surface potential of ζ =
−33 mV on the nanoparticles. This eﬀect was mimicked by placing a
virtual particle at the center of each aggregate, which carried the
equivalent surface charge. Electrostatic interactions are switched oﬀ
under good solvent conditions (ζ = 0 mV). As the solvent quality
worsens, the buildup of surface charges is mimicked by linearly
decreasing ζ to its ﬁnal value (ζ = −33 mV). In our previous work,36
we found that the precipitated nanoparticles became smaller as the ζ
potential became more negative, whereas pH had only a minimal eﬀect
on the ﬁnal aggregate size. More details on this method can be found
in prior work by Nikoubashman et al.36
The MD simulations were run using the HOOMD simulation
package.45,46 A cubic box with an edge length of 80σ, containing
337 920 solvent particles and a total of up to 1024 polymers at various
A/B ratios was adopted. We have checked the inﬂuence of box size on
the simulation results at selected state points and did not ﬁnd any
appreciable ﬁnite size eﬀects when the box edge length is above 80σ. It
is noted that the total number of 1024 polymers in our systems limits
the maximum nanoparticle radius to a ≈ 21 nm, which is 1 order of
magnitude smaller than those produced in the experiments. To realize
in the simulations a nanoparticle with a radius of a = 100 nm,
approximately 105 polymers are required, which is computationally
unfeasible. Despite this limitation, however, the model is able to
reproduce the most important trends observed in the experiments.36 A
Nosé−Hoover thermostat was employed to maintain the temperature
at T = 1, and the equations of motion were integrated using the
velocity Verlet algorithm at a time step of Δt = 0.01 in the reduced
units deﬁned earlier.

SIMULATION MODEL AND METHODS

Our previous MD model for homopolymers undergoing the FNP
process serves as a foundation for our study of polymer blends.36 In
this model, a polymer is described as a linear bead−spring chain with
N beads, each with unit diameter σ and mass m. Each bead represents
a Kuhn segment of the polymer chain. In the experiments, the
polystyrene (PS) chains have a molecular weight of 16.5 kg/mol.37
Because the mass of a PS Kuhn segment is Mk = 0.72 kg/mol,39 we
obtained N = 23, which was used for all homopolymer chains in our
simulations.
The bonded interactions between polymer beads are modeled via
the ﬁnitely extensible nonlinear elastic (FENE) potential.40 The
standard Kremer−Grest parameters were adopted to prevent
unphysical bond crossing.41 Other than the bonded interactions,
polymer beads also interact with one another via the standard
Lennard-Jones (LJ) potential
⎡⎛ ⎞12 ⎛ ⎞6 ⎤
σ
σ
ULJ(rij) = 4εLJ⎢⎢⎜⎜ ⎟⎟ − ⎜⎜ ⎟⎟ ⎥⎥
r
r
⎝ ij ⎠ ⎦
⎣⎝ ij ⎠

(2)

(1)

with rij being the interparticle distance between beads i and j. Binary
polymer blends have been considered in the current work, and we set
the prefactor εLJ for the intraspecies interactions of both polymer A
and polymer B equal such that εAA = εBB = kBT, with Boltzmann
constant kB and temperature T. The interspecies AB interaction
strength, εAB, was varied between 0.9εAA and 0.01εAA to mimic the
chemical incompatibility of the two polymer types. The cutoﬀ radius
was set to rcut = 3.0σ.
Following ref 36, solvent particles are modeled explicitly as LJ
particles with the same size and mass as the polymer beads. A reduced
number density of ρS = 0.66 has been chosen, which leads to a
dynamic solvent viscosity of η = 1.01. Similar to previous
computational studies on FNP,33,34,36 nonbonded interactions on all
particles were varied simultaneously over a certain period of time, τmix,

■

RESULTS AND DISCUSSION
Torza and Mason investigated the equilibrium morphology of
droplets in systems consisting of three immiscible liquids using
the Neumann triangle.47 Depending on the values of the
surface tensions, core−shell, acorn-shaped, or separated
droplets were obtained. These predictions were based on
theoretical calculations on macroscopic systems, and it is not
immediately clear whether these considerations are directly
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transferable to the nanoscale systems at hand. Subsequent
studies have also used surface tension to interpret the phaseseparated structures of polymer blends in aqueous solutions.23,48−52 Therefore, to understand the diﬀerent particle
morphologies produced from the FNP process, we ﬁrst
determined the surface tension between our constituents. To
this end, we performed simulations on systems consisting of
two homopolymer slabs as well as a homopolymer slab
surrounded by solvent particles at T = 1. Surface tension values
between the two polymers and between polymers and the
solvent were calculated using the standard mechanical
deﬁnition53
γ=

Pxx + Pyy
Lz
Pzz −
2
2

(3)

where Lz is the length of the simulation box along the z axis,
which was allowed to vary. Pxx, Pyy, and Pzz are the diagonal
components of the pressure tensor along the x, y, and z axes,
respectively, and the brackets denote an ensemble average.
As seen in Figure 1, the polymer−polymer surface tension,
γAB, decreases with increasing εAB and vanishes as expected

Figure 2. Equilibrium morphologies of nanoparticles as a function of
the ratios of surface tensions. Solid lines are reproduced from ref 52
and they are based on predictions by Torza and Mason using the
Neumann triangle.47 The positions of the lines are veriﬁed by our
analysis of an isolated nanoparticle. Cross sections of Janus and core−
shell particles (region I−III) are shown here to reveal the internal
structure. The dashed line represents the boundary between regions II
and IV if a negative surface potential of ζ = −33 mV is applied. Closed
circles are state points examined in our MD simulations on FNP
systems at τmix = 21 μs. Open circles are symmetrical state points.
Points (a) and (b) are chosen from the Janus and core−shell regions
for studies on particle size and composition, as will be explained later.

lines in Figure 2. State points highlighted by the closed circles
have been examined in our simulations on FNP systems at τmix
= 21 μs, and because εAA = εBB, symmetrical state points have
also been labeled by the open circles. We obtained particle
morphologies consistent with predictions from Torza and
Mason’s criteria, i.e., dumbbell-shaped Janus particles in region
I, acorn-shaped Janus particles in region II, core−shell particles
in region III, and completely phase-separated aggregates in
region IV. However, it is noted that when a negative surface
potential was applied to mimic the eﬀect of charge stabilization
during FNP, the boundary between regions II and IV shifted
slightly upward as represented by the dashed line. The
positions of the lines drawn in Figure 2 will be further studied
by our analysis of an isolated nanoparticle (see ensuing
discussion).
To diﬀerentiate the assembly mechanisms that lead to
diﬀerent particle morphologies, we present simulation snapshots for both the Janus and core−shell particles in Figure 3. In
case (a), when the diﬀerence in the solvophobicity of A and B
was small, polymers A and B formed separate aggregates ﬁrst,
and the homogeneous aggregates merged to form Janus
particles as mixing proceeded. When the diﬀerence in the
solvophobicity of A and B was large as in case (b), the more
solvophobic polymers aggregated ﬁrst and the less solvophobic
polymers then spread out on the surface of the aggregates to
form core−shell particles.
Next, we examined the self-assembled Janus and core−shell
structures in more detail. We obtained an isolated Janus particle
(the middle nanoparticle structure in Figure 4) with 93 A
chains and 93 B chains from a simulation with εAB = 0.9εAA and

Figure 1. (a) Polymer−polymer surface tension, γAB, as a function of
the reduced polymer cross interactions, εAB/εAA (εAA = εBB). εAB/εAA
was varied between 0.01 to 1.0. (b) Polymer−solvent surface tension,
γAW, as a function of the solvent quality parameter, 1 − λ.

when εAB becomes identical to εAA and εBB. Meanwhile, the
polymer−solvent surface tension, γAW, decreases when the
polymer−solvent interaction becomes less repulsive and
reaches 0 when 1 − λ = 1, i.e., when the polymer−solvent
interaction is purely LJ. Our calculated surface tensions are
comparable to those of real systems, e.g., γPS,PMMA = 3.2 mN/m
and γPS,water = 15.0 mN/m,49,50,52 when the conversions
described earlier from experimental to simulation energy and
length scales are used. Because our coarse-grained model was
not parametrized using surface tensions of speciﬁc polymers
and solvents, e.g., PS and THF, the calculated values are not
expected to agree perfectly with experimental measurements.
However, as will be shown in Figure 2, the phase behavior of
the polymer blends is predominantly dictated by the ratio of
surface tensions and not their absolute values. In this respect,
our model produces quantitatively similar values for γAW/γAB
and γBW/γAB as for typical materials in experiments.
Having obtained the surface tensions of the polymer blend
and solvent systems, we used Torza and Mason’s criteria47 to
explain the diﬀerent particle morphologies from FNP. Here, we
adopted the phase diagram reported in ref 52 to draw the solid
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surface coverage of A-type beads, SA, and the fraction of beads
that belong to the A−B interface, f i. Quantity SA was obtained
by identifying and constructing the convex hull of the surface
beads. To calculate f i, we ﬁrst identiﬁed the A−B interface by
taking all of the beads that have at least one bead of an opposite
type in their immediate neighborhood, and then dividing this
number by the total number of beads in the particle.
As shown in Figure 4, SA increases as λAW decreases, which
results from an increasing degree of encapsulation by A. The
dashed line at SA = 0.5 is the predicted surface coverage by
assuming that the area scales as the power of 2/3 of the number
of beads; this line intersects the data at γAW − γBW = 0 mN/m,
when the nanoparticle is dumbbell-shaped with no encapsulation. At γAW − γBW = −0.94 mN/m as predicted by the lines
drawn between regions II and III in Figure 2, the particle
undergoes a transition from Janus to core−shell, which is in
agreement with the measurements presented in Figure 4.
Finally, when γAW − γBW = −2.4 mN/m, i.e., γAW = 0 mN/m,
polymer chains of type A dissolve in the solvent. It is also clear
that calculations of f i support the same observations.
Next, we ﬁxed both λAW and λBW at 0.5 and decreased εAB
from 0.9 to 0.01. In addition to f i, we also computed the
asphericity of a single Janus particle, α.54 The quantity α
characterizes the shape of the particle and is deﬁned by
α=

(L12 − L 2 2)2 + (L12 − L32)2 + (L 2 2 − L32)2
2(L12 + L 2 2 + L3)2

(4)

where L1, L2, and L3 are the eigenvalues of the particle’s radius
of gyration tensor. The shape of the particle is a sphere when α
= 0.
As shown in Figure 5, the dumbbell-shaped Janus particle
became more elongated with a decreasing interfacial area. In the

Figure 3. Simulation snapshots over time that represent two selected
assembly parameters for a polymer blend undergoing the FNP process
with τmix = 21 μs. Case (a) leads to the formation of Janus particles,
and case (b) leads to core−shell particles.

Figure 5. Asphericity, α, and the fraction of beads that belong to the
A−B interface, f i, as a function of γAB.

Figure 4. Surface coverage of polymer A, SA, and the fraction of beads
that belong to the A−B interface, f i, as a function of γAW − γBW.

absence of the negative surface potential, at εAB = 0.01εAA,
which corresponds to a γAB value of 4.8 mN/m, the Janus
particle separates into two homopolymer aggregates (not
shown in Figure 5), which is in agreement with Torza and
Mason’s prediction, and the solid line drawn between regions II
and region IV in Figure 2. When a negative surface potential of
ζ = −33 mV is applied, the separation occurs at εAB = 0.3εAA
which corresponds to γAB = 4.2 mN/m and γAW/γAB = γBW/γAB
= 0.57, leading to the dashed line drawn in Figure 2.

λAW = λBW = 0.5 and studied how the structure changed as we
varied polymer−solvent and polymer−polymer interactions.
We ﬁrst kept εAB and λBW constant (γAB = 0.9 mN/m and γBW =
2.4 mN/m). By varying λAW systematically from 0 to 1, which
can be represented by a horizontal move from left to right
across Figure 2, we observed particle structures as shown in
Figure 4. Here, two structural properties were used to
characterize the varying degree of encapsulation, i.e., the
6024
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Unlike systems of homopolymers undergoing FNP, τmix not
only aﬀects the ﬁnal particle size in the case of polymer blends
but also leads to diﬀerent compositions of the ﬁnal system at
equilibrium. During Janus particle formation, at fast mixing, a
certain fraction of precipitated nanoparticles remains as
homopolymer aggregates as shown in Figure 7. As τmix

Having understood the relationship between particle
structure and surface tension, we moved on to study the
processing parameters speciﬁc to the FNP process, such as the
mixing rate and polymer feed concentration. An advantage of
the FNP technique is the ability to independently control the
particle size and morphology, as demonstrated by recent
experiments in which the size of the patchy particles was tuned
by the mixing rate or polymer feed concentration.37 In the
following section, we will present results from varying these two
parameters in our simulations.
Two state points have been chosen from the phase diagram
[(a) and (b) in Figure 2], which belong to the Janus and core−
shell regions, respectively. It has been suggested by the
experiments and previous simulations of homopolymers that
the particle size remains approximately constant at short mixing
times, i.e., fast mixing, but increases when the mixing time
exceeds a speciﬁc threshold.36,37 It was argued that micromixing
aﬀects only the ﬁnal nanoparticle size when the collapse time of
polymer chains during the solvent displacement is slower than
the average contact time for two polymer chains. Reference 36
provides details on estimating the average contact time and
thus the threshold mixing time, which has been indicated by the
dashed line in Figure 6 for the studied system. Figure 6 also

Figure 7. Fraction of Janus particles, f JP, and the standard deviation
from a 50:50 A/B ratio in the precipitated particles, SDJP, plotted as a
function of mixing time, τmix. The dashed line indicates the estimated
threshold mixing time for the homopolymers at the studied
concentration of 8.2 mg/mL.

increases, the fraction of Janus particles, f JP, increases and
approaches 1. Figure 7 also shows the standard deviation of
nanoparticle compositions from a 50:50 A/B ratio, SDJP. As τmix
increases, SDJP decreases as a result of the longer diﬀusion and
aggregation time allowed before charge stabilization sets in.
The eﬀect of mixing time on the ﬁnal systems of core−shell
particles has also been examined. As shown in Figure 8, at small
τmix, a large fraction of the less solvophobic chains remain
dissolved in the solvent. Therefore, the average composition of
A chains in the precipitated nanoparticles, fA, deviates from 0.5,
and the amount of surface coverage by A particles, SA, is
signiﬁcantly larger than zero because the core is not completely
covered by the less solvophobic B chains. However, as τmix
increases, the number of free chains in the ﬁnal system
decreases, and fA and SA approach 0.5 and 0, respectively. It
should also be noted that the number of dissolved less
solvophobic chains could be overestimated in our simulations
because they were assigned a larger artiﬁcial charge as a result of
their large radius of gyration; although the origin of the
negative surface potential is still unclear,56−58 it is conceivable
that only highly hydrophobic, collapsed aggregates carry such a
surface potential. However, the general trends in our
observations and the studied metrics should still hold as
demonstrated through the analysis of the single isolated
aggregates, where the surface charge was switched oﬀ. In
addition, it can be seen in Figures 7 and 8 that the studied
metrics remain relatively constant at short mixing time and start
to vary more prominently after a threshold value. This
observation can be understood with the concept of the

Figure 6. Average radius of nanoparticles (Janus, core−shell, and
homopolymers), a, plotted as a function of mixing time, τmix. The
dashed line indicates the estimated threshold mixing time for the
homopolymers at the studied concentration of 8.2 mg/mL. Error bars
are shown only when they are larger than the symbol size.

shows the average size of Janus and core−shell particles as a
function of τmix, and it is clear that polymer blends exhibit a
trend similar to that of homopolymer systems. Interestingly, at
fast mixing, precipitated Janus or core−shell particles are
smaller than their homopolymer counterparts (εAA = εBB = εAB)
at the same overall polymer concentration. This discrepancy
stems from εAB < εAA = εBB in our simulations, which leads to a
smaller enthalpic gain when polymers of diﬀerent types
aggregate. This eﬀect vanishes, however, at longer τmix, and
the particle diameters approach each other, despite the slightly
unfavorable εAB; at such long mixing times, the polymers have
enough time to aggregate before the good solvent is displaced
by the poor one and the stabilizing surface charge builds up.
Recent self-consistent ﬁeld theory calculations of a similar
system have indicated that a ≈ τmix1/6 in this growth regime,55
which is in line with our observations.
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distributions with polydispersity indices of approximately 0.1.36
We did not make such a quantitative analysis of the size
distribution in the case of polymer blends because of the small
number of samples, but a visual inspection revealed behavior
that was qualitatively similar to that in the homopolymer case.
Finally, we investigated the eﬀects of the polymer feed ratio
on the ﬁnal nanoparticle composition proﬁle at τmix = 21 μs and
Φ = 8.2 mg/mL. Three diﬀerent A/B feed ratios, i.e. 1:1, 1:2,
and 1:4, were studied for both the Janus and the core−shell
regimes. It was found that feed ratio, fA,feed, had no eﬀect on the
nanoparticle size. At long mixing time, the average composition
of A in precipitated nanoparticles at equilibrium, fA,particle,
converged to fA,feed as shown in Figure 10. This is because the

Figure 8. Average composition of A chains, fA, and the amount of
surface coverage of A particles in the precipitated particles, SA, plotted
as a function of mixing time, τmix. The dashed line indicates the
estimated threshold mixing time for the homopolymers at the studied
concentration of 8.2 mg/mL.

aforementioned threshold mixing time, which has been used to
explain the trend in ﬁnal nanoparticle size in Figure 6.
In addition to τmix, we have also studied the eﬀect of polymer
feed concentration, Φ, on the average nanoparticle radius, a, as
shown in Figure 9. We obtained good agreement with results

Figure 10. Average fraction of polymer A in equilibrium particles,
fA,particle, as a function of the fraction of polymer A in the feed stream,
fA,feed at τmix = 21 μs. The dashed line represents fA,particle = fA,feed.
Examples of particle cross sections from each feed ratio are also shown.

polymers are homogeneously distributed, and when they are
allowed a long enough time to aggregate before the good
solvent is displaced by the poor one, the compositions of
individual nanoparticles should approach that of the feed
stream. In experiments, τmix is typically on the order of
milliseconds, which is 1 to 2 orders of magnitude larger than
the τmix studied in our simulations. The experimentally studied
polymer concentrations range from 0.1 to 2 mg/mL, which is 1
order of magnitude lower than the polymer concentration
range studied by our simulations. At such lower concentrations
in the experiments, the threshold mixing time is raised by
approximately a factor of 5 to ∼5 μs, which is still well below
the characteristic mixing time of ∼3 ms. Hence, the eﬀect of a
lower polymer concentration can still be oﬀset by the much
larger τmix, and nanoparticles produced in the experiments
should belong to the regime where their compositions converge
to the feed composition, which is consistent with experimental
observations.37 Therefore, we can conclude that the FNP
technique can reliably control the composition of the fabricated
nanoparticles through the polymer feed ratio.

Figure 9. Nanoparticle radius a vs overall polymer concentration in
the mixed stream Φ at τmix = 21 μs.

from previous MD simulations on homopolymers for τmix = 21
μs. The data can be ﬁtted through a ∝ Φn with n ≈ 0.3 as in the
experiments.36 The fact that nanoparticle size increases with
polymer feed concentration conﬁrms that the process is
growth-controlled, which fundamentally diﬀers from a
nucleation-controlled process, where the ﬁnal nanoparticle
size was found to decrease with polymer concentration because
polymers deposit on a larger number of nuclei that are
formed.35 In our previous work, we studied the size distribution
of the precipitated nanoparticles for homopolymeric systems
via experiments and simulations, and we found normal size
6026
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