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ABSTRACT: We studied the directed assembly of soft nanoparticles
through rapid micromixing of polymers in solution with a
nonsolvent. Both experiments and computer simulations were
performed to elucidate the underlying physics and to investigate
the role of various process parameters. In particular, we discovered
that no external stabilizing agents or charged end groups are required
to keep the colloids separated from each other when water is used as
the nonsolvent. Furthermore, the size of the nanoparticles can be
reliably tuned through the mixing rate and the ratio between polymer
solution and nonsolvent. Our results demonstrate that this
mechanism is highly promising for the mass fabrication of uniformly sized colloidal particles, using a wide variety of
polymeric feed materials.
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Colloidal materials are increasingly used in scientific and
technological applications, ranging from mesoscopic
models for atomic systems1,2 to soft optoelectronic

devices3 and biomedical applications.4,5 This rapid increase in
demand confronts scientists and engineers with the consid-
erable challenge of providing large quantities of complex
nanoparticles with high fidelity.6−9 One promising approach for
overcoming this hurdle is flash nanoprecipitation (FNP),10,11 a
process in which nanoparticles are assembled via kinetically
controlled aggregation, driven by rapidly displacing a good
solvent with a nonsolvent. In previous experiments12,13 and
simulations,14−17 the directed assembly of small hydrophobic
molecules into nanoparticles, stabilized via block copolymers,
has been studied in detail. These complexes are promising
vectors for drug delivery because the multiple components can
be captured in the nanoparticle core, bioavailability of
hydrophobic drugs can be increased, release can be controlled,
and particles can be targeted to enhance therapeutic efficacy.4,5

However, a stabilizing hydrophilic polymer layer is
undesirable in the case of surface-patterned colloids (e.g.,
Janus particles), where a well-defined surface heterogeneity is
crucial. We have shown in recent experiments that nanoparticle
stability can also be achieved without external stabilizing agents,
by using high molecular weight polystyrene (PS) chains with
sulfate anions at the chain termini.18 During the flash
nanoprecipitation process, the polymers aggregated into
uniformly sized spherical colloids, with the charged end groups
located at the colloid surface to minimize the electrostatic

repulsion between them. These surface charges then led to an
effective repulsion between the nanoparticles and ensured
stability of the colloidal dispersion.
In this contribution, we obtain the highly unexpected result

that stable nanoparticles can be created by the FNP assembly of
purely hydrophobic polymers. This is surprising given that all
previous applications of FNP have involved an identifiable
stabilizer. We successfully performed the FNP experiments
using different electroneutral polymers, indicating a general
behavior independent of the specific polymer chemistry. This
finding dramatically expands the number of source materials
and particle surface properties available to FNP-based
techniques. As a result, the tunability of particle properties
can be drastically enhanced when the emergent stability of the
particles is used in concert with one or more of the process
parameters.
Simulations are a formidable tool to elucidate the micro-

scopic mechanisms controlling the particle formation and
ensuing stability. Simulations enable testing of hypotheses
about the responsible mechanisms and can be compared with
experimental results. They also allow for an efficient exploration
of parameter space in a way that cannot be accomplished by
experiments alone. Previous efforts have focused on the self-
assembly of polymer-protected nanoparticles, using lattice
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Monte Carlo14 and dissipative particle dynamics simula-
tions.15−17 However, stability in systems studied in the present
work is not achieved through a protective polymer coating but
rather through charge associated with the surface of the
nanoparticle. This fundamental difference necessitates a new
modeling approach that faithfully captures all relevant physics
but is computationally efficient at the same time.

RESULTS AND DISCUSSION

The basic premise of FNP is that the rapid micromixing of a
polymer solution and a nonsolvent will initiate supersaturation
and aggregation. During this process, the individual polymers
first collapse into spherical globules and then aggregate to
minimize the contact area with the surrounding solvent. The
self-assembled nanoparticles are stabilized against further
aggregation through hydrophilic12−16 or charged18 end groups.
The characteristic time scales of these processes and their
mutual overlap are crucial for the controlled fabrication of
colloids through this process, as suggested by earlier
studies.10,16 To elucidate this matter further for the case of
neutral aggregating polymers, we performed both experiments
and simulations as follows.
In the experiments, we used either polystyrene or

polyisoprene (PI) dissolved in tetrahydrofuran (THF) in the
feed stream and pure water as the nonsolvent. Figure 1a shows
a schematic of the flash nanoprecipitation process employed to
fabricate polymer particles, where two miscible solvent streams
are rapidly mixed, one of which serves as a good solvent for the
polymers and the other as a nonsolvent. Figure 1b−d shows
representative scanning electron microscope (SEM) images of
PS nanoparticles formed by the FNP process using different
polymer concentrations in the feed stream. The corresponding
particle size distributions in Figure 1e−g were collected via
dynamic light scattering (DLS) analysis (see Methods for
details) and highlight the increase in average particle diameter
with polymer concentration and the good uniformity of the
resulting particles.
The formation of particles of various sizes as a function of

polymer concentration in the mixed stream, Φ, has been
demonstrated using two polymers, PS and PI, as shown in
Figure 2. The stability of these particles is surprising, given that
both polymers are electroneutral and no additional stabilizing

agents were included in either one of the feed streams.
However, ζ-potential measurements for the resulting nano-
particle suspensions obtained using electrophoretic light
scattering revealed a net negative surface potential in the
range of ζ ≈ −30 to −40 mV, which changed only slightly for
particle radii between 45 and 135 nm (see inset of Figure 2).
We obtained qualitatively similar results for both PS and PI,
which suggests that the mechanism by which the hydrophobic
particles achieve stability during the FNP process should be
general and largely independent of polymer chemistry. In the
remainder of the present paper, we focus on the case of PS
(unless stated otherwise explicitly) for the sake of conciseness.
We fitted the average radius data shown in Figure 2 through

a power law a ∝ Φn with an exponent of n = 0.30 ± 0.03 for
both PS and PI, which indicates that the number of polymers
per nanoparticle is roughly proportional to Φ. The fact that the
size of the nanoparticles increases monotonically with the
polymer concentration is indicative of a growth-controlled
process. In contrast, systems that are nucleation-controlled
exhibit a decreasing final nanoparticle size as the nucleation rate
is increased because the polymers can deposit on a larger
number of nuclei.19 We hypothesize that in our systems the
growth period is terminated once the electrostatic repulsion

Figure 1. (a) Schematic representation of the FNP mixing process. Representative SEM images of PS particles (Mw = 13 kg/mol) made from
PS concentrations in the mixed stream of (b) 0.033 mg/mL, (c) 0.17 mg/mL, and (d) 1.7 mg/mL. Size distribution curves of PS particles in
(b−d) are shown in panels (e−g), with average radii of 240, 270, and 420 nm, respectively. All samples had an average polydispersity index of
approximately 0.1.

Figure 2. Main panel: Average radius a of PS and PI colloids vs
polymer concentration Φ in the mixed stream. Inset: ζ-potential vs
colloid radius a measured in neat water at pH 7.
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between the aggregates outweighs the van der Waals attraction
between them. Hence, the strength of the electrostatic forces
also plays a crucial role in controlling the final nanoparticle size.
There are prior experimental studies in the literature in

which nanoscale hydrophobic entities are stabilized in a pure
aqueous environment. For example, a similar stability
phenomenon has been observed for air bubbles20,21 and oil
droplets22,23 in pure water. However, this behavior still remains
the subject of much debate. For instance, conflicting claims
have been made regarding the physical origin and the polarity
of the surface charge.24−27 Beattie et al. argue that hydroxide
ions are adsorbing at the hydrophobic surface, thereby
generating a negative stabilizing surface charge.24,25 On the
other hand, classical MD simulations and sum frequency
scattering experiments suggest instead that the anisotropy of
the water molecules and their orientation at the interface
induces a positive surface charge.26,27 Both the sign and the
magnitude of the ζ-potential measured in our experiments
suggest that adsorbing hydroxide ions should be responsible for
the surface charge, but a detailed explanation of the origin and
mechanism of charge acquisition for our uncharged polymers is
outside the scope of the present work.
Instead, we focus on the mechanism of particle formation

and how key particle parameters, such as particle size, can be
controlled. In addition to the relation between particle size and
polymer concentration (see Figure 2), we have also
experimentally demonstrated control of particle size with
mixing time. The mixing time was varied by tuning the overall
flow rate, while polymer concentration was controlled by
adjusting the ratio between the polymer solution and the
nonsolvent. Figure 3 shows the radius of the precipitated

nanoparticles, a, as a function of Reynolds number, Re (see
Methods for definition). Low Re values correspond to slower
flow rates and longer mixing times, whereas high values of Re
are representative of shorter mixing times. It is clear that a
remains roughly constant for short mixing times but then
increases as the mixing slows down.
Combined, Figures 2 and 3 demonstrate that polymer

concentration and mixing time play a crucial role in controlling
the final nanoparticle size and that the charged particle surfaces
lead to their stability. Unfortunately, the inherently rapid nature
of the precipitation process makes it extremely challenging to
obtain a molecular understanding of the mechanism of particle
formation at all stages of the process. Furthermore, it is difficult
to systematically study the effect of the ζ-potential
experimentally since this is only possible through variations

in pH, which introduces salts and other complicating factors.
These limitations motivate simulations of the FNP process to
undertake studies not possible via experiments. For instance, in
simulations, it is possible to control the ζ-potential
independently of the Debye length of the screened electro-
statics. Furthermore, simulations can provide molecular insight
into how mixing times relate to nucleation and growth
dynamics of polymer chains.
For the simulation studies, we employed molecular dynamics

(MD) simulations of bead−spring polymer chains dispersed in
an explicit solvent (see Methods for a detailed description).
This model fully captures solvent displacement and hydro-
dynamic effects and allows for a microscopic analysis of the
nanoparticle self-assembly. However, such a detailed descrip-
tion of the FNP process confronts us with three major
challenges: first, mixing times in the experiments are typically a
few milliseconds, which is still out of range for microscopic
simulations. Second, the low polymer concentrations (∼0.1
mg/mL) and the rather large nanoparticle sizes (∼100 nm) in
the experiments lead to an infeasible number of interaction sites
in the simulations. Lastly, a microscopic description of the
electrostatic forces between the nanocolloids is computationally
challenging, due to the long-ranged nature of these interactions.
In order to address these difficulties, we make simplifications

to render the problem computationally tractable. First, we
drastically shorten the mixing times to microseconds. Second,
we use polymer concentrations roughly 2 orders of magnitude
higher than those in the experimental system. Consequently,
there is an upper bound on the size of the nanoparticles that
can form in our simulations, dictated by the total number of
polymers in the system. Third, we employed an a posteriori
approach for reproducing the electrostatic stabilization, where
we placed a ghost particle inside each aggregate, which carries
the corresponding surface charge. As will be demonstrated in
the following, our simulations successfully reproduce the
experimental trends in a semiquantitative manner despite
these approximations and provide valuable insights into the
microscopic self-assembly mechanisms.
To better understand the FNP process as a whole, we first

consider the behavior of a single polymer as the solvent is
displaced by the nonsolvent. First, we computed the radius of
gyration Rg and diffusion coefficient D of a single polymer in
solvents of varying quality, by tuning the cross-interaction
between the solvent particles and polymers beads via the
dimensionless parameter γ. For γ = 0, the solvent−solvent and
solvent−monomer interactions are identical, which corre-
sponds to good solvent conditions. The solvent−monomer
interaction becomes less attractive as γ → 1, resulting in a
worsening of the solvent quality. Θ conditions are achieved at γ
= 0.05, but the threshold at which the solvent becomes poor is
less well-defined. Figure 4 shows the simulation data, where the
error bars have been determined from five independent runs. It
is apparent that the polymer’s radius of gyration Rg decays
quickly as the solvent quality decreases but then stays nearly
unchanged for γ ≥ 0.5. At the same time, D increases by about
55% as the polymer collapses into a globule but then remains
roughly constant as γ is increased further. In the following, we
set the upper bound of γ to 0.5.
Next, we studied the characteristic collapse time of the

polymer, τc. In his seminal work,28 de Gennes predicted that
the coil−globule transition is a two-stage process, where
adjacent monomers initially aggregate into crumples which then
further shorten and thicken until a compact globule is formed.

Figure 3. Average radius a of PS colloids vs Reynolds number Re
for various polymer concentrations in the mixed stream, Φ. The
solid lines are a guide for the eye.
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This was confirmed in experiments using poly(N-isopropyla-
crylamide) chains with Mw = 364 kg/mol,29 where both the fast
(∼12 ms) and slow mode (∼270 ms) of the collapse kinetics
were in reasonable agreement with the theoretical prediction.
However, we surmise (and confirm via simulations) that for
short polymers the strong correlation between the polymer
ends leads to an immediate coil−globule transition, eliminating
the previously observed separation of time scales for long
chains. Specifically, we computed the collapse time τc of a short
chain at various mixing times τmix by simulating a single
polymer in solution and measuring its radius of gyration over
time. We conducted 20 independent runs for each state point
and then fitted the averaged Rg data through a sigmoid function
to extract τc. We used the functional form:

τ
= + −

−⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟
⎤
⎦
⎥⎥R t R A

t t
( ) 1 tanhg g,p

0

c (1)

where the radius of gyration at good solvent conditions is Rg,g =
Rg,p + 2A, Rg,p is the radius of gyration at poor solvent
conditions, and A is a parameter that depends on the chain
length and its flexibility. Figure 5 shows Rg(t) and the

corresponding fit through eq 1 for instantaneous mixing (τmix
= 0). We were not able to find any indication for a two-step
process, which is in line with previous simulations of short
polymers.30 We computed a collapse time of τc = 2 ns for τmix =
0, which is considerably faster than the Rouse-like relaxation
time,31 τRouse ≈ ησ3M2/(kBT) ≈ 150 ns, predicted by de Gennes

for the fast mode of the collapse.28 Instead, we found that τc is
much closer to the Zimm relaxation time of the polymer, τZimm

≈ ηRg,g
3/(kBT) ≈ 5 ns,32 which corroborates the direct coil−

globule transition picture for our chains.
As we gradually increased the mixing time, the polymer

collapse slowed down accordingly, but the overall transition
remained qualitatively unchanged in character. In particular, we
found an approximately constant ratio τc/τmix ≈ 0.2−0.3 for
sufficiently slow solvent exchange rates, as shown in Figure 6.

To investigate the collective behavior of multiple polymers,
we first initialized our systems by placing the polymers and
solvent particles randomly in the cubic simulation box. We then
equilibrated the polymer solution under good solvent
conditions, until the chain dimensions and system energy
reached a steady state. Then we performed the solvent
exchange by changing the monomer−solvent cross-interaction.
In preliminary simulations without any electrostatic inter-
actions, we observed the formation of a single aggregate
consisting of all polymers to minimize the contact area with the
surrounding nonsolvent. By contrast, simulations with activated
surface charges produced finite-sized aggregates, which
confirms our initial hypothesis that the nonzero ζ-potential
plays a key role for the stabilization of the precipitated
nanoparticles. In our model, we mimic the surface charges by
placing an effective charge in the center of each aggregate,
leading to the measured ζ-potential (see Methods for details).
Such a coarse-grained description of the surface charges is
necessary since a microscopic treatment of the hydroxide ions is
computationally infeasible for the systems of aggregating
polymers we aim to represent. Our model is computationally
efficient and physically reasonable because the hydroxide ions
exhibit a considerably higher mobility compared to the free and
aggregated polymer chains,33 and thus we can safely assume
that the surface charges build up (almost) instantaneously.
Once the polymers self-assembled into nanoparticles, we can

study the conformation of the constituent polymers. In Figure
7, we have plotted Rg as a function of the distance from the
aggregate center, and it is clear that Rg remains close to Rg,Θ in
the colloid center but then decays as the corona of the
nanoparticle is approached. However, the polymers on the
nanoparticle surface are not fully collapsed (cf. Figure 5)
because they are only partially exposed to the nonsolvent.
Furthermore, we found that the final conformation of the
polymers in the aggregates was independent of the mixing time;
it is irrelevant for the internal structure of the nanocolloid
whether the polymers first collapse into globules and then

Figure 4. Radius of gyration, Rg, and diffusion coefficient, D, of a
single polymer in solution as a function of solvent quality, which
worsens as γ → 1. The data have been normalized by their values at
good solvent conditions, Rg,g and Dg, respectively.

Figure 5. Collapse of a single polymer for instantaneous mixing.
The red line shows the averaged Rg data from 20 independent
simulations; the black line shows the fit through eq 1, and the
dotted line indicates the mixing event.

Figure 6. Collapse time τc vs mixing time τmix for a single polymer in
solution. The dotted lines are guides for the eye and have a slope of
0.2 and 0.3.

ACS Nano Article

DOI: 10.1021/acsnano.5b06890
ACS Nano XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/acsnano.5b06890


merge, or vice versa. This behavior is most likely due to the
unentangled nature and short relaxation times of the employed
polymers. A similar effect has been recently identified for the
micellization of short surfactant molecules.34 Finally, our
explicit solvent model allows us to check for solvent trapping
in the nanoparticle core during the precipitation process. We
did not find any indication for such a behavior in our simulation
data.
We continued our theoretical analysis by systematically

studying the effect of the various process parameters on the
final aggregate size distribution. Our experiments and
preliminary simulations indicate that the presence of surface
charges plays a crucial role for stabilizing the colloidal
dispersion, and therefore, we first concentrated on investigating
the role of the system’s pH and ζ-potential. We varied the pH
of the solvent in the range of 3.8 ≤ pH ≤ 7.0 at fixed ζ-
potentials, where solvent molecules were replaced by non-
solvent ones instantaneously (τmix = 0), to reduce the number
and runtime of the simulations. We verified at selected state
points that this procedure did not introduce any systematic
errors and then conducted three independent runs to collect
the data. No appreciable effect on the final aggregate sizes was
detectable. Subsequently, we studied the role of the electro-
static interaction strength by varying the ζ-potential at fixed pH
5.4. Figure 8 shows the average radius of the precipitated
nanoparticles, a, as a function of Φ. For any given ζ-potential,
we can fit our data through a ∝ Φn with an exponent of n =
0.29 ± 0.03 as in the experiments. Furthermore, we find that a

decreases with increasing ζ-potentials because the electrostatic
repulsion between the collapsed globules and nanoparticles
becomes stronger,18 which impedes the aggregation into larger
nanoparticles.
Figure 9 shows the size distribution of the precipitated

nanoparticles for several polymer concentrations at ζ = −33

mV after instantaneous mixing. The computed histograms can
be fitted through Gaussian distributions, with rather small
standard deviations of approximately 1 nm in all cases. These
findings are in good qualitative agreement with the results from
experiments shown in Figure 1e−g.
Finally, we systematically investigated the effect of the mixing

time on the aggregation behavior. As shown in Figure 3, the
experiments indicate that the size of the nanoparticles, a,
increases with a decreasing flow rate of the feed streams, Re.
However, this progression is not gradual and there seems to
exists a Φ-dependent threshold flow rate, above which a
remains approximately constant. Here, it is useful to consider
the mixing time τmix associated with the rapid mixing of the two
feed streams, as it allows us to draw a direct connection to the
coil−globule transition of a single polymer (see further above).
To better understand the dynamics of the polymer

aggregation, we first estimate the contact time τl for two
chains by considering the mean free path l between their
centers of mass. Initially, when the chains are distributed
homogeneously, l can be approximated as l ≈ ρp

−1/3, where ρp is
the number density of polymers in solution. For a purely
diffusion-driven system, τl can then be estimated through τl ≈
l2/(6D) = ρp

−2/3/(6D), and we find 0.1 μs ≲ τl ≲ 0.6 μs for the
range of simulated concentrations (1.0 mg/mL ≤ Φ ≤ 16.3
mg/mL). These values are considerably larger than the collapse
time of a polymer at instantaneous mixing (τc = 2 ns),
suggesting that micromixing should only affect the final
nanoparticle size if τc ≫ τl. Using the empirical relation τc/
τmix ≈ 0.2−0.3 from our initial simulations of an isolated
polymer (see Figure 6), we can estimate a threshold of τthr ≳ 5
τl. This leads to threshold mixing times in the range of 0.5 μs ≲
τthr ≲ 3 μs for the Φ values in our simulations. To test our
hypothesis, we computed the average colloid size as a function
of mixing time at three different concentrations, Φ = 2.0, 4.1,
and 8.2 mg/mL. We have performed three independent runs
per state point and show in Figure 10 the simulation results for
ζ = −75 mV together with the estimated threshold mixing time
for each concentration.
It is visible that the size of the emergent nanoparticles is

approximately constant for fast mixing but then increases
significantly as τmix ≳ τthr. Furthermore, it is clear that the onset

Figure 7. Polymer radius of gyration Rg vs distance from the
nanoparticle center r. The data were recorded from simulations of a
single nanoparticle with radius a = 17 nm. The dotted line shows
the expected value in a melt, Rg,Θ, and the solid line is a guide for
the eye.

Figure 8. Nanoparticle radius a vs polymer concentration in the
mixed stream Φ for various ζ-potentials from simulations.

Figure 9. Size distribution of nanoparticles for various polymer
concentrations Φ obtained from simulations at ζ = −33 mV.
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of nanoparticle growth shifts to smaller τmix with increasing Φ,
as predicted by our theoretical model. These findings are in
good qualitative agreement with the experiments (cf. Figure 3)
and suggest that there exists a minimum nanoparticle size for a
given polymer concentration, which cannot be undercut by
increasing the flow rate. To better illustrate this behavior, we
have plotted in Figure 11 the nanoparticle radius a, reduced by

its value at τmix = 0, against the normalized mixing time τmix/τthr.
In this representation, the simulation data from the different
polymer concentrations Φ collapse onto a single curve,
indicating a universal behavior, where the relative growth rate
of the nanoparticles is (to a first approximation) independent of
the polymer concentration.
Finally, we studied the effect of the ζ-potential on the

aggregation behavior when τmix > 0. To this end, we fixed the
polymer concentration to Φ = 8.2 mg/mL and performed
simulations for −33 mV ≤ ζ ≤ −75 mV. The simulation results
are shown in Figure 12, and it is clear that a stronger ζ-potential
consistently leads to smaller nanoparticles, which is in
agreement with our previous observations for τmix = 0 (see
Figure 8). Further, it is apparent that our estimate for τthr
underpredicts the actual threshold mixing time as ζ decreases,
although our theoretical description has no explicit ζ
dependence. We posit that this discrepancy originates from
our initial assumptions that the system is purely diffusion driven
and that the formation of nanoparticles is dominated by the
aggregation of single polymers; this picture should break down
as the electrostatic repulsion between the collapsed polymers
becomes weaker, allowing for the formation of intermediate
aggregates, which are larger than single globules and hence also
diffuse slower.

We confirmed our hypothesis by studying the size of the
aggregates during the solvent exchange as a function of time.
Here, we found for τmix ≪ τthr that the polymers have already
aggregated into small clusters consisting of multiple polymers at
t = τthr. For example, at instantaneous mixing conditions the
average aggregation number was 7 for ζ = −33 mV, whereas we
identified only three chains per cluster at ζ = −75 mV. The
reason that aggregation occurs already before τmix is due to the
van der Waals attraction between the polymers, which
accelerates their motion toward each other. This effect becomes
enhanced as the electrostatic repulsion becomes weaker. We
can take these effects into account by replacing the diffusion
coefficient of a single globule with the one of an aggregate with
radius a(τmix = 0) . The resulting effective threshold times τthr*
are indicated by vertical arrows in Figure 12, which agree
slightly better with the simulation data than our original
estimates.
When we compare the final nanoparticle sizes in the

experiments and simulations, we find considerably smaller
aggregates in the latter, despite the higher polymer concen-
trations employed. There are two reasons for this discrepancy:
first of all, the mixing times in our simulations were in the order
of a few microseconds, whereas the experiments have been
conducted at τmix ∼ ms. The slower mixing of the feed and
nonsolvent streams allows for a longer growth period of the
nanoparticles. Second, there are substantially fewer polymers in
the simulated systems, which introduces a hard limit for a. For
example, there are 1024 polymers at the highest concentration
(Φ = 16.3 mg/mL), which limits the maximum nanoparticle
size to a ≈ 21 nm. Nevertheless, our simulations faithfully
reproduce the experimental trends and give valuable insights
into the microscopic mechanisms behind the FNP process.

CONCLUSIONS
In this work, we have demonstrated that rapid mixing of a
solution loaded with uncharged homopolymers in a good
solvent with a poor solvent stream leads to nanoparticles of
good uniformity and controllable size. The average number of
polymer chains in the resulting nanoparticles is proportional to
the concentration of polymer in the initial solution, pointing to
a growth-controlled process of self-assembly. Particle size is
insensitive to mixing time for fast mixing but increases with
mixing time of the solvent and nonsolvent streams. Electro-
phoretic light scattering measurements for the resulting
particles indicate a ζ-potential of −30 to −40 mV, which we

Figure 10. Nanoparticle radius a vs mixing time τmix for various
polymer concentrations Φ at ζ = −75 mV from simulations. The
arrows indicate the estimated threshold mixing time τthr for each Φ
value.

Figure 11. Nanoparticle radius a, reduced by its value at τmix = 0, vs
the normalized mixing time τmix/τthr.

Figure 12. Nanoparticle radius a vs mixing time τmix at Φ = 8.2 mg/
mL from simulations. The dotted line indicates the estimated
threshold mixing time τthr based on the diffusion of single globules,
whereas the arrows correspond to the effective τthr* (see text).
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hypothesize is the result of surface charging via interactions
with the aqueous nonsolvent.
Simulations of monodisperse polymer solutions in an explicit

solvent were performed to elucidate the mechanism of particle
stabilization and the influence of mixing time and polymer
concentration on the aggregation process. The mixing process
was approximated through a controlled change of solvent
quality from good to poor. In the absence of surface charges,
unlimited growth of the particles was observed. Thus, a
screened electrostatic repulsion consistent with the measured ζ-
potential values was assumed to act between aggregates. In
agreement with the experiments, the number of chains in the
aggregates was found to be proportional to the polymer
concentration in the initial solution. Faster mixing also led to
smaller nanoparticles, but the effect disappears below a
threshold value of the mixing time, as seen in the experiments.
The experimental observations and modeling approach

should be generally applicable to many other polymer systems
undergoing rapid precipitation through mixing with a poor
solvent stream. In future work, we plan to investigate different
polymer and solvent combinations and attempt to clarify the
mechanism for charge formation on the nanoparticle surfaces.
Implicit solvent simulations should also allow us to bridge the
gap in solution concentration and mixing times between the
experimental and simulated systems.

METHODS
Materials. All experiments were conducted at room temperature

(T = 293 K) and ambient pressure. Polystyrene and poly(1,4-
isoprene) chains with molecular weights of Mw = 16.5 kg/mol and Mw
= 11.0 kg/mol, respectively, were purchased from Polymer Source Inc.
(Dorval, QC, Canada). Table 1 lists the relevant physical information

on the polymers, and we can estimate the polymers’ radius of gyration
at Θ conditions by mapping them to ideal chains,35 leading to Rg,Θ

PS ≈
3.5 nm and Rg,Θ

PI ≈ 3.3 nm. Purified deionized water was obtained from
a NANOpure Diamond filtration system (Barnstead International,
Dubuque, IA, USA) with a four-stage deionizer and 0.2 μm filter.
HPLC-grade tetrahydrofuran was purchased from Fisher Scientific
(Pittsburgh, PA, USA).
Experimental Setup. To prepare the polymer solutions, a

predetermined amount of the polymer was weighed out and deposited
into a 250 mL glass jar. THF was then pipetted to prepare a solution
with the desired concentration. Mixing was performed using a multi-
inlet vortex mixer, which contains four inlet ports controlled by digital
syringe pumps and a single effluent stream. In our experimental setup,
the polymer solution was loaded into a syringe and injected through
one port while the other three inlet streams, controlled by a separate
syringe pump, contained purified water. A PS solution of 0.2 mg/mL
was used in the feed stream for experiments aimed at investigating the
effects of mixing time and solvent exchange on particle size. The
pumps were started at the same time, and in order to prevent cross-
contamination of samples, 10 mL of effluent was run through the
mixer at each new flow rate and discarded before collecting
approximately 5 mL of the sample to be tested in a clean 20 mL
scintillation vial. The Reynolds number was calculated with11

∑
ν

=
=

v
LRe

i

N
i

i1 (2)

where vi is the average velocity (cm/s) of inlet stream i, and νi is the
corresponding kinematic viscosity (cm2/s), approximated as either that
of pure THF or pure water. L is the diameter of the mixing chamber,
which in our case was L = 0.60 cm.

After being mixed, the resulting suspensions were tested for particle
size and ζ-potential using dynamic light scattering analysis on the
Zetasizer Nano ZS, manufactured by Malvern Instruments (Malvern,
Worcestershire, UK). For particle size measurements, purified water
was added to an aliquot of the collected sample in a plastic cuvette to
achieve a concentration of 1.5 mg PS per liter of solvent. For ζ-
potential measurements, a folded capillary cell was filled with a dilution
of the sample in purified water at pH 7. PBS (0.1×) was chosen as the
dispersant in a disposable plastic cell to achieve sufficient
conductivities for measurement. The Smoluchowski approximation
was used to calculate the ζ-potential.

Simulation Model. Due to the similar behavior of the PS and PI
polymer solutions in the experiments, we focus our computational
efforts on the PS case. We simulate a monodisperse polymer solution
using an explicit solvent and a bead−spring model, where each Kuhn
segment is represented as an individual bead. Based on the data shown
in Table 1, each PS polymer was mapped to a linear chain consisting of
M = 23 beads with diameter σ and mass m. The nonbonded
interactions between the beads are given by the standard Lennard-
Jones (LJ) potential:

ε σ σ= −
⎡
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⎤
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⎥⎥U r

r r
( ) 4ij

ij ij
MM MM
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with interparticle distance rij = |rj − ri|. The prefactor εMM dictates the
interaction strength and has been set to εMM = ε = kBT for all
monomer−monomer interactions. The cutoff radius was set to rcut =
3.0 σ. If not stated otherwise, σ, εMM, and m will be used as the units of
length, energy, and mass, respectively, in our simulations. Covalent
bonds are mimicked via the finitely extensible nonlinear elastic
potential,38 where we adopted the standard Kremer−Grest parameters
to prevent any unphysical bond crossing.39

The surrounding solvent is modeled explicitly as a liquid of LJ
particles with the same size and mass as the polymer beads. Following
refs 40 and 41, we set εSS = ε and chose a reduced number density of
ρs = 0.66, resulting in a dynamic viscosity of η = 1.01. In this model, we
can control the solvent quality by tuning the cross-interaction UMS
between solvent particles and monomers:42

γ γ= + −U r U r U r( ) ( ) (1 ) ( )ij ij ijMS WCA MM (4)

In eq 4 above, UWCA(rij) is the purely repulsive Weeks−Chandler−
Andersen (WCA) potential,43 which is obtained by truncating eq 3 at
rij = 21/6 and shifting it by ε. The ρs-dependent parameter γ controls
the solvent quality from good (γ = 0) to poor (γ →1). For our system,
Θ conditions are achieved at γ ≈ 0.05.42

In order to make meaningful comparisons between our experiments
and simulations, it is crucial to establish a connection between their
units of length and time. For the length scale, we computed the radius
of gyration of a single polymer in a Θ solvent and compared its value
to Rg,Θ

PS . Here, we found Rg,Θ
sim = 2.35 σ, leading to a conversion factor of

σ = 1.5 nm. To establish the time scale, we matched the long-time
diffusion coefficient of a single PS chain in a good solvent. In the
simulations, we set γ = 0 and computed Dg

sim through the mean square
displacement of its center of mass. The diffusion coefficient of PS
chains in THF was measured experimentally via laser light scattering
spectrometry,44 and we extrapolated Dg

PS ≈ 1.4 × 10−6 cm2/s for a
polymer with Mw = 16.5 kg/mol. This leads to the time scale τ = 2.8 ×
10−10 s. With the conversion factors for energy, length, and time at
hand, we can translate the viscosity of the simulated solvent to real
units, leading to η = 0.3 cP, which is comparable to the experimental

Table 1. Molecular Weight of the Repeat Unit M0, Molecular
Weight of the Kuhn Segment MK, and Kuhn Length b for the
Employed PS and PI Homopolymersa

polymer M0 [kg/mol] MK [kg/mol] b [nm]

PS 0.104 0.720 1.8
PI 0.068 0.120 0.84

aThe properties of PS and PI were obtained from refs 35 and 36 and
refs 35 and 37, respectively.
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values for THF (ηTHF = 0.48 cP) and water (ηwater = 0.89 cP) at room
temperature.
In order to model the charge stabilization of the nanocolloids, we

place a virtual particle at the center of each aggregate which carries the
equivalent surface charge. This approach is inspired by the theory
developed by Derjaguin, Landau, Verwey, and Overbeek, with the
difference that we take into account van der Waals interactions on a
microscopic level. In this model, the screened electrostatic repulsion
between two nanoparticles I and J is given by

λ
κ κ
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+
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+

κ κ κ−⎛
⎝⎜

⎞
⎠⎟
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟U r

Z e
a

Z e

a
e

r
( )

1 1
I

a

I

J
a

J

r

Yukawa B

I J

(5)

Here, λB = e2/(4πϵ0ϵrkBT) is the Bjerrum length with elementary
charge e, ϵr is the relative dielectric constant, and ϵ is the vacuum
permittivity. The parameter ZI* denotes the size-dependent charge of
nanocolloid I, and κ is the inverse Debye screening length λD. For
water with pH 7 at room temperature, we get λB = 0.7 nm = 0.47 σ and
λD = 0.97 μm = 660 σ. As stated in the main text, we observed a
minimal effect of the assumed value of pH on our results and therefore
set pH to 5.4, which leads to a considerably smaller screening length
λD = 100 σ. Finally, we have to determine the charge ZI* carried by
each nanocolloid. For a spherically symmetric environment, this
problem can be approached using Gauss’s law, and the potential
distribution can be solved analytically within linear screening theory
and at low colloid concentrations:45
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κ ζ*

= +
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e
k T
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I
I

B

B (6)

We identified nanoparticles and quantified their size by following a
three-step protocol that was carried out at every simulation step: first
we calculated the center of mass of each polymer. Then, we grouped
all neighboring polymers within a distance of 2Rg,p

sim (see Figure 5).
After all polymers have been assigned to a cluster, we determined its
center of mass and radius a. Using =R I M/g in combination with
the moment of inertia of a solid sphere, I = 2Ma2/5, led to a slight
overestimation of a. This discrepancy is due to the fact that the colloid
does not have a homogeneous density but rather consists of densely
packed beads. We found that a ≈ 1.3Rg provides a more accurate
estimation of the colloid radius and used this relationship in our
simulations.
The simulations were carried out in a cubic box with an edge length

of 80 σ, containing 337 920 solvent particles and up to 1024 polymers.
We employed a Nose−́Hoover thermostat to maintain the temper-
ature at T = 1 and the standard velocity Verlet algorithm with a time
step of Δt = 0.005 to integrate the equations of motion. All simulations
were conducted using the HOOMD simulation package.46,47
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