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Controlled production of patchy particles from
the combined effects of nanoprecipitation
and vitrification†

Nannan Li, a Arash Nikoubashman *b and Athanassios Z. Panagiotopoulos *a

Using molecular dynamics simulations, we study a simple and scalable method for fabricating patchy

nanoparticles via the assembly of binary polymer blends under a rapid solvent exchange. Patchiness can

be achieved by incorporating a glassy component, which kinetically traps the particle morphology along

the path to the equilibrium configuration. Our simulations reveal that the number of surface patches

increases for larger nanoparticles and for more asymmetric blend ratios, while the size distribution of

the patches remains rather uniform. Other than multi-patch nanoparticles, Janus structures have been

obtained for small nanoparticles. Further, ribbon structures with elongated surface domains have also

been observed for more symmetric blend ratios. Our simulations demonstrate that the nanoprecipitation

technique allows for independent control over nanoparticle size, patchiness and composition. This work

gives microscopic insights on the static and dynamic properties of the self-assembled particles, and

provides useful guidelines for fabricating tailored patchy nanoparticles for applications in various areas.

Introduction

Patchy particles which possess discrete surface domains are
promising building blocks for hierarchical structures, with
potential applications in photonic crystals, sensors, and targeted
drug delivery.1–8 Since the particle size and surface properties are
often the key parameters determining their functionality, it is
highly desirable to develop facile and scalable routes for fabricating
patchy particles with tunable and well-controlled dimensions.

Over the past decades, many experimental techniques have
been developed for fabricating patchy particles, including
templating,9,10 colloidal assembly,11,12 particle lithography,13,14

glancing-angle deposition,15 and capillary fluid flow.16 However,
these processes either lack the ability to fabricate multi-patch
particles of controlled morphologies, or involve multiple steps
which limit their scalability. It is also possible to obtain patchy
particles from microphase separation of block copolymers in
a selective solvent; numerous experimental and computational
studies have been dedicated to this approach.17–22 For example,
it has been demonstrated that the slow addition of water into
a solution of polystyrene-block-poly(4-vinylpyridine) leads to the

formation of patchy particles, and the number of patches depends
on the diblock copolymer composition.23 Nevertheless, such proce-
dures involve multiple steps and slow solvent evaporation, which
pose a problem for scale-up, and also require chemical synthesis of
new starting materials to access different particle structures.

The present work is motivated by an experimental approach
for creating structured nanoparticles, namely Flash Nano-
Precipitation (FNP),24,25 where a polymer solution is rapidly
mixed with an excess amount of a non-solvent to induce
aggregation. Compared to other competing methods, FNP
stands out as a one-step continuous process that operates at
room temperature, consumes little energy, and has good
potential for scale-up. Previously, FNP was used to embed
small hydrophobic drug molecules into nanoparticles, stabilized
via amphiphilic block copolymers,26–29 as well as to produce
homopolymer nanoparticles.30,31 Recently, it has been experi-
mentally demonstrated that the FNP technique can also be used
to explore more intricate particle morphologies, such as Janus
and core–shell type structures, using blends of commercially
available homopolymers. In a recent computational study, we
have shown that the resulting particle morphology can be
controlled through the polymer–polymer and polymer–solvent
surface tensions.32 In these prior simulations, all homo-
polymers were rubbery, leading to fast microphase separation
in the precipitated nanoparticles. However, experiments
suggest that vitrification of one species can lead to complex
multi-patch structures, due to kinetic trapping into metastable
states.33,34
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In the present work, we use molecular dynamics (MD)
simulations to investigate patchy particle formation in FNP
from a binary polymer blend with one component being glassy.
In particular, we focus our attention on how patchiness can
be controlled through the various process parameters. The
structure of this paper is as follows: we will first introduce
the MD simulation model and methods used in the present
work. Next, we present our simulation results, and examine the
dependence of patchiness on nanoparticle size and composition,
which can in turn be independently tuned. Lastly, we summarize
our results and comment on their implications on patchy
particle production through the FNP process.

Simulation model and methods

Our previous MD model for binary polymer blends undergoing
the FNP process serves as a foundation for our current study.32

In this model, a polymer is described as a linear bead-spring
chain with N beads, each with unit diameter s and unit mass m.
Each bead represents a Kuhn segment of the polymer chain.
We chose N = 23 for all homopolymer chains (of type A and B)
in our simulations.

The bonded interactions between polymer beads are modeled
via the finitely extensible nonlinear elastic (FENE) potential.35 The
standard Kremer–Grest parameters were adopted to prevent
unphysical bond crossing.36 Other than the bonded interactions,
polymer beads also interact with one another via the standard
Lennard-Jones (LJ) potential:

ULJ rij
� �
¼ 4eLJ

s
rij

� �12

� s
rij

� �6
" #

; (1)

with rij being the interparticle distance between bead i and j.
We set the prefactor, eLJ, for the intraspecies interaction to eAA = 3e
and eBB = 2e, where e is the unit of energy for our simulations. For
these parameters, the glass transition temperatures, Tg, of the
polymers were found to be Tg,A = 1.3 and Tg,B = 0.9, respectively.
More details on the simulations used to determine Tg can
be found in the ESI.† In the experiments of ref. 33 and 34,
polyisoprene (Tg E 198 K) and polystyrene (Tg E 380 K) were
mixed at room temperature. In order to achieve similar conditions
in our simulations, we set the temperature to T = 1.1, so that
polymer A is glassy, while polymer B is rubbery.

Following ref. 31 and 32, solvent particles are modeled
explicitly as LJ particles with the same size and mass as the
polymer beads. A reduced number density of rS = 0.66 was
chosen and the LJ interaction strength was set to eSS = e, which
leads to a dynamic solvent viscosity of Z = 0.92. Similar to
previous computational studies on FNP,28,29,31 the transition
from good to poor solvent conditions was mimicked by varying
the non-bonded particle interactions. The interaction between
solvent particles and monomers is controlled by a dimension-
less parameter l:37

UMS(rij) = aM[lUWCA(rij) + (1 � l)ULJ(rij)], (2)

where UWCA(rij) is the purely repulsive Weeks–Chandler–
Andersen (WCA) potential.38 As l increases from 0, the solvent
quality decreases. Note that in contrast to our previous simula-
tions, eAA a eBB, so the monomer–solvent interaction has to be
tuned independently for the A and B species to achieve similar
solvent conditions. The prefactor aM for polymer A and B was
chosen so that a single chain of each polymer type collapses in
a similar way as l increases. As shown in Fig. 1, aM,A = 2.5 and
aM,B = 1.7 lead to good agreement between the radius of
gyration, Rg, of a single chain of polymer A and B at different
l values. In addition, during FNP, feed streams are mixed at
different rates, which was taken into account in our previous
simulations by varying l from its initial to its final values over
a period of time.31,32 Since our current study focuses on
nanoparticle patchiness, all our simulations are conducted
under instantaneous mixing, which means that the systems
are initially well equilibrated in good solvent conditions at
l = 0, followed by an immediate increase to the final l value.

The HOOMD-blue simulation package39,40 was used for the
MD simulations. A Nosé–Hoover thermostat was employed to
maintain the temperature at T = 1.1, and the equations of
motion were integrated using the velocity Verlet algorithm at a
timestep of Dt = 0.01 in the reduced unit of time, t ¼ s

ffiffiffiffiffiffi
me
p

,
where s, m and e are the characteristic length, mass and energy
of our simulations.

In order to make meaningful comparisons between our
simulations and experimental results, it is important to estab-
lish a connection between units of energy, length and time in
the two domains. Previous FNP experiments were typically
performed at room temperature Troom = 298 K,33,34 and thus
e = kBTroom = 3.74 � 10�21 J for the characteristic energy. For the
length scale, the radius of gyration of a single polymer chain in
a Y-solvent, Rg,Y = 2.35, was compared to Rg,Y of the corres-
ponding polystyrene (PS) chain, which can be calculated via

RPS
g;Y ¼ bkN

0:5
� ffiffiffi

6
p

, with the PS Kuhn length, bk, and the number

of PS Kuhn segments, N. We obtained RPS
g,Y E 3.5 nm, which led

to s = 1.5 nm. For the time scale, the diffusion coefficient of a

Fig. 1 Radius of gyration, Rg, of a single polymer chain of type A and B vs.
the dimensionless solvent quality parameter, l, when aM,A = 2.5 and
aM,B = 1.7.

Paper Soft Matter

Pu
bl

is
he

d 
on

 2
0 

O
ct

ob
er

 2
01

7.
 D

ow
nl

oa
de

d 
by

 P
ri

nc
et

on
 U

ni
ve

rs
ity

 o
n 

02
/0

2/
20

18
 2

0:
15

:1
0.

 
View Article Online

http://dx.doi.org/10.1039/c7sm01896g


This journal is©The Royal Society of Chemistry 2017 Soft Matter, 2017, 13, 8433--8441 | 8435

polymer chain in good solvent conditions, i.e., l = 0, was com-
pared to the experimental diffusion coefficient of a PS chain
(extrapolated to the same molecular weight as in the simulations)
in tetrahydrofuran at room temperature (1.4 � 10�6 cm2 s�1),41

which led to a time conversion factor of t = 0.28 ns. In addition, it
should also be noted that unlike our previous simulations,31,32

where an electrostatic repulsion was applied to stabilize the
precipitated nanoparticles, such a repulsion is disabled in the
current study, since we are mainly concerned here with the effect
of vitrification on patch formation of a single nanoparticle. For a
detailed discussion regarding the effects of electrostatic charge
on nanoparticle size and composition, we refer the reader to
ref. 31 and 32.

Results and discussion

We first studied the self-assembled structures from a binary
blend of polymers A (glassy) and B (rubbery) undergoing a rapid
solvent exchange for two different compositions, fg = 0.1 and
0.8, where fg is the fraction of the glassy (A) component. A cubic
box with an edge length of 80s, containing 337 920 solvent
particles and 512 polymers was adopted. The systems were
equilibrated at l = 0, and we set l = 0.5 to represent the final
poor solvent conditions. This choice of l leads to a Janus
morphology at equilibrium, and it has been verified by repeating
our simulations at T = 2.0, which is above the Tg of both polymers
A and B. For more details on the emerging morphologies
when both polymers are rubbery, we refer the reader to our
previous work.32 The systems were allowed to evolve for up to
108 timesteps, which corresponds to approximately 0.3 ms in
physical time.

Snapshots at different times are shown in Fig. 2. At low
fg = 0.1, upon a change in solvent quality at t = 0, homopolymer
chains first self-assembled separately before they merged to
form smaller patchy particles. The smaller patchy particles then
aggregated further to form a single spherical particle. The
number of patches of this single aggregate decreased gradually
with time from 7 to 4. In contrast, at high fg, small Janus and
patchy nanoparticles formed initially. However, as aggregation
proceeded, the larger aggregates were not able to evolve into a
spherical shape within our accessible simulation time as shown
in Fig. 2(b), which can be attributed to the low mobility of the
glassy component. It should be noted that we allowed the
simulations to run until all polymers aggregated into a single
nanoparticle, since we are mainly interested in studying how
patchiness can be controlled. More information on the size and
morphology of the precipitated nanoparticles can be found in
ref. 32, where we have shown that various factors, including the
mixing rate and polymer feed concentration, can be used to
tune the size of the nanoparticles. The same factors for size
control should be expected for patchy particle formation.

We studied the size distribution of the surface patches for
nanoparticles obtained at small fg, since in many practical
applications nanoparticles with highly symmetric surface
patches are desirable. We computed fa,p, which is the area of

a single surface patch over the total area of all patches of a
nanoparticle. For 2-patch, 3-patch and 4-patch nanoparticles,
fa,p can be fitted through Gaussian distributions with means at
0.5, 0.33 and 0.25, respectively. The standard deviations are
approximately 0.1. Our previous experimental and computa-
tional studies on FNP using homopolymers have indicated
a normal size distribution of the precipitated nanoparticles
with polydispersity indices of approximately 0.1.31 Subsequent
studies of rubbery polymer blends have indicated that the
polymer composition in the precipitated nanoparticles is equal
to the composition in the feed stream.32,33 From these previous
observations, we conclude that the uniformly sized surface
patches stem from the homogeneous distribution of rubbery
and glassy polymers in the system.

To understand the evolution of nanoparticle shape in more
detail, we calculated the aspect ratio, a, as a function of time
for a single nanoparticle obtained from self-assembly. This
quantity a is defined by a ¼ L3=L1 where L3 and L1 are the
largest and smallest eigenvalues of the particle’s radius of
gyration tensor, respectively.43 As shown in Fig. 3, a decreases
more rapidly at first, but the decrease slows down significantly
at long times. It can also be seen that higher fg leads to more
aspherical nanoparticles.

It is thus evident from the above-mentioned results
that vitrification can kinetically trap nanoparticle morphologies

Fig. 2 Time evolution of a system of 512 polymer chains undergoing
an instantaneous change in solvent quality at time 0 for two different
compositions: (a) fg = 0.1, and (b) fg = 0.8. Snapshots rendered using Visual
Molecular Dynamics 1.9.2.42
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along the path to the final equilibrium configuration, giving
rise to patchiness. However, the low mobility of glassy polymers
and the limited simulation timescales prevent us from investigat-
ing larger nanoparticles with high fg if they are self-assembled
from a polymer solution. To study more systematically patchy
morphologies with respect to nanoparticle size and composition,
we performed simulations starting from preformed spherical
nanoparticles with homogeneously mixed glassy and rubbery
components. This scenario also corresponds to the situation
when nanoparticles obtained from the FNP process are subject
to thermal annealing above the glass transition temperatures of
both polymers, and are then cooled down to Tg,B o T o Tg,A.

The preformed nanoparticles consisted of between 64 to
1024 polymer chains, and their radii, R, ranged between 8.3 and
21.0 nm, with the fraction of the glassy component, fg, chosen
between 0.1 and 0.9. In experiments, the size of the precipitated
nanoparticles can be controlled by the mixing rate and polymer
feed concentration, while the composition of the particles can
be tuned by the polymer feed ratio.31,33

The structures at various nanoparticle sizes and compositions
were allowed to evolve at l = 0.5 for at least 0.3 ms in physical
time, and the morphologies are shown in Fig. 4(a). It can be seen
that in agreement with experimental observations,34 the minority
component always forms the surface patches, irrespective of
whether it is glassy or not. An examination on the inner structures
in Fig. 4(b) reveals that the composition at the core did not change
much from the initial state and the polymers remained entangled.
In contrast, patchy particles assembled from a polymer solution
have homogeneous cores which consist of only the majority
component (see snapshots in Fig. 2). This difference can be
explained by the well-mixed starting configurations, which limit
the movement of polymer chains. Patches are mainly formed
from movement of polymer chains near the surface. The minority
component at nanoparticle cores is unable to make it to the
surface, which explains why the number of patches, Np, only
depends on R, but not fg as shown in Fig. 5(a). In addition, Np can
be fitted through Np p Rc, where c = 3.0 � 0.2. Since for each

composition the number of beads that can form patches, Npp, is
estimated to scale as the volume of the nanoparticle, i.e., Npp p

V p R3, the size of the patches, Npp/Np, thus should remain
constant with respect to R. We confirmed this hypothesis by
plotting the average patch diameter, d, vs. R, which is approxi-
mately constant for a given fg. This observation can be explained
by the limited mobility and growth of the patches once they are
formed. Therefore, starting from well-mixed nanoparticles leads
to a larger number of patches compared to nanoparticles of the
same size and composition obtained from self-assembly in
solution. Moreover, the above results support the observation
from Fig. 2 that during self-assembly, polymer phase separation
occurs before aggregation, because the low mobility of the glassy
component prevents complete phase separation to be reached
from a well-mixed nanoparticle.

It is thus clear that patchy particle formation due to vitrifi-
cation is a dynamical process, and the resulting structures
strongly depend on the initial configuration. Starting from
states where polymer blends are well-mixed limits subsequent
chain movement, and results in nanoparticles with entangled
inner structures, which are different from those obtained
from self-assembly from solution. During self-assembly, larger
nanoparticles are formed from either smaller homopolymer
aggregates or patchy particles, which means polymer blends are
already phase separated. This difference is similar to the one
between solvent casting and spray coating of polymer films; in
the former, a homogeneous polymer film slowly phase sepa-
rates as solvent is evaporated, whereas in the second case small
(microphase-separated) units self-assemble into a film.44–46

Fig. 3 Time evolution of the aspect ratio, a, of a single aggregate obtained
from self-assembly at fg = 0.2, 0.7 and 0.8, where fg is the fraction of the
glassy component. The aggregates consist of 512 polymer chains.

Fig. 4 (a) Morphology diagram obtained at various nanoparticle size, R,
and composition, fg, after the systems were allowed to evolve for at least
0.3 ms in physical time. Glassy polymers A are represented by cyan beads,
while rubbery polymers B are shown in red. The starting structures are
preformed spherical nanoparticles with well-mixed polymers A and B.
(b) Typical nanoparticle morphologies with the internal structures revealed
on the right.
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We thus prepared another type of initial structures, which are
preformed spherical nanoparticles with core–shell configurations.
Interaction parameters are kept the same as systems studied
previously, so that Janus structures are obtained at equilibrium at
higher temperatures for which both components are rubbery.

The core–shell structures are made up of either glassy shells
with rubbery cores, or rubbery shells with glassy cores. Two
quantities are varied in each case, i.e., the size of the nano-
particle, R, and the composition of it, which is represented by
the ratio between the number of core polymers and the number
of shell polymers, Nc/Ns. All nanoparticles were allowed to
evolve for at least 0.3 ms in physical time, and the morphology
diagrams are presented in Fig. 6. It can be observed that when
the shell is thick, i.e., Nc/Ns is small, or when R is large, the core
polymers are trapped within the shells. A greater extent of
trapping is seen with glassy shells than rubbery shells, which
is represented by the larger area marked by red circles in
Fig. 6(a) than Fig. 6(b). Janus structures are only obtained for
the smallest nanoparticles studied (R = 8.3 nm) when glassy
polymers are the minority component. In contrast, no Janus
particles were observed for the rubbery shells at the same R and
Nc/Ns, because the diffusion of rubbery patches on a glassy

matrix is slower than that of glassy patches on a rubbery matrix.
Hence, the spontaneously formed rubbery patches on the
nanoparticle surface are not able to evolve to their equilibrium
structure within the simulation time. Similarly in the experiments,
multi-patch nanoparticles started to emerge for radii greater than
75 nm, and Janus structures were only obtained below this
value.34 However, the minimum radius obtained in the experi-
ments is much larger because the longer timescale allows surface
patches to diffuse over a larger distance and coalesce. Moreover,
surface structures with elongated domains, or ‘‘ribbons’’ have also
been observed for more symmetric blend ratios. Similar shapes

Fig. 5 (a) Number of patches, Np, and (b) patch diameter, d, vs. size of the
nanoparticle, R, at various compositions, fg. Error bars are shown only
when they are larger than symbol size.

Fig. 6 Morphology diagram for various nanoparticle size, R, and
composition, Nc/Ns, after the systems were allowed to evolve for at least
0.3 ms in physical time. The starting configurations consisted of glassy
shells and rubbery cores in (a), and rubbery shells and glassy cores in (b).
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have been reported in previous computational studies on patchy
particle formation through block copolymers.18,22 Lastly, patchy
structures are obtained at larger R and more asymmetric blend
ratios.

To elucidate the effect of kinetic trapping, we calculated the
surface coverage of patch particles, Sp, defined as the fraction
of surface beads that belong to the patches. The value for each
Nc/Ns and R is compared to the corresponding equilibrium Sp

value obtained at T = 2.0. The deviations from the equilibrium
values, d, are plotted in Fig. 7. It can be seen that when the
initial structures consist of glassy shells with rubbery cores
[see Fig. 7(a)], d increases with increasing R and decreasing
Nc/Ns. This behavior can be explained by an increasing degree
of kinetic trapping for larger nanoparticles and larger fractions
of glassy shells. In contrast, for initial structures with glassy
cores and rubbery shells, d values do not show a significant
dependence on R or Nc/Ns, and the values of Sp are much closer
to their equilibrium values at T = 2.0. We attribute this behavior
to the fact that rubbery shells do not impose any kinetic
trapping on the glassy cores, which have to escape the shells

and move to the nanoparticle surface on the path to the Janus
equilibrium structure. It is thus evident that kinetic trapping is
responsible for the different surface morphologies observed in
Fig. 6, and the degree of kinetic trapping increases with the
nanoparticle size, the fraction of glassy polymers and also
depends on the starting configuration.

Next, we studied the number of surface patches, Np, for
patchy nanoparticles obtained from the core–shell start con-
figurations with glassy cores and rubbery shells in more detail.
We hypothesize that patchiness arises when the distance
between spontaneously formed patches is larger than their
average displacement on the nanoparticle surface through
Brownian motion in a given time interval. In principle, the
individual patches should coalesce to a single patch for t -N,
but this limit might not be reached at the accessible time scales
due to the glassy nature of the A component. This hypothesis
can be supported by plotting the time evolution of Np for
nanoparticles with R = 13.2 nm and Nc/Ns = 4 and 8 in Fig. 8.
It can be seen that Np decreases rapidly at first, because there is
a large number of small patches on the nanoparticle surface,
which are close to each other and diffuse fast. The decrease of
Np with time can be fitted through Np p tb, where b = �0.07 �
0.01 and �0.11 � 0.01 for Nc/Ns = 4 and 8, respectively. The
exponent, b, is expected to be �1 if the collision and coales-
cence of surface patches is assumed to be second-order.
However, coalescence slows down with time as larger patches are
farther apart and diffuse more slowly, which should lead to a
smaller prefactor over time. Therefore, when the data are fitted with
a power law function with a constant prefactor, the effective
exponent appears to be smaller than �1. It should also be noted
that Fig. 8 appears to have two regimes, which can be explained by
the limited timescale of our simulations. If the surface patches
continued to diffuse and coalesce over a longer time, Np should
keep decreasing, albeit more slowly (with a decreasing prefactor).

To characterize the spatial properties of the patches, we
studied the number of patches, Np, their shape and diameter d,

Fig. 7 Deviation, d, of surface coverage of patches from the values at
equilibrium vs. size of the nanoparticle, R, at various compositions, Nc/Ns,
when the starting configurations consisted of (a) glassy shells with rubbery
cores and (b) rubbery shells with glassy cores. The dashed line in (b)
represents data from Nc/Ns = 1 for glassy shells and it is plotted in the same
graph for comparison purposes.

Fig. 8 Time evolution of the number of patches, Np, for R = 13.2 nm and
Nc/Ns = 4 and 8. The patchy nanoparticles are obtained from core–shell
start configurations with glassy cores. The solid lines are power law fits to
the data.
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and their mean free path, l, as a function of nanoparticle size,
R. It is possible to derive scaling relationships for these
quantities if one of the properties is kept fixed, i.e., (1) constant
Np, (2) constant d, or (3) constant l, respectively. Because
diffusion and coalescence of patches occur on the nanoparticle
surface, i.e., in two dimensions, we can approximate the mean
free path as

l p (dNp/R2)�1. (3)

Further, the number of beads that can form patches scales
as Npp p R3, leading to Npp/Np particles per patch for a
monodisperse patch size distribution. The diameter of a patch
scales then as

d p (Npp/Np)a
p (R3/Np)a, (4)

with a = 1/2 for flat patches and a = 1/3 for spherical patches.
(1) In the case of constant Np, eqn (4) simplifies to d p R3a,

and we obtain d p R3/2 for flat patches and d p R for spherical
patches. The mean free path between patches becomes l p R1/2

for flat patches, and l p R for spherical patches.
(2) If the patch size, d, is constant, eqn (4) leads to Np p R3,

and eqn (3) simplifies to l p R�1. This is the situation in Fig. 4,
when the starting structures are well-mixed and entangled.
Surface patches show limited mobility and growth once they
are formed.

(3) Lastly, we consider the scenario when the mean free
path, l, is constant with respect to R, which leads to Np p R2/d
from eqn (3). By substituting eqn (4) into this expression, we
obtain Np p R and d p R for flat patches and Np p R3/2 and
d p R1/2 for spherical patches.

Having considered these three scenarios analytically,
we now study the dependence of Np, d, and l on R in the
simulations to determine which case best describes our data.
In Fig. 9(a), we computed Np at t = 0.3 ms for two compositions
and reduced Np by the corresponding value at the smallest
nanoparticle size (R = 8.3 nm). Our simulations show that Np

increases as R increases, which is consistent with experimental
observations.34 In Fig. 9(b), we show the measured patch
diameter, d, which was computed by taking the square root
of surface area per patch, and reduced by d0 measured at
R = 8.3 nm for each composition. Lastly, we plotted in
Fig. 9(c) the reduced mean free path, computed using eqn (3).
It is thus clear that, from the above analysis, the simulation
results can be best explained by Scenario (3) where the mean
free path of patches is independent of R. The data for Np and
d suggest a value of a between 1/3 (spherical patches) and 1/2
(flat patches), which is also supported by visual inspection of
the nanoparticle snapshots shown in Fig. 9.

Lastly, we determined the dependence of Np on polymer
blend ratio. Having obtained an approximately linear relationship
between Np and R, we plot Np/Rr vs. Nc/Ns in Fig. 10, where Np is
obtained at 0.3 ms, and Rr is R reduced by the smallest radius
at which multi-patch nanoparticles start to emerge (8.3 nm).
Data for different R values collapse onto the same curve, and
Np increases as the blend ratio becomes more asymmetric.
Results from our simulations also compare reasonably well with

experimentally measured Np, which were obtained by manually
counting the number of patches for nanoparticles of an average
radius of 100 nm.34 The experimental results are reduced by

Fig. 9 (a) Number of patches, Np, (b) patch diameter, d, and (c) patch
mean free path, l, estimated using eqn (3), reduced by their respective
values at R = 8.3 nm vs. size of the nanoparticle, R, at various compositions,
Nc/Ns. The snapshots are taken at Nc/Ns = 8. The data were obtained for
patchy nanoparticles obtained from core–shell start configurations with
rubbery shells at t = 0.3 ms. Predictions from Scenarios (1), (2) and (3),
which assume constant Np, d and l with respect to R, respectively, are
plotted with lines of different colors specified in the legend of panel (a).
The dashed lines are predictions for spherical patches, the dotted lines are
for flat patches, and the solid lines are for the cases independent of patch
geometry.
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75 nm, which is the minimum radius at which multi-patch
nanoparticles were observed.

Conclusions

In summary, we have employed MD simulations of a generic
polymer model to study FNP, a continuous and scalable
method to fabricate patchy particles with independent control
over particle size, composition and the number of surface
patches. We were able to elucidate the mechanism of patchy
particle formation in our simulations. Our results show that
kinetic trapping freezes particle morphology along the path to
the equilibrium structure, leading to patchiness. Monitoring
the time evolution of patches reveals that patch diffusion and
coalescence occurs, but vitrification renders these processes
slow. The patches are uniformly sized. The number of patches
can be independently controlled by the size and the composi-
tion of the nanoparticles, both of which can be reliably tuned
through process parameters specific to the FNP process. In
agreement with previous experiments, more patches can be
observed on the surface of a larger nanoparticle with a more
asymmetric composition. A scaling analysis has been proposed
to understand the relationship between the number of patches
and the nanoparticle size. In addition, we have also observed
novel structures with elongated surface domains for more
symmetric nanoparticle compositions.
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